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1. Introduction

The application of infrared reflectance (IRR) spectroscopy to identify crystalline phases in
Zr0Oz-based materials has been demonstrated. Experimental spectra of powders and ceramics
with different structures are presented, and theoretical models are proposed for approximating
the IRR spectra on the basis of the frequency dependence of the dielectric permittivity described
by the Helmholtz—Kettler formula. Calculations were performed using the Kramers—Kronig re-
lations. Models with one, five, and seven oscillators were used to describe the cubic, tetragonal,
and monoclinic ZrOz phases, respectively. Simulations were performed while taking the phonon
damping coefficients into account. The results obtained showed a pronounced reflectance min-
imum in the high-frequency spectral interval. Its spectral position corresponds to the high-
frequency edge of the “residual-ray band”, which is specific to different phases. This minimum
appears in the interval of 710720 cm™" for cubic ZrOyz, 790-800 cm™' for tetragonal ZrOs,
and 820-840 cm™! for monoclinic ZrOs. It was shown that phonon damping coefficients affect
the shape of the IRR spectrum, but have only a minor effect on the spectral position of the
high-frequency minimum. This circumstance, together with an analysis of the spectral shape,
can serve as a reliable spectral marker for the identification of crystalline phases. Fitting the
experimental spectra made it possible to evaluate the static and high-frequency dielectric con-
stants, the frequencies of transverse and longitudinal optical phonons, and the corresponding
damping coefficients for ZrOz-based powders and ceramics with various crystal structures.

Keywords: ZrOa, crystal structure, vibrational spectra, infrared reflectance spectroscopy,
simulation.

10]. These materials are widely used in microelectron-
ics, dosimetry, solid-state fuel cells, catalysis, oxygen

ZrOs-based materials demonstrate significant practi-
cal potential due to their high thermal and chemical
stability, wide band gap, and ionic conductivity [1-
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sensors, and biomedical technologies. A crucial fac-
tor affecting the functional properties of ZrOs is its
crystalline phase structure. The mechanical, optical,
and conductive characteristics of ZrOs substantially
depend on its polymorphic form: monoclinic (m),
tetragonal (¢), or cubic (¢) [1,2].

Undoped ZrO,, which is stable in the monoclinic
phase at room temperature, transforms into the
tetragonal phase when being heated above about
1100 °C, and then into the cubic one if the tempera-
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ture grows further [1]. In nanoscale systems (in par-
ticular, in powders with a grain size of < 15 nm or
in ultrathin films with a thickness of <10 nm), the
stabilization of the t- or c-phase can occur even at
room temperature [3, 4] due to a substantial surface
tension associated with a developed specific surface
and a significant ratio between the surface area and
the volume of the material. However, during thermal
treatment (at about 600-700 °C), grain growth and
pronounced crystallization usually lead to a reversion
to the monoclinic phase [1, 5].

To stabilize the tetragonal and cubic phases in
ZrOy powders with larger grain sizes, doping with
subvalent cations (e.g., Y3*[6, 7], Ca** [8], Sc3* [9),
or various rare earth elements [7, 10, 11]) is usu-
ally applied. The introduction of such impurities cre-
ates oxygen vacancies, which compensate for the mis-
match between the impurity and zirconium-ion va-
lences and contribute to the stabilization of the ¢- or
c-phases at lower temperatures. Yttrium is one of the
most common stabilizers [6, 12] because it remains
chemically stable in the cationic sublattice during
high-temperature annealing. Along with this, simul-
taneous doping with several impurities — in partic-
ular, scandium and cerium [2]|, niobium and erbium
[13], yttrium and copper [1, 14], and others — is car-
ried out. The choice of the impurity type depends
not only on its ability to effectively stabilize the ma-
trix structure, but also on the specific application of
doped ZrOs. At the same time, the structural stabil-
ity of the crystal lattice under operating conditions is
also required in order to avoid degradation of materi-
als and devices based on them. Therefore, monitoring
structural transformation is an important task.

Standard methods, such as transmission electron
microscopy or X-ray diffraction, provide detailed in-
formation about the structural characteristics of ma-
terials and structures [1, 15], and they remain indis-
pensable tools. However, unlike X-ray diffraction, the
application of electron microscopy requires significant
time and effort for specimen preparation, especially
when analyzing a large number of samples or when
tracking structural changes during their processing.

In this context, the use of optical methods, in
particular, Raman scattering (RS) and infrared (IR)
spectroscopy, becomes extremely useful. The differ-
ence between the methods is that in Raman spec-
troscopy, the active modes correspond to changes in
the molecular polarizability rather than in the dipole
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moment [16]. This circumstance makes it possible to
study modes that are weakly expressed in IR spectra,
which makes these methods complementary to each
other.

Both methods can be used not only to deter-
mine the crystal structure of ZrOs-based materials,
but also to monitor phase transformations. If there
are several phases in nanopowders or ceramics, then
phonons in different phases can overlap significantly,
which leads to a broadening of phonon bands and
a shift in their frequencies. This is especially critical
for nanostructured materials with mixed phases. In
particular, in Ref. [16], the measurements of Raman
spectra made it possible to clearly distinguish var-
ious polymorphic ZrOs phases. Characteristic lines
were revealed for the monoclinic phase (at about 177,
188, 472, and 612 cm~!) and the tetragonal phase
(at about 145, 266, 472, and 646 cm~!). The ampli-
tude of the peak at 472 cm™! was larger than the
maximum at 612 cm ™! in the monoclinic phase, but
was substantially lower than the intensity of the in-
dicated bands in the tetragonal phase. This fact al-
lowed the contribution made by the monoclinic phase
to be clearly distinguished.

The determination of phonon modes in polycrys-
talline ceramics and nanopowders with small grain
sizes can also be hindered by Rayleigh scattering,
which can dominate the Raman spectra [15]. In this
case, diffuse IRR spectroscopy and the disturbed to-
tal internal reflection spectroscopy can be useful be-
cause of their suitability for the characterization of
fine-grained powders, as well as materials containing
grains with various crystal structures.

The presence of a small amount of m- and t-phases
of ZrOs can be detected in partially destabilized cubic
ZrO4 from their characteristic lines in the IRR spec-
tra [17]. At the same time, these spectra for the cu-
bic and tetragonal phases of nanopowders are slightly
different [18], but the characteristic frequencies of the
monoclinic phase can be easily detected even at low
concentrations [19]. In particular, the presence of a
phonon with a frequency of 740-750 cm~! is evidence
of the monoclinic phase formation [20]. However, de-
spite a considerable amount of experimental data, IR
absorption spectra have been studied mainly for ZrO-
films [21, 22], which were used as a sub-gate insula-
tor. At the same time, data on IRR spectra of pow-
ders or ceramics are rare |15, 20, 23], and theoretical
models for IRR spectra of various ZrO, phases are de-
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scribed only in a few works [19,20,24]. As a result, the
quantitative interpretation of IR spectra in materials
containing mixed phases or significant concentrations
of defects becomes substantially complicated.

In our previous studies [15], we showed that the
correlation of the results obtained using electron mi-
croscopy and X-ray diffraction methods with optical
spectra can provide rapid, non-destructive diagnos-
tics of the phase composition and the structural evo-
lution of ZrOs-based systems. In this work, we pro-
pose theoretical models to describe the IRR spectra
of various crystalline phases of ZrO5 and use them
to quantitatively approximate the experimental re-
flectance spectra of powders and ceramics. At the
same time, Raman spectra are applied to confirm the
phase composition of the specimens and establish a
relation between their optical and structural features.

2. Experimental Part

ZrOs-based ceramic specimens were prepared using
high-purity commercial powders (99.99%). The lat-
ter were purchased from Alfa Aesar (Thermo Fisher
Scientific, USA; pure ZrOs), Tosoh (Japan; yttrium-
stabilized powder, 8YSZ), and DKKK (Japan;
scandium-cerium-stabilized powder, 10Sc1CeSZ) and
used without further purification.

To prepare the ceramics, the commercial powders
were pressed under a pressure of 50 MPa into pellets
0.5 inch in diameter and annealed at 1400 °C for 3 h
in air. A Nabertherm LHT/17 furnace was used to
sinter the ceramics. The tablets, together with the
oven, were heated to the operating temperature at a
rate of 38 °C/min, held at the annealing temperature
for 3 h, and then cooled down together with the oven
to room temperature.

Besides commercial powders, we also researched
powders prepared in the laboratory by means of the
coprecipitation method and using high-purity pre-
cursors: ZrO(NO;), - 6H20 and Y(NO,), - 6H,O ob-
tained from Thermo Fisher Scientific (USA). The
amount of precursors was chosen to reach the Y503
content of 3 or 8 mol.% in the final powder. More de-
tailed information on the powder preparation is given
in Ref. [15].

Raman spectra were measured in the backscat-
tering geometry using a 785-nm Raman Spectrom-
eter System (StellarNet Inc., USA). The system in-
cluded a Ramulaser™ 785-nm laser (a wavelength
of 785 nm and a half-width of 0.2 nm) with ad-
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justable power (from 0 to 499 mW), a thermoelectri-
cally cooled Raman-HR-TEC-785 spectrometer with
a resolution of 4 cm™', and a high-sensitive CCD
detector in the spectral range of 200-2750 cm ™!,
and a Raman-probe-785 probe, which provided a
laser beam 0.15 mm in diameter on the surface of
the specimen fixed in the Raman probe holder. The
laser power at the specimen surface was kept low to
avoid changes in the specimen properties due to heat-
ing. Raman spectra were registered with an integra-
tion time of 15 s (3 s per spectrum with five-fold av-
eraging). The polarization of scattered light was not
analyzed.

Diffuse IRR spectra were registered in a spectral in-
terval of 300-4000 cm~! using a Fourier spectrometer
IRTracer-100 equipped with a DRS-8000A diffuse re-
flectance module (Shimadzu Company, Japan), at an
incident angle of excitation light of 10°. A gold mirror
was used as a reference. The spectra were registered
with a 1-cm ™! resolution. To reduce the roughness of
the ceramic surface, it was mechanically polished. To
analyze the powders using IR spectroscopy, they were
mixed with KBr powder (purity 99.99%) in an equal
mass ratio and pressed under a pressure of 50 MPa
into tablets with a 0.5 inches in diameter.

3. Results and Discussion

3.1. Experimental Raman
and IRR spectra of ZrO--based
specimens with different structures

In Fig. 1, typical Raman spectra are shown for pow-
ders (Fig. 1, a) and ceramics (Fig. 1, b) with a mono-
clinic (curves 1), a tetragonal (curves 2), and a cubic
(curves 3) structure. The specimens with the tetrag-
onal structure were yttrium-doped powders contain-
ing 3 mol.% of Y203 (3YSZ), as well as ceramics
based on them and sintered at a temperature of
1400 °C. Powders with 8 mol.% of Y203 (8YSZ) and
ceramics based on it were used as specimens with a
cubic structure. It is worth noting that the Raman
spectra of zirconium oxide doped with 10 mol.% of
Sc203 and 1 mol.% of CeOs, (10Sc1CeSZ), which also
has a cubic structure, are similar to the spectra of
8YSZ specimens, which are shown by curves 8 in
Figs. 1, a and 1, b.

An analysis of these spectra makes it possible to
determine the phonon frequencies characteristic of
each phase and the phonon contribution to the Ra-
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Fig. 1. Raman spectra of ZrO2 powders (a) and ZrOg ceramics (b): undoped (a monoclinic structure) (1), doped with yttrium
with a content of 3 mol.% Y203 (a tetragonal structure) (2), and doped with yttrium with a content of 8 mol.% Y203 (a cubic
structure) (3). Asterisks mark active IR modes observed in IRR spectra according to Ref. [17,24]. For clarity, the spectra are
shifted along the vertical axis. Corresponding phonon modes determined for various phases (c)

man spectrum (Fig. 1, ¢). It can be seen that the
phonon modes in the tetragonal and cubic phases
are broader and have a smaller amplitude than the
modes in the monoclinic phase. At the same time,
in the interval 200-800 cm™!, the largest ampli-
tude is observed for phonons at the frequencies v =
= 476 cm~! for m-ZrO,, v = 260 cm~*! for t-ZrOs,
and v = 642 cm~! for ¢-ZrO,. For the tetragonal
phase, these bands are doubled, which is consistent
with the data of other authors [12]. The ceramic spec-
imens have more pronounced bands characteristic of
each phase (Fig. 1, b), especially for monoclinic ce-
ramics (Fig. 1, b, curve 1). This is a result of the
grain sintering during the annealing of the ceramics.

In Fig. 2, typical IRR spectra of nanopowders with
different crystal structures (Fig. 2, a) and ceramics
based on them (Fig. 2, b) are shown; the correspond-
ing Raman spectra can be seen in Fig. 1, a and 1, b,
respectively. The spectra of the specimens with the
monoclinic and tetragonal structures have the largest
number of features. Several maxima are observed at
about 450, 500, 580, 670, and 760 cm~! for the mon-
oclinic phase; for the tetragonal phase, they are less
pronounced (Fig. 2). The IRR spectrum of the cubic
phase is broad and structureless.
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It is worth noting that the IRR amplitude is the
largest for cubic-phase specimens and the smallest
for the monoclinic phase. For the Raman signals ob-
tained from those phases, the opposite trend is ob-
served: the maximum amplitude is characteristic of
the monoclinic phase, which is especially noticeable
for ceramic specimens.

3.2. Theoretical modeling of IRR spectra

To theoretically construct IRR spectra for powders
and ceramics with mixed phases, first, it is necessary
to consider the case of a single phase (cubic, tetrag-
onal, or monoclinic) and apply the spectral disper-
sion analysis to determine the phonon modes of each
phase. Then, it is possible to analyze materials with
mixed phases, revealing the contribution of each spe-
cific phase and identifying the corresponding phonon
frequencies and damping coefficients. In addition, it
is possible to determine whether there are spectral in-
tervals where the conditions for observing polaritons
can be fulfilled. This aspect is important in view of
the possible creation of optical waveguides based on
zirconium oxide.

The IRR spectra were analyzed in the “residual-
ray” region of ZrOs-based materials using the dielec-
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Fig. 2. IRR spectra of (a) ZrOg2
nanopowders and (b) ZrOz ceram-
ics on their basis: undoped (mon-
oclinic structure) (1), yttrium-
doped with a content of 3 mol.%
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interval [25]. The analysis took into account the in- RW) )
v

teraction of infrared radiation only with the phonon
subsystem because zirconium oxide is an insulator.
For a single-phase material, the IRR spectrum was
modeled on the basis of the frequency dependence of
the dielectric permittivity given by the well-known
Helmholtz—Kettler formula [26,27]

e(v) =e1 +iea = e + €y, (1)
2 2, .
Vi;—V +wyL;
e(v)=¢ , 2
() = eee Hj v, — v +ivyr; @

where e, is the high-frequency dielectric constant; €
is the contribution of active transverse optical (TO)
and longitudinal optical (LO) phonons with the fre-
quencies vy and vy, respectively; vy is the corre-
sponding phonon damping coefficient; and v is the
IR radiation frequency. The real, £1(v), and imagi-
nary, e(v), parts of the dielectric permittivity can
be obtained by solving the inverse problem of IRR
spectroscopy. The reflectance is calculated using the
formula

R(V):[

2

e(v)—1 . 3)

Ve)+1

To simplify the calculations, Eq. (3), using Eq. (2) for
the dielectric permittivity, was transformed into the
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where Ko = e2 +¢2, A =¢co0, B=1¢0 — €00,

v 2 v 2
y1:(>7 D = (f>7

vr vr

A+ B(1—y1)

g1 = 5 Eo =
! [(1—=y1)%+ Dy1] 2

B(Dyl)%
[(1—=y1)?+ Dy1]’

and ¢ is the static dielectric constant.

The simulation of IRR spectra for different ZrOq
phases in the “residual-ray” interval was performed
according to formula (4), taking into account only
the phonon subsystem and the additive contribu-
tion of active optical phonons (Table). The results of
the spectrum simulation were obtained with the root
mean square error § < 0.3 x 1072,

The single-oscillator model was used for the cubic
ZrQ5 phase. It is the simplest because of the high
symmetry of the corresponding crystal structure. For
the tetragonal and monoclinic phases, models con-
taining five [24] and seven [18], respectively, oscilla-
tors were used. The self-consistent oscillator parame-
ters for all models are given in Table.
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Fig. 3. Theoretical IRR spectra for the cubic ZrO2 phase calculated for various phonon damping coefficients v; = 30, 50, and
80 cm™! (a). Changes in the spectral position of the reflectance minimum in the interval 680-800 cm~?! (b). Calculated frequency
dependences of the real (¢1(v), curve 1) and imaginary (e2(v), curve 2) parts of the dielectric permittivity for cubic ZrO2. The
region where the existence of polaritons is possible is highlighted in gray (c)

The TRR spectra were modeled first for the cu-
bic phase, and then for the tetragonal and mon-
oclinic ones (below, they are described in this or-
der). When approximating the experimental IR spec-
tra, the obtained TO and LO phonon parameters
had a certain uncertainty due to the overlap of spec-
tral bands, the correlation of model parameters, and
the limited spectral resolution. For single-crystalline
zirconium oxide, a typical error interval was about
+(2+3) em~!, which corresponds to the generally
accepted accuracy of the IR spectroscopy method
in combination with spectral modeling. At the same
time, for nanostructured powders and ceramics, the
error can be larger due to mode broadening and
amounts to £(5+8) cm™1.

Self-consistent parameters
for ZrO2 with different crystal structures

Parameters €0 Eoo VT cm711 YL cmii
(vy, em™h) | (g, em™H)
71Oa, cubic [17] | 27 | 4.8 | 375 (10) 695 (10)
ZrOs, 25 | 48 | 164 (97) 232 (119)
tetragonal [24] 339 (69) 354 (95)
467 (106) | 650 (139)
580 (35) 581 (39)
672 (172) | 734 (113)
71O, 16 | 48 | 92(130) | 104 (260)
monoclinic [18] 330 (55) 381 (80)
410 (20) 423 (28)
480 (30) 515 (60)
534 (100) | 556 (138)
570 (60) 615 (60)
740 (110) | 760 (120)
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8.2.1. Cubic ZrOy phase

The IRR spectra for the cubic phase ZrOy were calcu-
lated using the Kramers—Kronig relations. The static
dielectric constant was determined on the basis of the
corresponding values for TO- and LO-phonons (Ta-
ble) and using the Lyddane—Sachs—Teller relationship
[26]. First, the spectra were obtained for a low value
of the phonon damping coefficient, v = 30 cm™1;
then, it was varied from 30 to 80 cm~! with a step
Ay =5cm™L.

In Fig. 3, the curves demonstrate the spectra
obtained for 75 = 30, 50, and 80 cm™!. Signi-
ficant changes in the spectral shape are observed
throughout the whole “residual-ray” interval, with
the most pronounced variations taking place in the
interval v = 580-650 cm~! (Fig. 3, a). An analy-
sis of these data shows that as the phonon damp-
ing increases, the reflectance R(v) decreases substan-
tially: at v = 500 ecm™!, Ryax decreases from 0.95
(at vy = 30 cm™1) to 0.87 (at 74 = 80 cm™!), and
Rumin increases from 0.06 (at v5 = 30 cm_l) to 0.15
(at vf = 80 cm™ '), with the minimum shifting from
Vmin = 712 em ™! to &~ 727 cm™! (Figs. 3, a and 3, b).

By solving the inverse problem, the frequency de-
pendences of the real, 1(v), and imaginary, eo(v),
parts of the dielectric permittivity were obtained
(Fig. 3, ¢). These dependences are necessary for fit-
ting the experimental spectra; see below. For a pre-
liminary estimation of the “residual-ray” interval, the
spectral interval with anomalous dispersion is consid-
ered, where €1 (v) < —1. For cubic ZrO,, this interval
is observed at 400-660 cm™!, which is highlighted
in gray in Fig. 3, c¢. It is worth noting that the fre-
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quency interval of anomalous dispersion corresponds
to the region where surface phonon polaritons can
exist. Their existence is of interest for the creation
of various optical communication devices, in particu-
lar, for the energy transmission by means of optical
signals propagating through waveguides.

3.2.2. Tetragonal ZrOy phase

In Fig. 4, the IRR spectra calculated for the tetrag-
onal ZrO, phase in a frequency interval of 200-
1000 em ™!, taking into account the additive and fac-
torized contributions of oscillators to the phonon sub-
system of ZrOs and using the parameters given in
Table, are plotted. The damping coefficients of trans-
verse and longitudinal optical phonons were varied
similarly to the simulation of the cubic ZrOs phase:
v = 30-80 cm ™! with a step of 5 cm™?, but in Fig. 4,
only the curves for v; = 30, 50, and 80 cm™! are
shown, with the region between them being tinted.

One can see that as the phonon damping in-
creases, the phonon modes broaden and their inten-
sity decreases. As a result, the overall reflectance de-
creases. The most substantial changes are observed
for Rpax at v = 500 cm™': its value decreases
from 0.9 (at vy = 30 cm™!) to 0.7 (at 75 =
=80 cmfl). In contrast, the value of Ry, changes
insignificantly, but the minimum position shifts from
Vimin = 786 cm ™! to vpin ~ 796 cm ™! (Fig. 4, b).

The frequency dependences obtained theoretically
for the real, €1 (v), and imaginary, e2(v), parts of the
dielectric permittivity of tetragonal ZrO5 are shown
in Fig. 4, ¢, where the spectral interval correspond-
ing to the frequencies of surface (boundary) phonon
polaritons is highlighted in gray. This interval has a
larger spectral width (400-660 cm™!) in comparison
with that determined for cubic ZrOs (420-640 cm 1),
which makes tetragonal ZrO, more attractive for the
creation of communication devices.

3.2.8. Monoclinic ZrOy phase

To calculate the spectra of the monoclinic phase, the
parameter values of the corresponding TO and LO
phonons (see Table) were used. In Fig. 5, the model
results calculated for the m-ZrQOs spectra in an in-
terval of 200-1000 cm~! using the Kramers-Kronig
relations are exhibited. The phonon damping coefhi-
cient was varied in the interval vy = 30 — 80 em™,

and, similarly to the previous cases, only the curves
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Fig. 4. Theoretical IRR spectra in the interval 200-1000 cm~?!
for the tetragonal ZrO2 phase calculated for various phonon
damping coefficients 75 = 30, 50, and 80 cm~! (a). Changes
in the spectral position of the reflectance minimum in a spec-
tral interval of 740-860 cm™! (b). Calculated frequency de-
pendences of the real (e1(v), curve 1) and imaginary (e2(v),
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gion where the existence of polaritons is possible is highlighted
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for v = 30, 50, and 80 cm ™! are shown. One can see
that the growth of v; leads to a broadening of the
phonon modes and a decrease in their intensity. As
a result, the total reflectance decreases. The most
noticeable changes are observed at v = 330 cm™!,
where Rpax decreases from 0.65 (at vy = 30 cm_l)
t0 0.45 (at 74 = 80 cm™!). The amplitude of the high-
frequency minimum increases from Ry, = 0.027 (at
¢ = 30 cm™!) to 0.055 (at 4 = 80 cm™!), which
is accompanied by a shift of the minimum position
to higher wavenumbers: from v, ~ 778 cm™! to
Vmin = 792 cm ™! (Fig. 5, b).

The obtained spectral dependences for the real,
e1(v), and imaginary, e2(v), parts of the dielectric
permittivity of ZrOs with a monoclinic structure are

462

0,08

0,06 - \'

\ "

Reflectance

50em” -~

0,04

30 em”

0,02

0,00

T T T T T
760 780 800 820 840 860 880

Wavenumber, cm™
b

Fig. 5. Theoretical IRR spectra in the interval 200-
1000 cm ™! for the monoclinic ZrO2 phase calculated for var-
ious phonon damping coefficients vy = 30, 50, and 80 cm~ !
(a). Changes in the spectral position of the reflectance min-
imum in a spectral interval of 760-880 cm~! (b). Calculated
frequency dependences of the real (¢1(v), curve 1) and imag-
inary (e2(v), curve 2) parts of the dielectric permittivity for
m-ZrOz. The region where the existence of polaritons is pos-
sible is highlighted in gray (c)

shown in Fig. 5, c¢. Unlike the cubic and tetragonal
phases, the monoclinic phase exhibits two frequency
“windows”, where surface phonon polaritons can ex-
ist, namely, in the intervals v = 410-420 and 480-
610 cm 1.

A comparison of the IR reflectance spectra calcu-
lated for different ZrO, phases shows that the fre-
quency “windows” of anomalous dispersion, where
e1(v) < —1, depend considerably on the structural
modification of ZrOs. They are observed in an in-
terval of 430-656 cm~! for the cubic phase, 465
652 cm~! for the tetragonal phase, and in two inter-
vals (408-423 and 482611 cm ™) for the monoclinic
phase. The tetragonal modification has the widest
frequency “window” of anomalous dispersion.
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3.2.4. Simulation of IRR spectra taking

various phonon damping coefficients into account

It should be noted that the above calculations were
performed under the condition of equal damping co-
efficients for all phonon modes. In a real crystal struc-
ture, each phonon mode corresponds to a certain type
of atomic vibrations in the lattice, and its damping
coeflicient is determined by the nature of those atoms
(native or impurity) and can be affected by defects lo-
cated nearby.

As an example, the IRR spectra of ZrOy with mon-
oclinic and tetragonal structures were calculated us-
ing individual damping coefficients for each mode
(see Table). The results are presented in Fig. 6, from
which it follows that the IRR amplitude for the mon-
oclinic phase is lower, and the spectral position of the
minimum in the high-frequency region is shifted to-
wards higher wavenumbers (Fig. 6, a) in comparison
with the corresponding minimum for the tetragonal
phase (Fig. 6, b).

3.3. Approximation and analysis

of experimental IRR spectra for specimens
with different crystal structures

The models described above were used to approxi-
mate the experimental spectra obtained for powders
and ceramics based on zirconium oxide. Main atten-
tion was paid to their crystal structure, irrespec-
tive of the preparation conditions and the origin of
impurities.

3.3.1. Specimens with a cubic structure

To analyze the IRR spectra for the cubic phase, speci-
mens prepared on the basis of the commercial powder
10Sc1CeSZ were selected. In Fig. 7, a, the symbols
denote experimental IRR data obtained in a spectral
interval of 300-900 cm ™!, which corresponds to the
interval shown in Fig. 2, b for the cubic phase. The fig-
ure also illustrates the corresponding approximation
made according to the approach described above. It
can be seen that the experimental curve is well de-
scribed by the theoretical curve calculated taking
into account only the phonons in the cubic struc-
ture (Fig. 7, a), which is confirmed by the Raman
data. The parameters quoted in Table and the math-
ematical expressions (3) and (4) [26] adequately de-
scribe the spectra of cubic ceramics. The best agree-
ment between theory and experiment was achieved
for v = 45 cm™!, with the root mean square error
§=0.3x1072
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Fig. 6. IRR spectra simulated for the monoclinic (a) and
tetragonal (b) ZrO2 phases using the corresponding literature
data for TO and LO phonon frequencies and damping coeffi-
cients, see Refs. [18,24]

In Fig. 7, b, the experimental spectra obtained for
the real and imaginary parts of the dielectric permit-
tivity of cubic ceramics 10Sc1CeSZ in the correspond-
ing frequency interval using the IRTracer-100 soft-
ware are exhibited. Similar to the theoretical spec-
trum, the values 1(r) < —1 were observed in an
interval of 430-656 cm ™!, which satisfies one of the
conditions for the existence of surface phonon polari-
tons at the ceramic—air interface [26].

Obviously, more accurate data can be obtained
by constructing the so-called reflectance surface R(v,
~r), which is a three-dimensional representation of
the dependence of the reflectance R on the IR ra-
diation frequency v and the phonon damping co-
efficient ;. In Fig. 7, ¢, such a calculated IR re-
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flectance surface and experimental spectrum for the
10Sc1CeSZ sample (for comparison) are shown. The
reflectance surface was calculated by scanning the
phonon frequency with a step of Av = 1 cm™'and the
phonon damping coefficient with a step of 0.01v;. In
the absence of radiation interaction with the ceramic
surface, R(v,7vy) = 1, and the surface is flat in this
region. If phonon vibrations are excited, there ap-
pear “gaps” on the surface (Fig. 7, ¢). The depth of
those “gaps” depends on the system parameters, in-
cluding the IR radiation frequencies, the phonon fre-
quencies, and the high-frequency and static dielectric
constants. Calculations showed that the variation of
the damping coefficient v; from 30 to 80 cm™! has
practically no effect on the spectra R(v, 7¢) in the
intervals of 100-360 and 800-1500 cm™'. At the same
time, changes in the phonon frequencies and the high-
frequency and static dielectric constants lead to a sub-
stantial deformation of the spectra R(v, 7y) in the
“residual-ray” region of ZrO5 ceramics.

3.8.2. Analysis of IRR spectra
for tetragonal 3YSZ ceramics

In Fig. 8, a, the experimental spectrum for tetragonal
3YSZ ceramics is shown (by symbols) together with

the fitting curve. The calculation of R(v) was carried
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out in a frequency interval of 100-1000 cm~! using

the parameters of the phonon subsystem quoted in
Table for the tetragonal modification. The damping
coeflicient for the transverse and longitudinal optical
phonons was determined from the Raman spectrum
width. As one can see, the experimental curve agrees
quite well with the calculated one for the tetragonal
structure.

In Fig. 8, b, the experimental spectra of the real,
e1(v) (curve 1), and imaginary, e2(v) (curve 2), parts
of the dielectric permittivity for this ceramic are
shown. The shaded area demonstrates a frequency
interval of 465652 cm~!, where &1(r) < —1, so
that one of the conditions for the existence of surface
phonon polaritons at the t-ZrOs ceramics—air inter-
face is fulfilled.

8.8.8. Analysis of IRR spectra
for monoclinic ZrOs ceramics

In Fig. 9, a, the experimental spectrum of a specimen
of monoclinic ZrOs ceramics (symbols) and the fitting
curve are shown. The method of dispersion analysis
of IRR spectra was applied to fit the frequency values
of the transverse and longitudinal optical phonons of
each oscillator and determine the phonon damping
coefficients. The spectrum is well modeled under the
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assumption that the specimen has a monoclinic struc-
ture, which is consistent with the Raman data. The
frequencies of the maxima for the experimental and
simulated (in parentheses) curves are 352 (357), 419
(422), 497 (497), 579 (586), and 744 cm~!, which
is consistent with the data of Refs. [19, 28] for this
phase.

In Fig. 9, b, the frequency dependences of the real,
e1(v), and imaginary, eo(v), parts of the dielectric
permittivity of ZrOs are shown. In frequency inter-
vals of 408-423 and 482-510 cm™!, &1(v) < -1,
i.e., one of the conditions for the existence of sur-
face phonon polaritons at the m-ZrOs ceramics—air
interface is also fulfilled.

3.3.4. Generalization of results

The calculation of the IRR spectra for three ZrOs
phases showed that their minima are located in the
vicinity of 700-720 cm™! for ¢-ZrO;, 790-800 cm ™!
for ¢-ZrOs, and 820-840 cm~! for the m-ZrOs
phase. The variation of the phonon damping coeffi-
cient -y practically does not affect the spectral posi-
tion of the minimum for each phase. Thus, this fea-
ture of IR reflectance can be used to determine the
crystal structure type of powders and ceramics.

The reliability of the obtained results is confirmed
by the agreement of the experimental spectra regis-
tered for ceramic specimens 10Sc1CeSZ, 3YSZ, and
ZrQ5, which are in the cubic, tetragonal, and mon-
oclinic phases, respectively, with the corresponding
theoretical curves. It should be noted that when con-
sidering the indicated phases, the experimentally de-
termined characteristics of phonons were taken into
account. In so doing, for undoped ZrOs with a mono-
clinic structure, phonon parameters were determined
only for Zr—-O bonds. At the same time, in stabi-
lized ZrOs, which has a tetragonal or cubic structure,
the Zr—O phonon modes have already been affected
by the presence of impurity atoms (Y3*, Sc3*, and
Ce3t /Ce?™). In this case, it is possible to evaluate the
shift of these modes with respect to the Zr—O bonds.

Indeed, doping zirconium oxide with Y3+, Sc3t,
and Ce3t /Cett ions significantly affects not only the
phase stability of the material but also the crystal lat-
tice dynamics and phonon characteristics. It is known
that the substitution of Zr** ions (an ionic radius
of ~0.84 A for the coordination number CN = 8)
by cations with different charges and sizes — namely,
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Y3t (=1.02 A), Sc*t (~0.87 A), and Cet/Cet
(~1.14 A/~0.97 A) — brings about local lattice dis-
tortions and the formation of oxygen vacancies nec-
essary for charge compensation. Such defect states
change the local force constants of Zr-O bonds and
govern the evolution of the phonon characteristics of
stabilized ZrOs depending on the impurity type and
concentration.

The presence of impurity atoms reduces the effec-
tive stiffness of the crystal lattice, which manifests it-
self in a partial “softening” of phonon modes. At the
same time, the expected frequency shifts, as a rule,
have a moderate magnitude and usually do not ex-
ceed several wavenumbers. A typical shift is about 2—
8 cm ! for systems doped with yttrium and 1-4 cm ™!
for Sc-stabilized ZrOs, whereas in the case of dop-
ing with cerium, shifts of up to 10 cm~! are possible
due to the significantly larger cerium mass, and such
shifts are often combined with an asymmetric broad-
ening of the spectral bands. More substantial fre-
quency changes are associated, as a rule, with phase
transformations rather than the direct influence of
impurity atoms (when their concentration is low).

The phonon modes most sensitive to doping are
low-frequency modes with frequencies below 300—
350 cm~!, which correspond to collective transla-
tional and angular (rotational) vibrations of Zr-O
polyhedra. It is these modes that respond to local
lattice distortions and the presence of oxygen vacan-
cies and demonstrate a noticeable, although small,
shift of their maxima. For vibrations of Zr—O bonds
in the mid-IR interval (400-650 cm~!), changes in
the spectral positions of the maxima are usually less
pronounced, and, as evidenced by the increase of the
phonon damping coefficients, the broadening of the
spectral bands becomes the dominant effect.

From the experimental viewpoint, small shifts of
phonon modes can be reliably registered using the
Raman method (provided that the spectral resolu-
tion of the corresponding spectral instruments is suffi-
cient). In the IRR spectra, where the band widths are
significant, the influence of impurities is usually ob-
served as mainly a change in the shape and intensity
of vibrational bands, rather than a distinct shift of
their maxima. Thus, the main spectral manifestation
of ZrOs doping is less a shift of phonon frequencies
than an increase in the damping coefficients due to
enhanced phonon scattering at point defects, oxygen
vacancies, and local elastic stress fields.
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It is also necessary to take into consideration the
limitations of phase identification in the case of ma-
terials with a mixed crystal structure. Different ZrO,
phases are characterized by phonon modes that are
close in position: the difference between them often
does not exceed a few wavenumbers. In the presence
of a substantial band broadening induced by impuri-
ties, oxygen vacancies, or the nanoscale nature of the
investigated materials, the contributions of individual
phases can partially overlap. Under such conditions,
the IRR spectroscopy is an effective tool for detect-
ing general structural changes and phase transforma-
tion trends. A comparison of the IRR spectra of the
monoclinic, tetragonal, and orthorhombic phases of
ZrO, testifies that the phonon mode at 740-760 cm™*
is inherent only to the monoclinic phase, whereas
other phonon modes have similar spectral character-
istics. Therefore, an appreciable contribution of this
band to the IRR spectrum makes it possible to state
the presence of the monoclinic phase in the examined
specimen, whereas the absence of this mode means
the absence of this phase or its insignificant contribu-
tion. At the same time, a quantitative determination
of phases with close concentrations requires a combi-
nation with other methods of structural analysis. The
creation of a method for determining the phase ratio
by combining the Raman, IRR, X-ray diffraction, and
electron microscopy is a direction of further research.

4. Conclusions

To summarize, external IRR spectra were calculated
on the basis of a developed mathematical model that
takes into account the additive (the cubic modifi-
cations) and phenomenological (the monoclinic and
tetragonal modifications) contributions of oscillators
to the dielectric function. It was shown that the cal-
culated IRR spectra are in good agreement with the
experimental data presented both in this work and
in the works of other authors. A family of calcu-
lated IRR curves for ¢-ZrO, was obtained for var-
ious phonon damping coefficients and IR radiation
frequencies.

It was shown that changes in the damping of the
phonon subsystem substantially affect the reflectance
spectrum in the interval of the “residual-ray” maxi-
mum. It was found that ZrO, ceramics can be well
modeled following the method described for zirco-
nium oxide single crystals with the FE.lc orienta-
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tion and using mutually consistent parameters ob-
tained by the Raman method. This fact confirms
the prospects of the non-destructive IR spectroscopy
method in determining the optical characteristics of
not only single crystals, but also polycrystalline sam-
ples (powders, thick layers, and ceramics).

The complex combination of TRR and Raman
methods provides the possibility of rapid structural
characterization of ZrOs-based materials. It can be
used to determine the transformation of the crystal
structure both during doping and as a result of vari-
ous heat treatments.
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Translated from Ukrainian by O.I. Voitenko

/1. B. Xomenxros,
JI.FO. Meavruuyx, O.B. Meavruvwyk

OCOBJIMBOCTI CIIEKTPIB
THOPAYEPBOHOI'O BI/IBIBAHH
MATEPIAJIIB HA OCHOBI ZrOg2

3 PISBHOIO KPUCTAJITYHOIO BYJOBOIO

VY wiit poboTi TPOIEMOHCTPOBAHO 3aCTOCYBaHHS CIIEKTPOCKOIIT
iHdpagepBOHOrO BiIOMBaHHA /115 ieHTHdIKAIIT KpUCTATIYHIX
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daz y marepianax na ocuosi ZrOz. HaBeneno ekcriepuMeHTa b
Hi CIIEKTPM TOPOIIKIB Ta KepaMiKu 3 Pi3HOK Oy/0BOIO, a Ta-
KO2K 3aIIPOIIOHOBAHO TEOPETUYHI MOJIeJIi I allPOKCUMAIIi] CIIe-
KTpiB [Y-BiiOMBaHHSA HA OCHOBI YaCTOTHOI 3aJIE?KHOCTI JieJie-
KTPUYHOI TPOHUKHOCTI, omnucanol ¢popmysion [exbMrosbia—
Kertnepa. Po3dpaxyHKu BUKOHYBAJIUCH i3 3aCTOCYBAHHSIM CIIiB-
BinHomenb Kpamepca—Kpownira. st onucy Ky6GidHOI, TeTparo-
HaJIbHOI Ta MOHOKJIIHHOI a3 ZrOo BUKOPHUCTOBYBAJINCS MOZEIL
3 OJHUM, II'ITbMa f ciMoMa ocuuisiTopaMu, BiamosigHo. [Ipo-
BEICHO MOJEJIIOBAHHS 3 ypaxyBaHHAM KOoediIi€HTIB 3aTyXaHHsI
dounonis. OTpuMaHi Pe3y/IbTATH TOKA3aJIU HAIBHICTH BUPAXKe-
HOTO MiHIMyMy BiIOMBaHHSI y BHCOKOYACTOTHIN obsacTi crre-
KTpa. VIoro criekTpasbHe HOJIOXKEHHS BiAOBiae BUCOKOYACTO-
THIiM MeKi CMyTH “3aJIMIIIKOBUX IIPOMEHIB”, fKa € crienudiaHo0
oy pisaux das. Leit minimym 3’saBnsierses B glamasonax 710—
720 cm— ! gs xyGiumoro ZrOsz, 790-800 cm~! must rerparo-
naspHOro ZrOs i 820-840 cm— ! st moHOKJTiHHOTO ZrQg. ITo-
Ka3aHo, mo KoedinienTn 3aryxaHHs (DOHOHIB BILUIMBAIOTH HA
dopmy crexkrpa [Y-BinOnBaHHs, ajle YUHATD JIAIIE HE3HATHUN
BILIUB Ha CIIEKTPAJIbHE [TOJIOXKEHHSI BUCOKOYACTOTHOI'O MiHiMy-
wmy. Lleit pakTop pazom 3 aHasizoM popMH CIIEKTpa MOXKe 6yTu
HaJIffHUM CIEKTPaJIbHUM MapKepoM sl imeHTndikaril Kpu-
crajiyaux dhas. AHaI3 eKClIepUMEHTAIbHUX CIIEKTPIB JaB 3MO-
I'y OIIHUTH CTATUYHY i BUCOKOYACTOTHY Ji€JIEKTPUYHI MPOHU-
KHOCT1, 9aCTOTH IOIEPEYHUX 1 ITO3I0BXKHIX ONTUIHUX (POHOHIB
Ta BiAnoBiaHI KoedillieHTH 3aTyXaHHs JJIs TOPOILIKIB i Kepami-
KM 3 PI3HOI KPHUCTaJI9HOIO Oy10BOI0 Ha ocHOBI ZrOs.

Katwwoet caosa: ZrOgz, KpucrajgidHa CTPYKTypa, KOJIH-
BaJIbHI CHEKTpH, iHdpadepBoHA CIEKTPOCKOIsI BilIOHMBaHHS,
MO/IEJIIOBAHHS.
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