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A doping-independent ferromagnetic hysteresis at 300 and 5 K was found for both undoped and Mn-doped
zirconia thin films with up to 20 at. % Mn. The lack of Mn-induced magnetic ordering is a strong indication
that the observed ferromagnetic effects are defect related. Electron paramagnetic resonance analysis supports
the conclusion that Mn ions are in a magnetically “silent” state. Cubic ZrO2:Mn films show a noticeable layer
ferromagnetic saturation magnetization at 5 K, as compared to the monoclinic and tetragonal films, which
clearly correlates with strain and a higher density of dislocations as the dominating microstructural defect.

DOI: 10.1103/PhysRevB.82.125209 PACS number�s�: 75.70.�i, 75.47.Lx, 77.55.Px, 81.15.Fg

Magnetic effects in oxides have gained considerable at-
tention in recent years due to the theoretical prediction of
diluted magnetic semiconductors with high Curie tempera-
ture �Tc� and promising applications as spintronic
materials.1,2 However, the experimental search for ferromag-
netism in transition-metal-doped ZnO did not result up to
now in reproducible and homogeneous magnetic
materials.3–5 Sometimes clustering was found to be respon-
sible for the observed magnetism in ZnO,6 and also in TiO2.7

Later on, weak ferromagnetism was even detected in com-
pletely undoped ZnO, giving evidence that defects could be
the origin of the observed effects.8–10 Recently, models were
proposed to explain the weak ferromagnetic effects in ZnO
and TiO2 as defect related.10,11 Beside ZnO and TiO2, also
other oxides appear more and more in the focus of research
with regards to their magnetic properties, as, for example,
SnO2, or In2O3,1,4 and HfO2.12

In this paper, we focus on zirconia �ZrO2�, which shows
interesting properties such as a high dielectric constant and
ionic conductivity. Recently it was predicted from density-
functional theory calculations that Mn-stabilized cubic zirco-
nia should be ferromagnetic above room temperature.13,14

The high-Tc ferromagnetism was predicted to be robust to
oxygen-vacancy defects and to the particular Mn impurity
distribution in the Zr fcc sublattice.13 Furthermore, a mag-
netic moment in between 3.0 and 3.7 �B per Mn atom was
calculated for both interstitial and substitutional Mn for
monoclinic, tetragonal, and cubic zirconia with 25% Mn.14

Initiated by these promising predictions, several experi-
mental attempts were started to confirm experimentally the
ferromagnetism in Mn-doped zirconia. However, nanocrys-
tals with 1.39% and 4.38% Mn in zirconia were found to be
purely paramagnetic at room temperature.15 Low-
temperature �2 K� measurements at high field �5 T� showed
hysteresis due to an antiferromagnetic coupling between the
manganese-ion magnetic moments around 3.8 �B /Mn and
2.8 �B /Mn for the diluted and the higher concentrated
samples, respectively.15 Mn- and Fe-stabilized zirconia nano-
particles with up to 35% and 40% 3d-element content were
also found to be paramagnetic at room temperature and at 5
K.16 Schubert et al. has grown Mn-stabilized zirconia thin

films on yttria-stabilized zirconia �YSZ� single-crystal sub-
strates by sputtering and found an unexpected behavior of
in-plane and out-of-plane misfit, resulting in a tetragonal
structure.17 In the following, we will present the magnetic
properties of undoped and Mn-doped zirconia thin films
grown on YSZ substrates.

Undoped and Mn-doped zirconia thin films were grown
on cubic �001� oriented YSZ substrates �size 5�5
�0.4 mm3� by pulsed laser deposition �PLD� using a KrF
excimer laser operating at 248 nm wavelength.18 The heater
temperature and the oxygen partial pressure p�O2� were cho-
sen between 640 and 790 °C and 0.016−3�10−4 mbar, re-
spectively. However, because of the phase purity �see discus-
sion of Fig. 1� and comparability almost all films discussed
in the following were grown at 720–790 °C. The oxygen
partial pressure in the above-mentioned range had little in-
fluence on the film structure and composition as will be
shown elsewhere. Film thickness was between 400 and 700
nm.19 The PLD targets were pressed and sintered from ZrO2
powder �Fluka, purity better 99%, naturally accompanied by
about 1% HfO2� and MnO2 powder �Alfa Aesar 99.999%�.
According to information from the supplier, the most promi-
nent anion traces in zirconia powder are SiO2, SO4

2−. Com-
mon cation traces are Ti, Al, and with concentration in the
100 ppm range also Fe. However, as examined carefully in
Ref. 10, Fe trace impurities from 50 to 250 ppm in ZnO films
do not induce any relevant ferromagnetic signals. We inves-
tigated several film series grown from undoped and doped
zirconia targets with 10 at. % and 20 at. % MnO2. Repro-
ducible results based on the three different source target
compositions will be presented in the following.

The Mn transfer from the targets via the PLD process into
the films is nearly stoichiometric in relation to zirconium, as
analyzed by Rutherford backscattering spectroscopy �RBS�,
proton-induced x-ray emission �PIXE�, and energy-
dispersive x-ray spectroscopy �EDX�. We found from 9 to
14 at. % and 18 to 23 at. % Mn in the films, for the targets
with 10% and 20% Mn, respectively, with the growth tem-
perature being the most important PLD parameter. The sur-
faces of all grown thin films appear quite smooth in atomic
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force microscopy �AFM�. The root-mean-square values of
the surface roughness extracted from 1�2 �m2 AFM scans
with a Park XE-150 were in between 0.13 and 0.25 nm.

The crystalline film structure was examined by wide-
angle x-ray diffraction �XRD� and high-resolution XRD
�HR-XRD� measurements using a Philips X’Pert diffracto-
meter with Cu K� and Cu K�1 radiation, respectively. Fig-
ure 1 shows typical XRD 2�-� scans of undoped and doped
films. From the relative positions of film peaks to the fixed
YSZ �002� and �004� substrate peaks in Fig. 1, we see clearly
that films grown from undoped zirconia target and zirconia
with 10 at. % Mn exhibit monoclinic structure. 20 at. % Mn
in the target stabilizes the cubic phase of the films. By
slightly reducing the growth temperature of the films to less
than 730 °C, in addition to the cubic phase an additional
tetragonal phase of the films was identified. As to the inter-
mediate Mn concentration range, a partial stabilization of the
cubic phase begins with 14 at. % Mn in the ZrO2 films.
From the corresponding out-of-plane peaks �Fig. 1� and the
skew-symmetric �202� peaks, the following out-of-plane and
in-plane lattice constants cm,c,t and am,c,t of the three different
phases were determined. We obtained am=5.304 to 5.307 Å,
cm=5.142 to 5.146 Å, and ac=cc=5.06 to 5.09 Å, and at

=5.13 to 5.14 Å, ct=5.20 to 5.11 Å, for the monoclinic,
cubic, and tetragonal phase, respectively. The given ranges
of lattice constants are due to the above-mentioned range of
PLD growth conditions. Nevertheless, the obtained values
are in consistent agreement with other published lattice con-
stants for Mn-stabilized ZrO2 thin films, see the detailed
overview on structural properties in Ref. 17.

Figure 2 shows the typical crystalline microstructure of
zirconia films grown from the targets with �a� 10% Mn and
�b� 20% Mn. In agreement with the x-ray analysis �Fig. 1�,
10% Mn results in the monoclinic phase, as proved by the
selected area diffraction �SAD� image in Fig. 2�a�, which
shows the monoclinic angle of ZrO2 of 99.3°.17 Although the
films are grown on a nearly homoepitaxial substrate, the
monoclinic layers show columnar defect bands with an-
tiphase domains and dislocations. In between these regions,
the layer seems to be relatively defect free. The transmission
electron microscopy �TEM� cross section of the cubic film
with larger Mn content in Fig. 2�b� shows an even higher
density of dislocation lines. In addition, the higher tilt mosa-
icity of the cubic films in comparison to the monoclinic films
is quantitatively confirmed by HR-XRD rocking curve
widths of the ZrO2 �002� film and substrate reflections, see
Table I. However, apart from the dislocation lines, no indi-
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FIG. 1. XRD 2�-� scans of typical ZrO2-based films on
YSZ�001� substrates. �a� Undoped ZrO2 film in monoclinic phase,
�b� doped ZrO2 film with 10 at. % Mn in monoclinic phase, and �c�
ZrO2:20 at. % Mn film in cubic phase. The �002� and �004� reflec-
tions of the cubic YSZ substrates are indicated by the dashed lines.
The position of the out-of-plane film peaks corresponds to the
slightly increased �a� and �b� or decreased �c� out-of-plane lattice
constant of the films. The films shown here were grown at
720–790 °C and with p�O2� of 0.002 mbar. � marks the weak
spectral Cu K� lines.
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FIG. 2. �Color online� �a� Bright-field TEM image of a mono-
clinic ZrO2:10%Mn film �by D. Hesse MPI Halle� and �b� TEM
weak beam dark-field �100� cross section �g, 3g� of a cubic
ZrO2:20%Mn film. The cubic film �b� shows a higher density of
dislocation lines as compared to the monoclinic film �a�. The insets
in �a� and �b� show SAD patterns of film and substrate. The SAD
pattern in �a� shows clearly the rotation of YSZ and ZrO2:Mn pat-
terns of 9.3°, proving the monoclinic film phase. The SAD pattern
in �b� reveals no deviation of substrate and film reflections, con-
firming the cubic film phase. The Fourier filtered HR-TEM image in
�b� shows the interfacial region of the lattice matched, cubic
ZrO2:20%Mn film and the YSZ substrate.
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cations for phase separation or nanocrystalline cluster segre-
gations were found for both monoclinic and cubic zirconia
films. In addition, the high-resolution TEM image in Fig.
2�b� shows on a microscopic scale a nearly identical cubic
structure of both YSZ substrate and ZrO2:Mn film, proving
close in-plane lattice match of cubic zirconia on YSZ, with
few mismatch dislocations.

The magnetic properties were investigated using a super-
conducting quantum interference device �SQUID� magneto-
meter �Quantum Design MPMS-7� with reciprocating
sample option and a resolution of better than 10−7 emu. Hys-
teresis loops at 300 K �Fig. 3� and 5 K �Fig. 5� between
�50 kOe as well as the temperature dependence at 1 T �Fig.
4� were measured. For all measurements, the magnetic field
was applied in-plane, i.e., perpendicular to the growth direc-
tion.

The magnetic effect of the used substrates was carefully
subtracted from the initial measurements to extract the re-
maining film signals only. The 5�5 mm2 YSZ substrates
were identical pieces cut from the same 10�10 mm2 wafer
used also for the films. Before correction, the substrate sig-
nals were normalized to equal sample mass which is typi-

cally �40 mg. Because in general the substrate signals were
less than a quarter of the film signals the results shown in
Figs. 3–6 are clearly film related. To simulate the effect of

TABLE I. Full width at half maximum of HR-XRD rocking
curves of the ZrO2 and YSZ �002� reflections of the indicated
samples. The number in parentheses is the number of different
samples investigated. The rocking curves were measured as � scan
with the open detector fixed at the 2� position of the corresponding
Bragg peak, compare the XRD wide-angle scans in Fig. 1.

Sample �samples involved�
FWHM ZrO2�002�

�arc sec�

YSZ substrates �10� 19–83

ZrO2 film monoclinic �1� 122

ZrO2:10%Mn films monoclinic �4� 86–94

ZrO2:20%Mn films cubic �4� 252–660
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FIG. 3. �Color online� Ferromagnetic hysteresis of doped
ZrO2:Mn �with 10.4 and 21.3 at. %Mn� and undoped ZrO2 films at
300 K, after subtraction of the substrate background. The diamag-
netic m�H� of a YSZ�001� substrate is divided by 20. The coercive
fields of the film hysteresis are in between about 45 and 85 Oe, as
demonstrated in the inset.
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FIG. 4. �Color online� Temperature dependence of the magnetic
moment at 10 kOe for a YSZ�001� substrate and undoped and
doped zirconia films with 10% and 20% Mn, compare Figs. 3 and 5.
For the film curves, the mainly diamagnetic YSZ substrate contri-
bution was subtracted.
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FIG. 5. �Color online� �a� Typical S-shaped m-H plots taken for
ZrO2:Mn and ZrO2 films on YSZ at T=5 K. The experimental data
of the cubic sample with 20% Mn were fitted with the Langevin
function using N=4.87�1020 cm−3 and �=4.78 �B. �b� Ferro-
magnetic hysteresis of doped and undoped zirconia films, obtained
by subtracting the paramagnetic fraction from the initial SQUID
data in �a�. The coercive fields are in between about 95 and 205 Oe
at 5 K.
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the high-temperature PLD growth on the substrate magneti-
zation, we measured also substrates annealed in oxygen,
which did not show a change in magnetization.

Figure 3 shows the magnetic moment-field �m-H� plots at
300 K for films from the three different source target com-
positions. An open, i.e., ferromagnetic hysteresis loop be-
comes visible for all films at 300 K, in particular, also for
the undoped zirconia film. To understand this doping-
independent behavior, one should consider that diluted Mn
atoms can appear in three different magnetic states. First, the
contribution from a few isolated Mn ions in the zirconia host
lattice should be paramagnetic. Second, a direct coupling
between nearest-neighbor Mn ions would give an antiferro-
magnetic contribution. Third, only Mn ions coupled via oxy-
gen vacancies or oxygen ions �double exchange� can yield to
a ferromagnetic signal. However, it remains unclear in which
particular state the Mn atoms are in our samples. According
to Ref. 20, it is necessary to create at least 8 mol % oxygen
vacancies in order to stabilize the cubic phase in zirconia.
Assuming that either one Mn2+ or two Mn3+ ions yield one
oxygen vacancy, together with the mentioned fact that at
least �15 at. % Mn in the films is necessary to stabilize a
tetragonal or cubic structure, leads to the conclusion that the
valence state Mn3+ should prevail in our films. Additional
support for this assumption comes from a comparison with
the solid-state phase diagram of manganese oxides,21 where
the dominance of Mn3+, or at least of a mixed state Mn3+/2+,
i.e., Mn3O4, is favored for our PLD growth conditions. Fig-
ure 4 shows the temperature dependence of the magnetic
moment of doped and undoped films. The low-temperature
1 /T dependence is a clear indication for the dominating para-
magnetism, in addition to the weak ferromagnetic signal.

Electron paramagnetic resonance �EPR� experiments in
the X band at 9.4 GHz at 300 K to 10 K in perpendicular and
parallel magnetic field orientation did not show remarkable
differences between thin films with 10 at. % and 20 at. %
Mn and the pure YSZ substrate �not shown here�. In addi-

tion, no angular dependence of EPR signals was observed. A
possible explanation can be again that Mn is present mainly
as Mn3+, which is EPR silent.

At T=5 K, the samples reveal S-shaped m-H curves typi-
cal of a paramagnetic contribution, see Fig. 5�a�. This favors
the fact that the Mn ions are isolated and therefore contribute
only with a paramagnetic fraction, as introduced above. The
shape of the m-H plot can be well fitted by using a Langevin
function, i.e., m=N�� �coth��H /kBT�−kBT /�H�. Therein,
N is the number of magnetic particles per cubic centimeter
and � represents the magnetic moment per particle. In Fig.
5�a�, the fit of the m-H plot for the sample containing
21.3 at. % Mn is included. From the fit we obtain a mag-
netic particle density N of �4.9�1020 cm−3 and a relatively
high moment � of about 4.8 �B per Mn atom. A Brillouin fit
leads to similar high moments. For comparison, Ref. 22 re-
ports � values from 4.85 to 5.9 �B for Mn ions in glass
networks.

By assuming, that mainly Mn atoms contribute to the ob-
served paramagnetic effect, we get for the thin film with
21.3 at. % Mn a much lower “magnetic” Mn content of only
�10%. For the thin film with 10.4 at. % Mn, the Mn content
obtained from the Langevin fit is below 1 at. % and for
the pure ZrO2 thin film, the fit parameters are N=9.5
�1019 cm−3 and �=5.8 �B. The large discrepancies be-
tween the nominal Mn concentrations �as measured by EDX
and RBS� and the paramagnetic fit values indicate that only a
portion of all chemically incorporated Mn atoms are in a
paramagnetically active state. At such high Mn concentra-
tions and following random statistical arguments,23 we may
expect that much of the Mn ions could be antiferromagneti-
cally coupled and thus not contributing to the macroscopic
magnetization.

The results suggest that the paramagnetic signals could
come from defects instead of Mn ions. Especially taking into
account the result of the undoped film, we conclude that
structural defects appear as the magnetic centers and that the
particle density N and moment � refer to the magnetically
active defect centers. A defect density of 10% appears as a
well accepted upper limit in thin films. By subtracting the
paramagnetic contribution given by the fitted Langevin func-
tion, hysteresis loops with similar open area become visible
indicating a weak ferromagnetic ordering in all samples as
depicted in Fig. 5�b�. For the monoclinic ZrO2 film with
10.4% Mn, we observe the lowest saturation magnetic mo-
ment. For the cubic film with 21.3% Mn, the magnetic mo-
ment does not saturate up to 5 T.

Figure 6 shows the ferromagnetic saturation magnetiza-
tion of all films as a function of the out-of-plane lattice
strain. All cubic ZrO2:Mn films show saturation magnetiza-
tions which are a factor of about 3–10 higher than that of
the monoclinic films. This considerable enhancement of the
saturation magnetization rules out that the ferromagnetic
hysteresis is induced mainly by the chemical Mn content
or possible trace impurities in the zirconia source target
material. Instead, structural effects appear as possible origin
of the differences of magnetic performance as discussed
above. As well known in ZnO and TiO2, defects, especially
vacancies could be responsible for the observed ferro-
magnetic behavior.10,11,24,25 Whether the ferromagnetic be-
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FIG. 6. �Color online� Ferromagnetic saturation magnetization
Msat at 5 K of all films in relation to the out-of-plane lattice strain
calculated from the c-axis lattice constants cf and cs of film and
substrate, respectively. Here, Msat is normalized to the film volume.
Obvious are clear correlations of Msat to the crystalline phase and
the corresponding out-of-plane lattice strain.
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havior observed is intrinsic due to a real ferromagnetic
state or to a diluted antiferromagnetic state in an applied
magnetic field, which may show similar weak hysteresis
loops,26 has to be clarified in future studies, especially by
measuring the temperature dependence of the magnetization
near the ordering critical temperature at different applied
fields.

A comparison of the TEM images in Fig. 2 and of the
�002� rocking curve widths in Table I of the monoclinic and
cubic ZrO2:Mn films indicates a higher dislocation density
in the cubic films, in correlation with the increased magneti-
zation in Fig. 6. Obviously, the monoclinic structure is a
more relaxed structure with more possibility of strain com-
pensation instead of the development of structural defects in
the cubic structure. The obvious dependence of Msat to the
out-of-plane strain state of the films �Fig. 6� is a clear evi-
dence for the structural dependence of the ferromagnetic
saturation magnetization. The magnetization is highest for
reduced out-of-plane lattice constant, corresponding to ten-

sile in-plane strain. However, the particular nature of the
magnetic defects and the question of possible defect accumu-
lation at the film surface or interface are tasks for further
investigations of zirconia thin films.
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