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A STUDY OF THE OPTICAL PROPERTIES OF BARIUM SELENIDE CRYSTALS.
I. FUNDAMENTAL FUNCTIONS

V. V. Sobolev,*" D. A. Merzlyakov,* V. Val. Sobolev™” UDC 535.33; 546.431; 661.844

The full complex of 18 fundamental optical functions describing a barium selenide crystal was obtained in the
spectral range of 0—40 eV. Their main features and general laws were established. Calculations were performed
using a series of computer programs based on the Kramers—Kronig integral relations, the Tafi—Philippe extrapolation
model, and experimental reflectance spectra in the regions of 3.0-5.5 eV at 2 K and 3—40 eV at 77 K.
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Introduction. Chalcogenides of Group I14-VI alkaline earth elements play an important role in technological
methods of semiconductor optoelectronics, catalytic processes, in manufacturing of efficient luminophores, etc. [1, 2].
Barium selenide (BaSe) stands out among them as the compound with the lowest energy band gap. Its most long-wavelength
excitonic maximum of optical density D = ad for films at 77 K was determined to be ~3.6 ¢V [3, 4]. The most accurate
reflection spectra of BaSe are obtained by analyzing cleaved single crystals at 2 K in the 3.0-5.5 eV range and at 77 K in
the 3—40 eV range [5, 6]. It is estimated [5], under the assumption that the binding energy of the long-wavelength exciton is
E, = 0.08 eV, that the lowest direct interband transition energies for BaSe at points X and I" of the Brillouin zone (BZ) are
Egq(X)=3.66 and Egy (I') =4.56 ¢V, and the energy of indirect transitions is Eg{(X-T') = 3.42 eV. Barium selenide crystallizes
in a NaCl-type cubic lattice. The refractive index of BaSe in the transparent wavelength region is n,, = 2.11 [7], i.e., &, = 4.41.
From the analysis of variance (ANOVA) of the IR reflection spectrum of a BaSe single crystal in the 0-300 cm”! range the
static dielectric constant was determined to be gy = 10.7 [7, 8]. Very narrow intense peaks at about 3.58, 3.91 eV and less
intense peaks at about 4.52 and 4.95 eV [5], previously [3, 4] observed in optical density spectra of BaSe films, were observed
in the reflection spectrum of a single crystal at 2 K in the 3.0-5.5 eV range.

Electronic structure of BaSe was studied in greatest detail by the full-potential linearized augmented-planewave
(FP-LAPW)[9] method. Spin—orbit interaction splits the topmost valence band of BaSe into about 0.41 and 0.32 eV at the points
I" and X. The third valence band at the point X is about 0.5 €V below the topmost. Indirect transitions from Eg(I'-X) = 2.1 eV
are forbidden by symmetry. At points X and I" the bottom conduction band minima are singlet and triplet, and the distance
between them is AE 5 = 0.4, AE} 3= 0.85 eV. In [9] the &(E), £1(E), a(£), —Im 871, and R(FE) spectra were calculated in the
0-25 eV range. In [10] BaSe zones were determined by combining the Kohn—Sham model with the generalized gradient
approximation (KS-GGA) and by the many-particle approximation (GyWy) excluding Ac. In the second case the energies
Egq(X) and Eg,(T') were almost as high as in experimental evaluation [5]. These calculations were continued using the two-
particle Green’s function and the Bethe—Salpeter equation (BSE), as well as in combination with the GyW approximation
(BSE-GoW)y) for the spectrum &,(E) in the 2—4.3 eV range. The theoretical [10] triplet (BSE-GyW) and quartet (BSE) of
the bands strongly differ from the experimental data [5] in distribution on the energy scale and in intensity. This is due to
neglecting spin-orbital splitting of the upper valence band of BaSe, which determines all the features of the long-wavelength
structures. The fundamental result of the calculations [9] is the prediction of a very complex structure of two broad barium
selenide &,(E) bands in the 3— 2 and 12— 5 eV ranges. However, there is no data on the energy maxima of the bands and their
intensities, and estimated long-wave &,(E) spectra taking into account excitons are highly contradictory. It should also be
noted that the inclusion of excitons in a broad energy range can significantly distort the entire structure of the transition bands
and their intensities [11].
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At the beginning of the history of theoretical calculations the natural fundamental assumption was made that the
electronic structure of crystals is determined by the features of the structure and symmetry of the crystal lattice and the
Brillouin zone, i.e. it must become more complicated with the transition from simple cubic lattices to the more complex. This
was evidenced by the relatively simple form and similarities of the energy bands of diamond-like compounds of the AY,
A"BY, and A'BV! groups despite great differences in their ionic character [12, 13]. However, the transition to isoelectronic
chalcogenides of the I14-VI group with a different though very simple NaCl-type cubic lattice led to a radical restructuring
of the entire electronic spectrum in a wide energy range from the long-wave absorption edge up to about 40 eV [5, 6], more
significant than in cubic crystals of the ABVI group [13]. The nature of this very strong difference in the electronic structure
of group II-VI and 114-VI compounds is not clear. This is due to scarcity of information for crystals of the I14-VI group.

The purpose of this work is to obtain new quantitative information in the 0— 0 eV range about spectral features of 18
fundamental optical functions and the electronic structure of barium selenide.

Calculation Methods. It is generally accepted to study the electronic structure by various spectroscopic methods,
and 18 optical functions contain the most complete and detailed information [12—-16]: the reflection R(E') and absorption a(E)
coefficients; indices of refraction n(E) and absorption k(E); real €|(F) and imaginary &,(£) components of the transverse
dielectric function g(£); real Re sﬁl, Re (1 + 8)71 and imaginary —Im 871, —Im (1 + 8)71 components of the longitudinal
dielectric functions & ', 1+ 8)71; combined density of states Ezgz(E) with a constant probability of transitions; an effective
number of valence transitions 7. involved in transitions to a given energy E, which can be calculated from the spectra of
&(E), k(E), —Im ¢!, and -Im 1+ 8)_1; effective dielectric constant g.g(F); optical conductivity 6(E), and others.

In a wide energy range only R(E) is experimentally determined, and the functions of bulk (—Im 8_1) and surface
(-Im (1 + 8)71) characteristic electron energy losses are extracted from the integral energy loss function using very complex
and approximate techniques. In addition, sometimes &(E) and &»(£) are measured in the E¢;~5.5 eV range by ellipsometric
methods. For the BaSe crystal only reflectance spectra are known.

Calculations of the 18 functions were performed using computer programs written on the basis of the Kramers—
Kronig integral relations and analytical formulas of correlation between functions. The Taft-Philippe extrapolation model
was used for the extrapolation of R(E) in the energy range of £ > 40 eV, and in the transparency region of £ < E,, the R(E)
coefficient was determined from the experimental value of the dielectric constant [7]. Useful techniques are described in
[12—16] and were used repeatedly in [17-20].

Results and Discussion. Calculations of 18 optical functions were performed in the 0—40 ¢V range, while n.g was
determined in the 3—60 eV range using experimental reflection spectra at 2 K in the 3.5-5.5 eV range and at 77 K in the 3—40 eV
range [5, 6]. According to estimates based on n(E <2 eV) = 2.1 [7], the reflection coefficient of BaSe in the transparency
region is R(E <2 eV) = 0.126. In the unmeasured energy region £ > 40 eV it was chosen by the Taft-Philippe extrapolation
method [12] using the sum rule for n(E).

Calculation results can be conveniently discussed in three energy ranges: 3.0-5.5, 5.5-13.0, 040 eV, and for the 871,
(1+ s)ﬁ1 spectra the 0—60 eV range is also considered (Fig. 1, Table 1). The experimental reflectance spectrum of R(E) at 2 K in
the 3.0-5.5 eV range contains a dispersion structure defined by a sharp peak 1 and a sharp valley at about 3.605 eV, two dispersion
structures with peaks 3 and 6, the peak 8, and weakly expressed shoulders 2, 4, 5, 7 (Fig. 1a). The calculated curves g;(F) and
n(E) repeat the shape of R(E) of the first three bands, and for the fourth band are transformed into a weakly pronounced peak.
The &(E) and n(E) peaks are offset relative to the R(E) peaks to lower energies by 0.01-0.03 (g;) and 0.01-0.02 eV (n).

The &,(E), k(E), a(E), Ezsz(E), and o(F) spectra are very similar in shape (Fig. 1d). Intensities and half-widths of the
bands 1 and 6 are much lower than of 3 and 8. The shoulder 2 of reflection, n(E), £(E) is transformed into a peak in the &,(E),
k(E), o(E), E282(E) and o(F) spectra. Peak intensities of four bands are about 13, 10, 8, and 5 (&), 2.2, 1.5, 1.2 and 1.1 (k),
8:10°, 6:10°, 6:10°, and 5.8:10° em ™! (), 160, 140, 150, and 140 (E%¢), 5-10'°, 4.4-10"°,2.8:10"5, and 2.7:10° s (6). In a
simplified interpolation of a continuous spectrum under the bands of a monotonic curve, intensities of these four peaks of the
five functions markedly decrease, especially for the shortwave region.

Longitudinal functions of bulk (—Im sﬁl) and surface (-Im (1 + 8)71) electron energy losses in the 3.5-5.5 eV range
are very similar (Fig. 1g) when peak intensities of the four bands of surface losses are decreased about 1.2—-1.4 times relative
to-Imeg . Energies of longitudinal-transverse splitting are AE;, = E;(-Im 871) — E;(g7) 2 0.01-0.04 eV, and the difference
between the peak energies of bulk and surface electron energy losses is <0.01 eV. The spectra Re ¢ ' and Re (1+ a)_l are in
the form of dispersion curves in place of four peaks in —Im ¢! and —Im 1+ :a)_1 (Fig. 1j).

It is interesting to consider the features of the n.s(E) spectra calculated on the basis of the functions &,(E), k(E),
~Img! ,and Im (1 + 8)71. These features are due to different effects: &, — dissipation of energy of the incident electromagnetic
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TABLE 1. Peak and Shoulder (in Parentheses) Energies (Ev) of the Optical Functions of Base

No. R €] n c & k o szE2 “Ime ! Hm (1 + 8)71 Reg! [Re (1+g)!
2 | 3.58 3.55 3.56 3.58 3.58 3.58 3.58 3.58 3.60 3.59 3.59 3.59
3 1369 | (3.69) | (3.69) | 3.72 3.72 3.72 3.72 3.72 3.73 3.72 3.71 3.71
4 |1 391 3.89 3.90 3.91 3.91 3.91 3.91 3.91 3.95 3.95 3.99 3.99
5 | (4.04) | (4.04) | (4.04) | (4.04) | (4.04) | (4.04) | (4.04) | (4.04) | (4.04) (4.04) - -

6 | (4.40) | (4.39) | (4.40) | (4.40) | (4.40) | (4.42) | (4.42) | (4.40) | 442 4.42 4.42 4.42
7 | 4.52 4.51 451 4.52 452 | 4.52 452 | 4.52 4.53 4.53 4.55 4.55
8 | (4.63) | (4.60) | (4.60) | (4.63) | (4.61) | (4.63) | (4.61) | (4.63) - - - -

9 | 496 | (494) | 494 4.96 496 | 497 497 | 498 4.99 498 - -
10 | 6.35 6.05 6.18 6.35 6.35 6.35 6.35 6.35 6.40 6.40 (6.40) (6.40)
11| 681 | (6.61) | (6.61) | 6.81 6.81 6.81 6.81 6.81 | (7.00) (6.97) - -
12 | 848 | (7.96) | (8.03) | 8.14 8.14 8.40 840 | 8.24 | (7.80) (7.80) (7.80) (7.80)
13 | 9.57 9.10 | (9.15) | (9.15) | (9.15) | 9.21 9.26 | (9.15) | 9.10 (9.10) (9.10) (9.10)
14 | 10.14 | 10.04 | 10.04 | 10.04 | 10.04 | 10.09 | 10.09 | 10.04 | 10.04 9.98 (10.00) | (10.00)
15 | (11.50) | (10.70) | (10.70) | (10.30) | (11.30)| (11.30) | (11.30) | (11.30) - (11.50) - -
16 | 12.02 | 11.24 | 11.30 | 11.70 |(11.80)| 11.80 | 11.80 | 11.80 | 12.21 12.02 12.45 12.22
17 | (12.80) | (12.48) | 12.64 | 12.64 | 12.64 | 12.64 | 12.64 | 12.64 | 12.88 (12.85) 12.90 12.85
18 | (14.20) | (13.94) | (13.94) | (14.11) | (14.11)| (14.20) | (14.20) | (14.11) | 14.20 (14.20) - -
19 | 1477 |(14.58) | 14.58 | 14.77 | 14.77 | 14.77 | 1477 | 1477 | 14.77 14.77 15.00 15.00
20 | 16.54 | 15.50 | 1590 | 16.18 | 16.18 | 16.33 | 16.54 | 16.33 | 17.01 16.80 17.30 17.30
21 | 19.04 | 17.58 | 18.03 | 18.38 | 18.23 | 18.52 | 18.85 | 18.52 | 19.50 19.04 19.50 19.50
22 | 2195 | 19.77 | 19.95 | 20.46 | 20.35 | 20.81 | 20.81 | 20.60 | 22.37 22.35 22.10
23 |(23.20) | (22.68) | 22.58 | (22.89) [(22.89)(22.89) | (22.89) | (22.89) - 23.04 - -

Ep - - - - - - - - 10.74 10.14 11.20 10.50

Ey - - - - - - - - 23.30 21.30 26.40 23.30

wave, k — attenuation of its amplitude, —Im ¢! and —Im (1+£)71 — bulk and surface energy losses of fast charged particles. At

high frequencies nes(E) are the same and equal to the number of valence electrons. With increasing energy in the 3.5-5.5 eV
range they have almost the same shape. The curve of ngp(—Im 8_1) is ~1.6 times greater than —Im (1 + :»:)_l and ~30 times
lower than n(g,). This indicates that the efficiency of forming transverse crossings using light is about 50 times higher than
the efficiency of forming longitudinal bulk transitions by a flow of fast electrons.

Due to the isolation of the three long-wave transition bands 1, 4, 6 in the 3.5-4.7 eV range it is possible to estimate
their oscillator strength from the magnitude of the shoulder in nqs(e) and neff(—lmsfl): £;=0.012, 0.018, 0.011 and about
0.0003, 0.0004, 0.0002, respectively.

The second group of bands is in the 5.5-13.0 eV range (Figs. 1b, le, 1h, 1k, Table 1). In the reflection spectrum R(FE) it
consists of eight peaks 9—16, including four narrow peaks 9—11, 13, two very broad bands with a small doublet 12, 14, and a very
weak band 16. Their analogues in the calculated spectra €(E), n(E), and o(E) are shifted to lower energies by about 0.1-0.5 eV
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Fig. 1. BaSe crystal spectra calculated based on the experimental R(E) (1) spectrum in
the ranges of 3.0-5.5 (a, d, g, j), 5.5-13.0 (b, e, h, k) and 0-40 eV at 77 K (c, f, i, I):
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with a relatively strong weakening in the 7.5-10 eV range, a negative value of €;(E) in the 811 eV range, and n < 1 in the
9.0-13.0 eV range with a valley at about 10 eV (n = 0.5).

With attenuation of the curves in the range of £ =9.5-11 eV analogues of the &,(E), k(E), a(E), and E282(E ) spectra
hardly shifted as compared to R(E) with the exception of the &;(E) curve with its traditional monotonic intensity decrease
observed with increasing energy. Analogues of features of the transverse spectrum &,(E) in longitudinal functions —Im ¢ and
—Im (1 + a)_1 are significantly attenuated with the exception of dramatically increased intensity of features in the 11-13 eV
range. In addition to all the transverse features the spectra of the longitudinal functions contain very intense broad peaks E,;
(Table 1, Fig. 1h) at about 10.74 (~Im 871) and 10.14 eV (-Im (1 + 8)71). They are located at the sharp shortwave decreases
of the R(E), k(E), a(E), and Ezsz(E) curves, which is characteristic of plasmon bands formed by the valence electrons of the
upper group of occupied energy bands, separated from the lower group of occupied bands. This effect of manifestation of the
low-frequency group of bulk and surface plasmons in other cubic crystals is not observed, including in AllBV! crystals, and
appears frequently in highly anisotropic compounds [13].

The Re ¢ ! and Re 1+ g)*1 spectra basically repeat the -Im ¢! and -Im 1+ s)f1 curves in the 6.0-9.5 eV range not
only in shape but also in structure at the same energies. Their intensities in the 9.5-13.0 eV range increase sharply, and the
maxima are shifted to higher energies of shortwave decreases of —Im ¢! and -Im 1+ 8)71 (Fig. 1k).

With increasing energy the nqp(E) function linearly increases sharply in the 6-10 eV region from about 0.25 to
about 1.4, and continues to slowly climb through 13 eV increasing by Anqgr = 0.25 to about 1.65 (Fig. 1h). The nature of
participation of the valence electrons in the formation of transverse bands in &(F), k(E) and longitudinal bands in —Im 8_1,
—Im (1 + 8)71 is clearly seen from the n.g(E) spectra calculated from the curves of these four functions (Figs. 1j—11). The
number of valence electrons participating in the formation of the curve of bulk electron energy loss —Im 871, inthe 5.5-13.0eV
range is mainly about 2 times greater than the data for the surface energy losses —Im ¢!, and is about 20 and 7 times lower
in the 6.0-8.5 eV range and at ~10.5 eV, respectively, compared with nqg(€y). This indicates that the excitation of transverse
transition bands by light in the 6—13 eV range is about 10-20 times more efficient than the formation of longitudinal transition
bands by a beam of fast electrons.

The third group of the experimental reflectance spectrum bands in the 13—40 eV region is comprised of the four
weakest peaks 18-21 and two shoulders 17, 22 (Fig. lc, Table 1). Their analogues in &(E) and n(E) spectra are weak and
shifted to lower energies by about 0.2-2.0 eV. The curve n(E) in the 30-40 eV range is almost constant at 0.8, is in good
agreement with the rule of sums of the expected value of n(E) at high energies and is less than unity. This demonstrates
accuracy of the calculations of the spectra of the optical functions of barium selenide.

Analogues of R(E) in the &,(E), k(E), o(E), o(E), and E282(E) spectra occur nearly at the same energies (Figs. 1c, 1f,
Table 1). Traditionally, for crystals the curves of &,(E) and k(E) in the weak reflection region are also significantly weakened,
especially the &,(F). However, the maxima of the absorption coefficient a(£), the optical conductivity 6(E), and the function of
the combined density of states Ezaz(E) are quite intense. The highest values of ~0.15 (R, 21), 1 (g1, 18), 1 (1, 19), and 1.5 (gp),
0.6 (k), 1.2-10° em™" (a1), 400 (E%e,), 2.8:10"3 57! (o) are in the 18-21 eV region.

In the calculated spectra of —Im ¢! and —Im 1+ g)’l plasmon bands are observed at ~23.3 and 21.3 eV (Figs. 1i,
11, Table 1), as well as longitudinal analogues of transverse peaks of &,(£) with small (~0.1 eV) and large (~0.4-2.0 eV)
longitudinal-transverse splitting energies AE}, for the bands 17-19, 22, and 20, 21.

Typically, the valence bands of cubic crystals are not divided into separate groups. Therefore, they are characterized
by a common plasmon band. Clear separation of the valence bands into two separate non-overlapping groups is characteristic
of anisotropic crystals. For example, for layered materials two groups of valence bands are observed forming two plasmon
bands. A similar effect may be observed in BaSe (Fig. 1, Table 1, 1, E,5). It is interesting to note that with increasing energy
the curves of R(E) and &,(E) for BaSe at £, decrease sharply, which is characteristic for the plasmon manifestation region.
According to our calculations and theoretical results [11], the &;(E) spectrum of BaSe consists of two broad peaks in the
3.5-11.0 and 12-23 eV ranges with shortwave boundaries near £, and E).

Analogues of the Re ¢ and Re (1+ 8)71 functions in the 13-30 eV region are shifted to higher energies with respect
to the —Im ¢ ' and —Im 1+ 8)71 spectra by about 0.2 — 0.3 eV (18, 19) or are almost not shifted (20, 21) (Table 1). After the
plasmon band the functions —Im ¢! and —-Im 1+ 8)71 decrease rapidly, and the real parts of the functions 1/¢ and 1/(1 + €)
drop slightly and do not change further until 40 eV.

The effective permittivity e.¢r(£) curve reaches saturation at a level of 4.25 in the energy range of 20—40 eV, which
agrees well with the experimental data ¢, = 4.4 [8] indicating accuracy of calculations of the spectra of optical functions of
the BaSe crystal.
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Spectral curves of the effective number of valence electrons n.¢(E) involved in the transitions to a given energy £
were calculated in the energy range up to 60 eV from the &,(E), k(E), —Im 871, —Im (1 + 8)71 spectra. Pairs of curves nqg(€)),
negr(k) and negr(—Im ¢! ), Bege(—Im (1 + 8)71) are almost parallel in the 2060 eV energy range, i.e. they change in the same way
for the transversal functions, but vary greatly with a large slope for the curve neg(—Im (1 + 8)71 ). At 15,25, and 60 eV the values
of ne(€y) are about 10, 4 and 2 times greater than ngg(—Im sﬁl), and about 6.7, 3, and 4 times greater than ne(—Im (1 + 8)71),
respectively. Thus, the efficiency of formation of transverse transition bands by light in the 13-25 eV range compared with
longitudinal bands is 4-10 times greater, but this difference is reduced twofold when the energy is increased up to about 60 eV.

The peaks 1, 3, 6, and 8 are due to excitons. The distances between the &,(E) peaks 1 and 3 as well as 6 and 8 are
about 0.33 and 0.43 eV. For cubic selenides of group II-VI crystals theoretically and experimentally for the exciton line
spectra it was determined that both series are due to the spin-orbital splitting of the top valence band at the point I" by Acg =
0.4 eV [15]. Therefore, in [5] it is suggested that the shortwave doublet 6, 8 of BaSe is also associated with the main exciton
bands at the point I'. According to theoretical calculations of BaSe bands [9, 10], Egy (X) < Egq (I') < Eg(L), unlike for group
II-VI crystals, for which Eg (') < Egq(L) < Egq (X) [15].

According to theoretical calculations [9, 10], in the energy range of £ > Eq4(I') the top five or six conduction bands
are almost parallel to the top valence band in the directions I'L, LX, and XW. It is generally accepted that such features
contribute to the formation of interband transition peaks accompanied by an exciton band [13]. After two pairs of long-
wavelength exciton-type peaks 1, 3 and 6, 8 there is another pair of peaks 9, 10 with the splitting AE = 0.46 eV, which
coincides with the doublet pair 6, 8. We can therefore assume that the &,(E) peaks 9, 10 are also of exciton nature due to near
parallelism of the upper conduction bands and upper valence bands at the points in the I'X direction.

Theoretical R(E) spectra obtained without taking into account excitons [9] in the 0-25 eV range, and &,(F) taking
into account the excitons in the longwave region [10] are markedly different from the experimental data [5, 6] in structure, in
peak position, and relative peak intensities, in addition to strong elevation of the entire R(E) curve and a very large broadening
of all exciton bands of &,(£) in the energy range of £ <5 eV.

Conclusions. The spectra of the complex of 18 optical fundamental functions of barium selenide crystal in the 040 eV
range were determined, instead of the known experimental reflectance spectrum. They contain 22 peaks and shoulders present
due to excitons and interband transitions, which is 45 times greater than in other semiconductors with a cubic crystal lattice.
This information can be used to quantify and analyze in detail the theoretical calculations of bands and excitons of BaSe and
related crystals in a broad energy range.
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