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The self-consistent linear method of augmented plane waves is used to calculate the energy band 
structure and the density of states N ( E )  of hexagonal technetium. A matrix element of the dipole 
transitions is used to calculate the frequency dependence of the interband optical conductivity 
U(W) and of the real part E ,  (a) of the complex permittivity for two directions of polarization of 
an optical wave relative to the hexagonal c axis of the crystal ( E l c  and Ellc). The anisotropy of 
the optical absorption is considered in the photon energy range %J = 0-25 eV. An experimental 
investigation is reported of the optical properties of a Tc film with the (0001 ) orientation at 
photon energies E = 0.62-10 eV. A strong absorption band is attributed to the (d-d,p) electron 
transitions. It is shown that there is a satisfactory agreement between the experimentally observed 
and calculated functions a, ( o )  and E: (w) . 

Technetium is a transition metal with a partly filled 4d 
shell and it crystallizes in the hcp lattice. Among the d met- 
als, Tc is distinguished by a relatively high temperature of 
the transition to the superconducting state ( T ,  = 7.82 K is 
reported in Ref. 1 ) and this is the reason for the special inter- 
est in the electron and phonon spectra of this element. 

Theoretical calculations of the electron structure and 
some physical properties of technetium have been carried 
out for fcc crystals'-5 as well as for the hcp For 
example, the method of augmented plane waves (APW) is 
used in Ref. 3 to obtain estimates of Tc. The authors of Ref. 7 
use a linear augmented plane wave (LAPW) method to cal- 
culate the dispersion of the energy bands, the density of 
states, and the intensities of the L,,, , M,, and N,,, x-ray 
emission spectra. The APW method is used in Ref. 8 to find 
the dispersion of the imaginary part E ~ ( w )  of the permittivi- 
ty (w is the angular frequency of an optical wave) in the 
approximation of a constant matrix element of the transi- 
tion. The most detailed calculations of the energy band spec- 
trum and of the complex permittivity ~ ( w )  of technetium 
(for fcc and bcc phases) are reported in Ref. 4: they were 
carried out allowing for the energy dependence of the matrix 
element of a transition and using the linear muffin-tin orbital 
(LMTO) method. These results were also used to analyze 
the interpret the spectrum of characteristic electron energy 
losses. However, the experimental data on the spectral char- 
acteristics of technetium, which might confirm the validity 
of the calculations of its energy band structure, are still lack- 
ing. 

We shall describe the first study of some of the optical 
properties of Tc and a theoretical calculation of the complex 
permittivity ~ ( w )  carried out allowing for a matrix element 
of a transition in the hcp lattice. We shall analyze the charac- 
teristics of the interband optical absorption and their rela- 
tionship to the structure of the energy bands, and also to the 
anisotropy of the optical properties. 

1. EXPERIMENTAL DATA 

Our optical investigations were carried out on a film 
sample of Tc prepared by ionic sputtering with magnetic 
focusing of the beam when the pressure of the working gas 
( K r )  in the chamber was 1 0 - 9 a  (Ref. 9) .  The temperature 
of a polished glass substrate was close to that of liquid nitro- 

gen and the deposition rate was 1 nm/min. The starting ma- 
terial was the 99Tc isotope. The film thickness was 120 nm. 
The results of an x-ray structure analysis showed that the 
films of this kind had the hcp structure and were textured in 
such a way that the (0001) basal plane formed the surface 
with a misorientation angle of 5 10". The resistivity ratio of 
the investigated film wasp,,, , /p4., = 3.5. The tempera- 
ture of the transition to the superconducting state was 
T, = 8.2 K. 

The refractive index n and the extinction coefficient k of 
technetium were determined in the wavelength range 0.25- 
2.0pm inside the vacuum chamber employing the polarime- 
tric Beattie method accurate to within 2-3%. A hexagonal 
crystal had two components of the permittivity tensor: 

= ( n i l  - i k I1  1' and E, = ( n ,  - ik, )', which character- 
ized the propagation of optical waves along (Ellc) and at 
right-angles ( E l c )  to thec crystal axis (here, E is the electric 
vector of a plane-polarized wave). The optical constants 
measured in the basal plane represented n, and k, with an 
error to within terms 1 / l ~ l  compared with unity. In the case 
of our textured samples the corrections to n, and k, associat- 
ed with some misorientation of the (0001 ) planes relative to 
the direction of polarization E did not exceed the experimen- 
tal error ( - 3 % ) .  The numerical values of the optical con- 
stants of technetium were determined in this way (Table I ) .  
They were then used to calculate the optical conductivity 
a, = n, k, w / 2 ~  and the real part E: = n: - k : of the per- 
mittivity. In the wavelength range R = 0.12-0.25 p m  we 
used the same sample to determine the reflectivity R in un- 
polarized light. The optical constants were found in this 
short-wavelength part of the spectrum using the Kramers- 
Kronig relationships. The calculation method was described 
in Ref. 10. 

2. METHOD OF CALCULATION OF THE ENERGY BAND 
STRUCTURE 

The band structure of Tc was calculated in a self-consis- 
tent manner at 222 points of the irreducible part of the Bril- 
louin zone. The crystal potential was determined in accor- 
dance with the scheme of Ref. 11 allowing for the exchange 
and correlation on the basis of the methods of Hedin and 
Lundqvist." The resultant wave functions of the electron 
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TABLE I. Optical constants of technetium. 

states were then used to find the matrix elements of the mo- 
mentum operator for direct dipole transitions. This was 
done by a method developed in Ref. 13. The expansion of the 
wave functions included the fundamental vectors deduced 
from the reciprocal lattice vectors Gi , such that I Gi I < Go/a 
( a  is the lattice constant), where Go = 14.6. Consequently, 
the size of the matrix of the Hamiltonian at the point r was 
73x73. This selection of G, ensured convergence of the 
squares of the moduli of the matrix elements to within an 
error not exceeding 5%. The optical conductivity was calcu- 
lated from 

Here, e, is a unit vector along the direction of the electric 
field; E, (k )  and E,, ( k )  are the band energies of the initial 
and final one-electron states, respectively; P,,, is the matrix 
element of the momentum operator between the initial and 
final states with the wave vector k. In the calculation of the 
optical conductivity we allowed for the existence of 16 
bands. Integration over the Brillouin zone (BZ) in Eq. ( 1 ) 
was carried out by the method of tetrahedra at 222 points, 
corresponding to the splitting of each 1/24th part of the Bril- 
louin zone into 810 tetrahedra. The function E ,  (a) was cal- 
culated by the Kramers-Kronig method. 

Figure 1 shows the dispersion curves E ( k )  and the total 
density of states N(E) .  An analysis of the partial densities of 
the s, p, d, and f states shows that the high values of N(E)  
observed in the range 0.3-0.95 Ry are due to the d-type elec- 

FIG. 1. Electron energy structure and the density of 
states N ( E )  of hexagonal technetium. 

N(E), electronsIRydberg cell 
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FIG. 2. Calculated interband optical conductivity u(w) of techne- 
tium: 1) 0,; 2 )  u .  

trons. The second maximum of the N ( E )  curve in the energy 
range 1.6-2.0 Ry is mainly due to free states with thep sym- 
metry, although on the whole thep-f hybridization is con- 
siderable. 

3. DISCUSSION OF RESULTS 

Theoretical curves of the optical conductivity ~ ( w )  
technetium for the directions of polarization of the light 
wave Ellc and Elc are plotted in Fig. 2. Band calculations 
predict the existence of two strong interband absorption 
bands at photon energies E = 0.2-7.0 eV ( A  ) and E = 12-22 
eV (B) .  The first of these bands is due to electron transitions 
from the occupied part of the d energy band to free states 
which are also of the d-type. The high intensity of the first 
absorption band is due to strong hybridization of the d andp 
states in the filled part of the energy band (d-d, p transi- 
tions). The second absorption band is due to transitions 
from the occupied part of the d energy band to the free states 
of thep-type symmetry with an admixture of the f states (d- 
p, f transitions). It follows from the Fig. 2 that the energy 
positions of the main absorption bands A and B, governed by 
the width and relative positions of the dispersion curves 
E ( k ) ,  remain unchanged for the Ellc and Elc directions. 
However, the frequency dependences and the absolute val- 

ues of the longitudinal u,, and transverse u, components of 
the optical conductivity are different, particularly in the 
range E < 5 eV. 

The theory predicts also a strong anisotropy of the dis- 
persion of E? and E: (Fig. 3 ) .  In the interval between the 
strong (d-d, p )  and (d-p, f )  electron transitions 
( E  = 10.1-10.3 eV) both functions E? and E: pass through 
zero. Since in this range the imaginary part of the permittivi- 
ty is low ( E ~  < 1 ), the conditions for a plasma resonance are 
satisfied. The second change of the sign of E? and E: occurs at 
energies of 16.5 and 16.9 eV, respectively, and corresponds 
to a maximum of the high-energy absorption band B (Fig. 
2) .  In this case the change in the sign of E? and E :  reflects 
only the anomalous dispersion of these functions in the re- 
gion of strong interband transitions. The third zero in the 
frequency dependence at energies 2 1.3 eV (E? ) and 2 1.5 eV 
(E! ), where E~ 1 once again demonstrates the possibility of 
a plasma resonance. 

An analysis of the function representing the character- 
istic losses Im [ - I/E(w) ] is outside the scope of the present 
paper. A detailed analysis of its spectral dependence had 
been made earlier4,' for hypothetical technetium in the fcc 
lattice using the self-consistent LMTO method for the calcu- 
lation of the energy band structure. We shall mention only 

FIG. 3. Calculated real part E ,  ( (0 )  of the complex perrnit- 
tivity of technetium: 1 )  E ; ;  2 )  &I,. 
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the validity of the hypothesis put forward in Refs. 4 and 5 
that the nature of the crystal lattice has little influence on the 
optical properties of technetium. In fact, a comparison ofthe 
dependences o(w) and E ,  (a) obtained in the present paper 
for the hcp phase with the corresponding curves for the fcc 
lattice of Tc (Refs. 4 and 5) shows that the agreement be- 
tween the energy positions of the main optical conductivity 
bands and of the zeros of the real part of the permittivity is 
good, and significant differences are found only in the fine 
structure of the spectra. 

An analysis of the partial contributions to a,, and a, 
makes it possible to identify the main pairs of the energy 
bands responsible for the absorption spectra. The absorption 
bands A and B of technetium (Fig. 2) are due to superposi- 
tion of several contributions of electron transitions with sim- 
ilar energies. Some of them (for example, 8 + 11,7 - 9,6+ 8, 
9)  are induced by light of the same intensities of both crystal- 
lographic directions Elc  and Ellc, whereas others have dif- 
ferent energy dependences of the intensity of the transition. 
For example, in the case of the El/c the partial contributions 
made to uu by the 7 + 10, 11 transitions are weakened by a 
factor of two, whereas the 6 - 7, 10 and 5 + 8 transitions are 
enhanced by a factor of two compared with the Elc  case. In 
particular, the 6 + 10 transition between the flat part of the d 

energy band in the vicinity of the KH and r K  directions in 
the Brillouin zone forms a clear structure in a,, at 4 eV, 
which is missing from the transverse component uL (Fig. 2). 

The a, and E; curves obtained by us experimentally and 
calculated theoretically using a matrix element are com- 
pared in Fig. 4. We can see that they are in satisfactory agree- 
ment. This is true of the energy positions of the principal 
features of the structure and of the absolute values of a and 
E , .  The experimentally observed absorption peak of o, at 
0.73 eV is in good agreement with the profile of the calculat- 
ed narrow structure (E = 0.75 eV). The "inflections" in the 
experimental o, curve at energies 1.4, 1.7, 1.9, 2.2, and 4.4- 
5.0 eV correspond to sharp peaks of the calculated curve. 
The difference between the theoretical and experimental 
curves representing the optical conductivity consists not 
only in the smoother nature of the lattice, but also in higher 
values of u:~""' in the region of the absorption band maxi- 
mum. We can expect an allowance for the finite lifetime of 
the excited states of electrons to improve the agreement be- 
tween the experimental and calculated results. We can nev- 
ertheless say that the experimentally observed optical ab- 
sorption of technetium is explained satisfactorily and 
quantitatively by our calculations of the energy bands and 
the wave function of electrons. 

The authors are grateful to M. B. Tsetlin for supplying 
Tc samples and for measuring their electrophysical proper- 
ties, and to Yu. A. Dorofeev for x-ray structure analysis. 

FIG. 4. Comparison of the experimental and calculated data for techne- 
tium: a )  0,; b )  E : ;  1) experimental results; 2 )  calculated results. The 
dashed curve represents the experimental data deduced by the Kramers- 
Kronig method. 
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