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Abstract

Successive crystallization of amorphous Cr-Zr-O thin films, formation of the
(Cr,Zr),03/(Zr,Cr)O, nanocomposites and the thermally induced changes in the hexagonal
crystal structure of metastable (Cr,Zr),03; were investigated by means of in situ high-
temperature synchrotron diffraction experiments up to 1100°C. The thin films were deposited
at room temperature by using reactive ion beam sputtering, and contained 3 — 15 at.% Zr. At
low Zr concentrations, chromium-rich (Cr,Zr),03 crystallized first, while the crystallization of
zirconium-rich (Zr,Cr)O, was retarded. Increasing amount of zirconium shifted the onset of
crystallization in both phases to higher temperatures. For 3 at.% of zirconium in amorphous
Cr-Zr-0, (Cr,Zr),03 crystallized at 600°C. At 8 at.% Zr in the films, the crystallization of
(Cr,Zr),05 started at 700°C. At 15 at.% Zr, the Cr-Zr-O films remained amorphous up to the
annealing temperature of 1000°C. Metastable hexagonal (Cr,Zr),03; accommodated up to ~3

at.% Zr. Excess of zirconium formed tetragonal zirconia, which was stabilized by chromium.
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1. Introduction

Chromium oxide thin films are steadily in focus of interest because of their specific optical [1-
4], magnetic [5, 6] and mechanical properties [7], which can further be tailored and improved
if Cr,05 is doped by selected metallic elements or prepared in a nanostructured form. In its
stoichiometric form, Cr,03 crystallizes in the corundum-type structure, in which the chromi-
um and oxygen atoms occupy the Wyckoff positions 12c and 18e, respectively. Oyama et al.
[8] doped chromium oxide by titanium and reported that the corundum-type crystal structure
of Cr,03 can accommodate up to approximately 10 at.% Ti by forming (Cry5Tigs5)O3. From
the analysis of the X-ray diffraction data, the authors concluded that titanium atoms replace
the chromium atoms in the host structure of Cr,Os. Later on, the same authors showed that
chromium atoms in the corundum-type crystal structure of Cr,O3 can also be replaced by va-

nadium in the whole composition range between Cr,03 and V,03 [9].

Buhler et al. [10] investigated the incorporation of molybdenum into the crystal structure of
Cr,03 and concluded that Cr,.,xMo0,O3 can accommodate up to 6.6 at.% Mo. In contrast to Ti
and V, which were assumed to replace chromium atoms at their intrinsic Wyckoff position
12c [8, 9], the Mo atoms in Cr,2xM04O3 were shown to occupy the originally empty Wyckoff
position 6b [10]. The doping of Cr,0O3 with tin was studied by Ayub et al. [11], who have
shown that Sn atoms partially replace chromium atoms located at the Wyckoff position 12¢

and partially occupy the originally empty sites 6b.

In the pseudo-binary system ZrO,—Cr,0s, especially the ZrO,-rich part was investigated in
detail. According to Jerebtsov et al. [12], the cubic zirconia (c-ZrO;), which is thermodynam-

ically stable between 2377°C and 2710°C, can be stabilized to 1840°C by up to 25 mass %
2



Cr,03. Tetragonal zirconia (t-ZrO,) can accommodate up to 9 mass % Cr,0O3 in the tempera-
ture range between 1115°C and 1840°C. Between 1840°C and 2377°C that is the limit of the
thermal stability of stoichiometric t-ZrO,, the maximum content of Cr,O3 in t-ZrO, decreases
successively. Tetragonal ZrO, without chromium oxide transforms to monoclinic zirconia (m-
ZrO,) below 1165°C, t-(Zr,Cr)O, with 9 mass % Cr,03 transforms to m-(Zr,Cr)O, below

1115°C.

Several authors reported that the incorporation of chromium into the crystal structure of zir-
conia stabilizes the tetragonal structure of ZrO, down to room temperature [13-15]. Stefani¢
et al. [13] prepared chromium-stabilized t-ZrO, from amorphous precursors, which were cal-
cined for 3 h at different temperatures between 500°C and 1000°C. With increasing molar
fraction of CrOy 5 in ZrO,, the tetragonal phase of (Zr,Cr)O, remained stable despite annealing
at high temperatures. For more than 0.1 mol CrOys incorporated in ZrO,, t-(Zr,Cr)O, was
stable upon annealing up to 800°C. Ray et al. [14, 15] prepared metastable t-(Zr,Cr)O, from a
polymer precursor, which was calcined between 250°C and 900°C for 2 hours. At the chromi-
um concentrations of 10 at.%, t-(Zr,Cr)O, was stabilized in the whole temperature range be-
tween 250°C and 900°C. However, a longer annealing at 900°C or higher temperatures desta-
bilized the tetragonal (Zr,Cr)O, and led to a concurrent formation of thermodynamically sta-
ble m-ZrO, and hexagonal Cr,03. At 20 at.% Cr contained in (Zr,Cr)O,, the hexagonal Cr,03
segregated from the metastable solid solution during the calcination already at 800°C and ap-

peared together with t-(Zr,Cr)O,. Still, no monoclinic ZrO, was observed.

In contrast to the large solubility of chromium in ZrO,, the solubility of ZrO, in thermody-
namically stable hexagonal Cr,Os3 is extremely low [16]. Still, Spitz et al. [7] found that the
host structure of hexagonal (corundum-type) (Cr,Zr),O3 in their Cr-Zr-O thin films accom-
modates up to 12 at.% of zirconium. These films were deposited by using radio-frequency (rf)

magnetron sputtering on heated substrates (Tsy, = 500°C). In the thin films containing 18 at.%
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Zr, 20 at.% Cr and 62 at.% O, the authors observed a single-phase cubic solid solution and
concluded from their results that chromium is completely dissolved in the structure of c-
(Zr,Cr)O,. At higher Zr contents, two phases were identified in the rf magnetron deposited Zr-

Cr-0O thin films, i.e., t-(Zr,Cr)O, and m-(Zr,Cr)O,.

In our study, the formation of crystalline phases in originally amorphous chromium-rich Cr-
Zr-0 thin films and the thermally induced changes in the crystal structures of metastable hex-
agonal (Cr,Zr),03 were investigated during the annealing up to 1100°C. The films were de-
posited on unheated thermally oxidized silicon substrates by using ion beam co-sputtering
from zone Cr-Zr targets. The Zr content in the films was between 3 and 15 at.%. In order to
produce oxide films, oxygen was directed to the growing film during the deposition process.
The crystallization process and the changes in the crystal structure of h-(Cr,Zr),03; were fol-
lowed in in-situ synchrotron diffraction experiments. A structure model is presented, which is
capable of describing the location and amount of zirconium atoms in the corundum-type host

structure of Cr,0s.

2. Experimental details

Thin films of chromium zirconium oxides were deposited using reactive ion beam sputtering
from zone Cr-Zr targets on (001)-oriented thermally oxidized silicon single crystals [17, 18].
Argon ions were generated in a Kaufman ion source with a diameter of 3 cm (lonTech Inc.,
Fort Collins, USA) and accelerated by the voltage of 1000 V. The total ion beam sputtering
current was kept constant at (40 = 1) mA during the whole deposition process (6 hours). A
zone Cr-Zr target was placed at a distance of 17 cm from the Kaufman ion source and at a
distance of 18 cm from the substrate holder. The target was inclined with respect to the argon

ion beam; the angle between the impinging Ar ions and the target normal direction was ap-



proximately 22°. The main part of the target was a chromium disc (99.95 %) with a diameter
of 15 cm that was covered in the middle by differently wide strips (5, 10 or 15 mm), which
were made from zirconium having the same purity like the chromium target. As the area of
the target irradiated by the argon ion beam was the same in all deposition runs, the width of
the Zr strip controlled the [Zr]/([Cr]+[Zr]) ratio in the respective sample. Prior to the deposi-

tion process, the surface of the target and the Zr strip were cleaned by argon ions.

The base pressure in the deposition chamber was 2.9 x 10~ Pa, rising to 9.1 x 10 Pa due to
the Ar supply into the ion gun. In order to avoid interference with the sputter process, oxygen
was supplied directly to the growing films. The oxygen flow of 2 sccm that was used for dep-
osition of all samples further increased the pressure in the deposition chamber up to 1.2 x 1072
Pa. Although the substrates were not heated during the deposition process, the kinetic energy
of the impinging atoms raised the substrate temperature to (57 + 4) °C. The thickness of the

thin films was approx. 600 nm as determined by profilometry.

Chemical composition of the as-deposited Cr-Zr-O films was determined by using Rutherford
backscattering spectrometry (RBS) with “He* ions that had the energy of 1.7 MeV. The meas-
ured RBS spectra were analyzed by using the SIMNRA code [19, 20]. The phase and struc-
ture analyses were performed using in situ high-temperature synchrotron diffraction experi-
ments at the Rossendorf beamline (ROBL@BM20, ESRF Grenoble). The diffraction patterns
were acquired in the glancing-angle diffraction geometry at the angle of incidence of 0.7° and
at the wavelength of 0.10796(4) nm. The wavelength of the synchrotron radiation was cali-
brated through diffraction measurements, which were done on an external standard. At the
above wavelength and for all chemical compositions of the Cr-Zr-O thin films under study,
the applied angle of incidence was beyond the edge of the total external reflection, thus the
whole thickness of the thin films was irradiated by the synchrotron primary beam. For each

sample, a preliminary diffraction measurement at room temperature and twelve measurements
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between 500°C and 1100°C were carried out. The temperature step was 100°C. In order to be
able to correct the measured lattice parameters for thermal expansion, diffraction measure-
ments at 100°C were interposed between the high-temperature measurements as suggested in
[21]. All in situ high-temperature diffraction measurements were performed in a vacuum
chamber at the residual pressure between 2 x 10 Pa and 1.4 x 10> Pa. The window of the

chamber was covered by a kapton foil.

3. Results and discussion
3.1 Thermally induced crystallization of Cr-Zr-O films

The RBS analysis revealed that the as-deposited samples contained (2.9 + 0.1) at.%, (8.0 +
0.2) at.% and (14.8 + 0.5) at.% of zirconium. In the following, these samples are denoted as
Zr3Cr0O, Zr8Cr0O and Zr15CrO, respectively. With increasing concentration of zirconium, the
concentration of chromium decreased as expected. The measured oxygen content was 64 at.%
in all samples (within the experimental accuracy) and thus higher than expected for a mixture
of two stoichiometric compounds, Cr,03 and ZrO,, in the investigated range of Zr concentra-
tions (cf. Table 1). This finding indicates that the as-deposited samples do not contain a mix-
ture of Cr,03 and ZrO,, i.e., Cry:ZrkO3, but a solid solution of chromium, zirconium and

oxygen. The oxygen deficiency was assumed because of the charge balance.

This result was supported by X-ray diffraction, which identified the as-deposited thin films as
amorphous. At temperatures above 500°C, the Cr-Zr-O films began to crystallize. However,
the onset of crystallization was strongly dependent on the overall zirconium content in the
thin films. Thin film Zr3CrO crystallized rapidly between 500°C and 600°C (Fig. 1). The
crystallization started by the formation of hexagonal (Cr,Zr),05 having the space group R3c.

Tetragonal (Zr,Cr)O, (SG P4,/nmc) formed as a minor phase first above 900°C. The crystalli-
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zation of t-(Zr,Cr)O, was evidenced from the presence of the very weak diffraction line 101
located at 26 = 21°. Even after annealing at 1100°C, h-(Cr,Zr),03 was the dominant phase in
this film. Upon annealing, the size of the (Cr,Zr),03 crystallites, which was determined by
using the Williamson & Hall method [22], increased from 60 nm (at 600°C) to 80 nm (at
1100°C). The amount of t-(Zr,Cr)O, was low, thus the size of the t-(Zr,Cr)O, crystallites

could not be determined reliably.

In the thin film Zr8CrO, the onset of crystallization and the formation of h-(Cr,Zr),03 was
observed between 600°C and 700°C. As it can be seen from Fig. 2, the first pronounced dif-
fraction lines were 110 (26 = 25.0°), 300 (26 = 44.1°) and 220 (26 = 51.4°), which correspond
to the prismatic lattice planes in the crystal structure of h-(Cr,Zr),03. This suggests that the
atomic ordering starts between 600°C and 700°C within the basal lattice planes, whereas the
long-range periodicity in the c direction establishes at 1000°C. At the temperature of 1000°C,
also nanocrystalline t-(Zr,Cr)O, was formed. Between 1000°C and 1100°C, the size of h-
(Cr,Zr),03 crystallites increased from 20 nm to 40 nm, the size of t-(Zr,Cr)O, crystallites from

10 to 25 nm.

The onset of the h-(Cr,Zr),03 crystallization was further retarded by increasing the overall Zr
content to (14.8 + 0.5) at. %. In sample Zrl5CrO, hexagonal (Cr,Zr),O3; and tetragonal
(Zr,Cr)O, crystallized concurrently between 900°C and 1000°C (Fig. 3). The size of h-

(Cr,Zr),03 and t-(Zr,Cr)O;, crystallites was about 30 nm and 20 nm, respectively.

From these results, it can be concluded that a higher Zr content in originally amorphous Cr-
Zr-O thin films retards the crystallization of hexagonal (Cr,Zr),03 and facilitates the for-

mation of t-(Zr,Cr)O,, which inhibits the growth of the h-(Cr,Zr),03 crystallites.



3.2 Thermal stability of metastable hexagonal (Cr,Zr),03

The Rietveld analysis [23, 24] of measured XRD patterns supported by the difference Fourier
synthesis method [25] has shown that the Wyckoff position 6b, which is usually vacant in the
corundum-type crystal structure of Cr,Og, is partially occupied in our thin films. For both
methods, i.e., for the Rietveld analysis and for the difference Fourier synthesis, the Fullprof
suite [26] was employed. In analogy with the structure model of Bihler et al. [10], it was as-
sumed that the Wyckoff position 6b in h-(Cr,Zr),0g is partially occupied by zirconium. The
partial occupancy of this Wyckoff position in the space group R3c affects the intensities of
several diffraction lines. Most pronounced is the change of the intensity of the diffraction line
006 that is very weak for ideal Cr,O3 structure but much stronger if the Wyckoff site 6b is

partially occupied by zirconium (cf. Fig. 4).

The results of the Rietveld refinement [26] performed with this structure model have shown
that the occupancy of the Wyckoff position 6b by Zr atoms and thus the Zr concentration in h-
(Cr,Zr),03 depend strongly on the overall zirconium concentration in individual samples (Fig.
5). At low overall Zr concentrations (2.9 and 8.0 at.%), the maximum occupancy of the
Wyckoff position 6b by zirconium (12 % and 16 %, respectively) slightly increased with the
overall Zr concentration in the sample. On the other hand, the amount of Zr atoms embedded
in the crystal structure of h-(Cr,Zr),03 did not change significantly with annealing tempera-
ture in samples Zr3CrO and Zr8CrO. At the highest overall Zr concentration in sample
Zr15CrO (14.8 at.%), less than 5 % of the Wyckoff positions 6b were occupied by zirconium.
In contrast to samples Zr3CrO and Zr8CrO, where the Zr atoms resided in the crystal struc-
ture of h-(Cr,Zr),03 up to 1100°C, the Zr atoms in sample Zr15CrO successively left the host
structure of h-Cr,O3 with increasing temperature. At 1100°C, hexagonal (Cr,Zr),03 was al-

most completely free of zirconium.



In order to enable a straightforward comparison between the chemical composition of h-
(Cr,Zr),03 obtained from the Rietveld analysis and the overall chemical composition meas-
ured using RBS, the refined occupancies of the Wyckoff position 6b were converted into Zr

concentrations in h-(Cr,Zr),03 according to Eq. (1):

6 X occ(Zr)

[Zr] = 6 X occ(Zr) + 12 x occ(Cr) + 18 X occ(0) @

The numerical factors in Eq. (1) reproduce the number of the Wyckoff positions 6b, 12c and
18e, respectively. Within the applied model, the Wyckoff position 18e was assumed to be
fully occupied by oxygen, whereas the occupancies of the Wyckoff positions 6b and 12 ¢
were linked to fulfil the relationship occ(Cr) = 1 — occ(Zr). Consequently, equation (1) yields

6 X occ(Zr) occ(Zr)

Z = =
[2r] —6 X occ(Zr) +12+ 18 5 — occ(Zr)

(2)

For small amounts of zirconium in the host structure of h-Cr,O3, i.e. for small occ(Zr), the

amount of zirconium [Zr] is approximately equal to occ(Zr)/5, see Fig. 5.

The maximum occupancy of the Wyckoff position 6b in sample Zr3CrO (12 %) corresponds
to 2.5 at.% Zr in hexagonal Cr,-xZr«Os.. This amount of Zr approaches the overall concentra-
tion of zirconium, which was measured in this sample by RBS (2.9 at.%). This finding agrees
very well with the result of quantitative phase analysis, which revealed that the amount of t-
(Zr,Cr)O, is below 1 mol % in sample Zr3CrO up to the annealing temperature of 1100°C.
After annealing at 1100°C and cooling to 100°C (Fig. 6), sample Zr3CrO contained, accord-
ing to the Rietveld analysis [26], 2.5 mol % of t-(Zr,Cr)O, and 97.5 mol % of h-Cry2xZrxOs.x.

This Cry.0ZrO3.« accommodated 2.1 at.% Zr.

In sample Zr8CrO, hexagonal Cr,-xZr«O3.« contained up to 3.2 at.% Zr (at 1000°C, see Fig. 5)

despite the overall Zr concentration of 8.0 at.% (Table 1). The remainder of Zr formed t-



(Zr,Cr)O,. With increasing temperature of the annealing process, the amount of Zr incorpo-
rated in Cr,.54ZrcO3.x decreased. In return, the amount of t-(Zr,Cr)O, in the sample increased
(Fig. 6). However, even after annealing at 1100°C and cooling to 100°C it was far below 37
mol % t-ZrO, that would be the amount of t-ZrO, in a mixture of binary phases, Cr,O3 and

ZrO,, in a sample containing 8.0 at.% Zr and 27.0 at.% Cr (see below).

In sample Zr15CrO, the occupancy of the Wyckoff position 6b by zirconium was about 4 % at
the beginning of the crystallization process. This occupancy corresponds to a Zr content in h-
CryxZrO3. below 1 at.% (Fig. 5). At the end of the annealing sequence, i.e. at 100°C after
annealing at 1100°C, the hexagonal phase in sample Zr15CrO accommodated only 0.4 at.%
Zr. The low concentrations of Zr in h-CrpxZrcOs.« concluded for sample Zr15CrO are cor-
roborated by high amounts of t-(Zr,Cr)O,, which are very close to the phase fractions calcu-

lated for a mixture of Cr,O3 and ZrO; (dotted line in Fig. 6).

The maximum mole fractions of ZrO; (dashed lines in Fig. 6) were calculated using

2 [Zr]/([Zr] + [Cr])

x (mol Zr02) = & T o) + 1

(3)

under the assumption that the deposited Cr-Zr-O films fully decompose into Cr,03 and ZrO..
The concentrations of Zr and Cr at the right-hand side of Eq. (3) were taken from the RBS
analysis (Table 1). The corresponding amounts of ZrO, in samples Zr3CrO, Zr8CrO and

Zr15CrO are 15 mol %, 37 mol % and 60 mol %, respectively.

As already discussed above, the observed difference between the phase composition obtained
from the Rietveld refinement [26] and the phase composition, which was calculated for a mix-
ture of binary phases, correlates very well with the amount of zirconium incorporated in h-

Cro.0ZryOs«. The Zr atoms, which are embedded in the structure of Cry.54ZryOs.«, do not form
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t-(Zr,Cr)O, but contribute to the diffraction pattern of h-(Cr,Zr),03 from the point of view of

the XRD phase analysis.

Accordingly, the molar fractions of t-(Zr,Cr)O, in samples Zr3CrO and Zr8CrO that were
obtained from the XRD phase analysis are lower than expected (Fig. 6), because a significant
amount of Zr is incorporated in the crystal structure of h-CryZrOs« (Fig. 5). In sample
Zr15CrO, the molar fraction of t-(Zr,Cr)O, approaches the expected quantity, as hexagonal
Cry.0xZrO3. contains only a small amount of Zr. The slightly lower content of t-(Zr,Cr)O,
measured in sample Zrl5CrO at 1100°C is associated with a higher content of Zr in

CI’Q.QXZI'XO;J,.X.

The direct correlation between the phase composition and the amount of zirconium in h-
Crp.xZrO3. that have been obtained from the XRD analysis is violated if a part of Cr atoms
is incorporated in t-(Zr,Cr)O, or if some of the metallic atoms are trapped in the remnants of
the amorphous phase. According to references [13-15], chromium belongs to the elements,
which stabilize the tetragonal structure of zirconia. Therefore, it can be assumed that the te-

tragonal phase in all samples under study contains chromium as a stabilizing element.

3.3 Thermal expansion of metastable (Cr,Zr),03

The incorporation of Zr atoms into the crystal structure of hexagonal Cr,03 is expected to
modify additionally the lattice parameters and the thermal expansion of h-Cr,.oxZrxOs.«. The
lattice parameters were determined from the in situ synchrotron diffraction data by using the
MAUD software [27]. The MAUD software was used because it can determine stress-free
lattice parameters in thin films that are under macroscopic stress. In our samples, the possible
reasons for the macroscopic lattice strain are the different thermal expansion coefficients of

the substrate and the film, the formation of the crystal structures (h-(Cr,Zr),03 and t-
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(Zr,Cr)O,) during the crystallization of amorphous Cr-Zr-O and the segregation of the metal-

lic elements.

The stress-free lattice parameters of metastable h-(Cr,Zr),03, which are summarized in Fig. 7,
were calculated with the elastic constants E(Cr,03) = 311 GPa and v(Cr,03) = 0.26 from Ref.
[28] and with E(ZrO,) = 212 GPa and v(ZrO,) = 0.314 from Ref. [29]. It was assumed that the
residual stress is equi-biaxial. In almost all samples under study, the stress-free lattice parame-
ters of h-(Cr,Zr),03 were larger than the lattice parameters of pure Cr,O3 (a = 0.49607 nm, c
= 1.3599 nm [30]). The observed expansion of the elementary cell is a consequence of the
incorporation of Zr atoms into the elementary cell of Cr,03. A similar effect was reported by
Oyama et al. in [8] for (Cr,Ti),03. At 100°C (after cooling from the respective annealing tem-
perature) where the effect of the thermal expansion on the lattice parameters is much weaker
than at the annealing temperatures, the largest stress-free lattice parameters were observed for
samples Zr3CrO and Zr8CrO with the highest occupancies of the Wyckoff position 6b by
zirconium. The stress-free lattice parameters of h-(Cr,Zr),03 in sample Zr15CrO, which con-
tained less than 1 at.% Zr, are substantially lower and approach the intrinsic values of Cr,03
[30]. The lattice parameters of h-(Cr,Zr),03 containing 0.2 at.% Zr (sample Zr15CrO at
100°C after annealing at 1100°C) were almost identical with the lattice parameters of Zr-free

Cr,03 [30].

Figure 7 shows additionally the changes in the lattice parameters, which are expected during
the thermal cycling as a consequence of a constant (temperature-independent) thermal expan-
sion that is characterized by the thermal expansion coefficients o, = 7.60 X 10° K* and O =
6.38 x 10°® K™ (lines in Fig. 7). The solid line indicates the expanded lattice parameters in
sample Zr3CrO, the dashed line the intrinsic lattice parameters of Cr,O3; [30]. The above
thermal expansion coefficients were taken from Fig. 8, where they represent the asymptotic

values of o, and o for the highest annealing temperatures. These thermal expansion coeffi-
12



cients agree very well with the thermal expansion coefficients given by Kudielka [31], i.e., a,

=7.85x10°%K'and o, = 6.38 x 10° K™,

Complete sets of the thermal expansion coefficients calculated from the measured stress-free
lattice parameters are displayed in Fig. 8. At the beginning of crystallization, the thermal ex-
pansion coefficients are generally lower than in the later phases of the crystallization process.
In sample Zr3CrO, the steepest increase of the thermal expansion coefficients of hexagonal
(Cr,Zr),03 was observed in the temperature range up to 900°C, where also the Zr content in
Cra0xZrO3. slightly increased (cf. Fig. 5). Above 900°C where the Zr content in Crp-oxZrOs.
x Was constant in the cooled-down state (100°C), the increase of the thermal expansion coeffi-

cients of h-(Cr,Zr),03 decelerates, until a constant thermal expansion was achieved.

In sample Zr8CrO, the thermal expansion coefficients of h-(Cr,Zr),03 were always lower than
the intrinsic ones, which is related to a successive segregation of Zr atoms from the crystal
structure of CrpxZr«Os«. The large changes in the thermal expansion coefficients of h-
(Cr,Zr),03 in sample Zr15CrO are caused mainly by the exchange of zirconium between
CroxZrO3. and the surrounding areas that leads also to large changes in the lattice parame-
ters of h-(Cr,Zr),03. These results show that the thermal expansion coefficient is very sensi-
tive to the consolidation of the crystal structure of Cr,.,xZr«Os during the annealing and to
the incorporation or segregation of Zr atoms into or from the host structure of metastable h-

C rz_ZXZFXOQ,_X.

4. Summary

Amorphous Cr-Zr-O thin films with Zr concentrations between 3 and 15 at.% were deposited
in an reactive ion beam co-sputtering process. In all as-deposited samples, the amount of oxy-

gen was higher than it would correspond to a mixture of stoichiometric compounds Cr,O3 and
13



ZrO,. During the thermal treatment, the amorphous Cr-Zr-O solid solutions decomposed into
metastable h-(Cr,Zr),03 and t-(Zr,Cr)O,, which crystallize in the corundum-type structure and
as chromium-stabilized tetragonal zirconia, respectively. The crystallization temperatures are

between 600°C and 1000°C depending on the overall Zr content.

Metastable hexagonal (Cr,Zr),03 accommodates up to 3.2 at.% Zr. The zirconium atoms oc-
cupy the Wyckoff position 6b, which is vacant in the ideal host structure of Cr,03. The excess
of zirconium segregates primarily from oversaturated solid solution Cr-Zr-O and forms te-
tragonal zirconia that is stabilized by the presence of chromium atoms as described in refer-
ences [13-15]. Accordingly, hexagonal (Cr,Zr),03 crystallizes first if the amount of Zr in the
Cr-Zr-O solid solution is below the maximum concentration of Zr in h-(Cr,Zr),05. Higher
amount of Zr in the Cr-Zr-O solid solution shifts the onset of crystallization of h-(Cr,Zr),03 to
higher temperatures, but it also facilitates a direct and faster formation of tetragonal (Zr,Cr)O,
together with h-(Cr,Zr),03. Concurrent crystallization of h-(Cr,Zr),03 and t-(Zr,Cr)O; inhibits
the growth of crystallites in both phases. However, high overall concentration of Zr in Cr-Zr-
O speeds up the formation of t-(Zr,Cr)O, that leads to a reduction of the Zr content in h-
(Cr,Zr),03 and to the transition of metastable h-(Cr,Zr),03 to thermodynamically stable Cr,O3

at the annealing temperature of 1100°C.

5. Conclusions

In this contribution, it was evidenced that thin film nanocomposites containing two metastable
crystalline phases, hexagonal (Cr,Zr),03; and tetragonal (Zr,Cr)O,, can be produced from
amorphous solid solution Cr-Zr-O via annealing in vacuum. The amorphous solid solutions
with different Zr concentrations in Cr-Zr-O were produced by reactive ion beam sputtering on

unheated substrates. The hexagonal chromium oxide present in the annealed thin films was

14



doped with up to 3 at.% Zr. Metastable Cry.94Zr00302.97 survived annealing until 1100°C. The
zirconium atoms occupied up to 15 % of the Wyckoff sites 6b, which are empty in the crystal
structure of Cr,0s. It was shown that the microstructure of the h-(Cr,Zr),0s/t-(Zr,Cr)O, nano-
composites, and in particular the crystallite size and the concentration of Zr in hexagonal
(Cr,Zr),03, can be controlled to some degree through the concentration of zirconium in the

Cr-Zr-0 solid solution and through the annealing temperature.
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Tables

Table 1: Concentrations of zirconium, chromium and oxygen measured using Rutherford
backscattering spectrometry in the as-deposited amorphous thin films. The last column dis-
plays oxygen concentrations that were calculated for the measured concentrations of Zr and

Cr assuming a mixture of two stoichiometric compounds, Cr,03 and ZrO,, i.e., Cr.54ZrxO3..

Measured concentrations (RBS) ;Eglgcehr:ocrgﬁglnct
Sample At. % Zr At. % Cr At. % O At. % O
Zr3CrO | 29401 | 322+08 | 63.9+1.0 60.6
Zr8CrO | 8.0+0.2 | 27.0+03 | 64.0+04 61.7
Zr15CrO | 148+05 | 19.4+0.2 | 64.2+04 63.2

19



Figure captions

Figure 1: A part of the X-ray diffraction patterns measured in as-deposited sample Zr3CrO
(AD) and during annealing at the indicated temperatures. The intensities are shown on loga-
rithmic scale to enhance the weak reflections. Straight vertical lines mark the positions of the

diffraction lines from h-(Cr,Zr),03 (solid lines) and t-(Zr,Cr)O, (dotted lines).

Figure 2: A part of the X-ray diffraction patterns measured in as-deposited sample Zr8CrO
(AD) and during annealing at the indicated temperatures. The solid lines mark the positions of
the diffraction lines from h-(Cr,Zr),03, the dotted lines the positions of the diffraction lines

from t-(Zr,Cr)O..

Figure 3: A part of the X-ray diffraction patterns measured in as-deposited sample Zr15CrO
(AD) and during annealing at the indicated temperatures. The solid lines mark the positions of
the diffraction lines from h-(Cr,Zr),0s3, the dotted lines the positions of the diffraction lines

from t-(Zr,Cr)O..

Figure 4: A part of the measured X-ray diffraction patterns (small circles) and the correspond-
ing Rietveld fits (solid lines) for samples Zr3CrO, Zr8CrO and Zr15CrO (from bottom to top)
that were cooled to 100°C after annealing at 1100°C. The dotted lines and the corresponding

diffraction indices label the diffraction lines from hexagonal (Cr,Zr),0s.

Figure 5: Occupancy of the Wyckoff position 6b in hexagonal Cr;.,xZr«O3.x by zirconium as

obtained from the Rietveld refinement of the measured diffraction patterns.

Figure 6: Content of tetragonal (Zr,Cr)O; in individual samples as obtained from the Rietveld
refinement (interconnected symbols) and as calculated for a mixture of stoichiometric phases
Cr,03 and ZrO, according to Eq. (3) (dotted lines). Below 900°C, the results of the phase

analysis are not shown, because the samples Zr8CrO and Zr15CrO were amorphous in this
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temperature range. Sample Zr3CrO contains less than 1 mol % t-(Zr,Cr)O; prior to annealing

at 900°C.

Figure 7: Stress-free lattice parameters of hexagonal (Cr,Zr),03 (open symbols) and the
changes of the lattice parameters calculated for a constant thermal expansion in the whole
temperature range (solid and dashed lines). The lattice parameters indicated by solid lines
were calculated for expanded elementary cell of (Cr,Zr),03 in sample Zr3CrO, the lattice pa-

rameters indicated by dashed line for the intrinsic lattice parameter of Cr,Os.

Figure 8: Thermal expansion coefficients calculated from the stress-free lattice parameters
shown in Fig. 7. The dashed lines indicate the asymptotic values of the thermal expansion

coefficients determined for sample Zr3CrO as described in text.
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Highlights

e Amorphous Cr-Zr-O thin films were deposited using reactive ion beam sputtering.

e After annealing in vacuum, metastable (Cr,Zr),03/(Zr,Cr)O, nanocomposites form.

e The crystallization temperature depends strongly on the Zr concentration.
e Metastable hexagonal (Cr,Zr),03; accommodates up to 3.2 at.% of zirconium.

e Zirconium oxide crystallizes in tetragonal form, as it is stabilized by chromium.
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