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Role of oxygen vacancies in stabilizing the orthorhombic phases of Hf, sZr, 5O, nanoparticles
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In this work we study the stabilization of the orthorhombic phases in small Hfj, 5Zr, 50, nanoparticles (average
size ~7 nm) annealed under different oxygen partial pressures. Concentration of the oxygen vacancies, which
is determined by annealing conditions, was estimated from the electron paramagnetic resonance spectra and
x-ray photoelectron spectroscopy. The fraction of the orthorhombic phases, that is determined by the x-ray
diffraction and nuclear magnetic resonance, depends on the concentration of oxygen vacancies. Phenomenologi-
cal calculations based on Landau-Ginzburg-Devonshire theory considering trilinear coupling between nonpolar,
antipolar, and polar phonon modes, indicate that chemical strain induced by oxygen vacancies can stabilize the
orthorhombic o-III phase with the ferroelectric long-range ordering in small Hf, 5Zr 50, nanoparticles. The
theory confirms the stability of ferroelectric polarization in the vacancy-enriched Hfy 5Zr, 50, nanoparticles.
The increase in the intensity of the dielectric permittivity maximum observed near 350-380 K in a PVDF matrix
embedded with Hfj sZry 50, nanoparticles annealed in the CO + CO, atmosphere is clearly associated with an
increase in oxygen vacancy concentration. The vacancies lead to defect-induced elastic dipole formation and
an increase in ionic conductivity, which decreases the depolarization field and may induce the ferroelectric-like
phase transition in the vacancy-enriched Hfj sZry sO, nanoparticles. Due to the interfacial effects, the negative
capacitance states may be realized in weakly screened and spatially isolated Hfy sZry 5O, nanoparticles embed-
ded in the PVDF matrix. The present approach based on oxygen-vacancy-induced elastic and screening effects

may provide a route for engineering ferroelectric-like states in other nanoscale ferroic oxides.

DOI: 10.1103/4186-w61k

I. INTRODUCTION

The discovery of ferroelectricity in thin films of hafnia-
zirconia (Hf,Zr;_,0,, 0 < x < 1) [1-3] has made these
materials highly promising candidates for nonvolatile mem-
ory devices and integrated layered capacitors [4-6]. The
chemical stability and full compatibility with complemen-
tary metal-oxide-semiconductor processes make Hf,Zr;_,O,
thin films particularly attractive for modern microelectronic
applications. Hf,Zr;_, O, thin films are successfully used as
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gate dielectrics in field-effect transistors because they do not
exhibit many of the limitations inherent to perovskite ferro-
electrics, which suffer from poor compatibility with silicon
technologies due to substantial lattice mismatches and the
presence of interfacial dead layers that degrade their ferro-
electric response. However, Hf,Zr; _, O, thin films are among
the most enigmatic ferroic materials, since the physical mech-
anisms responsible for their ferroelectric, ferrielectric, and/or
antiferroelectric behaviors, which emerge with the film thick-
ness decrease, remain under active debate [7,8].

In contrast to thin films, bulk Hf,Zr;_,O, (as well as
HfO, and ZrO,) is a nonpolar centrosymmetric material. At
room temperature and normal atmospheric pressure (~10°
Pa), these structurally equivalent compounds stabilize in the
monoclinic phase (m-phase) with the space group P2;/c. With
increasing temperature, this phase undergoes a transforma-
tion to the tetragonal phase (t-phase) with the space group
P4,/nmc, followed by a transition to the cubic phase (c-phase)
with the space group Fm3m [9,10]. Separately, under high
pressure, two orthorhombic phases (nonpolar o-I and antipolar

Published by the American Physical Society
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o-II) with the space groups Pbca and Pnma can be stable
[11,12]. Note that bulk Hf,Zr;_, O, materials stabilized in the
o-I or o-II phases do not undergo a transition to the ferroelec-
tric phase under doping, temperature, additional pressure, or
other external factors.

The ferroelectric (FE) properties of Hf,Zr;_,O; thin films
are associated with the formation of a polar orthorhombic
o-III phase with the noncentrosymmetric space group Pca2;.
Formation of the FE o-III phase was observed for the first
time in 9-nm Hf,Zr;_,0, (0 < x < 1) films covered by
TiN electrodes [1]. In this experiment, undoped HfO, films
had monoclinic symmetry and paraelectric properties, ZrO,
films had tetragonal symmetry and antiferroelectric proper-
ties, whereas Hf,Zr;_,O, (0 < x < 1) thin films demonstrated
distinct ferroelectric properties, with maximal remanent po-
larization observed in Hfy 5Zry 50, films. The formation and
stabilization of the FE o-III phase in Hf,Zr;_,O, thin films
can be attributed to several factors, including elastic strain
arising from deposition on substrates with different lattice
parameters [13—15], changes in the electronic structure due to
doping with Si [16], Y [17], or Al [18] ions, lattice distortions
caused by the formation of oxygen vacancies [19,20], size
effects [21], and the interplay of these different mechanisms.

The important role of oxygen vacancies in the stabilization
of the FE o-III phase in thin HfO, films has been confirmed by
numerous experimental [22,23] and theoretical [24] studies.
In particular, it was demonstrated experimentally [22] that the
ferroelectric properties of undoped 15-nm-thick HfO, films
deposited on Pt, TiN, and Si substrates and annealed in a
nitrogen atmosphere were determined by the concentration
of oxygen vacancies, as follows from the x-ray photoelec-
tron spectroscopy analysis. It was later shown experimentally
that oxygen-deficient Hf,Zr;_,O,_, nanoparticles, annealed
under a CO + CO, atmosphere, contain a large fraction
(>70%) of orthorhombic phases (o-I, o-II, and likely o-III),
which were indistinguishable by x-ray diffraction because
of the broadening of the diffraction peaks associated with
the small sizes (<10 nm) of the nanoparticles. The presence
of the FE o-III phase in the Hf,Zr;_,O,_, nanoparticles is
very likely because they exhibit ferroelectric-like properties
[25,26], such as a colossal dielectric response over a wide fre-
quency range [27], resistive switching, and pronounced charge
accumulation [28].

Furthermore, it was shown theoretically [24] that the influ-
ence of vacancies on the stabilization of the FE o-III phase in
HfO, films arises from the formation of elastic dipoles around
point defects, which leads to the local breaking of inversion
symmetry. Density functional theory (DFT) calculations per-
formed in Ref. [23] confirm the influence of oxygen vacancies
on the phase stability of HfO, films and revealed that the
FE o-phase becomes energetically more favorable than the
m-phase, although it remains less favorable than the tetrag-
onal and cubic phases. However, the physical mechanisms
governing the appearance and stabilization of the o-phases
(including nonpolar o-1, antipolar o-II, and polar o-III phases)
in Hf,Zr,_, O, nanoparticles remain poorly studied.

In this work, we experimentally study the stabilization of
the o-phases in Hf,Zr;_,O, nanoparticles with different con-
centrations of oxygen vacancies. The choice of nanoparticles
is motivated by the desire to eliminate the influence of the

substrate, thus isolating size effects and defect-related effects.
The concentration of oxygen vacancies was estimated by
electron paramagnetic resonance (EPR) and x-ray photoelec-
tron spectroscopy (XPS), whereas the phase composition was
estimated by x-ray diffraction (XRD) and nuclear magnetic
resonance (NMR). Phenomenological calculations based on
Landau-Ginzburg-Devonshire (LGD) theory considering tri-
linear coupling between nonpolar, antipolar, and polar phonon
modes in Hf,Zr;_,O, nanoparticles were performed to assess
the stabilization of the FE o-III phase by the chemical strain
induced by oxygen vacancies. The obtained results indicate
that Hf ,Zr;_,O, nanoparticles can serve as a model system
for disentangling the intrinsic roles of oxygen vacancies and
size effects in stabilizing ferroelectric orthorhombic phases
relevant to thin films and nanoparticle-based composites.

II. EXPERIMENTAL RESULTS AND DISCUSSION

A. Samples preparation and experimental techniques

To study how oxygen vacancies affect the emergence of
the o-phases (including the desirable FE o-III phase), we
prepared HfysZry 50, nanoparticles by solid-state organon-
itrate synthesis. The process employed aqueous mixtures of
zirconium and hafnium nitrate salts [ZrO(NO3), - 2H,0O and
Hf(NO3), - 2H,0] dissolved in distilled water at concentra-
tions not exceeding 5-10% (for methodological details, see
Refs. [25,26]). The Hfjy sZr( 5O, nanoparticles labeled as sam-
ple N1 were annealed in air at 700 °C for 6 h. Sample N2
consists of Hfy sZry 50, nanoparticles annealed at 500 °C for
6 h in a CO + CO, atmosphere to strongly increase the
concentration of oxygen vacancies.

Composite materials prepared from Hfjy sZrj sO, nanopar-
ticles obtained from samples N1 and N2 were embedded in
the PVDF polymer matrix. The samples were prepared from
precompressed (100 MPa) composites in the form of irreg-
ularly shaped plates with linear dimensions of 5-8 mm and a
thickness of about 0.5-0.8 mm. The Hfjy 5Zry 50, nanopowder
(taken from sample N1 or N2) occupied approximately 13
vol.% of the total composite volume. Silver electrodes were
deposited on the faces of the samples. The electrical properties
of the Hfy sZrysO,—PVDF composites were measured in an
ac field (f ~ 10*~10° Hz) using a Keysight E4980AL LCR
meter. Measurements were performed from room temperature
up to ~440 K, above which the PVDF-based composites
significantly softened due to heating, making reliable mea-
surements impossible.

x-ray studies of nanopowders were performed using an Ul-
tima IV x-ray diffractometer (Rigaku, Japan) with monochro-
matic Cu Ko radiation. A bent graphite single crystal mounted
in the diffracted beam was used as a monochromator. Diffrac-
tion patterns were recorded by step-by-step scanning over a
26 range of 10-70°. The scanning step was 0.04°, and the
exposure time per point was 2 s. The x-ray diffraction data
were analyzed by the Rietveld method [29] using the FullProf
software package [30]. The diffraction profiles were described
using a Pseudo-Voigt function, and the variation of the full
width at half-maximum (FWHM) with the diffraction angle 6
was described using the Caglioti function [31], FWHM? =
Utan?6 4+ Vtan6 + W, where U, V, and W are specified
parameters when calculating by the Rietveld method.
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FIG. 1. TEM images of Hf\ 5sZry 5O, nanoparticles annealed in an air atmosphere, sample N1 [(a) and (b)] and in CO + CO, atmosphere,

sample N2 [(c) and (d)].

XPS of nanopowders were measured by an AXIS Supra
photoelectron spectrometer using monochromatic Al Ko ra-
diation (1486.6 eV, 300 W, area analyzed —0.7 x 0.3 mm?).
A gas cluster ion source was used to remove contaminants
from the surface. To minimize damage to sample surface due
to interaction with high-energy ions, the ion source operated
in cluster mode (the energy of the primary cluster ion was
5 keV, and the cluster contained 2000 argon atoms). This
mode of operation significantly reduces surface damage to the
samples. The irradiation time with the primary cluster ions
was 5 min. Photoelectron spectra were recorded before and
after surface cleaning with Ar ion clusters. The main peak
of the C s spectrum, corresponding to carbon contamination
(C-C), was used as a reference to calibrate the binding energy
scale (i.e., fixed at 284.5 eV). The C 1s spectra for all samples
are presented in Fig. S3 in the Supplemental Material [32]. In
general, the C-C position is not universal and can vary with
sample work function and charging [33]; however, the change
in the C-C positions appeared negligibly small in all studied
samples.

NMR spectra of nanopowders were collected for static
samples packed in a glass tube at room temperature using
a commercial Bruker (Avance II) 9.4 T spectrometer. Ex-
tremely broad °'Zr spectra were acquired by stepping the
spectrometer frequency across the spectrum and recording
spin-echoes using the conventional 90, - 7 - 90, - T spin-echo
pulse sequence. The spin-echo delay time t was 20 us, and
the repetition delay time between scans was 0.1 s. A four-
phase “exorcycle” phase sequence (xx, xy, x-x, x-y) was used
to form echoes with minimal distortions due to antiechoes,
ill-refocused signals, and piezoresonances [34]. The length of
the /2 pulse was t;, = 2 us; 500000 scans were accumu-
lated at each step due to the small amount of the investigated
sample. Individual echoes were Fourier transformed and then
superimposed in the frequency domain. Spectral simulations
were performed using the TopSpin and MRSimulator soft-
ware programs [35]. Zirconium rotors were not used in NMR
experiments.

EPR spectra of nanopowders were recorded using a Bruker
Elexsys E580 spectrometer operating in the X-band (9.8 GHz)
with a magnetic field modulation of 100 kHz. The microwave
power was set to 2 mW and the modulation amplitude to 2.0
G. The spectra were obtained over the range of 0—5000 G for

most samples and in a temperature range from room tempera-
ture to 20 K. The spectrometer was calibrated using standard
calibration samples provided by Bruker BioSpin. In addition,
the magnetic field values are regularly checked by NMR Tes-
lameter in the broad region 0—14 kG. The mass of the samples
was about 2.3 and 1.8 mg for samples N1 and N2, respectively.
The effective g-factor values were determined according to
the relation gy = hv/(upH;), where h is Planck’s constant,
v is the microwave frequency, up is the Bohr magneton, and
H, is the magnetic resonance field. Spectral simulations and
fitting parameters were obtained using the EasySpin software
package [36].

B. Materials characterization

According to the scanning electron microscopy analysis
(see Fig. S1 in the Supplemental Material [32]), nanopowder
samples N1 and N2 are homogenous and consist of particle
clusters with an average size of about 65 nm. The electron
dispersion spectra (EDS) analysis confirmed that the con-
stituent elements (Hf, Zr, and O) are uniformly distributed in
the Hfy sZrp 50, nanoparticles, forming a solid solution (see
Fig. S2 in Supplemental Material [32]). At the same time, the
appearance of Debye-Scherrer rings and transmission elec-
tron microscopy (TEM) images show that the Hfj 5Zr;sO;
nanoparticles have individual sizes around 7 nm and a high
degree of crystallinity (see Fig. 1).

XRD measurements of the nanopowder samples are pre-
sented in Fig. 2. Despite the high crystallinity of the individual
Hf 571y 50O, nanoparticles, their XRD spectra exhibit broad
diffraction peaks arising from nanoscale dimensions and
significant microstresses (“‘second-order” stresses), thereby
complicating the analysis. The separation of the contributions
to diffraction-peak broadening associated with the small sizes
of the nanoscale coherent scattering regions and second-order
stresses was carried out using the Williamson-Hall method.
While the diffraction pattern of the monoclinic phase dif-
fers significantly from those of the other possible phases,
the diffraction patterns of the tetragonal and orthorhombic
phases are more difficult to distinguish from each other using
XRD [37]. The full basis used for XRD peak assignment in-
cludes the orthorhombic space groups Pbca, Pnma, and Pca2,
[37,38], the tetragonal space group P4,/nmc [10], and the
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FIG. 2. XRD spectra of HfjsZry 50, nanoparticles annealed in
air (a) and CO + CO, atmospheres (b).

monoclinic space group P2;/c [39]. During the calculation,
the positional parameters of the atoms in the structures were
fixed.

Based on the full-basis analysis of the XRD spectra, the
Hf 571y 5O, nanopowders annealed in air (sample N1) pre-
dominantly exhibit a coexistence of the m-phase (63.54 wt.%)
and the o-I phase Pbca (36.46 wt.%). According to Ref. [37],
the difference in residual error between the “monoclinic +
orthorhombic Pbca” basis and the “monoclinic + tetragonal
+ orthorhombic Pbca” basis used for assignment of the XRD
peaks is usually small. However, for the case of sample N1,
the smaller residual error corresponds to the “monoclinic +
orthorhombic Pbca” basis.

Sample N2, consisting of HfysZry 50, nanopowders an-
nealed in a CO + CO, atmosphere, reveals only o-phases (100
wt.%), which are virtually indistinguishable by XRD in the
nanoparticles, since the o-I, o-1I, and o-III phases have almost
identical cation arrangements and differ only in the positions
of the oxygen atoms. The difference in the XRD peaks corre-
sponding to the positions of the oxygen atoms is not resolvable
due to the broadening effect [37]. To achieve a clearer dis-
tinction between the tetragonal and/or orthorhombic phases,
NMR measurements were performed (see Sec. I E). Looking

ahead, we note that analysis of the NMR spectra indicates
that the symmetry of sample N2 is consistent with either the
antipolar o-1II or polar o-III phase, thus excluding the presence
of the tetragonal and nonpolar o-1 phases.

Distinguishing among the three orthorhombic phases,
namely the nonpolar o-I, antipolar o-II phases, and polar FE
o-III phases, is particularly challenging. However, one can
assume that the mechanism of formation of the orthorhombic
phases under the influence of oxygen vacancies promotes
the formation of the polar o-III phase. The assumption is
corroborated by the following arguments. The unit cell of
the nonpolar o-I phase can be imagined as consisting of two
coupled polar cells distinguished by oxygen displacements in
opposite directions [40]. The polar o-III phase arises from
the displacement of one type of oxygen atoms in the same
direction along the z axis. Displacement in the opposite di-
rection can also induce a FE phase with opposite polarity.
The antipolar o-II phase arises from the displacement of the
same type of oxygen atoms in different directions along the
z axis. Since oxygen vacancies produce elastic strains, which
stabilize the shift of oxygen atoms in the same direction along
the z axis [24], it is reasonable to assume that the vacancies
stabilize the FE o-III phase.

C. x-Ray photoelectron spectroscopy results

To study variations in the chemical composition and va-
lence states of surface species depending on the synthesis
conditions, the Hfj5Zry 50, nanopowder samples were ex-
amined using XPS. To distinguish between possible surface
defects and contamination, the Hf 4f, Zr 3d, and O 1s XPS
spectra were obtained for both annealed samples (N1 and N2)
before and after “mild” surface cleaning by argon (Ar) ion
clusters (5 keV, about 2000 Ar ions per cluster) for 300 s.
The mild surface cleaning by Ar-ion clusters is specifically
designed to remove surface contamination, while minimizing
structural and chemical modification of the sample.

The Hf 4f and Zr 3d XPS spectra consist of two main
peaks corresponding to the spin-orbit splitting of the 4 f and
3d electrons, respectively. Fitting each component of the Hf
4 f doublet by Gaussian peaks yields binding energies of 18.2
and 16.5 eV (£0.1 eV) for Hf 4 f5,, and Hf 4 f7/,, respectively,
which correspond to the Hf-O bond, where Hf is in the +4 ox-
idation state. Fitting the Zr 3d doublet gives 182.1 and 184.5
eV (£0.1 eV) for 3ds,, and 3d3,, respectively, corresponding
to Zr** in ZrO,. The positions of these peaks are virtually
identical for all samples. Any visible shoulder with a lower
binding energy that could correspond to a metal (Hf or Zr) in
the 4-3 oxidation state is not resolved in the XPS spectra.

The main difference in the spectra is the shoulder with a
higher binding energy, whose intensity depends on sample
preparation conditions and decreases substantially after clean-
ing the sample surface. Figure 3 shows the Hf 4f and Zr
3d XPS spectra of the HfjsZrysO, nanoparticles annealed
in air or CO + CO, atmospheres, before and after surface
cleaning. In both the Hf and Zr spectra, the high binding
energy shoulder is substantially more pronounced before sur-
face cleaning and decreases after cleaning, indicating a strong
surface-related contribution. Such high-energy shoulders in
transition metal spectra (i.e., Hf and Zr) are usually associated
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FIG. 3. Hf 4f and Zr 3d XPS spectra of HfysZrysO, samples, N1 [(a) and (b)] and N2 [(c) and (d)], annealed in air or in a CO + CO,
atmosphere, respectively. Columns (a) and (c) correspond to samples N1 and N2 before mild surface cleaning by Ar ion clusters, and columns
[(b) and (d)] correspond to samples N1 and N2 after 300 s of surface cleaning. Black curves represent experimentally measured spectra, and red
curves are fits using three Gaussian components. The two green components correspond to the spin-orbit doublet, while the blue component

represents the high binding energy shoulder.

with shake-up satellites [41,42]. Their intensity depends on
the degree of covalency of the chemical bond formed by the
metal atoms with the functional groups present at the surface,
which may be influenced by oxygen vacancy modified local
environments; it may also be related to surface contamina-
tion during the synthesis process. Partial removal of surface
contaminants and weakly bound groups significantly reduces
the intensity of this peak. Correlation of the intensity of the
shake-up satellites with the synthesis conditions likely arises
from the enhanced ability of vacancy sites to adsorb oxygen
species in samples annealed in a CO 4 CO, atmosphere. A
more detailed analysis presented below (see Fig. 4) suggests
that the high-energy shoulder is linked, at least indirectly, to
reducing conditions (oxygen vacancy formation), because the
O 1s signal likely reflects surface-related oxygen species or
oxygen vacancy-modified local environments rather than the
oxygen vacancies themselves.

To obtain more details about the formation of chemical
bonds by oxygen atoms and, possibly, to probe the formation
of oxygen vacancies, a detailed study of the high-resolution
O 1s XPS spectra was performed (see Fig. 4). The O 1s XPS
spectra of the annealed samples [Fig. 4, column (a)] show a
highly asymmetric peak, which can be decomposed into three

Gaussian components with binding energies of about 530,
531.5, and 532.2-533.8 eV. They are designated as I, II, and
IITin Fig. 4. As can be seen from the figure, the shape of the O
1s peaks depends on the synthesis conditions. The binding en-
ergies of O 1s electrons for all components obtained from the
Gaussian decomposition, as well as their relative intensities,
are presented in Table I, which also provides the contribution
of the orthorhombic phases in the studied samples, determined
from the XRD spectra. The change in the number of defects
presumably induced by synthesis conditions is accompanied
by a change in the asymmetry of the spectral peak, manifested
in a redistribution of intensity between peaks II and III, with
an increase in peak III and a corresponding decrease in peak
II. This effect is particularly pronounced for peak III.

From Fig. 4, the high-binding-energy peak III is more
pronounced in the samples annealed in CO + CO; than in
the samples annealed in air, accompanied by a corresponding
redistribution of spectral intensity between peaks II and III.
The effect is particularly noticeable after surface cleaning.
This behavior suggests that peak III is linked, at least in-
directly, to reducing conditions and oxygen vacancy-related
local environments. The CO 4+ CO, atmosphere likely acts
as a reducing environment by lowering the oxygen partial
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FIG. 4. O 1s XPS spectra of the annealed Hf,, 5Zr, 50, samples, N1 and N2, before surface cleaning (a) and after cleaning with Ar ion
clusters for 300 s (b). Black curves are experimentally measured spectra; red curves are fits using three Gaussian components shown by the

violet, green, and blue curves.

pressure and thereby promoting oxygen vacancy formation,
whereas annealing in air has an opposite effect and suppresses
oxygen vacancy formation (see Table I).

The most intense in these compounds corresponds to the
peak with a binding energy of about 530 eV and can be
assigned to lattice oxygen (peak I), which has similar values in

the HfO, and ZrO, [43,44], where the Hf and Zr ions have an
oxidation state of +4. Peaks II and II1, by their position, can be
attributed to hydroxyl groups or various carbon groups, such
as physically adsorbed CO, molecules, carbonates formed as
a result of the interactions between CO and oxygen at the
surface, as well as defects of the C-O-Me type, where the

TABLE I. Preparation conditions of the Hf; 5sZr; 50, nanopowders, binding energies, peak areas obtained from Gaussian decomposition of
the O 1s XPS spectra, and the fraction of the o-phase for each sample. The XPS peaks discussed in detail in the text are attributed to I, lattice
oxygen; II, defect-related surface oxygen; III, high binding energy peak commonly associated with surface species such as hydroxyl groups

and vacancy-related defects.

Nanopowder samples Binding energy (eV) Peak area (%)
Sample Annealed I I 111 I IO 1 Fraction o-phases (wt. %, determined from XRD)
N1 Hfy5Zry50, in air 530 5315 533.1 53 35 12 36 wt. % of the o-I phase
Cleaned by Ar-ion clusters 530 531.8 533.1 54 30 16
N2 Hfy5Zry50, in CO + CO, 529.8 5314 533 48 29 23 100 wt. % of the inseparable o-I, o-1I and o-III phases
Cleaned by Ar-ion clusters 530 531.5 5329 56 14 30
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metal Me refers to hafnium or zirconium. At the same time,
there are many studies in which the O 1s peaks with higher
binding energy are considered to be characteristic of oxygen
vacancies present in the samples [45-50]. In this case, peaks
IT and III refer to O 1s signals from oxygen-deficient re-
gions and surface oxygen vacancies capturing oxygen-related
groups (e.g., OH groups) [49,50]. Several explanations have
been proposed for the sensitivity of O 1s spectra to oxygen
vacancies. For example, the formation of trivalent metal ions
(Hf** or Zr**) can reduce the electron density on neighboring
oxygen atoms, leading to an increase in their O 1s binding
energy [45]. This may contribute to the observed increase in
the high-binding-energy component (peak III), although other
surface-related species may also play a role.

While this approach is widely accepted in literature, the
attribution of this O ls peak to the oxygen deficient regions
has also attracted serious criticism. One of the arguments
is that oxygen molecules, water molecules, and/or oxygen-
related groups adsorbed from the surrounding atmosphere
immediately oxidize the hafnia-zirconia surface with oxygen
vacancies presented in their structure. This leads to the healing
of the surface oxygen vacancy and results in the appearance of
O 1s signals in the region of 531.5-533 eV, which is attributed
to absorbed water and hydroxyl groups formed in result of dis-
sociation of adsorbed water [51]. Also, the DFT calculations
for different metal oxides show that oxygen vacancies have a
very small effect on the O 1s binding energies of neighboring
oxygen atoms, while OH groups can shift the core levels of
the O 1s peak by more than 2 eV [52]. In the present interpre-
tation, peak I is associated with lattice oxygen, peak II with
surface-related oxygen environments, while peak III appears
more strongly connected to reducing conditions and oxygen-
vacancy-modified environments. Thus, the oxygen-deficient
contribution is associated with peak III only.

Despite the controversy surrounding the assignment of
oxygen vacancies based on the Ols peak and the lack of
a clear physical basis for the proposed explanations, there
is a strong correlation between the shape of the XPS line
and the oxygen vacancy concentrations expected for samples
prepared under different annealing conditions. The presence
of vacancies, as well as Hf?>* and Zr3* ions, is not definitively
identified in the Hf 4 f and Zr 3d XPS spectra but may be more
reliably confirmed by EPR studies, where signals attributed
to Hf** and Zr** together with associated oxygen vacancies,
are clearly detected (see Figs. 5 and 6 in the next section).
EPR is a bulk-sensitive volumetric technique, whereas XPS
probes nanoparticles located within the sample surface layer
(~5-10 nm), where the chemical environment is strongly
influenced by ambient exposure. EPR provides information on
vacancy-related paramagnetic defects (e.g., oxygen vacancies,
Hf** and Zr** centers), while XPS reflects the chemical states
of oxygen at the surface. Taken together, the XPS and EPR
data provide a more complete picture by linking the electronic
signature of defects (EPR) with the corresponding chemical
response at the surface (XPS).

The relative contribution of peaks I-III changes noticeably
in the XPS spectra of the etched samples [Fig. 4, column
(b)]. For both annealed samples, a sharp decrease in the in-
tensity of peak II is observed (see Table I), which allows
us to conclude that this peak includes signals from surface
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FIG. 5. EPR spectra of Hfy 5Zr( 50, nanopowders annealed in air
(sample N1) and CO + CO, atmosphere (sample N2), recorded at
temperatures 20 K and 295 K.

contaminants as well as from weakly bound molecules on the
sample surface. The effect is particularly pronounced for the
Hfy 571y 50, sample annealed in the CO + CO, atmosphere.
Meanwhile, the relative intensity of peak III with the higher
binding energy increases after surface cleaning by Ar ion
clusters and reaches a maximum for the Hfy 5Zry 50, sam-
ple annealed in the CO 4 CO, atmosphere. This result can
be explained by the role of oxygen vacancies, which act as
active surface centers and promote the adsorption of water
molecules. Some of these molecules subsequently dissociate
into OH groups, depending on the number of electrons (from
0 to 2) captured by the vacancy. This also implies that water
and OH groups adsorbed by the sites of oxygen vacancies
are bound to the surface more strongly. This interpretation
suggests that weakly bound groups, partially removed during
surface cleaning, may be associated with the outer layers
formed over the compensated vacancies. In this case, the much
smaller effect of surface cleaning on peak II for the sample
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FIG. 6. Detailed EPR spectra of Hfj5Zr, 50, nanoparticles an-
nealed in air (sample N1) and Hfj sZrysO, nanoparticles annealed
in CO + CO, (sample N2), obtained at 20 K, together with the
fitting of the spectrum of sample N1 (red dashed line) and the fitting
component corresponding to Hf** and Zr** ions.

annealed in air may be associated with the significantly lower
number of surface centers produced by oxygen vacancies in
this sample. Namely, the same groups appear to be more
strongly bound to the sample surface and therefore are not
removed during cleaning. It can be used as a tool for a rough
quantitative estimate of the number of vacancies. However, it
is impossible to obtain an accurate estimation, since water is
adsorbed not only by the sites of oxygen vacancies but also at
other sites on the surface.

The relative intensity of peak III for the Hf 5Zry 50, sam-
ple annealed in the CO + CO, atmosphere is approximately
twice as high as that for all other samples. Assuming that the
concentration of oxygen vacancies scales approximately lin-
early with the peak intensity, one may conclude that annealing
in CO + CO, atmosphere increases the vacancy concentration
significantly. At the same time, this sample exhibits 100%
o-phase content, as determined from the XRD data. This cor-
relation supports the proposed assignment and is consistent
with the role of oxygen vacancies in stabilizing o-phases in
the studied samples.

We attempted to estimate the increase in the vacancy
concentration at the surface of the sample annealed in a
CO + CO, atmosphere, which contains 100% of o-phases,
compared to the sample annealed in air. This was done by
assuming that OH groups and water molecules adsorbed at
the vacancy sites on the surface, producing a separate peak
(located at a different binding energy than the main lattice
oxygen peak). An increase in its intensity directly indicates
an increase in the number of vacancies. Using this way, we
estimated that the Hfj5Zry50, sample N2 annealed in the
CO + CO, atmosphere may contain approximately 10-15%
oxygen vacancies.

D. Electron paramagnetic resonance spectroscopy

EPR is a powerful technique for characterizing defects that
have an unpaired spin. Such defects include oxygen vacancies
with a single trapped electron. Moreover, the formation of
oxygen vacancies is accompanied by a reduction in the va-
lence state of neighboring Hf or Zr cations. This reduction can
lead to the presence of uncompensated 5d or 4d electrons on
Hf and Zr, giving rise to EPR signals corresponding to Hf**
and Zr*" ions. These spectral features are well documented
in the literature [53,54] and can be effectively used to esti-
mate the concentration of oxygen vacancies in the investigated
samples.

EPR spectra of Hfys5Zrys0O, nanoparticles without pur-
poseful oxygen vacancy formation have been reported in
Ref. [28]. In the present work, the spectra of the hafnia-
zirconia compounds show significant differences primarily in
samples containing varying concentrations of oxygen vacan-
cies and other synthesis-induced defects. Figure 5 presents the
spectra of Hf( 5Zry 50, nanoparticles annealed in air (sample
N1) and in a CO + CO; atmosphere (sample N2).

The intensities of the lines presented in Fig. 5 are not
normalized to the number of spins; instead they are chosen for
the convenience of presenting the spectra in a single figure.

The EPR spectra of the studied compounds generally ex-
hibit four lines of varying intensity, depending on the sample
and the measurement temperature. Line S1, with a g-factor
of approximately 4.3, corresponds to isolated Fe’' ions in
a rhombically distorted environment [55] and is attributed to
unintentional Fe** impurities present in all samples.

The broad line S2, with a g-factor in the range of 2.0-2.4,
is attributed to paramagnetic ions with uncompensated elec-
tron spins. These ions form clusters where dipole-dipole and
exchange interactions between individual spins contribute to
the observed line broadening. The intensity of this line does
not change substantially with the temperature, and in Ref. [56]
it was assigned to Hf (Zr)*® — V|, centers, presumably formed
in the surface region, where exchange interactions between
them lead to the formation of magnetically ordered regions.
In sample N2, “enriched” with oxygen vacancies, this line has
substantially higher intensity than in sample N1 and can be as-
signed to clusters formed by electrons captured by vacancies
located both in the surface region and the sample volume. The
double integrated intensity of this line is substantially higher
for the sample N2 (see Fig. S4 in Supplemental Material [32]).

The sharp, intense line S3, with a g-factor of 2.0031,
appears in all compounds but shows a significantly higher
intensity in sample N2 annealed in a CO + CO, atmosphere.
This line does not saturate with decreasing temperature, and
its double integrated intensity follows the Curie-Weiss law,
I =C/(T —6),with & = —1 K, indicating a weak antiferro-
magnetic interaction, which leads to line narrowing (see Fig.
S5 in the Supplemental Material [32]).

However, the concentration of the corresponding para-
magnetic centers is not sufficient to form ferrimagnetic or
superparamagnetic clusters, as in the case of line S2. The lines
with g-factor about 2.00 is often assigned to EPR signal orig-
inating from oxygen vacancies in different compounds [53].
However, in Hfj 5Zry sO, compounds, due to partial localiza-
tion of an electron trapped by an oxygen vacancy on a Hf or
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Zr d orbitals, the g-factor values should be substantially lower
than 2.00 due to contribution of orbital moment and expected
to be around g, = 1.918, g,, = 1.926, and g.. = 1.944 as
shown in Ref. [57] for HfO,. This allows us to attribute this
line to residual carbon-containing inclusions, which can give
a signal with such a g-factor [28,58]. The higher intensity
of line S2 in sample N2 is consistent with annealing of the
sample in a CO + CO, atmosphere. In spite of the fact that
this carbon-related EPR signal is strong, its integral intensity
(and respectively concentration of paramagnetic species) is
approximately three orders smaller compared to the broad S2
line.

At the same time, in the spectrum of sample N1 an ad-
ditional feature S4 is clearly resolved at low temperature.
Detailed EPR spectra of both samples, obtained in a narrow
range around the S4 feature, are presented in Fig. 6. The
spectrum of sample N1 recorded at 20 K, in addition to
the moderate-intensity S3 line, reveals two additional distinct
features: a line with g, = 1.999, g, = 2.008, and g. = 2.004,
which can be attributed to hole-type oxygen (O™) centers
[59], and a line with g, = 1.948, g, = 1.975, and g, = 1.967.
The latter line, whose theoretical simulation is shown at the
bottom of the figure, corresponds to isolated Hf3* and Zr**+
ions [28,54,57].

Thus, the EPR spectra demonstrate the presence of Hf>*
and Zr** ions formed in the samples due to oxygen vacancies,
as well as the formation vacancy-associated clusters contain-
ing trapped electrons and Hf**/Zr** ions. The overall EPR
signal associated with these oxygen-vacancy-related centers
is substantially stronger in sample N2.

E. Nuclear magnetic resonance spectra of *'Zr

NMR spectra provide a powerful method to study the
symmetry of the local atomic environment; it is widely used
to determine the phase composition of materials [60,61].
The most suitable isotope for NMR studies of Hfj 5Zry 50,
nanoparticles is the °'Zr, which has a natural abundance of
11.2%, a nuclear spin I = 5/2, and a quadrupole moment
eQ = —17.6 fm?.

As demonstrated in studies of zirconia-based materials
[61], the shape of the 17 NMR spectra in zirconium oxides
is primarily determined by the quadrupolar interaction of the
zirconium nuclei with the electric field gradient (EFG) gener-
ated by the surrounding charges. The spin Hamiltonian of the
quadrupolar interactions can be expressed as [62]

Coh 2 2,7

= 41— 1)[31Z I3 us +L)]’ M
where Cp = eQV,,/h is the quadrupole coupling constant,
proportional to the largest eigenvalue |V,,| of the EFG tensor
in its principal axes system with V| > [Vi| > |V,,[, and
n = (Vix — Vy)/V;; is the asymmetry parameter of the EFG
tensor.

Only the central Y2 <> -Y2 transition, which is affected by
a second-order perturbation of the Zeeman interaction, is well
resolved in the spectra of studied samples. The frequency shift
of the central transition due to the quadrupole interaction can

be expressed as:

2

v 3
@ _ __"0 S
Wh = ~ter (1(1 +1) 4>fﬂ<e, o). @
where vy = —% and the function f; (6, ¢) depends on

the asymmetry of the EFG tensor and the orientation of its
principal axes relative to the external magnetic field [63].

The central transition line in the °!Zr NMR spectra typ-
ically exhibits a width on the order of several hundred
kilohertz; this is true even for bulk samples [61,64]. NMR
lines from higher-order satellite transitions in powdered sam-
ples are broadened due to the much stronger first-order
quadrupolar interaction and the distribution of quadrupolar
parameters arising from local structural distortions. Neverthe-
less, the overall shape of the °!Zr NMR spectra reflects the
symmetry of a crystalline phase, which determines the local
symmetry of the EFG at the zirconium nuclei. For example, in
a phase with tetragonal symmetry, the zirconium site exhibits
n =0 and a quadrupole coupling constant Cp = 19.1 MHz,
whereas in the monoclinic phase 7 increases slightly to 0.1
[61]. In contrast, specially prepared magnesia-partially stabi-
lized zirconia (MgO-PSZ), containing 45.5% of the o-phase
as confirmed by neutron diffraction, exhibits noticeably dif-
ferent parameters: Cp = 17 MHz and = 0.8, where the large
asymmetry parameter 1 significantly changes the spectral line
shape [61].

The experimental 917Zr NMR spectrum of Hfjy5ZrysO,
nanoparticles, annealed in a CO + CO, atmosphere, is pre-
sented in Fig. 7(a). The best fit of the spectrum requires two
components, reflecting the presence of distinct regions with
different distributions of quadrupolar parameters around the
zirconium nuclei. Regions in close proximity to bulk and
surface defects exhibit a broad distribution of quadrupolar
parameters, producing a wide line in the spectrum that is well
approximated by a Gaussian function [see Fig. 7(a), dashed
curve]. In contrast, regions with a more moderate distribu-
tion of quadrupolar parameters exhibit an orthorhombic local
symmetry. Their NMR response can be modeled using Eq.
(1) with Cp = 17.8 MHz and n = 0.8 [see Fig. 7(b)]. These
values are in good agreement with those previously reported
for the o-phase of MgO-PSZ [61]. It should be noted that no
effect of the paramagnetic centers is observed in the spectral
line, which apparently results from the small fraction of Zr
atoms near the vacancies compared with the total number of
Zr in the sample.

To emphasize the distinction between the orthorhombic
and tetragonal phases, Fig. 7(c) shows a line constructed using
the same quadrupole coupling constant Cp and other parame-
ters as in Fig. 7(b), but with n = 0, corresponding to the EFG
of zirconium in a tetragonal environment. The pronounced
difference in line shapes supports the correct assignment of
the experimental spectrum to the o-phases.

It should be noted that a broad NMR line with a Gaussian-
type background [see Fig. 7(a), dashed curve] is typically
observed in disordered materials such as glasses, but it may
also result from a broad distribution of local environments
in crystalline systems. To describe such distributions of the
EFG in disordered or partially disordered systems, the Czjzek
or extended Czjzek model is typically employed to construct
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FIG. 7. (a) Experimental *'Zr NMR spectrum of HfysZry 50,
nanoparticles annealed in a CO + CO, atmosphere along with the
best fit, where the dashed curve presenting a Gaussian component;
(b) the line shape corresponding to orthorhombic symmetry; and
(c) the line shape corresponding to tetragonal symmetry. Inset: The
experimental spectrum (black curve) and its fits obtained using the
extended Czjzek model assuming 7 = 0.8 and ¢ = 0.3 (red curve) or
n = 0.0 and ¢ = 0.3 (green curve).

the corresponding NMR line. The Czjzek model allows one to
determine the quadrupolar parameters influencing the shape
of the NMR spectra under the assumption of a Gaussian distri-
bution of the EFG values with zero mean values. On the other
hand, the extended Czjzek model assumes that the EFG tensor
can be expressed as V =V 4 ¢V, where V, denotes a well-
defined contribution arising from the average local symmetry
and V is a Gaussian-distributed random component described
by the Czjzek model. The parameter ¢ controls the degree of
admixture between the ordered and disordered contributions
to the EFG [65,66].

In this context, the inset in Fig. 7 shows the fit of the
experimental spectrum, where the regions with preserved av-
erage local symmetry are modeled using the extended Czjzek
approach. A slightly larger quadrupolar constant is obtained,
Co = 19 MHz, with the best fit corresponding to n = 0.8,
consistent with orthorhombic symmetry. For comparison, the
line shape associated with a tetragonal phase is characterized
by Cp = 19 MHz and 1 = 0 under the extended Czjzek dis-
tribution; it is shown at the bottom of the inset in Fig. 7.

Analysis of the experimental spectra therefore indicates
that the nanoparticles are stabilized predominantly in the o-
phases, which can include nonpolar o-1, antipolar o-II, and
polar o-IIT phases, and can be clearly distinguished from
the tetragonal line shape by the asymmetry parameter of the
EFG. However, considering that the nonpolar and antipolar
o-phases can be regarded as mirror-reflected arrangements of

monoclinic and polar phases, respectively [67], and taking
into account that in the monoclinic phase the symmetry of the
local environment is characterized by a value of 7 close to 0,
the NMR results suggest that the experimental compound is
more consistent with either an antipolar or a polar o-phase.
Despite the fact that the NMR study (as well as EPR and
XRD) does not allow us to separate all three o-phases, the-
oretical modeling, presented in the next section, indicates the
appearance and stability of the FE o-III phase in the presence
of oxygen vacancies.

III. THEORETICAL MODELING

A. Model description

Elastic strains can induce a ferroelectric state in HfO, thin
films [15,21,68]. Recently, it has been shown theoretically
that compressive chemical stress can induce a FE o-III phase
and related polar properties in spherical HfO, nanoparticles
[69]. Similar effects may be expected in the oxygen-deficient
Hf 5sZry 50, nanoparticles considered in this work. This ex-
pectation is based on the fact that oxygen vacancies can induce
strong chemical strains in oxide ferroelectrics [70,71]. Also,
there are many papers discussing the qualitative effects of
impurities in hafnia thin films on their ferroelectric properties.
Several authors have attributed the observed effects to chemi-
cal strain induced by impurities. For instance, Li et al. [72]
found that ultrahigh remanent polarization can be achieved
in Ce-doped HfO, films through negative chemical strain and
proposed the biaxial strain-engineering strategy. At the same
time, we have not found any quantitative estimates of the
chemical strain parameters for pure hafnia or hafnia-zirconia.
Only a few papers have addressed chemical strain in simple
oxides, such as CeO, and ZrO,, see, e.g., Marrocchelli et al.
[73].

To study this possibility theoretically, let us consider an
ensemble of HfysZrys0, core-shell nanoparticles with a
spherical shape and narrow size distribution. The average
particle radius is R &~ 3.5 nm with a standard deviation of the
particle size distribution of § ~ 0.5 nm is obtained from TEM
measurements. The cores are assumed to be defect-free, crys-
talline, and insulating. The core is covered with a thin shell,
whose thickness AR is much smaller than the core radius
R, (see Fig. 8). The shell is assumed to be semiconducting
due to the high concentration of oxygen vacancies, which can
be ionized. Both neutral and ionized vacancies act as elastic
defects, which induce strong chemical strains with a magni-
tude w,. These strains are proportional to the product of the
Vegard tensor magnitude W, and the defect concentration n,
i.e., wy = Win. The absolute value of |W;| (also referred to as
the “elastic dipole™) is about 3—30 A® in oxide ferroelectrics
[70,71] and about 3-33 A3 depending on the impurity in
HfO, and ZrO, [72,73]. Therefore, the estimation n ~ (0.3 —
3)-10%” m~3 for the atomic concentration ny = 6 x 10% m—>
agrees with relevant experiments [74—76]. These experiments
show that the defect concentration can exceed 0.5-5% near the
surface of various oxides, and that the corresponding chemical
strain w; can reach several percent. Due to the elastic mis-
match at the core-shell interface, the chemical strain induces
elastic stress in the core [69]. The nanoparticles assumed to
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FIG. 8. (a) The cross section of a spherical Hfy5Zry50, core-shell nanoparticle: A defect-free core of radius R, is covered with a
paraelectric shell of thickness AR, which is filled with elastic defects (oxygen vacancies) and free charges. (b) An ensemble of HfjsZry 50O,
core-shell nanoparticles with an effective dielectric permittivity e.. (c) An ensemble of clustered and well-screened Hfj 5Zr; 50, core-shell

nanoparticles. Part (a) is adapted from Ref. [69].

be placed in a dielectric medium, whose effective dielectric
permittivity e.r depends on their concentration. Following
Ref. [69], we assume that the effective screening length As
in the shell depends on the defect concentration n according

eokpT
2€2n6‘c1‘|’ ’

kg is the Boltzmann constant, 7 is the absolute temperature,
and e is the elementary charge.

To describe the phase diagrams of the HfysZry 50,
nanoparticles, we use the LGD approach proposed in
Ref. [69]. The form of the free energy functional is based
on the work of Delodovici er al. [77,78], Lee et al. [79],
and Jung and Birol [80,81], where the principal role of the
trilinear coupling between the polar, antipolar, and nonpolar
modes has been established. According to these studies, the
polar mode cannot appear alone (see e.g., Fig. 1 in Ref. [79])
since it should be accompanied by the antipolar and nonpolar
modes, and the trilinear coupling of the modes leads to the
trigger-type FE transition to the o-III phase. The trilinear cou-
pling may explain why it is difficult to stabilize a purely polar
o-III phase in the Hf 5sZrp 5O, nanoparticles, while mixtures
of polar, antipolar, and nonpolar o-phases can be observed.

The LGD free energy of the Hf( 5Zry 50, nanoparticle core
corresponding to the FE o-III phase consists of the bulk energy
density fuu, the electric energy fe, and the surface energy Fj
[69]:

to Aeff = where & is the vacuum dielectric constant,

Fo—phase = / (fbulk +fel)dv + F;,

fbulk :qu +ftr+fesl+fgrad- 3)

The bulk energy density fyuk is the sum of the biquadratic
energy fiyq and trilinear coupling energy fi; of the polar,

antipolar, and nonpolar order parameters, the elastic and stric-
tion energy contributions f., and the gradient energy of the
order parameters fgaq. The energy fiq is an expansion over
the even powers and fi; is an expansion over the odd powers of
the dimensionless amplitudes Qrs, Qy», and Qy4 of the polar
phonon mode I';_, nonpolar phonon mode Y,., and antipolar
phonon mode Y (see Refs. [77,78,80,81]. for details). The
energies foq, firs fests ferad, and fer are listed in Ref. [69].
Corresponding material parameters are listed in Ref. [21].
Assuming natural boundary conditions at the core-shell inter-
face, namely 33% = 0, the surface energy F; can be neglected
in Eq. (3). Following the arguments given in Refs. [21,69,78],
we consider the orthorhombic Ccce phase as the parent phase
of the Hfy 5Zry 50, core.

The polarization Pj is proportional to the amplitude Qr; of
the I'3_ mode [21,78,80]:

 zzd
B Vf.u.

P; Or3 ~ PyOrs, 4)

where the polarization amplitude Py &~ 54.8 4 C/cm? at room
temperature [78].

The ferroelectric state of the core can be stable when its
free energy Fi.phase 1S smaller than the energy of the m-phase,
F, = f fndV, where f,, is the energy density of the m-phase
in bulk Hfo'5ZI‘Q,502.

B. Theoretical results

The averaged spontaneous polarization P; and the antipo-
lar order parameter Qy4, of Hfys5Zry 5O, nanoparticles as a
function of defect concentration n and elastic dipole W; are
shown in Figs. 9(a) and 9(b), respectively. The color scales
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FIG. 9. The absolute value of the spontaneous polarization P, [(a) and (b)], the amplitude of the antipolar order parameter |Qy4,| [(c) and
(d)], the activation field E,; [(e) and (f)], and the local dielectric permittivity of the core &. [(g) and (h)] as a function of the chemical strain
W, and the defect concentration n, calculated for effective permittivities e.; = 10 [(a), (c), (e), and (g)] and 30 [(b), (d), (f), and (h)]. The
abbreviation “FE” denotes the FE o-III phase, and “M” denotes the nonpolar m-phase of the Hfj sZry 5O, nanoparticles. The average radius
of the nanoparticles is R = 3.5 nm, the shell thickness AR = 1.5 nm, and the temperature is T = 293 K. Material parameters used in the
calculations are listed in Tables S1 and S2 in Appendix S1 of Ref. [21].
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in Figs. 9(a) and 9(b) represent the absolute values of P,
and Qyy, in the deepest potential well of the free energy (3).
The sharp boundary between the ferroelectric o-phase (with
P, > 0 and Qyy4, > 0) and nonpolar m-phase (with P, = 0 and
Oyss = 0) is the first-order phase transition curve describing
the dependence of the critical elastic dipole W, on the defect
concentration n at room temperature 7 = 293 K. As it was
shown in Refs. [21,69], the difference of the antipolar and
nonpolar order parameters, |Qyss| — |Qyasl, is very small due
to the negligible anisotropy of the deepest potential well as a
function of |Qy4s| and |Qys,|. Therefore, the dependence of
|Oyas| versus n and W, looks very similar to those of |Qy.sl
and is not shown in Fig. 9.

Figure 9 also shows that the FE o-III phase can be stable
only under compressive chemical strains, namely at W, <
Winin, Where Winin & —(3—5) A3 for ger = 10-30 and R =
3.5 nm. Note that the values of e, used here agree with
the experimentally measured values of the relative dielectric
permittivity of Hfy 5Zry 50, nanopowders at high frequency
[27]. The requirement of compressive chemical strains to in-
duce the FE o-III phase in the oxygen-deficient Hfy sZry 50,
nanoparticles agrees with DFT results for compressed HfO,
thin films [68,78]. The minimal concentration of defects, 7yin,
decreases with increasing e, from 1.2% at geip = 10 to 0.8%
at ger = 30. The stability region of the nonpolar m-phase
decreases strongly with increasing n (as well as with an in-
creasing magnitude of the elastic dipole W;) and is replaced
by the FE o-III phase. The decrease of the m-phase stability
region and the minimal concentration ny, is explained by
the increase of dielectric and space-charge screening as e
increases [69].

The activation field E,y of polarization reversal can be
estimated as E,r = b,y /P, where baf is the lowest barrier
of polarization switching (see detalls in Refs. [21,69]). The
value of b, is nearly constant, b,y = 48 meV/f.u., and the
average spontaneous polarization P; depends on the elastic
dipole W;, defect concentration n, nanoparticle radius R, and
shell thickness AR [69].

Color maps of E,r as a function of W and n are shown
in Figs. 9(e) and 9(f). They are calculated for two values of
the effective permittivity, g.fr = 10 and 30. The values of E, ¢
change from 0.68 MV/cm (far from the o-m phase boundary)
to 0.98 MV/cm (near the o-m phase boundary) and are very
close to the activation fields calculated by us earlier in HfO,
thin films [21] and nanoparticles [69]. These activation fields
are lower than the coercive fields E. = 1.05-1.35 MV/cm
observed experimentally in 10-nm-thick Hfjy5Zry 50, films
[82], because the local nucleation of nanodomains at E,f
precedes the global polarization switching at E.. The region
of the lowest E,; ¢ corresponds to the largest n and W, because
the compressive chemical stress is largest in this region. The
region of the lowest £, increases with increasing eer. The
increase occurs due to a decrease in the depolarization field,
as shown in Ref. [69].

Color maps of the hnear relatlve dielectric permittivity of
the nanoparticle core, . = — d— + &y, as a function of W, and
n are shown in Figs. 9(g)- 9(h) for gofft = 10 and 30. As shown
in Fig. 9, the magnitude of &, can be tuned by the choice of W,
and/or n from 10 to 35 at room temperature. The permittivity
reaches maximal values (a little over 30) in a region offset

from the boundary between the o- and m-phases. The region
of maximal ¢, has the shape of a wide curved stripe and can
be attributed to a significant contribution of the nonpolar and
antipolar orders to the permittivity due to the trilinear coupling
in the free energy (3). The permittivity does not diverge at the
o-m boundary because the transition is first order.

The calculated values of ¢, &~ 10-30 agree well with the
effective permittivity e, measured at 100-500 kHz in the
densely pressed oxygen-deficient Hf, Zr;_,O,_, nanopowders
(x =1, 0.6, 0.5, and 0.4, and 0 <y <« 1) with the 7- to
10-nm size of the particles [27]. The nanoparticles studied in
Ref. [27] were annealed in a CO + CO, atmosphere to induce
a high concentration of oxygen vacancies near the surface.
Thus, calculated ¢, values are of the same order of magnitude
as experimentally measured permittivity and are consistent
with the experimental results in Ref. [27].

From Fig. 9, only compressive chemical strains (W, < 0)
are required to stabilize the FE o-III phase. We may assume
that tensile chemical strains (W; > 0) are required to stabi-
lize the AFE o-II phase. However, to verify this assumption
one must know how the dielectric stiffness (i.e., the inverse
susceptibility) depends on elastic stress, because the permit-
tivity of “true” antiferroelectrics exhibits a peak near the
transition point between the nonpolar and antipolar phases.
Unfortunately, we have not found experimental data for the
permittivity of either the o-I or o-II phases of hafnium or
zirconium oxides.

C. Effective dielectric permittivity of the Hfy sZry ;0,—PVDF
nanocomposites: Experiment and theory

Experimental measurements of the nanopowders dielectric
permittivity have a serious drawback related with the possible
redistribution of the nanoparticles during the measurement,
and thus the obtained results are highly sensitive to the applied
pressure in the powder cell. Therefore, it is reasonable to
measure and analyze the effective dielectric permittivity of the
composites consisting of Hfyy 5Zry 5O, nanoparticles homoge-
neously distributed and fixed in a PVDF matrix. The studied
nanocomposites Hfy 5Zry 50,—PVDF contain @ = 13 vol.%
of the Hf( 5sZry 50, nanoparticles annealed in air (sample N1)
or annealed in CO + CO, (sample N2).

In contrast to the theoretical dielectric parameters intro-
duced in the previous section, the experimentally measured
effective dielectric permittivity of the nanocomposite is a
complex quantity, namely &2 = €efr + i->-, where e is the
real part of the permittivity, and the 1mag1nary part of the
permittivity is proportional to the electrical conductivity o
determining the effective dielectric losses at frequency w. Our
goal is to relate the values of ¢., calculated in the previous
section, to the values that can be determined (e.g., extracted
or deconvoluted) from the measured values of the composite
effective dielectric permittivity £%;.

Temperature dependences of the ¢, measured in the fre-
quency range from ~100 Hz to 1 MHz, are shown in Fig. 10.
The permittivity e, of the PVDF plates with Hfj 5ZrgsO;
nanoparticles annealed in air (sample N1) is smaller than
that of the plates containing Hfj 5Zry 50, nanoparticles an-
nealed in the CO + CO, ambient (sample N2) [compare
Fig. 10(a) and Fig. 10(b)]. At low frequencies, the temperature
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tangent tand [(e) and (f)] of Hfy 5Zry 50, —PVDF nanocomposites measured in the frequency range from 170 Hz (top red curves) to 1 MHz
(bottom dark-blue curves). The Hfy 5Zr( 50, nanopowders used for the nanocomposite preparation were annealed in air, sample N1 [(a), (c),

and (e)], or in a CO + CO, atmosphere, sample N2 [(b), (d), and (f)].

dependence of e, has two distinct maxima located at ap-
proximately 350 K and 430 K. Broadening and overlap of
the two features are observed as the concentration of oxygen
vacancies increases, causing the lower-temperature maximum
to evolve into a shoulder [compare Fig. 10(a) with Fig. 10(b)].
The magnitude of e decreases monotonically with an in-
crease in frequency. Both features of €. exhibit a pronounced
dispersion in their intensity, decreasing strongly and vanishing
as the frequency increases from 170 Hz to 1 MHz [only weak
shoulderlike features remain in the dark-blue curves corre-
sponding to 1 MHz in Figs. 10(a) and 10(b)]. The minimum

frequency (170 Hz) used in our measurements is limited by
the experimental arrangment due to the noise level arising
from interferences from the power grid at lower frequencies.

The effective dielectric losses, shown in Figs. 10(c)
and 10(d), are very large at low frequencies (for which
Re[el;]< Im[e%;]) and much smaller at high frequencies (for
which Re[e;1>> Im[e};]). The corresponding loss tangent,
g‘;{j:}) is shown in Figs. 10(e)
and 10(f), respectively. The values of Im[eZ;] and tan$ in-
crease with increasing temperature at low frequencies (less

namely tand (where § =
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than 50 kHz) and decrease with increasing temperature at high
frequencies (more than 100 kHz). The behavior of the losses
is relatively common for polymer composites with a high vol-
ume content of ferroelectric nanoparticles (namely more than
10%) (see e.g., Ref. [83] and references therein). The increase
of losses is likely associated with thermally activated ionic
transport and/or hopping conduction mechanisms [27,28,83];
in this case, the interfaces and shells of the nanoparticles are
likely the main source of mobile charges. The losses decrease
monotonically with increasing frequency from 100 Hz to 1
MHz for both types of nanocomposites, dropping by two to
three orders of magnitude over this range, because the trans-
port of screening charges is sluggish in the weakly conducting
polymer PVDE.

Such behavior of &} maybe attributed to the Maxwell-
Wagner (MW) effect, which arises due to the formation of
volume charges at the interfaces between different materials
(nanoparticles and polymer in the considered case). However,
as it was shown in Refs. [84-86], the MW-type of effec-
tive dielectric permittivity reaches colossal values (more than
10*) at low frequencies. This magnitude of permittivity of
nanograined ferroelectric ceramics [87], nanopowders [27],
and/or nanocomposites is typically caused by mesoscopic
inhomogeneities in electrical conductivity (mainly between
grains/particles and their boundaries), known as internal bar-
rier layer capacitance (IBLC). Additional contributions may
arise from inhomogeneous layers between electrodes and the
sample, known as surface barrier layer capacitance. The IBLC
and SBLS effects produce a colossal dielectric response at
low frequencies when the conductivity of the material be-
tween grain (or particle) boundaries is significantly lower than
that of the grains (or particles). In this case, percolation of
components with low conductivity occurs. This effect can
be described by the effective medium approach (EMA), as
discussed in Refs. [88,89], as well as in the works of Petzelt
et al. [90] and Richetsky et al. [91].

The colossal dielectric permittivity is not observed exper-
imentally in the studied nanocomposites. The maximal value
of e is about 23 in Fig. 10(a) and does not exceed 45 in
Fig. 10(b). The dielectric permittivity of pure PVDF varies
from 10 to 12 at low frequencies to 5-7 at high frequen-
cies [83]. Using EMA, including the Maxwell-Garnet and
Bruggeman approximations [92], we estimate the possible
contributions of MW-type effects and ferroelectric-like dipo-
lar contributions to the effective dielectric permittivity.

Both the minimal (g. & 25) and maximal (ger ~ 43)
values of e. measured at 170 Hz for sample N2 (annealed
in CO + CO;) may be described by the Maxwell-Garnet or
Bruggeman approximations [92] for u = 13 vol. %, but only
if one assume large values of the nanoparticle permittivity,
enp > 10>-10* (see Supplement S2 in Ref. [32] for details).

J

These values of exp ~ 10°—10* are significantly larger than
the values of ¢, calculated using LGD approach and shown
in Fig. 9. This discrepancy may indicate the emergence
of a superparaelectric- (SPE) like state in the Hf( sZrysO;
nanoparticles annealed in CO + CO,. The SPE-like state of-
ten precedes the negative capacitance (NC) states of the
ferroelectric nanoparticles, which may exist in the “dense”
fine-grained ceramics [93] and composites with a volume
fraction of nanoparticles u > 0.1 [83,87,94].

Thus, the discrepancy between the values of ¢, calculated
using the LGD approach and the values of exp estimated from
experiment could indicate additional mechanisms contribut-
ing to the observed increase in &g, including relaxor-like
behavior, SPE-like behavior, or NC states of the Hf 5Zry 50,
nanoparticles. A possible interplay of MW-type, IBLS, and
SBLS effects; dipolar polarization; and SPE-like and NC
states can be analyzed using the EMA, which yields an
algebraic equation for determining the complex dielectric per-
mittivity 2 of the effective medium [87,95]:

e — &b * o gk
(- eff — &p Yu Eeff — ENP
(1 — nne)edy + e €, (1 — nnpleks + nne &Xp
=0. ()

Here &{p is the complex relative permittivity of the
polarized nanoparticles “NP,” which are assumed to be
monodisperse and uniformly polarized [83,87]. The real part
of &{p corresponds to the dielectric (polarization) response,
and the imaginary part of e, accounts for dielectric losses
due to finite ionic conductivity, these losses give rise to MW-
type and SBLS effects. ¢* is the complex relative permittivity
of the dielectric polymer “p,” for which Re[e;] > Im[e;].
The values w and 1—pu are relative volume fractions of the
components “NP” and “p,” respectively. The maximal value
Umax 18 limited by the dense packing of the particles. In
particular, umax = g ~ 0.52 for densely packed nanospheres
of a uniform radius. The function nyp is the depolarization
field factor of the polarized nanoparticles, which is deter-
mined by their shape and polarization orientation; 0 < nnp <
1. Analytical expressions for nnp exist for uniformly polar-
ized nanoparticles of ellipsoidal shape including nanowires,
nanospheres, and nanodisks [96]. Screening charges existing
in the nanoparticle shell weaken the depolarization field inside
the particle, and the corresponding decrease of the “effec-
tive” depolarization factor 7. can be roughly estimated as
#»/me) [69]. For instance, neir < 0.1nnp for Aegg < 1 nm
and R, > 10 nm.

The solution of Eq. (5) for identical nanoparticles, which
are uniformly polarized (i.e., have an isotropic depolarization
factor nnp), is the following:

+ _
Eeft =

(1 — we, + nelp — nne(e, + e5p) £ \/[(1 — ek + puekp — nxp(el 4 e5p)1” + detep (1 — nap)nne
2(1 = nnp) .

(6)

Since the PVDF matrix with embedded HfjsZrysO, nanoparticles is the part of a capacitor structure in the dielectric
measurements, both signs before the radical in Eq. (6) do not contradict thermal equilibrium. Since the sign “4-” corresponds to
a higher value of the effective permittivity, we consider this sign to correspond to the deepest energy minimum.
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Assuming that nyp — 0, which corresponds to well-screened (A < 0.1 nm) nanoparticles and/or to the case where they form
percolation clusters between the electrodes [see e.g., Fig. 8(c)], we obtain from Eq. (6) that £ = 8;(1—#) + pelp. Assuming
that nnp = 1/3, which corresponds to spatially isolated and weakly screened (A.g >> 1 nm) spherical nanoparticles [see, e.g.,

Fig. 8(b)], we obtain from Eq. (6) that

ek = 1o = 3p) + LefpGu— 1) £ i\/[s;;(z — 3u) + e5p (31 — DI + 8enelip. %

To analyze the experimental results, shown in Fig. 10, we need to extract the temperature dependence of 5, from Eq. (5).

The expression for e, has a relatively simple form:

& 1—p
IO = ey + e ]+ (=)= (e — ) S pr 2t e — 0, ©
NP eff (1 — nNP)E:ff + np 8;] —np (1 — /’L)(S:ff _ 8;) s HR2el+ 51+2(1—p)(elp—er)

It seems reasonable to assume that the polarized nanoparti-
cles are electrically screened due to the finite screening length
Aefr provided by ambient charges; some of them can be con-
nected in long clusters, while others are spatially isolated [see,
e.g., Fig. 8(b)-8(c)]. Thus, the factor nxp can be considered
an “effective” fitting parameter that may vary from 0 (ide-
ally screened particles) to 1/3 (spatially isolated unscreened
particles). By considering that the real part of ¢} decreases
monotonically from 10 to 5 with increasing frequency from
100 Hz to 1 MHz [83], u = 0.13 and nyp can vary from O to
1/3, we can extract the complex dielectric permittivity exp of
the Hfy 5Zry 50, nanoparticles from the experimental results
shown in Fig. 10 using Eq. (8).

Relative dielectric permittivity and conductivity of a pure
PVDF layer, prepared and measured under conditions iden-
tical to the studied PVDF-BaTiO3; nanocomposites [32], are
shown in Fig. S7. It is seen from Fig. S7 that the PVDF per-
mittivity and resistivity only weakly depend on temperature,
which supports the assumption of temperature-independent
¢, made above in the theoretical modeling of the studied
PVDF-BaTiO3; nanocomposites.

The results for the two limiting cases, nxp = 0 and nnp =
1/3, are shown in Figs. 11 and 12, respectively. These re-
sults look completely different from those expected in the
case of a dominating MW-type contribution, because the
temperature dependences of Re[exp] exhibit two pronounced
and relatively well-separated maxima for the HfysZry 50,
nanoparticles annealed in air, and a broader double-peaked
maximum for the HfysZrysO, nanoparticles annealed in a
CO + CO, atmosphere at low frequencies. The temperature
dependences of Im[&{;,] do not have any visible minima at low
frequencies in the HfjsZrysO, nanoparticles annealed in a
CO + CO, atmosphere. In the case of a dominating MW-type
contribution, the dielectric permittivity increases monotoni-
cally with temperature and does not have any pronounced
maxima [84,85]. Also, the maximum of the loss tangent
corresponds to a shoulder or broad feature in the dielectric
permittivity temperature dependence for an MW-type dielec-
tric response [84,85]. However, the temperature dependences
of Re[e{p] do not obey Curie-Weiss type or similar laws. They
resemble the dielectric response of disordered ferroelectrics
with relaxor-like features.

It is seen from the comparison of Figs. 11(a) and 11(b)
that the contribution of dipolar polarization appears more
significant in the HfysZrgsO, nanoparticles annealed in a

=1
off uegt e31— (—meg—ep)° NP = 3

(

CO + CO;, atmosphere. Consequently, the dielectric per-
mittivity peak, observed near 350 K in the Hfjs5ZrysO;
nanoparticles annealed in air [see Fig. 11(a)], can be related to
oxygen vacancies. An increase in the vacancy concentration
leads to a significant increase in the intensity of the peak,
accompanied by a shift to higher temperatures and substantial
broadening, as observed for the HfysZry 50, nanoparticles
annealed in a CO + CO, atmosphere [see Fig. 11(b)]. The va-
cancies lead to the formation of a defect-induced elastic dipole
and to an increase in ionic conductivity, which decreases
the depolarization field (due to the decrease in the effective
screening length A.¢) and may induce a relaxor-like (or SPE-
like) phase transition in the vacancy-enriched Hfy 5ZrysO;
nanoparticles. The transition is associated with a very diffuse
double maximum (or shoulder-like feature) of exp located
in the temperature range 370430 K [see Fig. 11(b)]. The
maximal values of enp reach several hundred at low frequen-
cies. The diffuse maximum of exp corresponds to high losses,
which are weakly temperature-dependent [see Figs. 11(d) and
11(f)]. The high-frequency values of exp vary from 20 to
30 in agreement with the theoretical predictions shown in
Fig. 9. The losses decrease strongly and monotonically with
increasing frequency, and the loss tangent does not exceed
0.1-0.5 at 1 MHz and T > 350 K [see Fig. 11(f)]. The rel-
atively large high-frequency dielectric permittivity and small
high-frequency conductivity of the core-shell Hfys5ZrpsO;
nanoparticles annealed in a CO + CO, atmosphere agree with
the theoretical predictions of their ferroelectric-like and/or
relaxor-like states induced by the oxygen vacancies concen-
trated mainly in the shells.

It is seen from Fig. 12, calculated from Fig. 10 at nxp =
1/3, that the appearance of NC states is possible in the weakly
screened Hfjy5Zry 50, nanoparticles. These states are more
probable in the Hfjy 5Zr( 50, nanoparticles annealed in a CO +
CO, atmosphere, where the frequency and temperature ranges
of their possible existence are larger [compare Fig. 12(a) and
Fig. 12(b)]. The double maximum of the negative dielectric
permittivity appears for both low and high frequencies in the
vacancy-enriched Hfy sZry 50, nanoparticles [see Fig. 12(b)].
The dielectric losses have two maxima at high frequencies in
the nanoparticles [see Fig. 12(d)]. The loss tangent diverges
at the point where exp changes sign and differs in sign to the
left and right of the divergence [see Fig. 12(f)]. The positions
of the loss maxima are close to the temperature maxima of
the negative dielectric permittivity. This indicates the dipolar
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FIG. 11. Temperature dependences of the real [(a) and (b)] and imaginary [(c) and (d)] parts of the dielectric permittivity £fp, and the loss
tangent tand [(e) and (f)] of the Hf(sZrysO, nanoparticles. The frequency varies from 170 Hz (top red curves) to 1 MHz (bottom dark-blue
curves). The curves are extracted from the experimentally measured &%; at nxp = 0. The Hf; 5Zr; 50, nanopowders (N1 and N2) were annealed

in air [(a), (c), and (e)] and in CO + CO, atmospheres [(b), (d), and (f)].

nature of the dielectric permittivity maxima observed in the
Hfy 5Zry 50, nanoparticles annealed in a CO 4 CO, atmo-
sphere, rather than the MW-type behavior of the dielectric
response.

IV. CONCLUSIONS

In this work, we study the stabilization of the orthorhombic
phases in small Hf sZry 50, core-shell nanoparticles (with an

average size of 7 nm) annealed in air (oxidizing) or CO + CO,
(reducing) atmospheres. The concentration of the oxygen va-
cancies, which is determined by the annealing conditions, was
estimated to be as high as 10-15% from EPR and XPS spec-
troscopy. The fraction of the orthorhombic phases (including
nonpolar o-1, antipolar o-II, and polar o-1II), as determined by
x-ray diffraction and nuclear magnetic resonance, depends on
the concentration of oxygen vacancies, which is controlled by
the annealing conditions.
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Phenomenological calculations based on Landau-
Ginzburg-Devonshire theory confirm that chemical strains
associated with oxygen vacancies, whose concentration was
estimated from XPS to reach 10-15% in the vacancy-enriched
nanoparticles (N2), can stabilize the ferroelectric o-III
phase with polar long-range ordering in small Hfj 5ZrpsO;
nanoparticles. We predict that the ferroelectric o-IIl phase
can be stable in small core-shell Hfj 5Zry 50, nanoparticles
at compressive chemical strains exceeding 1-5% in the
shell. The experimentally observed increase of the o-phase

el at nnp = 1/3. The Hfy5Zr; 50, nanopowders (N1 and N2) were
and (f)].

content from 36% in N1 to 100% in N2 suggests that
oxygen vacancies provide stabilization mechanisms beyond
the baseline core-shell strain effects, including local lattice
distortions, elastic dipoles, Vegard-type chemical strains,
and modified screening conditions that collectively alter
the free-energy landscape and promote stabilization of
ferroelectric-like states.

The contribution of dipole polarization was confirmed
in the vacancy-enriched HfjsZrys0O, nanoparticles. Con-
sequently, the increase in the intensity of the dielectric
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permittivity peak observed near 350 K in the PVDF film with
the Hf5ZrysO, nanoparticles annealed in a CO 4 CO, at-
mosphere is clearly associated with an increase in the oxygen
vacancy concentration. The vacancies lead to the formation
of defect-induced elastic dipoles and to an increase in ionic
conductivity, which reduces the depolarization field and may
induce an SPE-like phase transition in the vacancy-enriched
Hfy 571950, nanoparticles, as well as in other FE oxide
nanoparticles. Due to the interfacial effects, the negative ca-
pacitance states may be realized in weakly screened and
spatially isolated Hfj 5Zr( sO, nanoparticles embedded in the
PVDF matrix. More generally, the present approach based
on oxygen-vacancy-induced elastic and screening effects may
provide a route for engineering ferroelectric-like states in
other nanoscale ferroic oxides.
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