PHYSICAL REVIEW B

VOLUME 26, NUMBER 10

15 NOVEMBER 1982

Optical response of uniaxial semiconductors. II. Optical
and electron-energy-loss spectra of ZrS, and ZrSe,

H. M. Isoméki and J. von Boehm
Electron Physics Laboratory and Department of General Sciences,
Helsinki University of Technology, SF-02150 Espoo 15, Finland
(Received 1 March 1982)

The permittivity, reflectivity, absorption coefficient, and electron-energy-loss spectra are
calculated for ZrS, and ZrSe, by starting from the self-consistent Hartree-Fock-Slater
results and by treating the momentum matrix elements rigorously in the bulk of the first
Brillouin zone. Close agreement is found with the experimental spectra available. The
peaks of the spectra are related to the band-structure features. Anisotropy and the effects
of anion change are discussed. It is found that the corrections needed for an even closer
agreement with the measured spectra should be opposite to and smaller than the
calculated local-field — continuum-exciton corrections for Si, TICl, and C.

I. INTRODUCTION

There exist a large number of experimental opti-
cal spectra for 1T layered transition-metal dichal-
cogenides (see the reviews by Wilson and Yoffe!
and Evans?). Usually only the Elc component of
the spectra was measured. However, the E||c com-
ponent would give interesting information about
the anisotropy. The very recent reflectivity mea-
surement in the range gf 0.5—5 eV by Bayliss and
Liang® shows that the Elc component is roughly
as much as twice as large as the E||c component.

On the theoretical side there exist a considerable
number of calculated energy bands (see the review
by Calais*). However, there are only very few cal-
culations for the optical spectra of the 1T
transition-metal dichalcogenides that start from the
energy-band results. Therefore it has mostly been
necessary to resort to unreliable critical-point anal-
yses and rough joint-density-of-states analyses.
However, the permittivity and thus also the reflec-
tivity, absorption coefficient, and electron-energy-
loss function depend on the energy bands via the
joint density of states weighted with the momen-
tum matrix elements. Recent calculations indicate
that both the accurate joint density of states and
the momentum matrix elements in the bulk of the
first Brillouin zone are needed for a reliable com-
parison.’ The aim of this paper is to present the re-
sults (permittivity, reflectivity, absorption coeffi-
cient, and electron-energy-loss function) of a calcu-
lation of this type for the prototype materials ZrS,
and ZrSe,.

Our calculation starts from the self-consistent
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Hartree-Fock-Slater results.®’ This allows us to
study theoretically the appearance of the band-
structure features as well as the anisotropy in the
spectra. By comparing the spectra of ZrS, with
those of ZrSe, we can also study the systematics
with respect to the anion change. We believe that
the results to be presented may serve as a useful
starting point for the theoretical analysis of the
response spectra of the other transition-metal di-
chalcogenides as well.

There has recently been a growing interest in the
local-field and continuum-exciton effects in semi-
conductors (see the reviews by Hanke,® Sham,” and
Baldereschi'®). Quite controversial estimates have
been obtained for these effects.!'=2° By perform-
ing detailed comparisons of the calculated spectra
(not containing the local-field and continuum-
exciton effects) with the experimental spectra for
ZrS, and ZrSe, we can indirectly gain some insight
into these effects. The theory and the calculational
methods used for the spectra of ZrS, and ZrSe,
were presented in the preceding paper,?® denoted by
I hereafter.

II. RESULTS AND COMPARISON
WITH EXPERIMENT

The calculated densities of states (DOS) and the
x-ray photoemission (XPS) results?”?® for ZrS, and
Z1Se, are shown in Figs. 1 and 2, respectively.
Both DOS (solid lines) consist of two valence-band
groups: the lower chalcogen s and the upper chal-
cogen p group. The three peaks of the p part of
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FIG. 1. Density of states of ZrS, (solid line).
Valence-band maximum placed at the origin of the ener-
gy axis. X-ray photoemission result by Wertheim et al.
(Ref. 27) (broken line) given in arbitrary units. Middle
Pm peak of the chalcogen p group of the density of
states and x-ray photoemission result set at the same en-
ergy.

DOS, denoted by p; (lower), p,, (middle), and p,
(upper) in Figs. 1 and 2, originate from the three
adjacent pairs of the p bands.”’ We notice that the
increase of the number of orthogonalized plane
waves (OPW) from 150 to 240 per k has improved
agreement of the p part of DOS with the XPS re-
sults?”?® (dashed lines in Figs. 1 and 2; for com-
parison see Ref. 29).

The first five conduction bands are of Zr 4d type
and form two groups: the lower ¢,, group (ori-
ginating from the d 2 Ay, and d.,_ )2 orbitals) and

the upper eg group (originating from the d,, and
d orbitals).” The ty, group appears without the
d  splitting off’ (Figs. 1 and 2). The t,, part of
DOS of ZrS, and ZrSe, (see Figs. 1 and 2) has a
two-peak form similar to that of TaS, calculated
by Mattheiss.”® The mixing of the e, part with the
higher Zr 5s,p part starts at 6.4 and 5.7 eV for
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FIG. 2. Density of states of ZrSe, (solid line). X-ray
photoemission result by Jellinek et al. (Ref. 28) (broken
line) given in arbitrary units. For further information
see caption of Fig. 1.

ZrS, and ZrSe;, respectively’ (Figs. 1 and 2), in
agreement with the tendency found experimentally
by Bell and Liang.’!

The components of the real and imaginary parts
of the permittivity [€,;,€))| and €;,,€;|, Eq. (47) of
paper I; hereafter abbreviated as (I.47)] are present-
ed for ZrS, and ZrSe, in Figs. 3 and 4, respective-
ly. We find five main peaks in €,; [denoted by
A —E in Figs. 3(a) and 4(a)] at the energies 2.8, 6.5,
9.6, 10.7, and 13.0 eV for ZrS, and 2.6, 6.0, 8.5,
9.9, and 12.0 eV for ZrSe,. These positions agree
closely with those obtained from the electron-
energy-loss experiment’!: 3.0, 5.6, 10.0, and 13.2
eV for ZrS, and 2.1, 4.9, 9.2, and 11.5 eV for
ZrSe,. In this comparison we have assumed that
the calculated peaks C and D correspond to the
third experimental peak. However, the electron-
energy-loss experiment’! for HfS, yields a five-
peak €,,, and the comparison between the calculat-
ed and experimental reflectivities (see below) seems
to give some evidence for the separate peaks C and
D.

LV e e e e e e e e e

(a)
25+ i

&L

15 | i

10

T T T S T S

0 5 10 15 20 25

rprrrrrrrrrry T T T T T T T

(b)

Vg o fe

S——

ISR W T G TV T W U N O W B |

0 5 10 15 20 25
E(eV)
FIG. 3. Permittivity of ZrS,. Imaginary and real
parts presented in (a) and (b), respectively. Thick and
thin lines represent Elc and E||c components, respec-
tively.
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FIG. 4. Permittivity of ZrSe,. For further informa-
tion see caption of Fig. 3.

The decomposition of €;, and €, of ZrSe, with
respect to the four (initial) valence-band pairs (s, py,
Pm> and p,, see Fig. 2) is shown in Fig. 5 for the
analysis of the origin of peaks 4 —E of ¢,, and
a—e of €. By comparing €,, of ZrS, [Fig. 3(a)]
with that calculated by taking only the 75, conduc-
tion bands into account,’? we can conclude that
peaks 4 and a are due to transitions p, —15,. In
fact a closer analysis, also taking into account the
decomposition with respect to the conduction
bands, reveals that peaks A and a are almost en-
tirely due to the transitions from p, to the lowest
t,e band. The origin of the other peaks is obtained
in the same way from Fig. 5 and by taking into ac-
count the decomposition with respect to the con-
duction bands. The results are summarized in
Table I and are the same for both ZrSe, and ZrS,.
The contribution from the sharp p,, part resembles
the conduction part of DOS (cf. Figs. 5 and 2).
However, it is obvious that an analysis of the ori-
gin of the peaks by using only DOS (Fig. 2) could
be quite misleading (see also Ref. 5). We also no-
tice that the contribution from the s part to €,
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FIG. 5. Decomposition of the imaginary part of the
permittivity of ZrSe,. Elc and E||c components
presented in (a) and (b), respectively.

0

and €,)| is almost negligible (Fig. 5).

The peaks of €;, and €, appear in €;, and €] as
descending slopes accompanied by the preceding
peaks. Therefore the labels of the peaks of €,, and
€| are used for the corresponding features of €,
and €| [Figs. 3(b) and 4(b)]. The calculated re-
fractive index €,,(00)!/2 of 2.97 for ZrS, agrees
closely with the measured value 2.83 (Ref. 33).
The calculated refractive index of 3.15 for ZrSe,
agrees reasonably well with the measured value
3.35 (Ref. 33) and the value 2.6 derived from the
measured reflectivity>* though the experimental
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TABLE I. Origin of the peaks of €;, and €, Lesser contributions are in parentheses.

Spectrum Peak Origin

€ A Pu— lowest t, band
B Pu—>€g, Pm—> UppEr t;g bands
C Pm—>eg, py— lower Zr sp bands
D Pm—> lower Zr sp bands
E Pm and p;— upper Zr sp bands

€] a pu— lowest t,, band
b Pu—>€g, Pm and p;— upper f,; bands

(p,— upper t,, bands)

c Pu—¢g (p,— lower Zr sp bands)
d pu—> lower Zr sp bands, p, and p;—e,
e Pm and p;— upper Zr sp bands

values differ too much from each other to allow a
reliable comparison.

The calculated reflectivity components [R, and
R||, Eq. (1.52)] and the experimental com-
ponents®3*~36 are shown in Figs. 6 and 7 for ZrS,
and ZrSe,, respectively (solid and dashed or
dashed-dotted lines represent the calculated and ex-
perimental curves, respectively). The main peaks
of €, and €| appear in R, and R as modified
peaks at slightly higher energies. Therefore the la-
bels of the peaks of €, and €, are used for the
corresponding peaks of R, and R||, and the
analysis of Table I applies to the peaks of R, and
R|| as well. The calculated R; and R)| agree close-
ly with the measured ones (Figs. 6 and 7). The
main peaks 4, B, and D are distinct in the mea-
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FIG. 6. Reflectivity of ZrS,. Thick and thin solid
lines represent Elc and E| |e components of the calculat-
ed reflectivity, respectively. Dashed lines represent ex-
perimental Elc components by Greenaway and Nitsche
(Ref. 34), Hughes and Liang (Ref. 35), and Bayliss and
Liang (Ref. 3) denoted by GN, HL, and BL, respective-
ly. Dashed-dotted line represents the experimental E{ le
component by Bayliss and Liang (Ref. 3).

sured R;. We associate the structure between the
measured peaks B and D with peak C (Figs. 6 and
7), which is most distinct in the measured R, of
ZrS, by Hughes and Liang®® (Fig. 6). The steep
decrease of the calculated R, and R of ZrS,
(ZrSe,) above ~20 (19) eV as well as that of the
measured R, of ZrSe, by Mamy et al.3¢ above 19
eV represents the plasma edge (Figs. 6 and 7). The
difference between the calculated and measured R |
for ZrSe, above 13 eV may mainly be due to the
effect of surface contamination and/or damage in-
volved in the measured R, (Ref. 36) (Fig. 7). In
fact, the R, measured by Hughes and Liang*® for
samples having high-quality surfaces increases
steeply above ~ 12 eV, in agreement with the cal-
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FIG. 7. Reflectivity of ZrSe,. Thick and thin solid
lines represent Elc and E||c components of the calculat-
ed reflectivity, respectively. Dashed lines represent the
experimental Elc components by Greenaway and
Nitsche (Ref. 34), Hughes and Liang (Ref. 35), and
Mamy et al. (Ref. 36) denoted by GN, HL, and MTMP,
respectively. GN and MTMP reflectivity are practically
identical up to ~11 eV and are represented by a single
curve.
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culated R, (Figs. 6 and 7). (A more thorough dis-
cussion about the effects of surface contamination
and/or damage is given in the next paper.’’)

The calculated absorption coefficient [K; and
K| Eq. (L53)] as well as the measured K, by Beal
et al.’® for ZrS, and ZrSe, are shown in Figs. 8
and 9, respectively (the solid and dashed lines
represent the calculated and measured absorption
coefficients, respectively). The peaks of €;, and €
appear in K, and K| as modified peaks. Therefore
the labels of the peaks of €;, and ¢, are used for
the corresponding peaks of K, and K|, and the
analysis of Table I applies to the peaks of K, and
K, and K as well. The calculated K, agree with
the measured K, (Ref. 38) (including essentially
only peak A4) quite closely (Figs. 8 and 9). Because
the sum rule is accurately valid for the calculated
K, (see paper I) the difference from the measured
K| may, at least partly, be due to inaccuracies in
the scaling of the experimental K| (Ref. 38).

The calculated components of the electron-
energy-loss function, —Ime[ ' and —Ime IITI (see
paper I), as well as the measured —Ime| ° by Bell
and Liang,’! are shown in Figs. 10 and 11 for ZrS,
and ZrSe,, respectively. The origin and position of
the main loss peaks are summarized in Table II.
The loss peaks are basically due to the valleys be-
tween the main peaks of €;, and €, (Table I) ex-
cept the last (largest) peak (Ls,/5) which is the
plasma peak (associated with the change of €;, or
€} from negative to positive for the last time).
The positions of the peaks L —L5 of the calculat-
ed and measured —Imef1 agree remarkably close-
ly (Table II) (the closely lying peaks L, and Lj
correspond to one peak in the experimental
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FIG. 8. Absorption coefficient of ZrS,. Thick and
thin solid lines represent the calculated Elc and E[ le
components, respectively. Broken line represents the
measured Elc component by Beal et al. (Ref. 38).
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FIG. 9. Absorption coefficient of ZrSe,. For further
information see caption of Fig. 8.

—Ime ). The free-electron plasma frequencies of
18.1 and 17.1 eV for ZrS, and ZrSe,, respectively,
are ~2—4 eV lower than the calculated and mea-
sured values (Table II). This is in accordance with
the theory by Pines,* which states that if the ma-
jor part of the optical transitions falls below the
free-electron plasma frequency [Figs. 3(a) and 4(a)]
the effect of the transitions is to shift the plasma
frequency (anisotropically) towards a higher energy
and also to broaden the resulting plasma peaks
(Figs. 10 and 11).

III. ANISOTROPY, EFFECTS OF ANION CHANGE,
AND LOCAL-FIELD AND
CONTINUUM-EXCITON EFFECTS

The origin for the main anisotropy of the spec-
tra (difference between the perpendicular and
parallel components) obtained by using Table I and
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FIG. 10. Electron-energy-loss function of ZrS,.
Thick and thin solid lines represent the calculated
—Imer ! and —Imej} ! respectively. Broken line

represents measured —Ime[ ! by Bell and Liang (Ref.

3D.
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FIG. 11. Electron-energy-loss function of ZrSe,. For

further information see caption of Fig. 10.

the decomposition of Fig. 5 is given in Table III.
Table III shows that the transitions from the up-
permost valence-band pair p, are mainly respon-
sible for the anisotropy in the spectra up to about
10 eV. The transitions from the second uppermost
valence-band pair p,, are most important for the
anisotropy above 10 eV. Our calculation repro-
duces the anisotropy of the measured reflectivity
by Bayliss and Liang® at 0.5—5 eV remarkably
well (Fig. 6).

The difference between the peaks 4 of €,, and a
of €, [Figs. 3(a) and 4(a)] is reflected in the differ-
ence between the peaks L; of —Ime[ ! and I, of
—Imej; ! (Figs. 10 and 11). The distinct difference
between the plasma peaks Ls and /5 (Figs. 10 and
11, Table II) seems to be due to the transitions
from the lowest valence-band pair p; (see Fig. 5).

As to the effects of the anion change, the calcu-
lated spectra of ZrS, and ZrSe, are very similar (cf.

H. M. ISOMAKI AND J. von BOEHM

26
Figs. 3, 4, and 6—11), but the spectra of (more me-
tallic) ZrSe, are slightly compressed along the ener-
gy axis compared with those of ZrS,. The main
peaks of the calculated permittivity, absorption
coefficient, and loss function of ZrSe, are generally
slightly higher than those of ZrS,, in accordance
with the requirements of the sum rules (see paper I
and cf. Figs. 3, 4, and 8 —11).

The local-field and the local-field — continuum-
exciton corrections are neglected in the present
study. The latter corrections for Si (Refs. 13 and
14) and TICI (Refs. 17 and 18) increased €;(00)
and the first peak of €, relative to the second one
by a factor of ~2, improving agreement with the
experimental spectra. Above, we found for the cal-
culated R, of ZrS, and ZrSe, that the first peak 4
(and a of R|| of ZrS,) was higher and the second
peak B was lower than the corresponding experi-
mental one. Compatibly with this and in agree-
ment with Refs. 23, 24, and 37, the calculated
€l 00) of ZrS, (and, with reservations, that of
ZrSe,) was slightly larger than the experimental
one. Thus, the corrections needed for ZrS, and
ZrSe, should be opposite to and smaller than the
calculated local-field — continuum-exciton correc-
tions for Si (Refs. 13 and 14) and TICI (Refs. 17
and 18) [and also for C (Ref. 25)]. (Small local-
field corrections, like those found by Van Camp
et al. for Si,'” would bring the calculated spectra
for ZrS,; and ZrSe, to closer agreement with the
measured ones.) The above discrepancy is not due
to the fact that we use Slater’s exchange-
correlation potential,“o since the uncorrelated, and
the correlated, as well as the correlated and self-
energy —corrected, Dirac-Gaspar-Kohn-Sham po-

TABLE II. Origin and position of the peaks of the electron-energy-loss function. Num-
bers are given in eV. A peak in —Ime[ ! or —-Imeﬁl corresponds to a valley in €, or €.
For example, 4-B in the third column denotes the valley between the peaks 4 and B of ,,.

ZI'52 Zl'582

Spectrum Peak Origin Theor.? Expt." Theor.? Expt.®
—~Imer! L, A-B 4.0 4 3.8 3

L, B-C 9.3 79

L, c-D 10.1 ? 9.4 73

L, D-E 12.3 12.1 11.5 11.5

Ls plasma 20.9 20.3 19.6 19.1
—Imej A a-b 3.9 35

I b-c 7.3 6.8

I c-d 8.4 8.0

N d-e 12.5 12.0

Is plasma 22.0 20.6

“Present study.
*Bell and Liang (Ref. 31).



sitions more than Slater’s potential, thereby making
the first peak 4 (@) of R, and €,, (R} and €,)) for
ZrS, and ZrSe, even higher.

The very different results for the permittivities
with and without the local-field and continuum-
exciton corrections show that there is still much to
be learned before even a qualitative picture about
these corrections may be obtained. We feel that
the main problem with the local theories is the fact
that they underestimate the smallest transitions (in-
cluding the minimum optical gap) and that there is
no systematic way to improve the results (in con-
trast to the Hartree-Fock theory). Nevertheless,
according to our results it seems that one could ad-
vance much further also within the local theories
(without the local-field and continuum-exciton
corrections) provided that the band structure and
the momentum matrix elements are calculated
rigorously up to sufficiently high energies.

IV. CONCLUSIONS
We have presented for ZrS, and ZrSe, the

theoretical permittivity, reflectivity, absorption
coefficient, and electron-energy-loss spectra based
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TABLE III. Origin of the main anisotropy regions of the calculated optical spectra.
Region (eV)
Spectrum ZrS, ZrSe, Origin
€1,6) 2—-4 2-35 Pu— lowest t,; band
6—7 7-8 DPu—¢ (Dm—>tg)
8.5—10 8—9.5 Pu— Zr sp
10.5—11.5 10—11 Pm— Zr sp
€11,€1)| 0—4 0—4 pu—> lowest t,, band
7—11 6.5—10.5 DPu—>€g, Pu—> Zr Sp, ppm— Zr sp
RLRy 0—4 0-3.5 pu—> lowest t5, band
6—8.5 6—17.5 Du—>€g (pm“’tlg)
9-10.5 8—9.5 Pu— Zr sp
10.5—12 9.5—11 Pm— Zr sp
K,K) 2.5—-4 2—4 pu— lowest t,, band
6—8 6—1.5 Pu—>eg (Pm—>12)
8.5—10 8—9.5 Pu—> Zr sp
10—12 9.5—11.5 Pm—> Zr sp
tential*! %7 would underestimate the smallest tran- on the self-consistent band-structure results and the

rigorous calculation of the momentum matrix ele-
ments. Close agreement was obtained with the ex-
perimental spectra. It was found that the first
peak (4 or a) of the permittivity, reflectivity, and
absorption coefficient is due to the transitions from
the uppermost valence-band pair p,. The next
peaks B, C, and D or b, ¢, and d, forming the
second broad maximum, are due both to the transi-
tions from p, and to those from the second upper-
most valence-band pair p,,. The main anisotropies
A<>a and D<>d are mainly due to the anisotropy
in the transitions from p,. The comparison of the
calculated spectra of ZrS, and ZrSe, with the mea-
sured spectra shows that the corrections needed for
closer agreement should be opposite to and smaller
than the calculated local-field — continuum-exciton
corrections for Si,’>!* TICL!"18 and C.2
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