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Phase stability and thermal expansion of ZnO solid solutions
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Abstract

Phase stability and thermal expansion of rock-salt Me;Zn,O (Me = Ni**, Co*", Fe’*, Mn’") solid
solutions synthesized at high pressures and high temperatures have been studied by synchrotron
X-ray diffraction in a wide (0.1 < x < 0.8) concentration range. At ambient pressure rs-Me; .Zn,O
solid solutions were found kinetically stable up to 670-1100 K depending on the composition and
type of Me*" cation. Temperature-induced decomposition of the single-phase rock-salt solid
solutions lead in most cases to the formation of a mixture of two solid solutions, with cubic and
wurtzite structures. Oxidation of the Me’" cation (Co, Mn) by atmospheric oxygen can result in
formation of mixed higher oxides of these metals. In all the systems studied, the rock-salt solid
solutions show a linear temperature dependence of the thermal expansion, but for the compositions

with the highest ZnO content, deviations from the linear dependence are observed.

Keywords: Oxides; metastable phases; X-ray diffraction; phase transitions; thermal expansion

P.S. Sokolov (sokolov-petr@yandex.ru)

A.N. Baranov (anb@inorg.chem.msu.ru)

V.L. Solozhenko (vladimir.solozhenko@univ-paris13.1r)

* Corresponding author (e-mail: vladimir.solozhenko@univ-paris13.fr)



https://orcid.org/0000-0003-3516-3953�
https://orcid.org/0000-0003-4469-6305�
https://orcid.org/0000-0002-0881-9761�
mailto:sokolov.petr@yandex.ru
mailto:anb@inorg.chem.msu.ru
mailto:vladimir.solozhenko@univ-paris13.fr
mailto:vladimir.solozhenko@univ-paris13.fr

1. Introduction

At ambient conditions ZnO has hexagonal wurtzite (w) structure (space group P63mc) which
transforms into cubic rock-salt (rs) structure (space group Fm-3m) at pressures above 6 GPa [1].
rs-ZnO and ZnO-based cubic solid solutions with different ions seem to be promising for
optoelectronic and spintronics applications due to ability to incorporate much higher dopants'
concentrations as compared with the wurtzite phase. The octahedral oxygen environment in rock-
salt ZnO removes the crystallochemical limitations for the introduction of a variety of cations.
Hence, the properties of the solid solution can be tuned over a wide range of dopant concentrations
while remaining within the field of its phase stability. Examples of materials interesting from the
point of view of their semiconducting properties are ZnO solid solutions with magnesium oxide
[2,3] and nickel oxide [4,5]. The research is developing in two directions: epitaxial stabilization of
rs-ZnO in thin films on oriented substrates [2-5] and high-pressure phase transition of wurtzite ZnO

into cubic one [6-16].

At ambient pressure the solubility of Ni*" in w-ZnO is extremely low, being 0.9 mol% at 1100 K.
The solubility of Zn*" in rs-NiO is much higher, namely, 29 mol% at 1100 K [17] or 35 mol% at
~1500 K [18]. At 1100 K, the solubility of Co*" in w-ZnO is 6.5 mol% while Zn*" solubility in
rs-CoO is three times higher, reaching 22 mol% [17]. Equilibrium 7-x phase diagram of the
FeO-ZnO system was previously studied at ambient pressure [19]. Like other MeO-ZnO systems,
this system is characterized by a large (18-80 mol% ZnO at 1100 K) area of co-existence of
wurtzite and rock-salt solid solutions. At 0.1 GPa and 1100 K, the Mn*" solubility in w-ZnO reaches
25 mol% [17], which is the highest solubility value of all 3d transition metal ions. At the same time,
Zn*" solubility in 7s-MnO is not more than 9 mol%, which is the lowest solubility of Zn*" among 3d

transition metal monoxides with rock-salt structure [17].

The kinetic stabilization of metastable rs-ZnO at ambient pressure can be achieved by quenching of
microcrystalline ZnO-based solid solutions with a relatively high (up to 80 mol%) ZnO content
from high pressure and high temperature. Recently, metastable rs-Me;.Zn,O (Me =Mg*", Ni*",
Co™, Fe**, Mn®") solid solutions have been successfully synthesized by quenching from 4.6-7.7
GPa and 1450-1650 K in the wide concentration range [6,7,9-13]. It has been found that the widest
(x < 0.8) compositional range for the existence of single-phase rock-salt solid solutions is observed
for the NiO-ZnO system, due to smaller radii and the energetic preference of octahedral
coordination over tetrahedral [9]. rs-Co;xZnx0, rs-Fe;xZnyO and rs-Mn;Zn,O solid solutions
can only be quenched to ambient conditions with much lower ZnO content. However, the use of
nanocrystalline w-ZnO allows single-phase rs-ZnO to be quenched from 7.7 GPa and 770-820 K
[20-22].

Crystallographic features of the structure [14-16,21-24], functional properties [4,5,8,15,22] and
thermal expansion [21,25,26] of simple and complex metastable oxide systems remain a subject of
particular attention due to future prospects for their practical application. The presence of transition

metals in zinc oxide makes it possible to tune the band gap of such solid solutions over a wide range



[4-6,8] and to significantly influence their transport and magnetic properties [4,5,15,18]. In this
regard, it is necessary to know the thermal stability ranges of these solid solutions, and for the
possibility of combining them with other materials, it is also crucial to know their thermal
expansion coefficients. At the same time, systematic studies of thermal stability of metastable solid
solutions depending on the nature of the substituent cations have not been performed, and such data
are absent in the literature.

In the present work the phase stability and thermal expansion of a variety of metastable ZnO solid
solutions with 3d transition metal oxides synthesized at high pressures and high temperatures have
been studied.

2. Experimental

2.1. Sample preparation

As starting materials, high-purity powders of wurtzite ZnO (Alfa Aesar, 99.99%, 325 mesh), rock-
salt CoO (Aldrich, 99.99%), MnO (Alfa Aesar, 99.99%, 325 mesh), NiO (Prolabo, 99%) and “FeO”
(Aldrich, 99%, 10 mesh) have been used. The MeO-ZnO mixtures of various stoichiometries (ZnO
molar fraction varied from 0.2 to 1.0 with 0.1 concentration step) were thoroughly ground in an
agate mortar under acetone, then pressed into pellets and placed into gold capsules. High-pressure
synthesis of solid solutions has been performed at 7.7 GPa and 1450-1650 K using a toroid-type
high-pressure apparatus at LSPM-CNRS [9]. Experimental details have been described elsewhere
[9,10]. Single-phase rs-Coy3Zny70, rs-Cops4ZngsO and rs-FeypsZngsO solid solutions have been
synthesized by “sodium chloride matrix” method [10,11,20]. The mixture of oxides and NaCl (in
weight ratio 1:5) has been treated at 7.7 GPa and 1500 K and subsequently quenched down to

ambient conditions. The sodium chloride matrix was then carefully washed out with cold water.

The samples recovered from high-pressure experiments have been studied by powder X-ray
diffraction (Equinox 1000 Inel diffractometer; Cu Ko and Co Ka radiation) and high resolution
scanning electron microscopy (LEO Supra 50 VP, Karl Zeiss).

The recovered samples were either dark green (Ni**, Mn?>", Co®") or almost black (Fe*"), with the
exception of pink Cop,ZnypsO and Cop3Zng;0. According to SEM data, all synthesized solid

solutions were dense, virtually poreless ceramics with grain sizes ranging from 1 to 10 microns.

2.2. High-temperature X-ray diffraction measurements

Phase stability and thermal expansion of metastable rs-Me;ZnsO solid solutions at ambient
pressure have been studied by high-temperature synchrotron X-ray diffraction at the B2 powder
diffraction beamline of the DORIS-III storage ring (HASYLAB-DESY). Debye-Scherrer geometry
with rotating quartz capillary was used. The X-ray diffraction patterns were collected in the 10-70°
20-range (L =0.6515, 0.6874, 0.6876, 0.6882 A in four independent experimental sessions) for



2min in real time using the OBI image plate detector. A NIST powder LaBg (Pm-3m,
a=4.15695 A) was used as standard sample for detector adjustment at 298 K. The furnace
temperature was kept constant within 1 K using a Eurotherm temperature controller and Pt10%Rh—
Pt thermocouple. The temperature calibration of the setup was performed using well-established
reference points: CsCl solid state phase transition (Pm-3m — Fm-3m, 743 K), CsCl melting
(919 K), KCI melting (1044 K) and NaCl melting (1074 K). Each following temperature point was
set by increasing the heater power. The temperature step was 50 or 100 K. Before each data
collection the sample temperature was stabilized for 2-3 min. The diffraction data were analyzed
using DatLab software [27], and positions of diffraction lines were determined by fitting to the

Pearson profile function. The lattice parameters were calculated by the least squares method.

3. Results and discussion

The ZnO-MeO solid solutions synthesized at high pressure and high temperature with subsequent
quenching are kinetically stable under ambient conditions over a rather wide temperature range. In
general, all metastable phases, including dense high-pressure phases, should undergo phase
transformations into thermodynamically stable equilibrium phases. In the case of rs-Me;xZn,O
solid solutions, we will deal not only with the rock-salt — wurtzite phase transitions, but also with
the decomposition of supersaturated wurtzite solid solutions upon temperature increase. This
decomposition can proceed by different mechanisms, including the stabilization of supersaturated
solutions. The removal of existing kinetic barriers of phase transition/decomposition can be
achieved by heating to high temperatures. The driving force for such processes is the difference in
Gibbs free energy (AG) between high-pressure and low-pressure phases. The sign and magnitude of
AG are determined primarily by the magnitude and sign of the difference in molar volumes of these

phases.

3.1. NiO-ZnO system

Three rock-salt solid solutions (rs-Ni;xZnsO, x = 0.7; x = 0.8; x = 0.5) and initial NiO were selected
for the high-temperature synchrotron X-ray diffraction study at ambient pressure. A representative
sequence of powder diffraction patterns for the ultimate composition with the maximum ZnO
content (Nip»Zns0) collected during stepwise heating is shown in Fig. 1. At room temperature,
only narrow intense symmetrical lines corresponding to the rock- salt (Fm-3m) phase are observed.
The first signs of change become visible at 973 K, when weak and broad reflections of the wurtzite
phase appear, indicating the beginning of the decomposition of the initial single-phase cubic solid

solution into a mixture of two solid solutions according to the following scheme

rs-Ni;xZn,O — rs-Ni;yZnyO + w-Zn;_,Ni,0



where x >y, i.e., the cubic phase is depleted in zinc, whereas the wurtzite phase may be enriched
with nickel to a much greater extent than the equilibrium value of 0.9 mol% [17], apparently due to

the non-equilibrium conditions of its formation.

For the Nig3Zn 70 composition the onset temperature of cubic phase decomposition (Tq4) is 1100 K
(the highest temperature for the experimental setup used), and for rs-NigsZngsO solid solution no
changes were observed in the whole temperature range studied. Thus, 75-Ni; xZnsO solid solutions
exhibit high kinetic and phase stability, i.e., up to ~2Teliing, Which is quite unique for metastable
high-pressure phases. Previously, such high phase stability has only been observed for coesite and
stishovite, high-pressure phases of SiO,, which are kinetically stable up to 973-1073 K at ambient
pressure [28-31].

It should be noted that, the main role in the stabilization of cubic ZnO-NiO solid solutions seems to
be played by the small size of Ni*" cation (0.69 A versus 0.74 A for Zn** [32]) and its strong
preference for the octahedral environment in oxide compounds [33]. Another feature of nickel
compared to other 3d transition metals is the high resistance to oxidation of the Ni*" cation. In fact,
oxidation to Ni** is only possible under rather harsher conditions, such as exposure to high-energy
plasma [34], whereas bivalent cobalt, iron and manganese cations can be relatively easily oxidized
to the +3 state by atmospheric oxygen upon heating. As will be shown below, oxidation can

contribute to the thermal decomposition of cubic solid solutions with other 3d transition metals.

The temperature dependencies of the unit cell volumes of 7s-Ni;_,Zn,O solid solutions are presented
in Fig. 2. The figure also shows the dependencies for pure nickel and zinc oxides. Experimental

thermal expansion data were fitted to the following equation
V(T) = Vo[1 + a;(T-298) + 02(T-298)°] (1)

the coefficients of which are given in Table 1. The unit for V(T) and Vi is A®. Units for a; and a,

are K and K™ respectively.

For nickel oxide, our data show an almost linear dependence close to the literature data [26]. At
ambient pressure, metastable nanocrystalline rock-salt zinc oxide has a rather narrow temperature
range of stability [20-22], and the scatter of the thermal expansion data is quite significant and
determined by the chemical history of the precursor, i.e., w-ZnO nanopowder [22]. Thus, in this
case the powder microstructure - grain sizes, grain boundaries, etc. - make a significant contribution

to the thermal expansion.

It should be noted that for the Nip,Zng O, cubic solid solution with maximum ZnO content, the
dependence V(T) is quadratic, whereas for the other compositions it is either linear or quasi-linear
(Fig. 2, Table 1). The quadratic dependence V(T) has been previously observed for ZnO-rich cubic
solid solutions in other systems [7,10,35,36]. In certain cases, non-linear thermal expansion in oxide
systems has been attributed to phase heterogeneity, i.e., the presence of foreign phases [25].
However, this is not the case here. According to the diffraction data, the samples were single-phase

up to the appearance of wurtzite phase.



In fact, rs-Ni;xZncO solid solutions show distinct structural features. As previously found by
EXAFS spectroscopy, the Ni-O and Zn-O interatomic distances do not depend on the composition
and are equal to ryjo= 2.08 A and rz,0- 2.14 A, while the distances between the metal cations are
not fixed [23,24]. X-ray diffraction methods are insensitive to this type of anomaly, and the latter
can only be detected by local analysis methods. Consequently, if the increase in Ni-O and Zn-O
distances during heating is linear, but each according to its own dependence, the overall change will
already be non-linear. Moreover, this deviation from linearity should only occur for compositions

with a high zinc oxide content, and may indicate that the solid solution concerned is nonequilibrium.

3.2. CoO-Zn0O system

The phase stability and thermal expansion of rs-Co;4Zn,O solid solutions at ambient pressure have
been studied for seven compositions (0.1 <x <0.7, in steps of 0.1). The sequence of powder X-ray
diffraction patterns for the compositions Cog3Zny7;0O and Cog4ZnygsO under stepwise heating is
shown in Figs. 3a and 3b, respectively. At room temperature both samples are single-phase cubic.
As the temperature increases, the full width at half maximum (FWHM) of the 200 line of the cubic
phase remains almost constant up to the onset of the phase transition. For the rs-Cog3Zn¢ ;0 sample
the first weak lines of the wurtzite phase appear at 573 K, the cubic phase remains present up to
873 K, and the transformation is complete at 973 K. Thus, the scheme of phase transitions for this

composition can be described as follows:

I"S-CO(),3ZIl(),7O - rs-Col_yZnyO + W-ZII1_ZCOZO — W-C00,3Zn0.70

It should be noted that earlier single-phase solid solutions with wurtzite structure enriched with
cobalt up to 30 mol% were only prepared in the form of thin films [37]. Thus, at high pressures it is
possible to produce wurtzite zinc oxide solid solutions that are significantly cobalt-saturated

compared to conventional ceramic synthesis methods.

For the rs-Cog4Zn O composition a more complicated behavior was observed: the first lines of the
wurtzite phase appeared at 773 K, and they coexist with lines of the cubic phase in a rather wide
temperature range. At 873 K, additional weak lines appeared which can be correlated with the cubic
(Fd-3m) spinel Zn;5Co0,+504, apparently due to partial oxidation of the sample by air oxygen.
Similar behavior — decomposition into a mixture of three phases — was observed for all

compositions with lower ZnO content (0.3 <x <0.6):

rs-Co;xZn, 0 — rs-Co1.,Zn,0 + w-Zn;.,C0,0 — rs-Co1,Zn,O + w-Zn;,C0,0 + Zn;.5C02+504

The temperature dependencies of the unit cell volumes of rock-salt CoO-ZnO solid solutions are
shown in Fig. 4 and Table 2. Note that for the ZnO-rich compositions (Cog 3Zny 70 and Cog4Zngc0)
the V(T) dependence is essentially quadratic, whereas for the other compositions this dependence is

either linear or quasilinear (Table 2). The dependence of the linear thermal expansion coefficients



on the composition for all solid solutions of the CoO-ZnO system is shown in Supplementary

Material (Fig. S1). In the 0.2 <x < | concentration range, this dependence can be considered linear.

3.3 MnO-Zn0O system

The phase stability and thermal expansion of four cubic solid solutions Mn; Zn,O (0.1 <x < 0.4, in
steps of 0.1) have been investigated. The dependence of unit cell parameter on the composition is
shown in Fig. 5. This dependence is almost linear and follows Vegard's law, as in the case of the
NiO-ZnO system [9].

The onset temperature of decomposition of 7s-Mn;Zn,O solid solutions increases with decreasing
ZnO content, e.g. from 800(25) K for x = 0.4 to 850(25) K for x = 0.3 and 940(50) K for x = 0.2.
Our in situ data agree well with the results of previous ex sifu experiments [8], where the
rs-Mn Zn,O phase was found to be stable up to 673 K (x =0.5) and to 773 K (x =0.3), and lines
of the wurtzite phase appeared only at temperatures of 773 and 873 K, respectively.

The sequence of powder X-ray diffraction patterns for the Mng¢Zn 4O solid solution taken during
stepwise heating is shown in Fig. 6. At room temperature, only narrow, intense and symmetric lines
corresponding to the cubic phase are observed. At higher temperatures, the intensities of diffraction
lines of the rock-salt phase decrease drastically, while weak and broad reflections of the wurtzite
phase appear, indicating the decomposition of the initial single-phase solid solution into a mixture

of wurtzite and rock-salt solid solutions.

For compositions x = 0.1 and x = 0 (pure MnO), the cubic phase is stable up to 1050 K inclusive; no
lines of wurtzite phase appear, and only weak lines of higher manganese oxides

hausmannite-Mn3Oy4 (/4,/amd) and ramsdellite-MnO, (Pnma) become visible.

X-ray diffraction patterns of samples recovered after high temperature experiments showed the
following phases: (1) 7s-MnO based solid solution with lattice parameter a~4.43 A (for
comparison, for pure rs-MnO a = 4.444 A), corresponding to a Zn®" doping of 8-9 mol%; (2)
w-ZnO based solid solution with lattice parameters a =3.28(1) A and ¢ =5.24(1) A, which are
larger than the lattice parameters of pure w-ZnO (a = 3.24986 A, ¢ =5.20662 A; PDF 36-1451),
corresponding to Mn”" doping of 30-35 mol% [38]. Note that the equilibrium solubility of Mn®" in
w-ZnO for this system is not more than 25% [17]. A higher value (up to 35 mol%) has so far only
been observed for thin films [38]. Thus, as in the case of the CoO-ZnO system, heating of
metastable cubic solid solutions results in formation of highly supersaturated Mn*" solid solutions

with wurtzite structure.

The phase composition of the decomposition products of cubic MnO-ZnO solid solutions is also
affected by Mn”" oxidation, which is accompanied by the formation of hausmannite-like
Zn; sMn,.504 and ramsdellite-like MnO, due to partial oxidation by air at high (1000-1100 K)

temperatures.



The temperature dependencies of the unit cell volumes of rs-Mn;,Zn,O solid solutions are
presented in Fig. 7. For the stoichiometries 0.2 < x < 0.4, unit cell volumes change non-linearly with
temperature. The corresponding coefficients a; and a, of Eq. (1) are given in Table 3. For the
equilibrium cubic solid solution (x=0.1), as well as for pure rs-MnO, a practically linear
dependence V(T) is observed (coefficient a, is small), whereas for the metastable solid solutions

(x=0.2, 0.3, 0.4) this dependence is quadratic (coefficient ay is relatively large).

3.4. FeO-ZnO system

The phase stability and thermal expansion of six rs-Fe; xZncO (0.1 <x <0.6, in steps of 0.1) solid

solutions have been investigated.

It should be noted that the FeO-ZnO system is significantly different from the previously described
systems. This is mainly due to the fact that FeO (wiistite) is a non-stoichiometric compound [39]
and at ambient pressure is only stable above 873 K. At lower temperatures it must decompose to a
mixture of Fe + Fe;O4 (magnetite) [40], which is, however, kinetically hindered. According to X-
ray diffraction data, the initial "FeO" (Aldrich) sample is a mixture of 96 wt% rs-Fe 950 (wiistite)
with lattice parameter a =4.308(1) A and 4 wt% o-Fe. After high pressure — high temperature
treatment, the iron impurity dissolves to form cubic Feoss0 with lattice parameter a = 4.312(1) A,

which is in good agreement with literature data [39,40].

This peculiarity of iron monoxide affects the behavior of its metastable cubic solid solutions under
heating. If the decomposition of rs-Fe; xZn,O (0.4 <x < 0.6) solid solutions can be described by the
same scheme as for the other systems considered above, i.e., by the formation of two solid solutions
(cubic and wurtzite) with the possible presence of a spinel phase due to oxidation (Fig. 8a), for
compositions with high iron content (0.1 <x <0.3) a weak /0! line of a-Fe appears in the range of
800-1000 K (Fig. 8b), which disappears at higher temperatures.

Due to such chemical processes occurring in non-stoichiometric iron oxide, the temperature
dependence of the lattice parameter of rs-Fe; x<Zn,O above 700 K has a rather complex character. In
the 300-700 K range the V(T) dependence for the equilibrium composition FeyoZng ;O is practically

linear, while for the metastable Feg sZn,sO solid solution it is apparently quadratic (Fig. 9).

3.5 Comparison of phase stability of cubic solid solutions for different systems

The concentration dependence of the decomposition temperature of metastable rs-Me;.xZn,O solid
solutions (T4 vs x) at ambient pressure for all investigated systems is shown in Fig. 10. It is easy to
see that the cubic solid solutions of the NiO-ZnO system have the highest phase stability, and they
also have the widest range of concentration stability [9]. Second and third in terms of thermal
stability are the cubic solid solutions of the CoO-ZnO and MnO-ZnO systems, respectively. Finally,
the cubic solid solutions of the FeO-ZnO system have the lowest phase stability, probably due to the



case of the redox disproportionation processes (3 Fe?" — 2 Fe’™ + Fe’) observed already at

relatively low temperatures.

Another possible explanation for this order of thermal stability may be due to the relatively low
melting temperature of "FeO" (~1640 K [41]), which is 400-600 degrees lower than the melting
temperatures of other 3d transition metal monoxides. In general, the thermal stability threshold of
the studied cubic solid solutions is close to the corresponding values for the previously studied
related metastable compounds of the ZnO-LiTiO, and ZnO-LiFeO; systems [10,11,35].

At the same time, the indicated order of decomposition onset of metastable solid solutions with 3d
transition metal cations correlates with the number of electrons on their outer electron shell. The
most stable are solid solutions of the NiO-ZnO system, in which the Ni*" cation has the most stable
electronic configuration [Ar]3d® and, according to crystal field theory, the greatest energy

preference for the octahedral environment of the O* anions.

4. Conclusions

Thus, rock salt Me; xZnxO solid solutions (Me =Ni2+, C02+, Fez+, Mn2+) are kinetically stable at
ambient pressure up to 670-1100 K depending on composition and type of Me*" cation. With
increasing temperature, the phase transformation of the single-phase cubic solid solution Me;.x<ZnsO
leads in most cases to a mixture of two solid solutions with cubic and wurtzite structures. For some
cubic solid solutions of the CoO-ZnO system, their decomposition can result in formation of a
single-phase solid solution with a wurtzite structure. Oxidation of the Me*" cation (Co, Mn) by
atmospheric oxygen at high temperatures can lead to the formation of mixed higher oxides of these
metals. In solid solutions with iron oxide, the formation of magnetite and alpha-iron phases is
possible at temperatures of 800-1000 K. In all systems studied, cubic solid solutions with maximum

zinc oxide content show a quadratic temperature dependence of thermal expansion.
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Table 1 Parameters of Eq. (1) describing the thermal expansion data of rs-NijxZnsO solid

solutions and NiO in the 300-1000 K temperature range

Composition, x Vo (A% ox10% (K™) % 10% (K2)
0.8 77.42(1) 3.26(7) 2.34(13)
0.7 76.70(1) 4.00(10) 0.57(15)
0.5 75.63(2) 3.38(3) —
(0) NiO 72.81(2) 4.34(3) 0.02(1)
(0) NiO” 73.29(2) 2.53(1) 1.29(1)

" 533-2200 K temperature range [26]

Table 2 Parameters of Eq. (1) describing the thermal expansion data of rs-Co;xZnsO solid

solutions and CoO in the 300-900 K temperature range.

Composition, x Vo (A% ox10% (K™ % 10% (K2)

0.7 78.17(1) 3.3(2) 2.6(7)
0.6 78.08(1) 3.5(1) 2.1(2)
0.5 77.859(2) 4.47(8) 0
0.4 77.773(2) 3.73(2) 0.87(4)
0.3 77.677(3) 3.60(4) 0.93(6)
0.2 77.62(3) 3.59(3) 0.84(5)
0.1 77.45(2) 3.78(3) 0.62(6)

0 (Co0) 77.266(6) 3.39(6) 0.96(10)

0 (Co0)" 77.215(1) 3.60(1) 0.695(1)

" 296-1273 K temperature range [26]




Table 3 Parameters of Eq. (1) describing the thermal expansion data of rs-Mn;4Zn,O solid
solutions and MnO in the 300-1000 K temperature range.

Composition, x Vo (A% ox10% (K™ % 10% (K2)
0.4 84.04(2) 3.16(2) 3.90(17)
0.3 84.94(2) 3.12(1) 3.36(16)
0.2 85.78(2) 2.75(7) 4.36(11)
0.1 86.75(2) 4.13(3) 0.42(4)
0 (MnO) 87.80(1) 3.99(1) 0.45(10)
0 (MnO)’ 87.76(1) 3.93(1) 0.49(1)

"273-1473 K temperature range [26].
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Fig. 1  Sequence of synchrotron powder X-ray diffraction patterns (A =0.6515A) of
Nig,Zny 3O solid solution taken during stepwise heating to 1100 K. The rock-salt
phase is stable up to ~970 K; the decomposition products are a mixture of two solid

solutions, wurtzite and cubic.
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Fig. 2 Unit cell volumes of rs-Ni;xZn,O solid solutions versus temperature at ambient pressure.
Error bars are smaller than the symbols. Dashed lines are least squares fits (see Table 1).
Inset: small symbols correspond to our data on lattice parameters of nanocrystalline
rock-salt ZnO in the 300-370 K range.
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Fig.3  Sequence of synchrotron powder X-ray diffraction patterns (A =0.6515 A) of rock-salt
C003Znp70 (a) and CopaZnosO (b) solid solutions taken during stepwise heating to
950 K. The first solid solution converts completely to a wurtzite structure, while the
decomposition products of the second are a mixture of three phases - wurtzite, cubic and

spinel-like.
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Error bars are smaller than the symbols. Dashed lines are least squares fits (see Table 2).
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Sequence of synchrotron powder X-ray diffraction patterns (L =0.6882 A) of
Mny 6Zn, 4O solid solution taken during stepwise heating to 1000 K. The initial rock-
salt phase is stable up to 850 K; the decomposition products are a mixture of three

phases - wurtzite, cubic and spinel-like.
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Fig. 8 Sequence of synchrotron powder X-ray diffraction patterns of rock-salt FeysZngsO
(L=0.6876 A) (a) and FegoZng ;O (L=0.6876 A) (b) solid solutions taken during
stepwise heating. The first solid solution decomposes into a mixture of two phases,
wurtzite and cubic; while the cubic structure of the second one remains stable over the
whole temperature range studied, however, at 780 K the most intense line /0/ of a-Fe

(Im-3m) appears, which then disappears at 880 K.
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Error bars are smaller than the symbols. Dashed lines are just guides for the eye.
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Fig. 10 Comparison of phase stability of rock-salt ZnO-MeO (Me = Ni, Co, Mn, Fe) solid
solutions at ambient pressure. Below the dashed lines are the fields of kinetic stability of
the corresponding cubic phases; above them the decomposition with formation of

different phases is observed.



