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The optical absorption of an osmium single crystal has been studied in the spectral range

fiw = 0.08-40 eV (4 = 15-0.03 um). The energies of the main structural singularities of the
interband optical conductivity o were determined. The electron energy spectrum of osmium, the
total and partial electron densities of state and also the frequency dependence of the interband
conductivity o(w) were calculated by the LMTO relativistic linear method in the constant transi-
tion matrix element approximation. Satisfactory agreement between the experimental and theo-
retical o(w) curves was obtained. It was found that the formation of the main absorption bands
for energies of 2-8 eV (1) and 10-25 eV (2) is due to the (d<>p) and (d<p, f) type electron

transitions, respectively.

Spectroscopic studies and theoretical calculations of
the spectral properties, e.g., the dielectric permittivity £, are
required in order to obtain reliable information on the elec-
tron band structure of metals. In recent years, such work has
been carried out for many 3d, 4d, and 5d transition metals.
Calculations of the frequency dependence of the dielectric
permittivity £(@) (w is the angular frequency of the light
wave) for the majority of metals with a cubic crystal lattice
then showed satisfactory agreement with optical data and
led to an understanding of the main laws governing the for-
mation of the interband optical absorption spectra over a
wide energy region.'™ Considerably less success was
achieved in the interpretation of the optical properties of
metals with a hexagonal lattice. Only individual theoretical
calculations of €(w) have been carried out in this direc-
tion.>¢

The present work is devoted to an experimental and
theoretical investigation of optical absorption in osmium.
Osmium is a heavy transition metal with an unfilled 54 shell,
crystallizing with a hexagonal close-packed (Acp) lattice.
We reported earlier’ on the existence of a very intense ab-
sorption band for photon energies fiw = 1.8-5 eV, produced
by interband electron transitions. Cox et al.® found regions
of increased reflection (R ., = 36%) in the fiw = 15-25eV
section of the spectrum in thin-film osmium specimens. We
found even higher values of the reflectivity (R =46%) in
this energy range in a single-crystal specimen.’® The exis-
tence of a region of heightened reflection in the spectral
range indicated is evidence of an active interband excitation
process at high photon energies and the presence of a high-
energy absorption band. An interpretation of optical proper-
ties of osmium within the framework of a band calculation
was not carried out earlier.

The aim of the present work was to study and theoreti-
cally analyze the interband absorption in osmium, and to
investigate the laws governing the formation of the frequen-
cy dependence of the interband optical conductivity o(w)

and the establishment of the connection between its spectral -

features and the energy band structure.
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1. EXPERIMENTAL RESULTS

1. Specimens and measuring technique

The osmium single-crystals had electrical resistivity ra-
ti08 P43 k /P42 x €qual to 540 and 1150. The specimens were
obtained by electro-spark cutting of single-crystals along
(1000) and (1100) faces. The accuracy of the orientation of
the faces to within + 2° was monitored by the Laue back-
reflection x-ray method. The specimens were polished with a
micropowder with 5 um size grains, and then electropo-
lished to obtain a 14th class mirror finish in a 4-6% sodium
hydroxide solution using a current density of 2 A/cm™2,

- The cathode was of stainless steel. The absence of a strain-

hardened layer on the surface after electropolishing was also
checked by x-rays. Microtopograms taken from the surface
of the (1000) and (1100) faces showed the presence of sub-
grains with an angular misorientation of 30’ and 2° respec-
tively.

The optical constants, the refractive index n and the
absorption coefficient k, were measured by the Beatty polar-
imetric method with an accuracy of 2-4%. As a uniaxial
crystal in the optical ratio, hexagonal osmium has two com-
ponents of the dielectric permittivity tensor:
g, = (ny —ik)?and &, = (n, — ik, )? corresponding to
light waves propagating along (E||c) and perpendicularly
(Elc) to the crystal ¢ axis. (E is the electric vector of the
plane-polarized light wave).

In the present work, the refractive indices n,, n; and
the absorption coefficients k,, k|, were determined in the
wavelength range A = 0.25-1.1 ym from measurements
from the (1100) plane. The absolute valuesof n, , k, and#,
k| and their dispersion agreed with our earlier values ob-
tained from the (1210) plane.” The values of n, k| in the
infrared region 4 = 1-8 um were also determined from mea-
surements from the (1100) plane. Numerical values of n
and k , are given in Table I. In addition, measurements were
carried out of the optical constants of osmium in the spectral
region 4 = 0.25-15 um from the basal (1000) plane. The
latter, accurate to terms of order 1/|¢| compared with unity,
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TABLE I. Optical constants of Os (1100) for the case El|c.

Ajpm | " A, pm i i A, pm
0250 | 192 | 3.46 0.620 3.24 2.80 1.80
0260 | 242 | 349 0.640 2.98 2.9 1.50
0270 | 226 | 347 0.660 2.67 3.47 2.00
0280 | 240 | 345 0.680 251 3.40 2.10
0290 | 248 | 341 0.700 2.39 3.60 2.20
0.3 250 | 334 0.725 2.30 3.90 2.30
0210 | 256 | 332 0.750 226 417 2.40
0320 | 259 | 33l 0.775 2.25 443 2,50
0330 | 238 | 325 0.800 2.24 4.66 2.60
0340 | 233 | 325 0.825 2.28 4.90 2.80
0350 | 241 | 347 0.850 2.30 5.13 2.90
0360 | 243 | 354 0.875 235 5.35 3.00
0370 | 250 | 375 0.900 242 5.56 3.10
0380 | 255 | 890 0.925 2.50 5.76 3.20
0390 | 2.65 405 0.950 2.63 5.91 3.30
0400 | 278 | 4.19 0.575 271 6.01 3.40
0410 | 297 | 434 1.00 2.85 6.05 3.50
0420 | 344 | 444 1.05 3.00 6.12 3.60
0430 | 337 | 450 1.10 3.22 6.25 3.70
0440 | 364 | 448 1.20 3.38 6.51 3.80
0430 | 385 | 444 1.25 343 6.67 3.90
0460 | 4.07 430 1.30 3.02 6.74 4.00
0470 | 417 445 1.35 2.80 743 425
0480 | 428 | 3.97 1.40 248 7.04 4.50
0490 | 432 | 3383 1.45 2.27 7.60 5.00
0500 | 438 | 3.6t 1.50 1.92 7.81 5.5
0520 | 433 | 340 1.55 1.78 8.08 6.0
0540 | 422 | 3.5 1.60 1.50 8.45 6.5
0560 | 403 | 296 1.65 1.44 8.91 7.0
0580 | 379 | 282 1.70 1.51 9.01 8.0
0.600 | 350 | 279 1.75 1.26 973 -

correspond to n, and k, . The dispersion dependences of the
refractive index n, (w) and absorption coefficient &, (w),
obtained from measurements from the (1100) face (Elc)
and the basal (1000) plane agreed completely, but in the
latter case the values of n, and k, were somewhat higher,

TABLE II. Optical constants of Os (1000).

ny Ky
1.38 9.88
1.35 10.2
1.51 11,4
1.65 11.9
1.30 13.0
1.36 13.6
113 14.3
1.23 14.5
1.54 151
1.56 16.4
1.61 16.8
1.81 18.3
2,05 19.2
248 20.0
2.30 21.0
2.50 22.5
2.60 22.5
2.72 238
2.58 24.3
3.16 24.6
3.51 257
3.89 26.1
4.20 27.6
4,08 28.7
4.42 30.9
4.69 32.7
475 34.6
5.57 35.4
7.20 37.8
9.30 39.3

evidently because of the higher quality of the electropolished
(1000) plane. These numerical values are given in Table II.

The optical constants n, and k, of osmium in the ener-
gy range #iw = 5-40 eV were evaluated by using the
Kramers-Kronig relation from the results of the reflectivity

Apm | ny L A, pm ny ky A, pm ny L
0.2 1.53 3.29 0.850 2.81 245 3.10 2.31 14.2
0.248 1.63 3.55 0.900 2.42 2.53 3.20 2.38 14.4
0.253 1.67 3.64 0.950 2.12 3.00 3.30 2.50 14.6
0.265 1.97 3.98 1.00 1.94 3.32 3.40 2.38 154
0.280 243 3.93 1.05 1.62 3.77 3.50 2.57 158.5
0.288 2.49 3.98 1.10 1.47 4.37 3.60 2.87 15.7
0.296 2.76 415 145 1.37 4.82 3.70 2,68 15.8
0.302 2.87 3.85 1.20 1.22 5.47 3.80 2.35 16.4
0,312 3.04 3.73 1.25 1.20 5.45 3.90 2.60 16.4
0.334 2.89 3.81 1.30 1.00 5.83 4.00 2.78 17.3
0.370 2.94 3.97 1.35 1.00 6.18 4.25 347 18.2
0.380 3.02 4.09 1.40 0.85 6.51 4.50 349 19.7
0.390 3.2 419 1.45 0.75 6.68 475 3.24 20.1
0.400 3.28 4.35 1.50 0.91 6.84 5.00 3.98 23.4
0.410 3.44 4.50 1.55 0.84 7.19 5.25 4.30 24.6
0.420 3.66 4.56 1.60 0.76 7.60 5.50 447 254
0.430 3.98 474 1.65 0.95 .71 5.75 478 25.9
0.440 427 471 1.70 0.85 8.07 6.00 5.20 218
0.450 4.57 4.68 1.75 0.80 8.27 6.50 542 29.0
0.475 4.99 4.33 1.80 0.89 8.42 7.00 6.70 32.6
0.500 5.43 4.01 1.85 0.80 8.81 7.5 7.60 33.7
0.525 5.70 3.58 1.90 0.76 9.18 8.0 7.93 35.8
0.550 5.86 2.99 2.00 0.65 10.3 8.5 8.40 36.7
0.575 5.60 2.53 2.10 0.88 10.8 9.0 9.10 37.5
0.600 5.48 2.16 2.20 0.93 11.3 10 10.2 39.0
0.625 547 1.94 2.30 1.10 11.7 11 9.59 39.8
0.650 4.83 1.87 2.40 0.90 12.0 12 10.1 420
0.675 449 1.79 2.50 1.29 12.7 13 12.5 49.9
0.700 4,23 1.67 2.60 1.30 13.0 14 16.6 51.5
0.750 3.79 1.64 2.90 1.60 13.2 15 17.5 61.7
0.800 3.37 1.71 3.00 1.97 13.
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FIG. 1. The anisotropy of the optical conductivity o (a) and of the reflec-
tive power R (b) of osmium: 1) (E||¢), 2) (ELlc), specimen plane (1100).
The values of o, and R, in the spectral region #iw < 1.2 €V are obtained by
measurement from the (1000) plane.

obtained® on the same specimen, using synchrotron radi-
ation. The calculation was carried out as described earlier.®

2. Optical conductivity

The optical conductivity of osmium, o = nkw/2m, cal-
culated from the values of the optical constants for two crys-
tallographic directions ELc and E||c, are shown in Fig. 1,a.
In the energy range 2-5 eV, both curves, 0, and o, have a
very intense interband absorption band with two maxima, C
and D. Theincreasein o, and o), for #iw < 0.7 €V is produced
by the dominance of an intraband light absorption mecha-
nism. However, there are interband contributions to the con-

TABLE III. Crystal potential parameters for osmium.

ductivity in this spectral range. Thus, weak bumps are visi-
ble on the o, curve at energies 0.12,0.38 and 0.54 ¢V and on
the o curve at energies 0.22, 0.44 and 0.54 V.

We found the greatest anisotropy of the optical conduc-
tivity at photon energies #iw = 0.5-1.8 eV. In this spectral
region a very strong absorption peak B is formed on the o
curve which is absent in the o, conductivity. A difference
between the o, and o curves is also observed at energies
greater than 2 eV, and is manifested in a different width and
intensity of the two main absorption peaks, C and D.

Over the whole spectral range we studied, #iw <5 eV,
anisotropy occurs in the reflectivity of osmium, which is lar-
gest at a wavelength 4 =0.823 um (#iw = 1.5 eV), where
R =75% while R, =40% (Fig. 1,b).

2. CALCULATIONS

Calculations of the energy band structure, of the total
N(E) and partial N, (E) density of states, and also of the
optical conductivity o (E) were carried out by the relativistic
linear LMTO method on the basis of the Dirac equation in
the atomic sphere approximation.'® The crystal potential
was determined on the Mattheiss scheme'' with total Slater
exchange (@ = 1). The parameters of the potential are given
in Table III. In the expression for the crystal wave function
and in the internal summing of the matrix element, terms up
to % = 3 inclusively were used.

The electron energy spectrum of hexagonal osmium in
the high symmetry directions of the Brillouin zone (BZ) are
shown in Fig. 2. The structure and energy position of the
dispersion curves E(k) agree well with Jepsen et al.,'? in
which a calculation by the LMTO method was carried out,
based on a relativistic generalization of the Pauli equation.
The difference is that according to Jepsen et al.,'* there are
hole pockets I"104 and L 7h at the points I" and L. The pres-
ent calculations, carried out as before'* by the augmented
plane wave method do not predict their existence. Hole
pockets I'10A and L 74 are also not observed experimental-
ly.M

Calculation of the partial densities of the s, p, d and f
electron states shows that the & band is positioned in the
energy interval E~0.35-1.15 Ry and has an intense maxi-
mum in the density of states above the Fermi level E, absent
in the N, (E) curves of the other type of symmetry. Two
maxima can be distinguished on the N, (E) curves. The first
is positioned below E and is associated with s, p and d hy-
bridization. The second maximum, occupying the energy in-
terval 1.5-2.5 Ry properly forms the p band. It is formed by
the 13th to the 16th bands (see Fig. 2), which also have
appreciable admixture of f states.

Structural parameters .
Lattice a.u. Atomic Radius of
type ’ configuration atmosphere
e ¢ a.u.
hep 5.4692 ‘ 8.1622 5d% 5d3) 652, 245%
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FIG. 2. The electron energy structure and the density of
states N(E) of hexagonal osmium.
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The interband optical conductivity o(w) was calculat-
ed on the basis of the spectrum obtained in the constant tran-
sition-matrix element approximation according to the equa-
tion

0(E)=const E~'n,(E). (D

Here ny(E) is the optical density of states, which in the di-
rect transition model is described by the expression (in a.u.)

]

ij Sy

n(E)=

[VilE, (k)—E ®1] 2

where (1 is the BZ volume, and S;; is the surface limiting
the region of reciprocal space ¥;, determined by the condi-
tions
E: (k) <E:<E;(k),
E;(k)—E:(k)<E. (3)

The calculation of o(E) was carried out over the energy

o-10"¥s™!

150 I~

120

range 0-30eV. The partial interband contributions n§ (E) to
the optical density of states was determined up to the 16th
band.

The full N(E), the partial N; (E) and the optical n,(E)
density of states (the optical conductivity) were calculated
using the tetrahedron method'® over 95 points of 1/24 of the
irreducible part of the BZ.

3. DISCUSSION OF THE RESULTS

We shall draw a comparison of the experimental and
theoretical curves obtained for the optical conductivity of
osmium.

The full curve of Fig. 3 shows the calculated results.
The experimental results are shown by the dashed line. The
ordinate axis scale for the theoretical o (E) curve is chosen
so that the height of the C and D maxima should agree on the
theoretical and experimental curves.

It should first of all be noted that two regions of intense
absorption are visible on the experimental o(E) curve: 2—8

FIG. 3. The interband optical conductivity of osmium: full
line—theory, dashed line—experiment from the (1000) plane.
Inset: a section of the optical conductivity in the vicinity of peak
B: 1) 0§, 2) o™, 3) o™
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I S
60 )
#iw, eV
30
0 Js5
#iw, eV

118 Sov. Phys. JETP 63 (1), January 1986

Nemoshkalenko et al. 118



eV (1) and 10-25 eV (2). Both absorption bands are asso-
ciated with interband electron excitation, since the
O 11 (5ps,,) core level, which is 46 eV from the Fermi level in
osmium, is not excited in the photon energy range consid-
ered.

The following facts have been established on the basis of
the calculations and of the analysis of the partial contribu-
tions of the optical interband conductivity o(E).

1. The shape of the o curve in the range of photon ener-
gies 2-8 eV (band 1) is determined by electron transitions
between bands: 5—8,9, 657-11, 7—-9—11 and 8—11,12.
The largest contribution to the conductivity then comes
from transitions involving the 5th, 6th and 7th bands which
have planar cross sections in a number of BZ directions: I'M,
MK, I'd and AH (Fig. 2). In particular, the C maximum is
formed by the transitions 8—10,11 and 7—9,10. The double
structure of the peak is noticeable on both the theoretical
and experimental (£, = 2.58 eV, E, =2.75 eV) o curves.
The D peak (E = 4.2 eV) is formed by electron transitions
between the bands 5—9,10, 6—~10and 7—10,11. Absorption
band (1) on the whole is formed by (d<>p)-type electronic
transitions.

2. The form of the o curve in the photon energy range
10-25 eV (band 2) is determined by electronic transitions
between bands 1-8—13-16, and the section E by transitions
1-7—11-14. We note that the partial contributions to the
conductivity from transitions 1,2—13-16 are very insignifi-
cant, so that the spectral dependence of band 2 is mainly
determined by (d—p, f )-type transitions.

3. Theory predicts an absorption band B on the section
fiw = 0.8-1.5 eV of the spectrum with a weak double struc-
ture at the vertex (inset to Fig. 3). It is formed by electronic
transitions between bands 7—8 (the BZ direction ML) and
89 (the I'H direction). The partial contributions to the
conductivity from these pairs of bands are maximal at ener-
gies 1-1.5 eV. A trace of the strong anisotropy in the inter-
band transition probability of this band only appeared in the
experiment for the direction E||c. A “shoulder” was noted
for the other crystallographic direction (ELlc¢) in this spec-
tral range.

4. Weak low-energy absorption peaks on the o, curve at
energies 0.12, 0.38 and 0.54 eV are formed by electronic
transitions between bands 9—10 and 8—9 in the critical
spectral regions [V, E; (k) =V, E; (k) ], positioned along
the 'M and 'K high-symmetry lines (Fig. 2). Transitions
between the 7th and 8th bands also give a contribution to the
low-energy absorption. The calculation predicts a threshold
of optical absorption in osmium of ~0.1 eV, which is asso-
ciated with electronic transitions in the vicinity of the high-
symmetry I'4 line between bands 9 and 10.

In accordance with experiment, two regions of height-
ened absorption were thus designated on the theoretical
o(E) curve: 2-8¢eV (1) and 10-25eV (2), due to electronic
transitions of the (d<»p) and (d—p, f') types respectively.
The energy position of these bands, and also a number of
their spectral features are, on the whole, in satisfactory
agreement with the experimental results. However, the ratio
of the intensities of these absorption bands on the theoretical
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o(E) curve differs from that observed in experiment. The
low-energy peak A is also raised on the theoretical curve. In
addition, the calculation gives a whole array of peaks in the
spectral range 5.5-9 eV, which are not found experimental-
ly. These peaks are formed by electronic transitions from the
filled part of the d band to empty states of the d or mixed (d-
p) symmetry, positioned 0.15 Ry above the Fermi level
(2-9, 3,4-9,10, 1-7-10). The majority of these transi-
tions are forbidden by selection rules in the dipole approxi-
mation. It can be suggested that taking account of the depen-
dence of the transition matrix element on the wave-vector k
would appreciably improve the agreement between the ex-
perimental and theoretical o (@) curves; in particular it
would reduce the intensity of the peaks on the 5.5-9 eV sec-
tion of the spectrum and change the ratio of the intensities of
the absorption bands (1) and (2) on the theoretical curve.
In addition, the energy band model of hexagonal osmium
itself also requires further refinement and development.

In conclusion, we note that among transition d metals,
osmium has an anomalously high interband conductivity.
For example, in comparison with ruthenium,'® which is its
isostructural and isoelectronic analog, the absorption inten-
sity in osmium at the maximum of band (1) is one and a half
times higher. This is connected with the particular structure
of the energy spectrum of Os, namely with the existence of an
almost parallel behavior of the energy bands [the cases of
V.E (k) =V, E;(k)=0 and V,E;(k)=V,.E; (k)] in
several BZ directions: I'M, MK, 'A, LH and HA (Fig. 2).

The authors are grateful to V. A. Elenskii for providing
the osmium single-crystal and to V. A. Sazonova for the x-
ray diffraction analysis.
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