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The various evaluation procedures of IR reflection spectra, viz. Kramer-Kronig analyses (KKA),
(3 parameter (0IQ g, dy) 1‘(3 PM), and 4 parameter (cto, wlo> 7to> 719? oscillator-model calculations

4 PM), are compare
of4 P aswerlrl]pasthe

or the zone-centre phonon energies, the osci
cies of the dielectric functions €' and —Im(l/e), res

lator parameters c0lOand rolO

ively (KKA,

3 PM), are recommended. The pole frequencies of the |e| functions yield too large TO/LO splittini,
especially in the case of large damping of the phonons. In the case of asymmetric reststrahlen bands,
the use of 4 PM with different damping constants y for the TO and LO phonons is recommended.
Computer simulations of the influence of the various oscillator parameters on the reflection spectra
as well as the phonon frequencies of spinel-type MnCr20 4 are included.
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1. Introduction

IR reflection spectra at near normal incidence are a
valuable tool for determining the transversal (colO
and longitudinal optical (colOQ zone-centre phonon
frequencies of solids [1, 2]. There are two common
procedures of evaluating the obtained spectra, viz.
Kramers-Kronig analyses (KKA) [2-6] and the oscil-
lator-fit methods (OF) [1, 7-15]. As a result of both
Kramers-Kronig analyses and oscillator fits the
dielectric (¢, s") and optic constants (n, k) as well as
their frequency dependence (dispersion functions) are
obtained. For calculating the phonon frequencies ocolO
and colO there are various methods possible (see
Table 1).

In this paper, we critically compare and discuss the
various evaluation procedures of IR reflection spectra
of single crystals (and pressed pellets in the case of
cubic compounds). Furthermore, the influence of the
various oscillator parameters on the reflection spectra
are illustrated by computer simulations. To confirm
our discussion of the evaluation procedures the results
of spinel-type MnCr20 4 (single crystal) additional to
those reported in [16] are given. For experimental
details of recording IR reflection spectra and prob-
lems involved see [16-18],
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2. Evaluation of IR Reflection Spectra

The relations between the (observable) reflectivity R
of a crystal face at near normal incidence and the
dielectric and optic constants n, k, ¢, and ¢" are given
by the Fresnel equations

£10-1 1+ e[ —{(2(g+ le|] 12
dov 1 T e perEe s U
_ (n-D2+ k2 )
(n+\)2+k2' @)
le| =(£2+£"2)12, %)
@)
k =¢¥2n, and )
¢ =n2+k2 ©6)

with € and €' the real and imaginary part of the com-
plex dielectric constant £ (permittivity), respectively,
n the refractive index, and k the absorption index.

3. Kramers-Kronig Analysis

The Kramers-Kronig analysis (KKA) is based on
the phase displacement 9r(co) between incident and
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Fig. 1. Effect of increasing TO/LO splittings (1-6) on intensity and s%%pse of a reststrahlen band with other oscillator

parameters being constant (y= 10cm-1, ex= 5)(1: «0l0=299.5, wLO-= 3
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1;19% 2. Influence of @5T0 on position and shape of a reststrahlen band @1O=400cm 1, y=10cm \ £,=5) (I: axo=

cm"1, 6: 300cm"1 [22],

reflected radiation, viz.

2c0' In r(co) —In 1(c0") doo

Or(w) = U]

with r the reflectivity (= \ R) and oo and o the fre-
quency of 9r and the running frequency, respectively.
Equation (7) is commonly solved by the approxima-
tion of Roessler [5], The optic constants can then be
calculated by the equations

1—(c0")

nE)= ., . (c0) —2r(cd) cos Or(co)

©)

and
2r(co") sin Or(0j')

k(cd) = 1+r(co’) —2r(co') cos Or(co)

©
and, hence, the dielectric constants via (5) and (6).
The main advantage of Kramers-Kronig analysis is
that no oscillator model must be used, i.c. knowledge
of number and approximate frequencies of the
phonon modes is not necessary. Disadvantages are
that no separation of electronic, phononic. and plas-
monic contributions to the dielectric function is pos-
sible and that the poles of the dispersion functions are
less pronounced (owing to errors in determining the
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Fig. 4. Effect of increasing oscillator energy (1-6) on the sh:
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O splitting=50cm"L y=10cm’ =5) (1: gto=
phase displacement 6r). Therefore, the frequencies of
low-intensity phonons sometimes cannot be obtained.
If free-carrier contributions are present, only the fre-
quencies of coupled plasmon-phonon states but not
those of the pure LO phonon modes can be calculated
[19, 20]. However, if the number of phonon modes
present is not known, Kramers-Kronig analysis is the
only evaluation procedure that can be used [16].

4. Oscillator-fit Calculation - 3 Parameter Model

The classical dielectric function originates from
Huang [1], It has been extended by Merten [10, 11] to

e of a reststrahlen band with TO/LO splitting being constant
5cm"l, 6 575 cm"]) [2],

polyatomic and anisotropic crystals. In the case of the
classical oscillator-fit method (3 PM), the reflectivity
R is fitted by suitable choice of the oscillator parame-
ters ool0, q, y and e” (i.e. the phonon frequencies, the
oscillator strengths, the damping constants, and the
high-frequency dielectric constant, respectively) using
the Fresnel equations given above and the classical
dielectric sum-function

4 TIQaf GOCaf

(10)
Tf © 17af

4M = flla+ félto
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Fig. 6. Effect of the Mgh-ﬁ%% dielectric constant ¢ on the shape of a reststrahlen band with oscillator energies being

constant (axo= 275 cm-1

where a refers to one of the three IR-allowed species
and / to the various oscillators (phonon modes). For
details see [21, 22],

In the case of oscillator-fit calculations, the knowl-
edge of the true number of IR active oscillators is
necessary. However, the knowledge of the oscillator
parameters is useful for the interpretation of the spec-
tra obtained. Furthermore, plasmonic parts of the
dielectric constant can be considered by an additional
Drude term [19-23]

epaM = (11)

© —iy,co

S5cm"Ly=10cm"]) (I: €°=1, 6: 50) [22],

Disadvantages are that (i) only 0jXOa/, but not ojLCaJ
are obtained as oscillator parameters, (ii) the damping
constants yaf are regarded as equal for corresponding
TO and LO phonons, which is not true, especially in
the case of large TO/'LO splittings as it is shown by the
asymmetric shape of such reststrahlen bands, and (iii)
the fit of the observed spectra is more complicated
than it is with the 4 parameter model (see below).

5. Oscillator-Fit Calculation - 4 Parameter Model

With this more recently [12-15] developed oscilla-
tor-fit (4 PM) procedure the oscillator parameters
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Fig. 8 Influence of the dan%]ging constant y on the shape of reststrahlen bands with other oscillator parameters being constant

(@ifO= 275 ol

7to> 7lo> an<3 £x are adjusted to the reflec-
tion spectra in a similar way as performed for the
3 PM. However, instead ofthe classical dielectric sum-
function, the factorized form of'the dielectric functions

1s used,
ont

(12)
®TOI ~ 'VtO »/«-«2

£«M = a0 n

For details see [22].
The main advantages of the 4 parameter model are
that (i) both colOand colOare directly obtained with-
out use of dielectric dispersion functions - this allows
to determine the LO frequencies of very weak rest-

,=325cm"Le@=5)(:ly=1cm"1 6: 100cm") [22].

strahlen bands -, (i) fitting of the observed reflection
spectra is easier than it is in the case of the 3 parameter
model (see below), and (iii) different damping con-
stants of the TO and LO phonons yield a better fit of
the spectra. However, there are some restrictions with
respect to the damping constants yIO and ylLO [13],
namely that

710af  yIOaf (13)

710at/ yLOaf —WI'Oa//WLOO/ (14)
A disadvantage of the 4 parameter model is that the

oscillator strength of the phonons is not directly acces-
sible. For details see [22],

and
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Figr 10. Influence of the relative position of two oscillators on the shape of the reststrahlen bands (4nq=3.8 y=
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6. Relevance of Oscillator Parameters -
Model Calculations

The relevance of the various oscillator parameters
to the reflection spectra in the presence of one phonon
mode are illustrated in Figures 1-9. The main results
are that (i) increase of both oscillator strength and
TO/LO splitting (with the mean phonon energy being
constant) greatly alters the intensity and shape of the
reststrahlen bands (see Fig. 1)- this complicates fitting
of the reststrahlen bands by 3 PM -, (ii) both the
high-energy and the low-energy sides of a band re-
main unchanged if only wlO or wlQare changed, re-

spectively (see Figs. 2 and 3) - this facilitates fitting of
the reflection spectra using 4 PM -, (iii) a fixed TO/LO
splitting results in the same band intensity irrespective
of the spectral region chosen (see Figure 4), (iv) a fixed
oscillator strength 4ng produces different band inten-
sities depending on the phonon frequency (see Fig. 5),
(v) increase of the high-frequency dielectric constant

changes the band shapes and intensities if the fre-
quencies and the oscillator strength, respectively, are
fixed (see Figs. 6 and 7), (vi) increasing damping con-
stants flatten the reststrahlen bands (see Fig. 8), and
(vii) the bands turn to an asymmetric shape if yLlOis
larger than yTO(see Fig. 9).
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Model calculations of IR reflection spectra in the
case of more than one reststrahlen band (see Fig. 10)
and free carrier contributions are given in [21]. One of
the results obtained is that in the case of adjoining
reststrahlen bands (owing to the long-range electric-
field coupling of LO phonons [21]) only the high-
energy one produces a peak in the —Im(l/e)(co) dis-
persion function (see below), i.e. o I[Oof the low-energy
mode cannot be determined from the dielectric loss
function. This phonon energy, however, is accessible
using the 4 PM.

7. Determination of TO and LO Phonon Frequencies

The various methods of determining colOand a), 0
reported in the literature (see Table 1) are based on the
characteristics of transversal and longitudinal phonons.
They yield equal mode energies if damping of the
phonons can be neglected (and the high-frequency
dielectric constant e” is not too large). In the case of
large damping constants y, the various methods do
not result in consistent phonon frequencies. Some ex-
emplary data calculated from MnCr20 4 single-crystal
reflection spectra are shown in Table 2.

Thus, for example, the pole energies (maxima and
minima) of the |e|(co) dispersion function systemati-
cally deviate from those of the ¢"(@>) and —Im (1/e)(to)
functions in such a manner that larger TO/LO split-
tings are obtained [16, 23]. These deviations are
greater than 5cm-1 in the case of broad, intense rest-
strahlen bands with large damping of the respective
phonons and, hence, they cannot be neglected [22-24].
In the case of both large damping constants and high

values, folOcannot be derived from €(co) because
€ does not turn to zero at colO,

However, the oscillator parameters coxo (3 PM),
and oolO and colO (4 PM), and the phonon energies
derived from the e"(co) and —Im(l/g)(co) functions,
respectively, commonly square within 2cm™"1 (irre-
spective of the evaluation procedures used) (see
Table 2). These frequencies represent the true energies
of the transversal and longitudinal optical phonon
modes. This is also revealed from the findings that
these parameters and pole energies coincide with the
frequencies of the corresponding Raman scattering
peaks observable in the case of solids which crystallize
in non-centrosymmetric space groups [25, 26].

Therefore, in the case of Kramers-Kronig analyses
and classical oscillator-fit calculations (3 PM), the
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Table 1. Procedures of determination of the TO and LO

phonon_fir cies from the Iiggllles.(maxuna, minima, and
zero points 0) of the dispersion functions of the permittivities
e, €', and |ej and the refractive index n

WO €0

e b h %10%3(1/ ) (<Y

max. e'"(co max. e

max. |eﬁl\/f d min. |e|(co)d Y

max. n(co)e mn. nM e
a Real part of the complex dielectric constant (permittivity) e
b Imagglary part ofrgr;pc Dielectric loss function, dModtl}l?us
(value) of ¢ e Refractive index.

Table 2. TO and LO phonon frequencies (cm-1) of the zone-
centre modes (species Flu, unit-cell group Oh)of spinel-type
MnCr20 4 obtained from IR single-crystal reflection spectra
by various evaluation procedures (sce Table 1). Reflection
spectrum of a pressed pellet and data of other spinel-type
oxides see [16].

mp nip) mp mH wio 1B HPH Méb
Kramers-Kronig analysis

% X5 4B W7 B 65
16(Q0) 187 %6 45 O 19 ¥ M 66
0) 1% 36 474 % 19 % A 61
o 33 477 &l
Am(l/e)(c)) %5 39 58 65
Okcillator fit - 3 parameter model
@“Hatgfr's 1900 3710 4710 5960
M 1% 39 48 L)
18 3 41 5 1% 3% Al 60
@) 187 %l 49 B 1B R 59 &5
'™ 0 3 41 5%
-Im (I/£)(«) B X A &
4nq 0® 007 02 006
y 78 256 57 89
Oxcillator fit - 4 parameter model
Oueillalor- 1000 3705 4675 5955 1982 3000 S48 605
M 15 %l 464 3 s @l
e 187 34 46 B 197 %6 A 6l
) 1% 3R 45 W 1% 3B 58 64
£'(« 10 371 48 5
T t) B 3P 2 @l
y 9 25 60 87 92 26 80 116

pole energies of the imaginary part of both the dielec-
tric constant ¢"(co) and the dielectric loss function
—Im(l/£)(co) should be used for determining the TO
and LO phonon energies. Using the 4 parameter oscil-
lator-fit model (4 PM), true TO and LO phonon ener-
gies can be obtained from the oscillator parameters
oolO and colo. However, in the case of broad asym-
metric reststrahlen bands, reliable TO and LO
phonon energies can only be obtained using 4 PM
with different damping constants yIOand yLO,
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The phonon frequencies obtained from single-crys-
tal IR reflection spectra of spinel-type MnCr20 4 devi-
ate up to 8 cm" 1 from those obtained from spectra of
pressed pellets (polycrystalline samples). See the dis-
cussion given in [16].

8. Conclusion and Recommendation

Among the three common procedures for evalua-
tion of IR reflection spectra to determine reliable TO
and LO phonon energies, the 4 parameter oscillator-
fit method (4 PM) has several advantages. Thus, in the
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