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Abstract: The aim of the present work was to study the magnetic properties of ZrO,(Mn)
nanocrystals prepared by microwave-assisted hydrothermal synthesis using three different precursors:
KMnOy, MnCl,, and Mn(NOs3),. The structural characterization was performed by means of X-ray
diffraction. The morphology of the samples was studied by using STEM microscopy. The magnetic
properties were studied by means of alternating current (AC) susceptibility (at a small AC magnetic
field with amplitude not exceeding 5 Oe) and direct current (DC) magnetization (up to 9 T). All of
the samples demonstrated Curie-Weiss behavior at higher temperatures with negative values of
the Curie-Weiss temperature 6. It was shown that the conditions of the synthesis, e.g., pH and the
type of precursor, can be adjusted to decrease the value of the Curie-Weiss temperature and reduce
antiferromagnetic interactions.
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1. Introduction

Zirconia (ZrO;) has attracted great interest for its unique physical properties and potential
applications in electronics and optoelectronics. Zirconia is an important material used in industry
in solid fuel cells, catalytic agents, ceramics, and gas sensors [1-4]. ZrO; is a p-type semiconductor
with a large and indirect band gap (6.1 eV in the cubic ground state phase, 5.87 and 5.83 eV in the
tetragonal and monoclinic ones, respectively) [5]. Pure zirconia has a monoclinic structure at room
temperature. It exhibits structural transformations when the temperature increases: first transforming
to tetragonal form at approximately 1170 °C and then to a cubic fluorite structure at around 2370 °C [6].
Thus, depending on the synthesis method and thermal treatment, monoclinic, tetragonal, cubic, or
a mixture of these phases might be present in zirconia-based crystals. In view of their applications,
the cubic and tetragonal phases are important. The two high-temperature phases (cubic and tetragonal)
have excellent mechanical, thermal, and dielectric properties, which make ZrO, an ideal candidate for
protective coatings, high-k dielectric materials, and chemically inert refractory materials [7]. The room
temperature stabilization of these polymorphs is commonly achieved by the addition of another cation,
such as CaZ*, Y3*, Ce**, Ga’*, or Mg2+ [7-10]. It was shown that Mn?* cations stabilize either the
tetragonal or cubic form at increasing content [11-14].

In the context of commercial applications, doped magnetic oxides are of particular interest.
As a typical semiconducting host, metal oxides, such as ZnO, TiO;, SnO,, or Cu,0, are usually
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considered [15-17]. In particular, many interesting reports exist in the area of transition metal
(TM)-doped nanosized zirconia (ZrOy); (see, e.g., [14,18]) and references therein. In many cases,
it was shown that TM doping does not play a crucial role and defects vacancies are responsible for the
observed magnetism [19,20]. It was theoretically predicted by the use of ab initio electronic structure
calculations that cubic Mn-stabilized ZrO, should be ferromagnetic above 500 K [21]. Boujnah et al.
calculated using the density functional theory (DFT) with the generalized gradient approximation
(GGA) and the modified Becke—Johnson (mB]) approach that a ferromagnetically ordered configuration
is the ground state in Mn-doped cubic ZrO, [22].

There are several experimental studies on ZrO; doped with Mn. However, the magnetic
properties of Mn-doped ZrO, are not fully understood. The solubility of TM ions in ZrO, host
material is fairly low and the magnetic cluster formation is very often responsible for the observed
magnetic properties [14,23,24]. No evidence of long-range ferromagnetic ordering was reported in
nanoparticles of ZrO, doped with Mn prepared either by the coprecipitation method [23] or by the
nonaqueous sol-gel approach in benzyl alcohol [14]. Yu et al. found the presence of Mn,O3 secondary
phase for nanosized samples with Mn content above x = 0.25 [23]. They observed paramagnetic
behavior for samples below this Mn content. Pucci et al. observed two types of magnetic behavior:
paramagnetic behavior for pristine nanocrystals and ferromagnetic behavior due to the presence
of Mn3Oy phase after calcination [14]. Clavel et al. reported paramagnetic behavior for nanosized
ZrOy:Mn samples prepared by the benzyl alcohol route [24]. Paramagnetic behavior was reported
for polycrystalline Y-stabilized tetragonal zirconia with up to 10% of Mn prepared by the solid state
method by equilibrium [25]. For samples doped with higher Mn content (15% and 20% of Mn),
local ferrimagnetic ordering was observed due to the Mn3Oy4 secondary phase. Zippel et al. observed
defect-induced room temperature ferromagnetism (RTFM) for both undoped and Mn-doped ZrO; films
grown by pulsed-laser deposition [26]. For cubic ZrO,:Mn film, a noticeable ferromagnetic saturation
magnetization at 5 K was observed. The authors correlated the observed ferromagnetism with a high
density of dislocations. Hong et al. [27] found that cubic Mn-doped ZrO, films are ferromagnetic with
Tc above 400 K. The observed ferromagnetism was mainly due to the ferromagnetic (FM) Mn-Mn
interactions via oxygen intermediates. The authors revealed that differently from the cubic case, FM
in monoclinic Mn-doped ZrO; films does not come only via exchange interactions, but also from
defects. Kumar et al. synthesized nanostructures of tetragonal Mn-doped ZrO, and the observed room
temperature ferromagnetism originated from the oxygen vacancies [28].

Despite a number of available reports and experimentally observed evidence for the
ferromagnetism of magnetic oxides, there is still an open question about the origin of magnetism
in these compounds. The aim of the present study is to examine the influence of the preparation
conditions on the structural and magnetic properties of the resultant nanosized materials. In particular,
from the point of view of future applications, we aim to stabilize high temperature ZrO, phases
(tetragonal or cubic). We used a wet chemical microwave-assisted hydrothermal method to synthesize
nanosized samples. The advantage of this technique is the really low temperature treatment, short
processing time, use of simple equipment, and, additionally, the method is environmentally friendly.
To the best of our knowledge, this method has not yet been used to synthesize ZrO, with Mn. In the
previous paper, we studied the magnetic and structural properties of ZrO, doped with Fe [29].
We complete our experimental research about the effect of doping with TM on the magnetic properties
of nanosized ZrO;.

2. Sample Preparation and Experimental Methods

The nanocrystalline samples of ZrO, doped with Mn were obtained by using the
microwave-assisted hydrothermal method (Magnum II microwave reactor, ERTEC, Wroclaw, Poland).
Two series of the samples were prepared. In the first series, the appropriate amounts of ZrOCl,-8H,O
(puriss. p.a. >99.5%, Merck, Saint Louis, MO, USA) and KMnOy (puriss p.a. >99.5%, Chempur,
Piekary Slaskie, Poland) were dissolved in distilled water. Seventy-three milliliters (73 mL) of 0.05 M
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ZrOCl, was used and 8 mL of KMnQO, with different concentrations was added. An amount of
0.05 M KMnOy corresponded to 4.9 wt % Mn nominal concentration in the sample, and 0.2 M KMnOy
corresponded to 19.5 wt % Mn nominal concentration in the sample. The obtained solution was
put in an ultrasonic bath. The desired pH of the mixture (pH = 3, 7, 9) was adjusted by using 1 M
NaOH (puriss p.a. >98.8%, Chempur, Piekary Slaskie, Poland). The microwave-assisted synthesis
was conducted during 20 min in a reactor under a pressure of 55 bar. The reaction temperature
was equal to 523 K. In the second series of the samples, we used two different precursors: MnCl,
(puriss. p.a. >98.0%, Merck, Saint Louis, MO, USA) and Mn(NO3); (purum p.a. >97.0%, Merck,
Saint Louis, MO, USA). In this case, we used 0.05 M MnCl,/Mn(NOs3),, which corresponded to
4.9 wt % Mn nominal concentration in the sample, and 0.1 M MnCl, /Mn(NOj3),, which corresponded
to 9.8 wt % Mn nominal concentration in the sample. Seventy-three milliliters (73 mL) of 0.05 M
ZrOClp and 8 mL of MnCl, /Mn(NOs); (with the two different concentrations given above) were used.
The pH = 9 was adjusted in the second method of synthesis. The microwave assisted synthesis was
conducted during 20 min in the reactor under a pressure of 55 bar. The reaction temperature was
equal to 523 K. Two undoped reference samples were synthesized with 0.05 M ZrOCl, precursor for
pH =3 and pH = 7. The procedure of synthesis used allowed us to study the influence of various
precursors as well as the pH of the mixture on structural and magnetic properties of the resultant
samples. The details of the synthesis procedure are collected in Table 1.

The high resolution X-ray diffraction measurements were performed by using a Philips X'Pert
Pro MPD Alphal Bragg-Brentano powder diffractometer (Cu K, radiation was used, Malvern
Panalytical, Eindhoven, the Netherlands). The morphology of the samples was studied by using
a Hitachi s5500 scanning-transmission electron microscope (STEM, HITACHI, Tokyo, Japan).
The magnetic properties were studied by using an AC/DC Lake Shore 7000 magnetometer (Lake
Shore Cryotronics, Inc., Westerville, OH, USA). Alternating current (AC) magnetic susceptibility
X measurements in the temperature range 4.2-160 K were performed. The real, Re(x), as well as
the imaginary, Im()), parts of the magnetic susceptibility were collected in an AC magnetic field of
frequency (f) range 7-10,000 Hz and amplitude not exceeding 5 Oe. Magnetization (M) was measured
using the extraction technique in a magnetic field of up to9 T.

3. Results and Discussion

3.1. XRD and STEM Characterization

STEM images for four representative samples for low (P5, P12) and high Mn concentration (P11,
P6), prepared with pH =9, are presented in Figure la-d. In the sample P5 with 4.9 wt % of Mn
synthesized with the use of KMnOj, precursor (Figure 1a), one can distinguish an agglomerated oval
with a size between around 5 nm and 15 nm as well as cube nanograins with a size not exceeding 20 nm.
For the P12 sample, prepared using Mn(NO3), precursor with 4.9 wt % of Mn, oval agglomerated
nanocrystals are visible with a size between around 5 nm and 15 nm (Figure 1b). For the P11 ZrO,
sample with 9.8 wt % of Mn prepared with the use of Mn(NO3); precursor, smaller (a size at around
5-7 nm) and agglomerated nanocrystals are visible. For this sample, only oval nanograins are observed
(Figure 1c). The degree of agglomeration is lower than that in the P12 sample. The results for a
higher content of Mn are presented in Figure 1d. The highest degree of agglomeration is observed
for the P6 sample with higher doping, e.g., 19.5 wt % of Mn (Figure 1d). The sample was prepared
by the use of KMnOj precursor. In this case, small oval nanograins (not exceeding 10 nm) and larger
non-oval agglomerates (in size around 20 nm and above) are observed. In the samples prepared by
use of Mn(NOj3); precursor (P11 and P12), only oval nanograins are observed. For samples prepared
with KMnOy precursor, oval and non-oval nanograins are visible.
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Figure 1. STEM images for samples of nanosized ZrO, doped with Mn: (a) the P5 sample doped with
4.9 wt % of Mn prepared with KMnOy precursor; (b) the P12 sample doped with 4.9 wt % of Mn
prepared with Mn(NOj3), precursor; (c) the P11 sample doped with 9.8 wt % of Mn prepared with the

use of Mn(NO3), precursor; (d) the P6 sample doped with 19.5 wt % of Mn prepared with the use of

KMnOy precursor.
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X-ray diffraction patterns for all of the studied samples are shown in Figure 2a—e. For samples
doped with 4.9 wt % of Mn and 9.8 wt % of Mn, no additional reflections due to the secondary phases
are observed. The figures show broad diffraction peaks due to the nanometric size of zirconia crystals.
Since the diffraction peaks are broad, the separation of monoclinic (m), tetragonal (t), and cubic (c)
phases in nanosized ZrQO; is a difficult task. The experimental strategy was based on the detection of
a single, well-isolated peak belonging to one phase only. In Figure 2a, the results of measurements
performed for samples with 4.9 wt % of Mn prepared with the use of KMnOy precursor for different
pH values (P7 with pH = 3, P3 with pH = 7, P5 with pH = 9) are shown. Two ZrO; crystal phases,
tetragonal and monoclinic, are detected. The well-isolated peak belonging to the monoclinic phase
m(—111) and the peak belonging to the tetragonal phase #(102) are clearly visible. Figure 2b shows,
as an example, the refinement results of the XRD pattern obtained for the sample P3. XRD data allowed
us to determine a mean crystalline size, d, in the prepared samples by the use of Scherrer’s formula [30].
The results of XRD analysis are gathered in Table 1. The tetragonal ZrO; crystal phase is dominant.
The size of nanocrystals, determined from XRD, is smaller for the tetragonal crystal phase. For this
crystal phase, nanocrystals with sizes of ~7 nm are observed. For monoclinic phase, larger values were
determined, between ~10 nm and 17 nm.

For two samples doped with 4.9 wt % of Mn and prepared with MnCl, and Mn(NO3), precursors,
cubic and monoclinic ZrO, crystal phases are observed. The results of XRD studies are shown in
Figure 2c. For these two precursors, tetragonal ZrO; was not detected. The isolated peak belonging
to the monoclinic phase m(—111) is clearly visible. The results of the analysis are gathered in Table 1.
For MnCl, and Mn(NO3), precursors, the amount of monoclinic ZrO, phase is much lower (only up
to 6%) in comparison with the synthesis conducted with the KMnOy precursor. The cubic ZrO, crystal
phase is dominant for the MnCl, and Mn(NO3); precursors. The size of nanocrystals for cubic crystal
phase is equal to ~7 nm. The obtained data did not allow us to determine the size of crystallites for
monoclinic phase.

Figure 2d shows XRD patterns and Rietveld refinement for samples doped with 9.8 wt % of Mn
(MnCl, and Mn(NOs),). In this case, we observed only cubic ZrO, crystal phase. The mean size of
nanocrystals is at around 6 nm. STEM studies also revealed that smaller nanocrystallites for the P11
sample (9.8 wt % of Mn) are observed than for the P12 sample (4.9 wt % of Mn).

In the case of the KMnOj, precursors, the samples were also doped with a higher Mn content:
19.5 wt % of Mn. The samples were prepared for three different pH values (pH = 3, 7, 9) as in the case
of 4.9 wt % of Mn. Figure 2e shows the results of XRD measurements and Rietveld refinement for the
P8 (pH = 3), P4 (pH = 7), and P6 (pH = 9) samples. Tetragonal ZrO, crystal phase and monoclinic
ZrO, crystal phase are present. For sample P4 (pH = 7), an additional, undesirable NaCl structure
was detectable. The formation of the small amount of this nonmagnetic phase can be a result of the
conducted synthesis procedure with the used precursors. An additional undesired phase was also
observed for sample P8 (pH = 3). However, the obtained XRD data did not allow us to identify it.
Nevertheless, we excluded here the formation of manganese oxide phases. The analysis of the obtained
data shows that in the case of the KMnQOy precursor, the increase of Mn doping did not allow us to
reduce the monoclinic ZrO; crystal phase. For the tetragonal crystal phase, nanocrystallites in the
size of ~7-8 nm are observed; for the monoclinic crystal phase, the size of nanocrystallites is between
11 and 17 nm.

Figure 2f shows XRD patterns and Rietvield refinement for undoped ZrO, samples prepared
with two different pH values, pH = 3 and pH = 7. In this case, monoclinic and cubic crystal phases
were determined.
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Figure 2. The observed XRD patterns (red, blue, and green lines) and Rietveld refinement (black line) of:

(a) ZrO, doped with 4.9 wt % of Mn prepared by the use of KMnOy precursor with different pH values,
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pH=3,7,9; (b) ZrO, doped with 4.9 wt % of Mn prepared by the use of KMnOy precursor with pH =7;
the lowest curve (pink) is the difference between the observed and calculated XRD patterns; (c) ZrO,
doped with 4.9 wt % of Mn prepared with MnCl, and Mn(NO3), precursors; (d) ZrO, doped with
9.8 wt % of Mn prepared with MnCl, and Mn(NOj3), precursors; (e) ZrO, doped with 19.5 wt % of Mn
prepared by the use of KMnO, precursor with different pH values, pH = 3, 7, 9; (f) ZrO, prepared
with different pH values, pH = 3, 7. The vertical bars indicate the expected Bragg reflection positions.
The isolated peaks attributed to the monoclinic ZrO, are marked with the green arrows. The isolated
peaks attributed to the tetragonal ZrO, are marked with black arrows. The blue arrows indicate
an additional NaCl crystal structure (P4 sample). The pink arrows indicate the observed additional
unidentified phase for the P8 sample.

Table 1. The details of the synthesis and the results of XRD studies (the obtained percentage of
determined crystal phases and the mean size of nanocrystallites D) for the undoped samples and the
samples prepared with KMnOy4, MnCl,, and Mn(NO3),. The “+” means that the determined crystalline
phase was detected; however, the experimental data did not allow us to determine the percentage of
obtained crystal phases and/or the mean size of nanocrystallites D.

; 210, Zr0, Zx0, NaCl Additional
Sample Nominal (Cubic) (Tetragonal) (Monoclinic) Phase
Name and Content
Precursor of Mn pH %, D o D % D o D o D
P " (nm) k (nm) & (nm) % (nm) g (nm)
pP7 4.9 wt %
KMnO, pH 3 - - 77.2 7 22.8 10.8 - - - -
P3 4.9 wt %
KMnO, pH7 - - 88.9 7.1 111 101 - . ) )
P5 4.9 wt %
KMnQOy4 pH9 - - 87.4 7.5 12.6 17 - _ _ _
P8 19.5 wt % } ) . . . N ] ] . .
KMnO4 pH 3
P4 19.5 wt %
KMnO, pH7 - - 73.5 7.3 15.1 10.8 11.4 + - -
P6 19.5 wt %
KMnO, pH O - - 848 81 152 17 - ) ) .
P9 49wt %
MnC12 pH 9 95.4 7.1 - - 4.6 + _ _ _ _
P12 49 wt %
Mn(NO3), pH9 94.2 6.7 - - 5.8 + - _ . _
P10 9.8 wt %
MnCl, PH 9 100 66 - ; ; ] ) ) ] ]
P11 9.8 wt %
Mn(NO;3); pH 9 100 58 - - - ; ) . ) _
P1 -
ZroCl, pH 3 50 5 - - 50 73 - - - -
P2 -
ZrOCly pH7 64 6.1 - - 36 82 - - - -

It was already reported that Mn doping leads to the stabilization of tetragonal and cubic phases of
Zr0O,. We demonstrated that the formation of high-temperature crystal phases strongly depends on the
synthesis conditions, e.g., the type of the precursor. Our results showed that using KMnO, precursor
leads to the formation of tetragonal crystal phase. It should be noticed that the assignment of cubic and
tetragonal zirconia structures, based only on the X-ray diffraction analysis, can be misleading because
these two structures are very similar. The analysis of the experimental patterns is also complicated in
this case due to the intrinsic broadening of ZrO, peaks. Nevertheless, our experimental results suggest
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that using KMnO4 precursor does not lead to the formation of cubic phase of ZrO,. We observed
that, for KMnOjy precursor, the increase of the nominal concentration of Mn (from 4.9 wt % of Mn to
19.5 wt % of Mn) does not lead to a decrease in the amount of monoclinic phase and an increase of
tetragonal phase. However, we noticed that the increase of pH values decreases the amount of the
monoclinic phase and increases the amount of the tetragonal phase. For example, in the case of a
nominal concentration of Mn equal to 4.9 wt %, the increase of pH from 3 to 9 leads to an increase in
the amount of the tetragonal form from 77.2% to 87.4%. Using MnCl, and Mn(NOs3), allows us to
obtain the cubic phase of ZrO;. For a nominal concentration of Mn equal to 9.8 wt %, we obtained
pure cubic ZrO; phase. For a sample with a lower nominal concentration of Mn, equal to 4.9 wt %,
and pH =9, we obtained 12.6% of monoclinic phase for the KMnO, precursor, 4.6% for the MnCl,
precursor, and 5.8% for the Mn(NO3), precursor. In the case of the MnCl; and Mn(NOj3), precursors,
we observed a much lower amount of monoclinic phase in comparison to the synthesis with the
KMnOy precursor.

3.2. Magnetic Studies

Figure 3a—-d show the results of the AC magnetic susceptibility measurements. The inverse
magnetic susceptibility and the susceptibility for selected samples are plotted as functions of
temperature. The imaginary part of the AC magnetic susceptibility is close to zero and the temperature
is independent for all of the measured samples.

For all of the investigated samples, the high-temperature behavior of the inverse low-field
susceptibility x ! was nearly linear. All of the ZrO,:Mn samples exhibited Curie-Weiss law behavior at
high temperatures. We did not observe the presence of features that could be related to the secondary
magnetic phases. In particular, for sample P8, where unidentified additional phase was detected by
XRD measurements, only Curie-Weiss behavior is observed. The diamagnetic host lattice temperature
dependence was measured for pure nanocrystalline ZrO, (P1 and P2 samples: xgi, = —0.6 x 10 emu/g)
and was subtracted from the measured magnetic susceptibility. The experimental methods for the
magnetic materials are described (e.g., in [31,32]).

At higher temperatures, the AC mass susceptibility can be described by the formula [32]:

x =C/T — 0(x)), @

where C(x) = Cox and 6(x) is the Curie-Weiss temperature. Cy is defined as: Cp = N(gp 1B)>S(S + 1)/ 3kgp.
Here, N is the number of cations per unit volume, g, is the effective gyromagnetic factor of Mn ion,
S is the spin, p is the mass density calculated from the lattice parameters, and yp denotes the Bohr
magneton. Here, we assume that S =5/2 and Seff = 2.

The results of the fitting procedure are given in Table 2. For all of the samples, the negative
values of the Curie-Weiss temperature § were determined, which indicates that antiferromagnetic
(AF) interactions are predominant in the measured samples. The negative values of the Curie-Weiss
temperature have already been reported for ZrO,:Mn [14,23-25]. In our paper, we focus on the
influence of the synthesis procedure on the resultant magnetic properties, e.g., the Curie-Weiss
temperature. The inspection of Table 2 shows that the obtained values of the Curie-Weiss temperature
strongly depend on the conditions of the preparation procedure. Lower values of § were obtained
for samples prepared by the use of MnCl, and Mn(NO3); precursors. Three samples doped with
4.9 wt % of Mn (P5, P9, P12) were prepared with the same pH value (pH = 9) and by the use of
three different precursors. We determined that 6 = —2.5 K for the KMnOy precursor, § = —1.8 K for
the MnCl, precursor, and 6 = —1 K for the Mn(NO3), precursor. The same tendency was observed for
samples doped with a higher Mn content. For two samples doped with 9.8 wt % of Mn and prepared
with pH =9, we determined that 6 = —5.7 K for the MnCl, precursor and 6 = —4.7 K for the Mn(NO3),
precursor. For the KMnQOj, precursor, we studied the influence of the pH of the reaction mixture used
for the synthesis. Figure 4 shows the dependence of the Curie-Weiss temperature 6 on the pH value.
We observed a distinct increase in the absolute values of the Curie-Weiss temperature 6 with the
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increase of pH values. It suggests that the antiferromagnetic interactions are strengthened with an
increase of the pH value. The Curie-Weiss temperature can be tuned by the appropriate selection of
the synthesis conditions. For example, in the case of the KMnO, precursor and pH =9, for 19.5 wt %
of Mn, the absolute values of § can be much decreased: from —17.4 K to —6.1 K by the decrease of the
pH value from pH =9 to pH = 3.
We calculated the concentration of Mn ions from the determined C parameter using Equation (1).
The obtained values are lower than those of the nominal content. The observed discrepancy can be
related to the efficiency of the used synthesis process. The calculated values of x depend on the used
pH values. The higher concentration values are obtained for lower values of pH. The Curie-Weiss
temperature 6(x) depends on the content of Mn ions. Using the theory of Spatek et al. [32], one can
express 6(x) as: 6(x) = Bgx. The analysis of the results gathered in Table 2 shows that the observed large
changes of 6 values with pH values (for the same nominal content of Mn) are not related to the changes

of the content of Mn ions. The results suggest that an increase in pH values enhances the strength of
antiferromagnetic interactions.
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Figure 3. Alternating current (AC) magnetic susceptibility data; The real part (Re(x)) and imaginary
(Im(x)) part of AC magnetic susceptibility as well as the calculated x = (Re(x)2+Im(x)?)Y/2 for: (a) the P3
sample; (b) the P4 sample, where the insets show fitting curves (red solid lines); The inverse magnetic
susceptibility for nanocrystalline ZrO,:Mn samples synthesized with: (c) the KMnOy precursor;
(d) the MnCl; and Mn(NOj3);, precursors.
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Figure 4. The Curie-Weiss temperature dependence on the pH value of the reaction mixture used in

the synthesis.

Table 2. The values of parameters C and 6 determined from fits to the Curie-Weiss law for ZrO,:Mn.
The parameter x was determined from: C(x) = Cox, Cy = N(ger ;43)25(5 + 1)/3kpp. The values of the
parameters X,z and T, were determined from fits to the effective Brillouin function law for ZrO;:Mn.

Sample 6 (K) C (emuK/g) x Xeff Ty (K)
png;.gKﬁ;ZL —0.1 0.00080 0.022 (0.99 wt %) 0.018 (0.81 wt %) 1.48
p;374:.9Kl\<v/[’;‘g4 -1.5 0.00066 0.018 (0.80 wt %) 0.015 (0.67 wt %) 1.77
pI;IS;%gKKV/ILZ;ZL —-2.5 0.00470 0.013 (0.58 wt %) 0.010 (0.45 wt %) 1.36
pI;S; ;,9121\31\7:& —6.1 0.00167 0.046 (2.08 wt %) 0.032 (1.44 wt %) 3.13
ppé ;9121\‘;[\7:1(?4 —9.8 0.00164 0.045 (2.01 wt%)  0.024 (1.08 wt %) 3.71
pI;_6I 3,921\‘//[\,;2;1 —17.4 0.00158 0.044 (2.00 wt %) 0.018 (0.81 wt %) 3.21
pl;_91 191’91\;?:;{; -1.8 0.00086 0.024 (1.08 wt %) 0.021 (0.94 wt %) 2.56

pI—II) 19.’/2 IA\L/IiENI\ItOO/;)z 1 0.00079 0.022 (0.99 wt %) 0.021 (0.94 wt %) 2.29
;)11_1099/18\/[::2;/: —5.7 0.00178 0.049 (2.20 wt %) 0.031 (1.40 wt %) 2.58
pg 191 &i&tgz)z —47 0.00167 0.046 2.08 wt%)  0.031 (1.40 wt %) 2.87

Magnetization (M) up to 50 K as a function of magnetic field (B) up to 9 T is shown in Figure 5a—c.
The magnetic measurements revealed no hysteresis and no saturation. No evidence of ferromagnetism

was observed.

The data do not fit well to the standard Brillouin function (not shown) possibly because of the
presence of antiferromagnetic (AF) interactions between magnetic ions. Taking into account the weak
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saturation effect due to the AF interactions between Mn ions, a reasonable fit was obtained by using
the phenomenological equation [33]:

M(B,T) =S g up N xer Bs(B, Tpp), @

where Bg is the Brillouin function for a spin S =5/2, Ty = T + T and x are the fitting parameters,
N is the number of cations per unit mass, g = 2 is the Landé factor, and yp is the Bohr magneton.

The so-called effective Brillouin function, BS(B,Teff), has been widely and successfully used to
describe the magnetization of diluted magnetic semiconductors. It is worth noting that the value of
the x,; parameter represents an effective molar fraction of active Mn and is usually smaller than the
real concentration of magnetic ions due to antiferromagnetic interactions between magnetic ions [33].
The value of Ty < T is a signature of an AF coupling between Mn ions [33]. The solid curves (Figure 5a—)
are the fitting results of experimental data at 4.5 K. The fitting values are shown in Table 2. It is clearly
visible that fitting values of x. decrease with the increase of pH values. For example, in the case of
samples doped with 4.9 wt % by the use of KMnOy precursor, we obtained: x5 = 0.018 (0.81 wt %) for
pH =3 (the P7 sample), x. = 0.015 (0.67 wt %) for pH =7 (the P3 sample), and x.¢ = 0.010 (0.45 wt %) for
pH =9 (the P5 sample). The same tendency is visible for samples doped with a higher Mn concentration
(19.5 wt %). We obtained: x.g = 0.032 (1.44 wt %) for pH = 3 (the P8 sample), x5 = 0.024 (1.08 wt %) for
pH =7 (the P4 sample), and x5 = 0.018 (0.81 wt %) for pH =9 (the P6 sample). It means that an increase
in pH values leads to a decrease in the Mn content in the ZrO, structure. A large discrepancy between
the nominal content and the Xeff parameter was also observed by J. Yu et al. [23]. The authors [23],
similarly to our results, observed that the ratio of the x,s parameter to the nominal content decreased
with the increase of x and suggested the enhancement of antiferromagnetic interactions between the
doped magnetic ions. For our samples, a similar effect was also observed. The obtained values of x4
are lower than the values of x calculated from the AC susceptibility fitting parameter C(x). However,
we recall that lower values of x.g reflect the antiferromagnetic interactions between Mn ions.

6 — | ZrOs: Mn esm 45K Z!’OQZ Mn
| e o x=4.9 Wt.%
5_@2— -_." .
e T=45K
g 4 B -.:.-: .......... /'/‘_,A.__‘;,—J
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Figure 5. Cont.
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Figure 5. The magnetization data measured up to 9 T for: (a) ZrO, doped with 4.9 wt % of Mn samples

prepared by use of KMnOj precursor with different pH values (pH=3,pH=7,pH=9)at T =4.5K and
sample P3 for selected temperatures (inset); (b) ZrO, samples doped with 19.5 wt % of Mn prepared by
use of KMnOy precursor with different pH values (pH =3, pH =7, pH =9) at T = 4.5 K and sample P4
for selected temperatures (inset); (c) samples doped with 4.9 wt % of Mn and 9.8 wt % of Mn prepared
with MnCl, and Mn(NO3), precursors at T = 4.5 K and sample P12 and doped with 4.9 wt % of Mn for
selected temperatures (inset).
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4. Conclusions

We have studied the structural and magnetic properties of nanocrystalline ZrO, doped with Mn
in hydrothermal synthesis. We have shown that the formation of high-temperature crystal phases
strongly depends on the synthesis conditions, e.g., the type of the precursor. We examined three types
of precursors: KMnOy, MnCly, and Mn(NO3),. Using these two last precursors (MnCl; and Mn(NO3),)
leads to the formation of pure cubic ZrO, phase (for nominal 9.8 wt % of Mn). Our experimental
results suggest that using KMnO, precursor does not lead to the formation of cubic phase of ZrO;.
In that case, we noticed that an increase of pH values decreases the amount of monoclinic phase and
increases the amount of tetragonal phase. We showed that changing the pH value allows for adjusting
the magnetic parameters. In particular, it is possible to obtain a material with a desired Curie-Weiss
temperature. Thus, the strength of antiferromagnetic interactions can be suppressed by adjusting the
chemical synthesis conditions.

Author Contributions: Conceptualization, LK.-K. and W.D.; Magnetic investigations, LK.-K. and M.A;
Data analysis, L.K.-K. and R.M.; Synthesis and STEM measurements, A.M. and L.S.; XRD investigations,
R.M.; Manuscript writing, L.K.-K.
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