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Abstract

Y-doped HfO2 nanopowders, produced by metathesis synthesis, exhibit ferromagnetism at room temperature. The X-ray diffraction and Raman
measurements have shown that HfO2 nanopowders undergo phase transformation from monoclinic to tetragonal and cubic phase with increasing
of Y content. The X-ray photoelectron spectroscopy and Raman analysis gave evidence that Y-doped HfO2 nanopowders are oxygen deficient.
The ferromagnetic properties of Y-doped HfO2 nanocrystals are dependent on crystal structure changes. The structural transformation from
monoclinic to tetragonal phase with Y doping is followed by increased ferromagnetic ordering because of the increased concentration of oxygen
vacancies (VO) in different charge states. Higher Y content favors the formation of cubic phase and the ferromagnetism significantly weakens. In
cubic hafnia phase, yttrium can form (VO–YHf) defect complexes in different charge states. The appearance of these complexes can be responsible
for the degradation of ferromagnetic ordering.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Powders: chemical preparation; X-ray method and spectroscopy; Optical and magnetic properties; HfO2
1. Introduction

Hafnia (HfO2) is very promising and technologically impor-
tant material because of potential applications in spintronic dev-
ices, high-temperature fuel cells and has attracted much attention
as high-k dielectric gate material to replace the SiO2 in metal-
oxide-semiconductor devices. HfO2 has three polymorphs, i.e.
monoclinic (M), tetragonal (T) and cubic (C) phase. Under amb-
ient conditions the monoclinic phase of hafnia is stable phase
and undergoes transition to tetragonal or cubic phase at high
temperature [1]. These last two phases are far more important in
technological applications than the low-temperature monoclinic
phase. Stabilization of the tetragonal and cubic hafnia phases at
room temperature can be achieved by doping with divalent or
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trivalent cation dopants such as Mg2þ or Y3þ which brings
additional oxygen vacancies in the lattice and stabilize one of
two high-temperature phases of hafnia [2,3].
HfO2 is an insulating oxide and is expected to be nonmagnetic

because Hf4þand O2� are not magnetic ions with full or empty
f and d shells of Hf4þ ion. The discovery of unexpected room-
temperature ferromagnetism (RTFM) in undoped monoclinic
HfO2 thin films [4] has opened a path to a new class of ferr-
omagnetic materials which can play important role in new
generation of spintronic devices. The magnetic ordering was up
to now presumably investigated in monoclinic hafnia thin films
and possible mechanism for the observed magnetism is still
controversial. Different types of defects like oxygen (VO) or
hafnia vacancies (VHf) were claimed responsible for the FM in
hafnia. The FM ordering in M-phase of HfO2, proposed by Coey
and coworkers [5], can arise from unpaired electrons in bonding
molecular orbitals formed by hybridization of hafnium orbitals
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surrounding a neutral three-coordinated oxygen vacancy. Direct
exchange between defect-related molecular orbitals will be ferro-
magnetic and may be strong if defects are situated in the interface
layer [5]. Recent calculations of Glinchuk et al. [6], based on the
direct variational method, showed that neutral oxygen vacancies
in the vicinity of the film–substrate interface can become mag-
netic and mediate long range FM order in HfO2 thin films.
Furthermore, theoretical calculations of Muñoz Ramo et al. [7],
based on DFT periodic and embedded cluster methods, showed
that in monoclinic HfO2 four-coordinated oxygen vacancies can
exist in five different charge states (V2þ , Vþ , V0, V� , and
V2�). These defects form localized levels in the hafnia band gap.
Some of these states have different electron occupancies and bear
different magnetic moments [7]. Contrary to these findings, the
first principle calculations [8,9] showed that hafnium vacancies,
as cation vacancies, can be responsible for the ferromagnetism in
monoclinic HfO2. The removal of neutral Hf atoms introduces
holes in the valence band formed of oxygen 2p levels. This leads
to the splitting of the valence band and formation of high-spin
defect states, causing the FM order for short VHf–VHf distances.
On the other hand, the first-principles calculations of Zheng at al.
[10], performed on undoped monoclinic HfO2, showed that there
are no stable defects that can carry a magnetic moment and con-
firmed that it is unlikely that hafnia vacancies are formed since
their formation energy is high. From the above cited reports, it
can be summarized that the appearance of ferromagnetism in
hafnium oxide and its origin, still remains a matter of debate and
deserves further investigation.

In the present work, we report room temperature ferromagnet-
ism in Y-doped HfO2 nanopowders. The ferromagnetic ordering
is dependent on the crystal structure changes induced by Y. To
the best of our knowledge, magnetic properties of hafnia nanop-
owders doped with yttrium have not been studied yet. HfO2-
based oxides, as high-k metal-oxide dielectrics, are already under
consideration to replace silicon dioxide as gate dielectric for next
generation of complementary metal-oxide semiconductors. The
combination of ferromagnetic response at room temperature and
above with dielectric properties of HfO2-based oxides should
enable the integration of metal-oxide semiconductors with spintr-
onics technology. Therefore, Y-doped HfO2 can be a promising
candidate for the applications in spintronics.

2. Experiment

A highly pure, nanosized yttrium doped HfO2 powders
(Hf1�xYxO2�δ, 0.05rxr0.2) are obtained by metathesis
synthesis described in detail elsewhere [11]. Starting chemicals
were hafnium chloride (HfCl4), yttrium nitrate hexahydrate (Y
(NO3)3 � 6H2O) and sodium hydroxide (NaOH) from Alfa
Aesar GmbH, Germany. The purity of starting chemicals
was 99.9% without any magnetic ion impurity presence (such
as Fe, Co etc.). The samples were always handled with Teflon
tweezers to avoid any metal contamination. The compositions
of the starting reacting mixtures were calculated according to
the nominal composition of the final reaction product. Yttrium
doped hafnia solid solutions were prepared varying weight
fraction of yttrium (Y) in the range 5–20 mol%. All samples
were annealed at 600 1C for 5 min in order to obtain better
crystallinity. The obtained Hf1�xYxO2�δ nanopowders were
characterized using different methods.
The X-ray diffraction (XRD) spectra of the samples have been

measured on a Simens X-ray Diffractometer (Kristaloflex 500)
with Ni filtered CuKα radiation. The room temperature measure-
ments were performed in the 2θ range from 201 to 801 in a
continuous scan mode with a step width of 0.021 and at a 2θ
scanning rate of 1°/min.
Non-contact atomic force microscopy (NC-AFM) measurements

were carried out using Omicron B002645 SPM probe VT AFM
25. NC-AFM images were obtained in the constant frequency shift
mode (�20 Hz) and with constant vibrating amplitude (0.2 V).
Micro-Raman scattering measurements were performed at

room temperature using a Jobin-Yvon T64000 triple spectrometer
system and Arþ /Krþ mixed laser line of 488 nm as an excitation
source. The incident laser power was kept low (less than 10 mW)
in order to prevent heating effects.
X-ray photoelectron spectroscopy (XPS) was used for the oxida-

tion state and atomic ratio analysis. XPS was carried out on a PHI
Quantera equipment with a base pressure in the analysis chamber
of 10�9 Torr. The X-ray source was monochromatized AlKα
radiation (1486.6 eV). The spectra were calibrated using the C 1s
line (284.8 eV) of the adsorbed hydrocarbon on the sample surface.
The magnetic properties of the Hf1�xYxO2�δ samples were

performed on a vibrating sample magnetometer in a high field
measuring system (HFMS, Cryogenic Ltd).

3. Results and discussion

X-ray diffraction spectra of pure and Y-doped HfO2 samples
are presented in Fig. 1a. The XRD spectra of pure HfO2 and
Hf1�xYxO2�δ samples up to 10% of Y, show the monoclinic and
tetragonal phase coexistence. With further increasing Y content, in
15% and 20% Y-doped samples the cubic phase appears. The
main reflections of the monoclinic, tetragonal and cubic phases are
marked with M, T and C in Fig. 1a. All diffraction peaks for the
M, T and C phases in pure and Y-doped HfO2 samples are indexed
with the P21/c, P42/nmc and Fm3m space group, respectively. The
lattice parameters of the monoclinic, tetragonal and cubic phases
are given in Table 1.
The volume fractions of different hafnia polymorphs in undoped

and Y-doped HfO2 samples were estimated from the integrated
intensities of the M (�111), M (111) and T (111) diffraction peaks
following the procedure proposed by Toraya et al. [12]. The
estimated volume fractions for HfO2 and Y-doped samples (given
in %) are presented in Table 1.
As can be seen from Fig. 1a and Table 1, the monoclinic phase

prevails over the tetragonal phase in pure HfO2 sample. The XRD
peaks are broadened which is characteristic of small (about 5 nm),
oxygen deficient nanocrystals [11]. The XRD patterns of the
Y-doped HfO2 samples (labeled as HfY5-HfY20 according to the
mol% of yttrium in doped samples) indicate the formation of solid
solutions in the entire dopant compositional range without a pres-
ence of yttrium oxide or hydroxide phases. The yttrium substitution
of Hf (YHf) introduces oxygen vacancies in hafnia lattice and
induces crystal structure changes of the HfO2 nanopowders. The



Fig. 1. (a) XRD patterns of Y-doped HfO2 nanopowders at room temperature.
The pure HfO2 sample is given as a reference. The symbols stand for:
M-monoclinic, T-tetragonal and C-cubic phase. The corresponding AFM images
of (b) HfY10 and (c) HfY15 samples are presented.

Table 1
Composition and cell parameters of HfY samples obtained from XRD
measurements.

Sample Monoclinic P21/c Tetragonal P42/nmc Cubic Fm3m

(%) a b c (%) a c (%) a
HfY0 58 5.1453 5.1788 5.2919 42 3.5994 5.1191 – –

HfY5 21 5.1418 5.1613 5.2928 79 3.6103 5.0980 – –

HfY10 14 5.1265 5.1416 5.2830 86 3.6009 5.1835 – –

HfY15 3 5.1169 5.1686 5.2967 46 3.6086 5.1800 51 5.1003
HfY20 16 5.1250 5.1797 5.2945 58 3.5737 5.1462 26 5.1166

Fig. 2. Raman spectra of Hf1�xYxO2�δ (0.05rxr0.2) samples. The bands
of monoclinic and tetragonal phases are designated by M, T1, T2, T3 and T4.
Additional modes which can originate from γ-HfO2 and cubic Y2O3 phases are
denoted by asterisk (n).
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structural transformation from monoclinic to tetragonal and cubic
phase is a consequence of combined effect of doping with a lower
valence state dopant and oxygen deficiency [2,3,11]. In the HfY5
sample the intensity of monoclinic reflections decreases implying
that the content of monoclinic phase decreases on account of the
tetragonal phase. This trend is even more pronounced for the
HfY10 sample. In a case of the HfY15 sample, the XRD peaks
which belong to M-phase are not visible anymore. The position of
main diffraction peaks at 30.351, 35.201, 50.631 and 60.171
indicate that the cubic phase is formed [13] as dominant phase
in this sample (see Table 1).

The tetragonal-cubic phase transformation is difficult to follow
by an XRD method because of very low sensitivity of this method
to the structural changes induced by oxygen displacement and
nonstoichiometry. However, disappearance of M-phase, position of
diffraction peaks and their significant broadening in a case of the
HfY15 sample indicate the tetragonal-cubic phase transformation,
as suggested by Fujimori and coauthors [14]. For the HfY20 sam-
ple, the content of T and M phases increases on the account of the
cubic phase. This fact was somehow surprising because the cubic
phase in HfO2 is stabilized around 18 mol% of yttrium [15] or
even less [16].
The morphology of the Y-doped nanopowders was analyzed

by an AFM method. The AFM images of HfY10 and HfY15
samples, given in Fig. 1b and c, showed that the Hf1�xYxO2�δ

nanopowders are composed of very small and agglomerated
particles.
Raman scattering is much more sensitive method than the

XRD to the structural changes induced by oxygen displace-
ment and is powerful tool to investigate the tetragonal-cubic
phase transformation in Y-doped HfO2. The Raman spectra of
Hf1�xYxO2�δ samples are shown in Fig. 2.
All Raman modes in HfY5 sample can be assigned to the

monoclinic phase [17] except the mode at 500 cm�1 (marked as
M/T1 in Fig. 2), which is also characteristic for the tetragonal
phase [14]. The Raman modes are broadened because of the
increased oxygen vacancy concentration when hafnia is doped
with trivalent ions like Y [15]. With further increase of the Y
content in the HfY10 sample, the Raman modes become broader
implying that oxygen vacancy concentration further increases.
New modes (marked as T2 and T3 in Fig. 2) appear and can be
ascribed to the tetragonal phase [18]. The Raman mode denoted
with asterisk (n) at �190 cm�1 can originate from a small
amount of γ-phase of HfO2. The γ-phase can be identified only by
Raman scattering [15]. In the HfY15 sample, the intensity of the
Raman peaks which belong to the monoclinic and tetragonal
phase decreases and the Raman modes became smeared out.
Intensity drop of the mode at �500 cm�1 reflects the tetragonal-
cubic phase transition [14]. The F2g mode of C-phase is not seen,
because it is usually of very low intensity [17]. In the Raman
spectrum of the HfY20 sample, the modes of T-phase became



Fig
Hf

Z.D. Dohčević-Mitrović et al. / Ceramics International 41 (2015) 6970–6977 6973
more intensive than the modes of M-phase implying that the T-
phase is dominant phase in this sample. This is in accordance with
the XRD results. Additional modes at 360 cm�1 and 460 cm�1

can be ascribed to the cubic-Y2O3 phase probably formed at the
nanoparticle surface [19].

The chemical state and composition of the Hf1�xYxO2�δ

nanopowders were studied by XPS analyses. The XPS spectra
of Hf 4f, O 1s and Y 3d region for Y-doped samples are given
in Fig. 3a–c.

The deconvolution of the Hf 4f, O 1s and Y 3d spectra is
performed for Y-doped samples using mixed Gaussian and
Lorentzian functions. In Fig. 4a–c are presented deconvoluted
XPS spectra of Hf 4f, Y 3d and O 1s region in a case of HfY5
sample for brevity.

The same procedure is applied for the rest of the samples and
the binding energies (BE) of the most prominent XPS transitions
. 3. The XPS spectra of (a) Hf 4f, (b) O 1s and (c) Y 3d region for Y-doped
O2 nanopowders.

Fig. 4. Deconvoluted XPS spectra of (a) Hf 4f, (b) O 1s and (c) Y 3d region
for HfY5 sample.
(Hf 4f, Y 3d, O 1s and C 1s) for Hf1�xYxO2�δ nanopowders are
summarized in Table 2. No other contamination except carbon was
detected in all investigated samples. XPS analysis of H 4f and O 1s
gave evidence that the Hf1�xYxO2�δ samples are nonstoichio-
metric. From the O/Hf ratio, given in Table 2, it can be seen that
the oxygen-deficiency increases with increasing Y content, with the
exception of the HfY20 sample. This fact can be explained by the
formation of the cubic-Y2O3 phase, already seen in the Raman
spectrum of this sample.
The cations relative concentration for Hf1�xYxO2�δ samples,

presented in Table 3, confirmed very good agreement between the
surface and the nominal (bulk) stoichiometry. The errors regarding
the quantitative data are found in the range of 710%, whereas the
accuracy for BEs assignments is 70.2 eV.



Table 2
XPS binding energies (eV) of the individual peaks and composition of the HfY samples.

Sample C 1s O 1s Hf 4f Y 3d Y–OH–C Stoichiometry

O2� OH 7/2 5/2 5/2 3/2 O/Hf

HfY5 284.8 530.1 531.8 16.6 18.3 156.9 159.0 157.4 159.6 1.9
HfY10 284.8 530.2 531.9 16.7 18.4 157.0 159.1 157.5 159.8 1.8
HfY15 284.8 530.1 531.9 16.6 18.3 157.0 158.9 157.5 159.8 1.83
HfY20 284.8 530.1 531.8 16.7 18.4 157.0 159.1 157.4 159.7 1.95

Table 3
Composition of HfY samples.

Sample Y3d at% Hf4f at%

HfY5 4.9 95.1
HfY10 9.3 90.7
HfY15 14.6 85.4
HfY20 19.1 80.9

Z.D. Dohčević-Mitrović et al. / Ceramics International 41 (2015) 6970–69776974
The Hf 4f spectrum from Fig. 4a is composed of two spin-
orbit doublet peaks (Hf 4f5/2 and Hf 4f7/2) which originate from
the Hf bound to the oxygen. The Hf 4f7/2 peak is situated at
16.6 eV with a difference of 1.7 eV in binding energy between
doublets. This peak is shifted to higher binding energies
compared to the HfO2 standard powdered sample (16.2 eV)
[20] in all Y-doped samples (see Table 2). The higher binding
energies of Hf 4f7/2 peak in Y-doped samples suggest that these
nanopowders are deficient in oxygen and are non-stoichiometric
[21,22]. The primary peak at 530.1 eV in the O 1s spectrum of
Y-doped samples (see Fig. 4b and Table 2) is also shifted
towards higher BE. This peak is ascribed to the oxygen bonded
into the lattice and exhibits the shift probably because of the
oxygen deficiency in the samples. Another subpeak in the O 1s
spectrum at 531.8 eV (see Table 2) is assigned to adsorbed OH
groups in the outermost surface layer [23,24]. The deconvoluted
XPS spectrum of the Y 3d doublet (3d5/2 and 3d3/2) is presented
in Fig. 4c for the HfY5 sample. The average positions of the Y
3d5/2 peaks in Hf1�xYxO2�δ samples are given in Table 2 and
are located around 157 eV. These peaks are slightly shifted to
higher energy compared to the position of 3d5/2 peak in Y2O3

standard sample (156.5 eV) [20]. The shift to higher BE is
expected if we have the formation of the Hf–Y–O bonds [16].
The fitting of the Y 3d spectra of doped samples requires
additional doublet (binding energies are given in Table 2). The
second doublet can be attributed to Y–OH–C bonds confined to
the surface as a result of the OH and hydrocarbon adsorption
from the atmosphere.

In summary, XPS and Raman analysis of the Hf1�xYxO2�δ

samples confirmed that yttrium doping increases the concentration
of oxygen vacancies, whereas XRD and Raman results showed that
the incorporation of yttrium induces structural phase transformation.
These findings are in agreement with Manory et al. [13] who
reported that tetragonal and cubic phase of HfO2 are stable at room
temperature in nonstoichiometric HfO2. In Fig. 5 we gave an
illustration of the phase transformation in HfO2 with Y doping. In
Fig. 5a is presented the monoclinic phase of nonstoichiometric
undoped HfO2 with three- and four-coordinated oxygen vacancies.
Yttrium as a dopant ion in 3þ valence state brings additional
vacancies in the hafnia lattice in order to keep the charge neutrality
(Fig. 5b). With further addition of Y, the concentration of the
oxygen vacancies should be increased and the monoclinic phase of
HfO2 transforms first into the tetragonal and then into the cubic
phase as presented in Fig. 5c and d.
The room temperature magnetization versus magnetic field

(M–H) data for pure HfO2 and Y-doped samples is shown in
Fig. 6a. It can be seen that all samples show a ferromagnetic signal
at room temperature superimposed onto a diamagnetic back-
ground. The observed ferromagnetism is characteristic for the
nanostructured nature of the investigated samples [25] and is
intrinsic as there are no magnetic impurities present in the samples
(see experimental part). The susceptibility of the diamagnetic
component, i.e. the slope of the high-field parts of the curve,
remains constant with yttrium doping because of the closed Y3þ

shells. After subtracting the diamagnetic component, the corrected
magnetization curves are shown in Fig. 6b. The magnetization
curves are almost anhysteretic, as it is often the case for
ferromagnetic oxides [26]. The saturation magnetization value
(MS) for the undoped sample is about 2.2� 10�3 emu g�1. The
obtained value is comparable with the other reports on ferromag-
netism in undoped oxide nanocrystals [25–29], but higher than the
reported value on HfO2 powders [5]. The value of MS increases
for the HfY5 sample and reaches its maximum of 2.9� 10�3

emu g�1 for the HfY10 sample. The saturation magnetization
significantly drops off in the HfY15 and HfY20 samples to the
values of 1.2� 10�3 emu g�1 and 0.7� 10�3 emu g�1 respec-
tively. The change of the MS for pure HfO2 and Hf1�xYxO2�δ

samples is presented in Fig. 6c.
The experimental reports [30–33] confirmed the existence of

RTFM in pure and doped hafnia films and clearly proved that the
RTFM originates from the presence of oxygen vacancies. The lack
of oxygen vacancies or filling up vacancies can degrade or even
completely destroy the FM ordering. Scarce literature data conc-
erning the appearance of the FM in other hafnia nanostructures like
nanopowders or nanorods [33–35] have also pointed out that the
oxygen vacancies play a major role in the magnetic exchange
mechanism. The appearance of RTFM in pure HfO2 can be
interpreted in the framework of the impurity band exchange model
proposed by Venkatesan et al. [4]. According to this model, the
intrinsic oxygen vacancies act as a donor of electrons, leading to
the n-type doping of the hafnia. The electrons trapped in oxygen
vacancies in HfO2 form extended hydrogen-like orbitals because of
the relatively high dielectric constant of hafnia. When the defect



Fig. 5. Structural phase transformation with Y doping (a) pure HfO2 monoclinic phase, (b) monoclinic phase of HfO2 doped with Y, (c) tetragonal phase and (d)
cubic phase of HfO2 with increased Y content.
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concentration increases, the overlapping of the defect-related
orbitals can form an impurity (defect) band. The mixing of the
defect band with empty 5d states of hafnia enables the transfer of
some of the electrons to the 5d band. The 5d electrons will in turn
polarize the defect band establishing the ferromagnetic coupling
[4]. The oxygen vacancies in monoclinic hafnia can be in different
charge states having different number of trapped electrons and
bearing different magnetic moment [7,36]. Some of these defects
like negatively (V�

O ) or positively (Vþ
O ) charged vacancies form

levels near the conduction band, as shown in the paper of Xiong
et al. [36]. They calculated the energy levels of the oxygen vacancy
defects in different charge states for HfO2 and showed that the
energy levels of the V�

O and Vþ
O defects lie very near to the

conduction band (approximately at 0.8 and 1.1 eV below the
conduction band edge). Consequently, it is reasonable to assume
that the defect band, formed from V�

O and Vþ
O states, will lie near
the conduction band. The fraction of the electrons from defect band
can be transferred to the 5d states causing the spin splitting of the
defect band. The formation of the spin-split defect band provides
necessary condition for the appearance of ferromagnetism [4]. In
Fig. 7a is given the schematic representation of the defect levels
induced by oxygen vacancies in different charge states according to
the calculations performed in Ref. [34]. The mixing of the defect
band with the 5d states of hafnia and its spin-splitting is presented
in Fig. 7b.
Having in mind theoretical calculations [7,36] and experimen-

tal observations [30–33] and knowing from the Raman and XPS
results that Hf1�xYxO2�δ nanopowders are oxygen deficient, we
concluded that the oxygen vacancies can be attributed to be the
main source of ferromagnetism in undoped and Y-doped HfO2

nanopowders. In the HfY5 sample, with Y doping the concentra-
tion of oxygen vacancies should increase (see Fig. 5b) in order to



Fig. 6. Magnetic properties of Hf1�xYxO2�δ samples. (a) Raw magnetization
curves versus magnetic field, M(H), (b) M(H) after subtraction of the linear
diamagnetic component, (c) Saturation magnetization (MS) change and (d)
relative polymorph composition change with yttrium content.

Fig. 7. Schematic representation of the (a) defect levels which originate from
point defects and (b) a spin-split defect band.
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keep electroneutrality. At the same time the content of tetragonal
phase begins to prevail over the monoclinic one. The FM signal
is stronger than that in undoped HfO2. With increasing Y content
up to 10%, the saturation magnetization and the strength of FM
ordering further increase, when the content of the tetragonal phase
in HfY10 sample becomes dominant (Fig. 5c). In the HfY15
sample the cubic phase appears and the strength of FM interaction
weakens, reaching the lowest value of MS (0.7� 10�3 emu g�1)
for HfY20. This value of MS is almost three times lower than for
HfY10 sample. From the change of the polymorphs composition
with increasing Y content presented in Fig. 6d, it can be seen that
the change of MS and T-phase content have similar trend. In a
case of HfY20 sample, MS continues to decrease despite the fact
that the amount of T-phase is slightly increased.

The theoretical calculations performed by Chen et al. [37] can
offer the explanation for the degradation of FM ordering in
HfY15 and HfY20 samples. Namely, Chen et al. [37] calculated
the formation energies of the oxygen vacancies in different charge
states for Y-doped cubic HfO2. It is found that with higher
Y content, oxygen vacancies form complex defects with yttrium
(VO–YHf) in different charge states ((VO–YHf)

þ , (VO–YHf)
þ þ

and (VO–YHf)
0 complexes). Among these complexes, the single

positively charged complexes (VO–YHf)
þ are the most stable ones.

Y as dopant changes the charge state of oxygen vacancies and
lowers the highest occupied levels induced by Vþ

O and Vþ þ
O

vacancies into the valence band. Therefore, the highest occupied
levels of (VO–YHf)

þ and (VO–YHf)
þ þ complex defects will lie in

the vicinity of the valence band. With further increasing of Y
content the highest occupied levels of (VO–YHf)

0 complexes would
also fall into the valence band [37]. Considering the results from
Ref. [37], it is reasonable to assume that in HfY15 and HfY20
samples, because of the increased Y content and the presence of
cubic phase, certain number of (VO–YHf) defect complexes can be
formed. The appearance of (VO–YHf) defect complexes will
degrade the ferromagnetic interaction because the defect band
formed from (VO–YHf) complex defects states will lie near to the
valence band. The mechanism of electron transfer from defect band
to 5d empty states which leads to its polarization and establishing
of ferromagnetic interaction is not applicable anymore. The form-
ation of cubic-Y2O3 phase at nanoparticle surface, seen in the
Raman spectrum of HfY20 sample can explain further degradation
of ferromagnetism in this sample.
4. Conclusions

In summary, nonstoichiometric Hf1�xYxO2�δ nanosized pow-
ders (0rxr0.2) are obtained by metathesis synthesis. The
transformation of crystal structure from monoclinic to tetragonal
and cubic phase (M-T-C) with increased Y doping was
confirmed by XRD and Raman measurements. The XPS and
Raman studies testified that the Hf1�xYxO2�δ nanopowders are
nonstoichiometric. All samples exhibit room temperature ferro-
magnetism which increases with increased tetragonal phase con-
tent and degrades with the appearance of cubic phase. The FM
ordering in Hf1�xYxO2�δ samples can be explained in the
framework of impurity band exchange model where oxygen
vacancies in different charge state, as n-type dopants, play major
role in establishing ferromagnetism. Further increasing of Y cont-
ent stabilizes the cubic phase in 15% and 20% Y doped samples
and the ferromagnetic interaction weakens. In a cubic phase
certain number of oxygen vacancy-yttrium complexes (VO–YHf)
can be formed. Those complexes form defect states inside the
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bandgap of hafnia. The highest occupied defect states will lie in
the vicinity of the valence band. The electron transfer from deep
lying defect states to the 5d empty states of hafnia, which enables
the establishing of ferromagnetic interaction is not realistic any-
more. The presence of cubic-Y2O3 phase additionally degrades
ferromagnetic ordering in the 20% Y doped sample.
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