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Manganese- and chromium-doped ZrO2 and HfO2 nanoparticles were synthesized by a nonaqueous sol-gel
approach in benzyl alcohol. The synthesis led to high quality nanocrystals of uniform size and shape,
presenting a homogeneous distribution of the magnetic ion. The crystallographic phase was studied by
X-ray diffraction, electron diffraction, and high resolution transmission electron microscopy. The doping
efficiency and the oxidation states of the transition metal ions in the matrixes were characterized by
chemical analysis, electron paramagnetic resonance and diffuse reflectance spectroscopy. These studies
were conducted to elucidate the relation between the synthesis and annealing conditions and the dopant
state. Therefore, this complete study can be seen as a step forward toward a rational approach to multimetal
and doped metal oxide nanocrystals. Finally, susceptibility measurements and the analysis of the magnetic
properties provided additional insight on the doping behavior of manganese and chromium in the
synthesized nanocrystals.
Introduction
Various soft chemistry approaches have been introduced in
the past decades for the synthesis of metal oxide nanoparticles.1-5
They were reported extremely successful for the production of
simple oxides (e.g., binary). Indeed, dozens of routes for the
production of titanium and zinc oxide nanoparticles can be found
in the recent literature. In contrast, approaches leading to the
formation of multimetal and doped metal oxides by soft
chemistry approaches are reported rarely. One reason might be
the fact that it is difficult to match the reactivity of the different
metal precursors in solution, which can prevent the formation
of multimetal phases or the homogeneous doping of simple
oxides.2 This is especially true for aqueous routes (e.g., sol-gel)
as the hydrolysis rates are generally fast and strongly depend
on the metal center.6 To circumvent this problem, a large amount
of work was reported on the modification of metal complexes,
such as metal alkoxides, for the controlled decrease of their
reactivity.7 Nonaqueous sol-gel routes were introduced for the
same purpose, and in fact the reactivity of the metal oxide
precursors is greatly decreased under water exclusion, thus
making it easier to control the metal oxide formation.8,9
Nonaqueous routes were successfully applied for the synthesis
of various metal oxide nanoparticles,2,10 hybrid materials,11 and
also for the growth of metal oxide thin films by atomic layer
deposition.12 They gave access to various multimetal oxides (c.f.
Table 3 in ref 2) because of the reasons explained above. As a
typical example, solid solution of indium tin oxide nanoparticles
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in the full range of concentrations could be synthesized in benzyl
alcohol starting from Sn(IV) alkoxides and In(III) acetylacetonate.13-15 The same could not be achieved using In(III)
alkoxides instead, because in this case the different reactivity
of the two metal complexes does not permit the formation of a
solid solution.16,17 Unfortunately, it is not yet possible to predict
the reactivity of metal complexes in a particular solvent as the
metal oxide formation is influenced by various additional effects
such as intermediate products formed during the reaction, side
reactions and catalytic effects of the metal centers, the metal
oxide seeds, and early formed nanoparticles. Doping is commonly used in materials science in order to tailor or introduce
additional physical properties in a given material. In the case
of diluted magnetic semiconductors (DMS) for spintronic
devices, it is primordial to synthesize materials that contain
magnetic impurities in the order of several mol %, homogeneously distributed and occupying well-defined sites in the host
matrix.18 Once again, nonaqueous routes and especially nonaqueous sol gel approaches have been successfully employed
for the synthesis of various large band gap oxides doped with
magnetic impurities such as Mn, Fe, and Co cations.19-24 In
this framework, we have recently reported that zirconia can be
homogeneously doped with Mn.21 In the present manuscript,
we extend this preliminary work and present the synthesis and
characterization of zirconia and hafnia nanoparticles doped with
Mn and Cr. Indeed, both compounds were recently predicted
ferromagnetic above room temperature when doped with
transition metal ions.25,26 Although these materials have been
synthesized and studied for decades, their magnetic properties
have rarely been described up to now.27-31
The synthesis, leading to the formation of monodisperse 3-4
nm nanoparticles is based on the reaction of metal oxide
precursors in benzyl alcohol without the need of additional
stabilizing agents. Above all, this work is focused on the detailed
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TABLE 1
(a) Overview of Studied Zirconia Samples, Their Crystallographic Phase (from XRD and TEM) and the Obtained Dopant Concentration
(from ICP)
sample

phase

nominal doping [%]

dopant precursor

effective doping [%]

Zr0.992Mn0.008O2-δ
Zr0.970Mn0.030O2-δ
Zr0.955Mn0.045O2-δ
Zr0.921Mn0.079O2-δ
Zr0.920Mn0.080O2-δ
Zr0.998Cr0.002O2-δ
Zr0.980Cr0.020O2-δ

cubic
cubic
cubic
cubic
cubic
cubic
cubic

1
5
10
10
15
1
15

Mn(ac)2
Mn(ac)2
Mn(ac)2
Mn(acac)3
Mn(ac)2
Cr(acac)3
Cr(acac)3

0.8
3.0
4.5
7.9
8.0
0.2
2.0
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(b) Hafnia Samples Studied, Crystallographic Phase (from XRD and TEM) and Dopant Concentration Obtained (from ICP)
sample

structure

nominal doping [%]

dopant precursor

effective doping [%]

Hf0.890Mn0.110O2-δ
Hf0.850Mn0.150O2-δ
Hf0.840Mn0.160O2-δ
Hf0.830Mn0.170O2-δ
Hf0.996Cr0.004O2-δ
Hf0.950Cr0.050O2-δ
Hf0.930Cr0.070O2-δ

cubic
cubic
cubic
cubic
monoclinic
monoclinic
monoclinic

10
15
15
15
1
10
15

Mn(acac)3
Mn(ac)2
Mn(acac)2
Mn(acac)3
Cr(acac)3
Cr(acac)3
Cr(acac)3

11
15
16
17
0.4
5.0
7.0

characterization of the doping behavior using various experimental methods ranging from diffraction techniques, analytical
electron microscopy and inductively coupled plasma-atomic
emission spectrometry (ICP-AES) to UV-vis absorption spectroscopy, and also by monitoring the magnetic properties of the
obtained particles. We will show that an in-depth characterization is needed to understand the role of synthesis and annealing
conditions (i.e., role of the oxide matrix, nature of metal ion
and ligands) and the doping behavior (e.g., efficiency, homogeneity, oxidation state of the transition metal ions). The
elucidation of these relationships is the basis for the development
of rational synthesis approaches toward multimetal and doped
metal oxide nanoparticles.
Result and Discussion
Synthesis. The synthesis of the metal oxide nanoparticles
involves the solvothermal reaction of zirconium isopropoxide
or hafnium tertbutoxide with benzyl alcohol as it was previously
reported for the formation of ZrO232 and HfO2.33 This approach
leads to the formation of uniform spherical nanocrystals in the
case of pure zirconia whereas the as-synthesized pure hafnia
nanocrystals display an ellipsoidal morphology. In this report,
we extend this approach to the case of Mn- or Cr-doped ZrO2
and HfO2. The doping was performed by adding up to 15 mol
% of manganese(II) acetate, manganese(II) acetylacetonate,
manganese(III) acetylacetonate, or chromium(III) acetylacetonate to the reaction mixture. The nanoparticles were synthesized
at 230 °C for ZrO2 and at 250 °C for HfO2. Depending on the
nature of the dopant precursor used, the reaction leads to brown
(manganese) or green (chromium) powders. The doping concentration after synthesis was monitored by ICP-AES measurements for zirconia (Table 1a) and hafnia samples (Table 1b).
The doping efficiency was calculated from the ratio between
the dopant incorporated in the structure and the molecular
precursor used during the synthesis. The effective values
reported in Tables 1a and 1b show that Mn doping is more
efficient than Cr doping. Further, higher values were obtained
for HfO2 as compared to ZrO2, which is unexpected taking into
account the similarities between the two oxides; it is probably
due to the lower reaction yield obtained for hafnium oxide.
Changing the dopant precursor resulted in a significant alteration
of the doping efficiency. Replacing the acetate ligand by an

acetylacetonate group enhanced the effectiveness despite a lower
reaction yield.
Structural and Morphological Characterization. ZrO2. The
X-ray powder diffraction pattern of the as-synthesized ZrO2
product corresponds to the cubic phase. As already shown in a
previous work, at the nanoscale the surface free energy stabilizes
the cubic phase of ZrO2.21 All the manganese-doped (Figure 1)
and chromium-doped (Figure 3a) zirconia samples show broad
diffraction peaks due to the nanometric size. Their position and
relative intensity are in agreement with the cubic structure. All
the samples studied (Table 1a) show no additional reflections
that could be attributed to crystalline impurities. Using the
Scherrer formula for the estimation of the crystalline size, we
obtained particle diameters ranging from 3 to 4 nm (cf. Table
2).
HfO2. The pattern of the pure monoclinic HfO2 nanoparticles,
synthesized by this route, was analyzed using the Debye
function.33 It turned out that the reflections could be almost
perfectly reproduced in terms of intensity and peak positions
by single crystalline ellipsoidal nanoparticles (long diameter )

Figure 1. XRD patterns of (a) expected reflection of cubic phase
(vertical full line), (b) Zr0.992Mn0.008O2-δ̈, (c) Zr0.970Mn0.030O2-δ̈, d)
Zr0.955Mn0.045O2-δ̈, e) Zr0.920Mn0.080O2-δ̈.
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TABLE 2: Crystal Structure and Size Dependence on the Annealing Treatment on Mn-Doped Zirconia Samples
sample

temperature [°C]

atmosphere

phase

size [nm]

Zr0.970Mn0.030O2-δ
Zr0.970Mn0.030O2-δ
Zr0.970Mn0.030O2-δ
Zr0.970Mn0.030O2-δ
Zr0.970Mn0.030O2-δ
Zr0.970Mn0.030O2-δ
Zr0.970Mn0.030O2-δ
Zr0.970Mn0.030O2-δ
Zr0.970Mn0.030O2-δ
Zr0.970Mn0.030O2-δ
Zr0.970Mn0.030O2-δ
Zr0.970Mn0.030O2-δ
Zr0.920Mn0.080O2-δ
Zr0.920Mn0.080O2-δ
Zr0.920Mn0.080O2-δ
Zr0.920Mn0.080O2-δ

RT
100
200
300
400
500
600
700
800
900
1000
1100
RT
600
700
800

air
air
air
air
air
air
air
air
air
air
air
air
air
O2
O2
O2

cubic
cubic
cubic
cubic
cubic
cubic
cubic
tetragonal
tetragonal/monoc
tetragonal/monoc
tetragonal/monoc
monoclinic
cubic
cubic
tetragonal
tetragonal/monoc

3.4
3.5
3.5
4
3.6
4.2
4.2
6.8
12.7
17.8
19.9 (35.2 mono)
(35.2 mono)
3.4
6.8
12.5
17.2

6 nm and short diameter ) 3 nm) with the long axis parallel to
the [100] crystallographic axis.
Upon doping hafnia, different phases could be stabilized
depending on the dopant and its content. For loads of manganese
precursor lower than 4%, the monoclinic phase is formed while
for higher concentrations the cubic one is stabilized (Figure 2).
As already observed for ZrO2, manganese doping tends to
stabilize the cubic phase. The introduction of chromium seems
not to modify the crystal structure of pure HfO2. Indeed, Crdoped HfO2 presents the monoclinic phase for all doping
concentrations tested (Figure 3b). All the samples studied (Table
1b) show no additional reflections that could be attributed to
the presence of secondary phases. The small dimension of the
particles leads to broad and overlapping peaks for the monoclinic
phase. For these samples, it was therefore not possible to use
the Scherrer formula for an estimation of the crystalline size.
However, as the aspect of the peaks corresponds to the one of
the undoped samples33 we can conclude that the size does not
substantially vary upon doping.
Annealing. It was predicted that the oxidation state of the
dopant and the concentration of oxygen vacancies would greatly
influence the magnetic properties.25 In our previous work on
Mn-doped ZrO2, quantitative EPR analyses have revealed that

Mn presents two oxidation states, namely II and III, although a
IV oxidation state would minimize the concentration of oxygen
vacancies. In order to control the dopant oxidation state (or the
amount of oxygen vacancies), postsynthesis annealing treatments
were carried out under controlled atmosphere (i.e., air and O2).
The thermal stability of the nanoparticles with respect to the
grain size and crystallographic phase was investigated on Mndoped ZrO2 samples. X-ray diffraction (XRD) patterns were
recorded as a function of temperature from RT until 1100 °C
under air (Figure 4). A narrowing of the peaks due to the
increasing crystal size was observed above 600 °C. Above 700
°C, a phase transformation takes place leading to the tetragonal
structure. Above 800 °C, a second phase transformation leads
to the monoclinic structure and to an increase of the average
crystallite size.
On the basis of these observations, another annealing was
performed under pure oxygen in order to promote higher
oxidation states of the dopant and only up to 800 °C in order to
avoid phase transformations. Selected samples were annealed
in pure oxygen for 30 s at 600, 650, 700, and 800 °C in a rapid
thermal annealing oven (Figure 5). However, under these
experimental conditions, the stability of the cubic phase of
zirconia decreases. The structure and size variation (estimated
using the Scherrer formula) as a function of the annealing
temperature are reported in Table 2. For annealing temperatures
up to 700 °C, no additional peaks due to segregation of the

Figure 2. XRD patterns of (a) expected reflection of cubic phase
(vertical dashed line) and monoclinic phase (vertical full line); Mndoped hafnia obtained adding 1 (b), 3 (c), 4 (d), 10 (e), and 15% (f) of
manganese precursor.

Figure 3. Typical XRD pattern of (a) Cr-doped ZrO2 and the expected
reflections of the cubic phase (vertical dashed line) and of (b) Cr-doped
HfO2 and the expected reflections of the monoclinic phase (vertical
dashed line).
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Figure 4. XRD patterns of Zr0.970Mn0.030O2-δ̈ as synthesized (a) and
after annealing under air at the temperature of 100 (b), 200 (c), 300
(d), 400 (e), 500 (f), 600 (g), 700 (h), 800 (i), 900 (l), 1000 (m), 1100
°C (n).

Figure 5. XRD patterns of Zr0.920Mn0.080O2-δ̈ as synthesized (a) and
after annealed under oxygen at the temperature of 600 (b), 700 (c) and
800 (d) °C; expected reflection of cubic (solid line) and monoclinic
phase (dashed line).

dopant are visible. The pattern of the sample calcined at 800
°C (Figure 5d) shows the coexistence of the cubic and
monoclinic phases. It is therefore more delicate from this pattern
to exclude the presence of some additional diffraction peaks
due to manganese oxide impurities as they can be hidden by
the patterns of the matrixes. Annealing experiments performed
on doped hafnia showed similar trends (not shown).
TEM. In order to evaluate the size, morphology, and
crystallinity as well as the doping homogeneity of the nanoparticles, the samples were examined by transmission electron
microscopy, (TEM), electron energy loss spectrometry (EELS),
and energy dispersive X-ray spectroscopy (EDX). The observations revealed particles that are homogeneous in size and shape.
While the zirconia particles mostly appear to be spherical, the
hafnia nanoparticles show a nearly ellipsoidal shape, being
elongated along the [100] direction33 (Figure 6). The sizes
extracted from TEM are in good agreement with the values
derived from XRD measurements, pointing out that the nanocrystals are single crystalline in nature (see also refs 21 and
33). Lattice fringes observed in high resolution (HRTEM) appear
regularly and can readily be assigned to the corresponding
structures of HfO2 and ZrO2, respectively. The zirconia samples
and the hafnia doped with more than 4% of Mn precursor reveal
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a cubic structure, whereas the others (i.e., the pure, the low Mndoped and the Cr-doped) hafnia nanoparticles are monoclinic.
The phase transition observed in the case of the hafnia
nanoparticles slightly modify the morphology of the nanoparticles from ellipsoidal to faceted pseudo spherical.
No indications for secondary phases such as MnxOy were
found. Clearly, lattice fringe imaging at high resolution provides
only local information and is therefore not sufficient to exclude
the presence of impurities in the sample.
EELS spectra have been recorded in order to get additional
insight on the homogeneity of the manganese distribution in
the samples. Figure 7 shows two EELS spectra recorded from
the Hf0.830Mn0.170O2-δ sample over the energy range of the
oxygen K and the manganese L ionization edges. One has been
recorded by selecting the signal from a large number of particles
at low magnification (Figure 7a,b); the other one was recorded
at high magnification from just a few particles (Figure 7c,d).
Unfortunately, the ionization edges of hafnium accessible to
EELS are not suitable for quantification. For this reason, only
the oxygen K and the manganese L edge are shown. Calculations
of the relative quantities of these two elements, after background
subtraction and abstraction of the signal, revealed that the
oxygen to manganese ratio is constant. The overall shape and
intensity ratio of the two signals is very similar, even though
the number of particles that contribute to the two spectra is very
different. In the HRTEM image (Figure 7c), we can clearly see
that the particles are homogeneous in size and shape and the
lattice fringes of each particle are in agreement with the hafnium
oxide structure. Moreover, any secondary phase present in this
particular image would be easily identified by lattice spacings
and angles not corresponding to the HfO2 structure (e.g.,
additional MnxOy phases). As this is not the case from the EELS
spectrum (Figure 7d) of this region one can safely conclude
that the Mn signal is due to the doping of the HfO2 nanoparticles.
Diffuse Reflectance. In order to investigate the valence state
and the local environment of the dopant diffuse reflectance
spectroscopy and electron paramagnetic resonance were used.
Both pure zirconia and hafnia are white powders with optical
band gaps around 5-6 eV,34,35 and they do not present any
absorption in the visible range. Therefore, the resulting brown
and green colors of the samples are due to the doping with
manganese and chromium, respectively.
After doping, an absorption becomes visible at around 400
nm in the spectra of Mn-doped samples, probably due to chargetransfer transitions.36,37 The spectra of Mn-doped samples (Figure
8a,b) show a broad peak centered around 580 nm for low Mn
concentration. With increasing Mn concentration, a feature starts
to appear at around 470 nm. Above an added doping concentration of around 10%, the low energy features are completely
covered by that new band.
The two bands observed in the visible region might be due
to Mn in different environments or due to the two manganese
oxidation states present in the samples. According to our
previous article,21 the average oxidation state of Mn ions inside
the zirconia is close to II for the less concentrated samples
(∼1%) and increases to almost III at a 5% manganese
concentration. Furthermore, no Mn4+ ions were found by EPR
studies. The peak at higher energy has been attributed to either
Mn2+ (MnO, 480 nm)38 or Mn3+ (Mn2O3, 480-485 nm)39,40 d-d
transitions. However, as this peak arises with increasing Mn
concentration, that is, with a growing Mn3+ proportion, it can
be tentatively assigned to a 5B1g f 5B2g transition at the Mn3+
ions in octahedral symmetry. More difficult is the assignment
of the peak at 580 nm, which is present for all the manganese
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Figure 6. The TEM images show agglomerations of particles in low resolution and individual particles at high resolution. Top row: ZrO2 (a,b) and
HfO2 (c,d). Bottom row: Mn-doped zirconia (e,f) and Mn-doped hafnia (g,h). Insets show the corresponding power spectra (b,h, cubic 110 orientation;
d, monoclinic 110 orientation; f, cubic 111 orientation).

Figure 7. TEM images (a,c) and corresponding EELS spectra (b,d) of Hf0.830Mn0.170O2-δ nanoparticles prepared from Mn(acac)3. The background
was subtracted in order to abstract the oxygen K (∼530 eV) and manganese L (∼640 eV) ionization edges. The Hartree slater cross sections that
were used for the quantification are shown. In (d) the intensity of the abstracted signal and the cross-section were multiplied by a factor of 2.

concentrations. However, a similar band was already reported
in case of mixed Mn2+/Mn3+ doped zirconia36 and sulfated
zirconia.37
Spectra of Cr-doped zirconia and Cr-doped hafnia are shown
in the Figures 8c,d, respectively. Both doped matrixes exhibit
two broad peaks around 450 and 620 nm despite the different
crystal structure of the hosts. These bands are characteristic of
intra-3d transitions of Cr3+ ions (4F) in an octahedral symmetry.
In this configuration the bands can be assigned to A2g f T1g
and A2g f T2g transitions, respectively.41,42 Nevertheless, the
presence of Cr4+ should not be excluded as these 3F ions show

similar bands in the same region (420-450 and 550-600 nm)
but generally with a lower intensity.43,44
EPR. Electron paramagnetic resonance is a suitable technique
to study the doping of paramagnetic transition metal ions in an
oxide matrix. The measurements were performed at 300 and
100 K. Except for an increase of the signal amplitude at low
temperature, no change was observed in the spectra. The spectra
of dilute Mn-ZrO2 samples have already been shown in a
previous article.21 Considering the g value and the peak-to-peak
distance of the hyperfine splitting, the signals were attributed
to Mn2+ ions only.21 By EPR on lightly Mn-doped ZrO2 (0.7%
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Figure 8. UV-vis spectra of ZrO2 (a) and HfO2 (b) doped with 0 (dashed-dotted-dotted line), 1 (solid line), 5 (dashed-dotted line), 10 (dashed
line), and 15 (dotted line) % of Mn precursor; UV-vis spectra of ZrO2 (c) and HfO2 (d) doped with 1 (solid line), 10 (dotted line), and 15 (dashed
line) % of Cr precursor.

Figure 9. (a) EPR spectra of Zr0.992Mn0.008O2-δ̈ (dotted line), Zr0.955Mn0.045O2-δ̈ (dashed line), and Zr0.920Mn0.080O2-δ̈ (solid line) samples synthesized
using Mn(ac)2 as precursor; (b) EPR spectra of Mn-doped zirconia synthesized adding 10% of different precursors: Mn(Ac)2 (solid line), Mn(Acac)3
(dotted line), and Mn(Acac)2 (dashed line); (c) derivative of the EPR signal for Zr0.993Mn0.007O2-δ̈.

Mn) we observe three main different sextuplets. A derivative of the plot (Figure 9c) allows the observation of the three
contributions that arise from different environment for the

manganese cations (+II). The extra set of peaks in between the
main resonances is due to forbidden transitions. The hyperfine splitting is found to be identical with a value of 89 ( 1
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Figure 10. EPR spectra of Hf0.85Mn0.15O2-δ̈ sample synthesized using
Mn(ac)2 as precursor.

Gauss. This value is characteristic of the ionicity of the atom
in the matrix.45 The value found shows that the Mn atoms are
incorporated in the matrix, otherwise a Mn ion on the surface
would present an hyperfine value of 94 ( 1 Gauss.
Concerning the three different signals, they correspond to
three different environments in zirconia. One is octahedral,
the second a distorted octahedral, and the third trigonal
bipyrimidal.46 These three different local environments are
certainly present for Mn in ZrO2 and HfO2 for low and high
doping. In fact, Mn(II) in an octahedral site corresponds to
substitutional doping of Mn(II) and to one additional oxygen
vacancy. Obviously, upon increasing the dopant concentration, the oxygen vacancies cannot increase accordingly,
resulting in a different environment such as trigonal bipyramidal and distorted octahedral sites. It is also noteworthy
to remind that due to the very small size of the nanocrystals,
surface effects may have a strong influence on the symmetry
around dopant atoms.
In more concentrated samples, the hyperfine splitting becomes
less discernible as dipolar coupling between the Mn spins
broaden the sextuplet (Figure 9a). Even though the manganese
concentration increases from 1 to 8%, the intensity of the
measured signals are comparable and no additional peaks
coming from higher oxidation states were detected. Upon
increasing Mn concentration, the [Mn3+]/[Mn2+] ratio increases.21 However, Mn3+ cannot be detected as it is silent in
the EPR X-band commonly used.
As already noticed in Table 1a, the Mn precursor nature
influences the doping efficiency. Using Mn(ac)2, the doping
efficiency is very low, and consequently the sextuplet is still
observed even for high loading of Mn precursor (Figure 9b,
solid line).
The EPR spectra of Mn-doped HfO2 present a broad peak
centered at g ) 2.05 and no hyperfine splitting is discernible
even at very low Mn concentration (Figure 10). Similarly to
the case of zirconia, the signal is assumed to originate from the
presence of the Mn2+ ions. Further, the lack of hyperfine splitting
and the absence of additional manganese oxide phases (cf. XRD
and TEM studies) confirm the strong dipolar interaction between
the spins and thus the doping inside the nanocrystals core. The
higher doping efficiency for hafnia as compared to the case of
zirconia explains the sole presence of a broad signal.
The samples obtained after rapid thermal annealing were also
investigated with EPR. The signal was not affected by annealing
at 600 °C. The signal amplitude remains the same and the
hyperfine splitting (HS) is still detectable (Figure 11). In the
spectrum of the sample annealed at 700 °C, the HS is faintly

Figure 11. Second derivative of EPR spectra of Zr0.920Mn0.080O2-δ̈ as
synthesized (a) and after annealing at the temperature of 600 (b), 700
(c), 800 (d) °C.

Figure 12. Temperature dependence of the line width of the EPR
spectra in Zr0.920Mn0.080O2-δ annealed under oxygen at 800 °C.

discernible and the intensity is reduced, probably due to the
appearance of manganese ions in a tetragonal environment.47
Further increasing of the furnace temperature (800 °C) leads to
an additional decrease of the intensity, the complete vanishing
of the HS and a shift to lower field value (g ) 2.07). This shift
can be attributed to the distortions caused by the structural phase
change observed at this temperature (from cubic to tetragonal
and then monoclinic).48
Because the line width of the EPR signal, when plotted as a
function of the temperature, depends on the magnetic interactions taking place in the sample, it can be used for the detection
of magnetic impurities. EPR spectra of the Zr0.920Mn0.080O2-δ̈
sample annealed at 800 °C were therefore recorded between
15 and 120 K.
For an ideal diluted magnetic semiconductor, a hyperbolic
decrease of the line width is expected. In the present case, an
inverse correlation between the line width and the temperature
with two anomalies was observed instead (Figure 12). A
maximum occurs around 105 K, almost matching the Neel
temperature of the antiferromagnetic MnO.49 A second and more
important peak is visible at 65 K, slightly above the Curie
temperature of the ferromagnet Mn3O4.48
In the case of chromium ions, three signals, referred to as δ,
β, and γ, are expected depending on the chromium oxidation
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Figure 13. (a) EPR spectra of Zr0.998Cr0.002O2-δ̈ (solid line), Zr0.980Cr0.020O2-δ̈ (dashed line), and Hf0.996Cr0.004O2-δ̈ (dotted line); (b) EPR spectra of
Cr-doped zirconia (dashed line) and Cr-doped hafnia (dotted line) samples after under air annealing at 500 °C.

state and its environment.50 For Cr-doped zirconia (Figure 13a)
only a weak band at g ) 5.33 is visible. This band is a δ type
and is due to Cr3+ homogeneously dispersed in the zirconia
matrix. The spectra of Cr-doped hafnia (Figure 13a) present no
signal in this band. Although all chemical characterizations
clearly prove an effective doping, EPR could indicate the
presence of Cr4+ in an octahedral environment. Indeed, the
resonance of Cr4+ could hardly be observed in the literature as
its intensity is very low.51 The lack of the β signal confirms
once again the absence of Cr2O3 clusters.52
After calcinations (Figure 13b), both samples show a sharp
and intense peak at g ) 1.97 that is attributed to a γ peak and
hence to Cr5+ ions at the surface of the particles or less likely
to surface mixed valence trimers of the type “Cr6+-OCr3+-O-Cr6+”, containing both chromium(III) and chromium(VI) in which the average oxidation state of the chromium
is V.50,52,53 Both are indications for an oxidation in the surface
region of the particles. In the case of zirconia, the δ signal is
still detectable, meaning that the oxidation is not complete.
Susceptibility Studies. The magnetic measurements were
carried out on all samples in Table 3. As shown in our previous
work, diluted Mn-doped ZrO2 nanoparticles display a paramagnetic behavior.21 Here, we shall focus on the highest dopant
concentration achieved on this system, namely Zr0.920Mn0.080O2-δ.
Zero-field cooled/field cooled (ZFC/FC) measurements were
carried out on pristine samples and samples annealed between
600 and 800 °C in the RTA furnace. Unlike the as-synthesized
Zr0.920Mn0.080O2-δ̈, annealed samples show a deviation from the
Curie law at around 42 K (Figure 14a). The discrepancy between
ZFC and FC curves becomes larger with increasing the
annealing temperature. This ferromagnetic contribution is attributed to manganese oxides clusters with a composition close
to Mn3O4. The Curie temperature shows a slight discrepancy
from the bulk value of Mn3O4 but matches perfectly the Curie
temperature found in diluted systems like Mn doped ZnO54 or
the blocking temperature in MnO nanoparticles.55 This fact can
also explain the huge increase of the loop width in ZFC/FC
experiments (Figure 14a) from samples treated at the 700 and
the 800 °C, indeed the phase modification of zirconia facilitates
the segregation.
The decrease of the magnetic moment with annealing
temperature is consistent with the oxidation of some Mn2+ ions
as deduced from the EPR analysis. Even after annealing, the
magnetization does not reach the saturation under a field of µ0H
) 5 T. The Langevin fit of the M-H curve at T ) 2 K gives
estimated values of 2.70, 2.47, 2.20, 1.95, and 1.83 µB/Mn for
Zr0.920Mn0.080O2-δ samples before and after annealing at 600, 650,
700, and 800 °C, respectively. In the inset of the Figure 14b, a

Figure 14. ZFC/FC curves measured under a field of µ0H ) 500 Oe
(a) and hysteresis loop at T ) 2 K (b) for Zr0.920Mn0.080O2-δ as
synthesized (solid line) and after annealing under oxygen at the
temperature of 600 (dashed line), 650 (dotted line), 700 (dashed-dotteddotted line), and 800 (dashed-dotted line) °C.

magnification of the loops is shown. The ferromagnetic interactions are clearly visible for the highest temperature treated
sample where they give rise to a coercive field of 29.9 mT.
The study of the magnetic properties of Mn-doped ZrO2
shows therefore that the solubility limit of manganese in ZrO2
has been reached and that even after a chemical treatment aimed
to fill the oxygen vacancies no intrinsic ferromagnetism could
be found for these samples. This result confirms another
experimental study recently published on Mn- and Fe-doped
ZrO2.27
The susceptibility of manganese-doped HfO2 samples follows
a Curie law and the magnetic moment per Mn atom reaches a
value comparable to the doped zirconia samples (Figure 15a).
The clustering of Mn oxide takes place only after calcinations
at 650 °C for highly doped samples (about 15%); a small
transition to ferromagnetism at T ) 42 K is present (Figure
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Figure 16. Magnetic measurements Zr0.980Cr0.020O2-δ̈, pristine sample
(dotted-dashed line), and sample annealed at 650 °C (solid line): ZFC/
FC curves measured in a field of 500 Oe (a) and hysteresis loop at T
) 2 K (b).

Figure 15. ZFC/FC curves measured in a field of 500 Oe (a) and
hysteresis loop at T ) 2 K (b) for Mn-doped hafnia synthesized with
15% of Mn(ac)2 (solid line), Mn(acac)2 (dashed line), and Mn(acac)3
(dotted line). Inset in Figure a: ZFC/FC curves of pristine sample
(dotted-dashed line) and annealed at 650 °C (solid line). (c) Magnetization as a function of the field at 10 K for pure HfO2 nanoparticles.

15a inset) as already observed on Mn-doped ZrO2. The doping
of the hafnia samples from different manganese precursors
almost does not influence the magnetization (Figure 15b).
Ferromagnetism has been reported for several pure “diamagnetic” oxide nanoparticles recently, particularly HfO2.56,57 In our
samples the magnetic measurements did not allow observing
any ferromagnetism in the pure ZrO2 and HfO2 nanoparticles
(Figure 15c). Only very weak paramagnetism was observed
(10-2 compared to 101 A · m2/kg for transition metal-doped
samples. This could arise from defects or impurities at ppm
level (the chemicals used are of the best available purity 99.9%
in the case of hafnium precursor).
The chromium-doped samples present a classical Curie law
behavior before calcination (Figure 16). The substitution of Zr

by Cr without formation of an oxygen vacancy would result in
a Cr4+ state (2 µB/Cr). The hysteresis loops reveal a large
magnetic moment of 2.32 µB/Cr consistent with a lower
oxidation state of Cr. A magnetization value of 2.6 µB/Cr was
found in Cr3+-doped anatase TiO2.58 Therefore, the average
oxidation state of chromium in our samples should be between
III and IV. Interestingly, this oxidation state at higher doping
concentration (i.e., 25%) is predicted to be a ferromagnetic phase
according to the calculations made by Ostanin et al.25
The only noticeable feature has been recorded on Zr0.980
Cr0.020O2-δ̈ (Figure 16). Upon annealing at 650 °C under pure
oxygen, the ZFC curve displays a maximum at 43 K and the
FC curve features a transition to ferromagnetism below the very
same temperature. Contrary to Mn-doped samples, the transition
could hardly been ascribed to a known impurity since Cr2O3 is
an antiferromagnet with a TNéel ) 307 K59 and chromium dioxide
(CrO2) is the only ferromagnetic (FM) compound with a Curie
temperature of ∼390 K, which in addition shows “half-metallic”
behavior with a magnetic moment of 2 µB per Cr atom.60
Therefore, the magnetic behavior observed for this compound
could indeed be due to an intrinsic ferromagnetic behavior of
the doped oxide.
This hypothesis could be confirmed by the study of Cr-doped
HfO2. Although the doping efficiency is much higher in that
case (up to 7%), all samples have displayed paramagnetic
behavior (not shown) with a magnetic moment of the annealed
sample of 1.8 µB per Cr atom. Along with EPR measurements,
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TABLE 3: Magnetic Behavior of Pristine and Annealed Samplesa

Downloaded by UNIV MONTPELLIER 2 on July 8, 2009
Published on June 22, 2009 on http://pubs.acs.org | doi: 10.1021/jp9029375

a

samples

annealing

precursor

magnetic coupling

Ms (µB/MT)

Zr0.920Mn0.080O2-δ
Zr0.920Mn0.080O2-δ
Zr0.920Mn0.080O2-δ
Zr0.920Mn0.080O2-δ
Zr0.920Mn0.080O2-δ
Hf0.830Mn0.170O2-δ
Hf0.840Mn0.160O2-δ
Hf0.850Mn0.150O2-δ
Hf0.840Mn0.160O2-δ
Zr0.980Cr0.020O2-δ
Zr0.980Cr0.020O2-δ
Hf0.930Cr0.070O2-δ
Hf0.930Cr0.070O2-δ

Pristine
600 °C
650 °C
700 °C
800 °C
pristine
pristine
pristine
650 °C
pristine
650 °C
pristine
650 °C

Mn(ac)2
Mn(ac)2
Mn(ac)2
Mn(ac)2
Mn(ac)2
Mn(acac)3
Mn(acac)2
Mn(ac)2
Mn(acac)2
Cr(acac)3
Cr(acac)3
Cr(acac)3
Cr(acac)3

antiferromagnetic
ferromagnetic
ferromagnetic
ferromagnetic
ferromagnetic
antiferromagnetic
antiferromagnetic
antiferromagnetic
ferromagnetic
ferromagnetic
ferromagnetic
antiferromagnetic
antiferromagnetic

2.70
2.47
2.20
1.95
1.83
3.51
3.42
3.28
2.30
2.32
2.08
2.66
1.80

Tc (K)

Tθ (K)
-76.5

42
42
42
42

-11.5
-11.2
-11.9

42
10.8
43

-8.03
-0.23

Ms, magnetization at saturation; Tc, Curie temperature; and Tθ, Curie-Weiss temperature.

this value confirms the higher oxidation state of Cr (between
IV and V). If one recalls the calculations by Ostanin et al., the
paramagnetic state could certainly be explained by the instability
of the FM phase for the Cr4+ to Cr5+ oxidation state.25
Conclusions
We reported high doping efficiency in the synthesis of
transition metal doped ZrO2 and HfO2 by tuning the reactivity
of the molecular precursors under nonaqueous sol-gel conditions in benzyl alcohol. The largest effective doping concentration was obtained for HfO2 from Mn(acac)3 (17% Mn). A
combination of several characterization techniques was used in
order to correlate the synthesis conditions to the doping
efficiency and behavior and to the magnetic properties of the
as synthesized nanocrystals. Postsynthetic annealing treatments
under controlled atmospheres were performed in order to control
the oxidation state of the transition metal ions and the amount
of oxygen vacancies. It turned out that this is a rather delicate
step as it can induce segregation and clustering at relatively
low temperature (i.e., above 600-700 °C), as well as phase
transformations. We conclude from our study that the annealing
has to be performed below 650 °C to preserve the nanocrystals
size and the crystallographic structure.
Magnetic measurements reveal three different behaviors (c.f.
Table 3): (i) a paramagnetic state for ZrO2- and HfO2-doped
samples for all studied transition metal contents; (ii) clustering
of ferromagnetic Mn3O4 in the case of Mn-doped samples after
calcination; (iii) an FM phase below 43 K for Cr-doped ZrO2,
which has been attributed to the intrinsic DMS behavior. The
structural, spectroscopic, and magnetic measurements can clearly
address the case of the dopant state but not the local symmetry.
Further EXAFS experiments will be conducted in order to obtain
a complete and comprehensive picture on the origin of the
observed FM.
Experimental Section
Hafnium(IV) tert-butoxide 99.9% was purchased from Strem.
Zirconium(IV) isopropoxide isopropanol complex 99.9%, manganese(II) acetate 98%, manganese(II) acetylacetonate, manganese(III) acetylacetonate, chromium(III) acetylacetonate 99.99%,
and benzyl alcohol 99% were purchased from Aldrich. All the
precursors were stored in a glovebox and used as received.
In a typical reaction for zirconia samples, a Teflon cup of 45
mL inner volume was filled with 1.29 mmol of zirconium(IV)
isopropoxide isopropanol complex, 20 mL of benzyl alcohol
and an adequate quantity of dopant. For hafnia samples, a Teflon
cup of 23 mL inner volume was filled with 1.06 mmol of

hafnium(IV) tert-butoxide, 12 mL of benzyl alcohol and an
adequate quantity of dopant. The cup was slid into a steel
autoclave, sealed, removed from the glovebox, and then heated
for 2 days in a furnace at 230 °C (ZrO2) or 250 °C (HfO2). The
resulting suspensions were centrifuged and the precipitates were
meticulously washed with ethanol and acetone and afterward
dried in air at 60 °C. As a general trend, the yield of the reaction
is higher for zirconia samples and it decrease with the increasing
of the dopant concentration (from 90 to 15%). The powders
are white for pure oxides, green in the case of chromium, and
brown when Mn(II) and Mn(III) doping were added.
The XRD data were collected on an X’Pert MPD Philips
diffractometer (Cu KR X-radiation at 40 kV and 50 mA). TEM
was carried out on a Hitachi H-9000 microscope operating at
300 kV, high resolution microscopy and EELS measurements
were performed using a CM200FEG (Philips) microscope with
a field emission gun and a GATAN Tridiem GIF. The
microscope was operated at 200 kV. Samples were prepared
by depositing a drop of a suspension of particles in ethanol on
a copper grid coated with an amorphous carbon film. ICP-AES
was realized in the Analytical Laboratories of University of
Aveiro. The diffuse reflectance spectroscopy was performed on
Jason V-560 UV-vis spectrophotometer. The EPR experiments
were performed at X band ∼9.5 GHz on a Bruker ESP300
spectrometer with microwave powers between 0.02 and 200
mW. Temperature studies from 6 to 300 K were carried out
using an Oxford gas-flow cryostat. Magnetic properties were
measured using a superquantum interference design (SQUID)
magnetometer MPMS XL7 in the range of temperature 2-350
K and of field 0-5 T. The temperature-dependent susceptibility
was measured using DC procedure. The sample was cooled to
2 K under zero magnetic field, and low magnetic field (5 mT)
was then applied and data collected from 2 to 350 K (zerofield cooled, ZFC). Field cooled (FC) measurements were
performed from 2 to 350 K with an applied field (generally 0.5
T) during the cooling. Rapid thermal annealing was carried out
on a JIPELEC JETFIRST 100 instrument. The powders pressed
into pellets were heated for 30 s under pure oxygen using a
ramp of 20 s.
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