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Compositional, microstructural, and magnetic characterization of �ZnO�30 Å� /Mn�x��n multilayers
prepared by sputtering is presented to study the observed ferromagnetism in the Mn-ZnO system.
The nominal Mn layer thickness, x, is varied from 3 to 60 Å, while the number of bilayers, n, is
increased to maintain the total amount of Mn constant. Microstructure information was deduced
from x-ray reflectivity, Mn oxidation state was determined by x-ray absorption spectroscopy, and
magnetic properties were measured over a temperature range of 5–400 K. Magnetic behavior of
these samples is found to be related to the Mn layer thickness �x�. Multilayers with x�30 Å exhibit
ferromagnetism with a Curie temperature above 400 K, while mostly paramagnetic behavior is
obtained for x�15 Å. Magnetic behavior is discussed in terms of electronic and structural
parameters of samples. Mn-ZnO interface effect is related to the ferromagnetic order of the samples,
but it is not a sufficient condition. The essential role of the Mn oxidation state in the magnetic
behavior of this system is pointed out. It is shown a correlation between the obtained
ferromagnetism and a Mn oxidation state close to 2+. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2764207�

I. INTRODUCTION

Recently, Mn-Zn-O system has attracted much attention
because of the theoretical predictions of room temperature
ferromagnetism in Mn-doped ZnO as a wide band gap di-
luted magnetic semiconductor �DMS�.1 In the last years,
there has been reported either paramagnetism2 or ferromag-
netism in the Zn1−xMnxO family, with Curie temperatures
over room temperature for films grown by different deposi-
tion techniques.3,4 However, experimental results are very
different and even contradictory and the origin of the re-
ported ferromagnetic properties still remains a matter of dis-
cussion. In many cases, insufficient structural studies give
rise to these discrepant results, showing that a variety of
characterizations of these complex materials is fundamental
to find defensible structure-function relationships.5

The preparation of manganese zinc oxide films allows
studying Mn-ZnO interface, that is one of the most intriguing
problems in the field that both theoreticians and experimen-
talists are dealing with.6,7 Multilayer structures preparation
has been reported for Co/ZnO thin films8,9 and also for
Co-Fe/ZnO thin films grown by ion beam assisted
sputtering,10 obtaining ferromagnetic phases. However, there
has not been reported any study in the Mn/ZnO multilayer
system.

In this article, we present the magnetic characterization
and its correlation with the Mn oxidation state of a
multilayer series having constant width of ZnO layers and

variable thickness of Mn layers. The number of bilayers has
been progressively modified to have constant Mn amount in
the film. Therefore, the Mn-ZnO interface effect is studied to
clarify its relevant role in the magnetic properties of this
system.

II. EXPERIMENT

Multilayer films were prepared using dc sputtering by
sequential deposition of ZnO and Mn on Si�100� substrates
at room temperature. The sputtering system allows control-
ling the movement of the sample-holder disk and the time �as
well as the sputtering working gas� it is placed on each sput-
tering �or presputtering� position automatically. The residual
pressure was near 1�10−7 mbar. ZnO layers were deposited
by reactive sputtering from a pure Zn target �99.9%� using a
O2/Ar mixture gas �43% O2-rich� at a working pressure of
5.4�10−3 mbar. Mn layers were grown from a Mn target
�99.95%� at 5.0�10−3 mbar pressure of pure Ar. Presputter-
ing was developed not only before the multilayer growth but
also between two consecutive layers. Deposition rates were
about 0.07 nm/s for Mn and 0.05 nm/s for ZnO. After cali-
bration procedures, the nominal bilayer thickness of the stud-
ied samples are summarized in Table I; for all of them,
multilayer structure fabrication began with ZnO layer and a
last additional layer �30 Å thick� was deposited on top.

Low angle x-ray reflectivity �XRR� measurements were
carried out on a Bruker D8 X-ray diffractometer with a
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Cu K� source. Rutherford backscattering spectroscopy
�RBS� experiments were made at the Centro Nacional de
Aceleradores at Sevilla. The magnetic characterization was
performed by means of a SQUID magnetometer �MPMS-5S
from Quantum Design�. Finally, x-ray absorption spectros-
copy �XAS� experiments were carried out in fluorescence
detection mode at the European Synchrotron Radiation Fa-
cility �BM26A� at Grenoble.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRR characterization of samples.
Independently of the bilayer thickness, all of them exhibit
multilayer periodicity. This heterostructure feature indicates
that, actually, samples are formed by separated Mn and ZnO-
rich regions; this fact makes possible the study of the mag-
netic behavior of samples with the same Mn amount but
different Mn-ZnO interfaces. The simulation of the reflectiv-
ity data, performed by the Xrealm software provides micro-
structural information as bilayer thickness and roughness.
Bilayer thickness results, summarized in Table I, are mostly
in agreement with nominal values. Additionally, the obtained
roughness is about 7 Å for every sample indicating that in
multilayers with layer thickness below this value Mn layers
become noncontinuous allowing clustering formation.

RBS experiments were performed to evaluate the actual
amount of Mn in each sample as well as film atomic com-
position. Figure 2 shows experimental data and simulations
of some samples, Fig. 2�a� points up simulations of data
obtained with incident ions of 2 MeV in order to obtain film
composition.

Additionally, RBS spectra have been collected with in-
cident ions of 8 MeV to distinguish the Mn and Zn contri-
butions, as it can be observed in Fig. 2�b�. For these energies,
Mn and Zn cross sections are not known and simulation

TABLE I. Multilayer series summary. Bilayer thickness has been determined from simulation of XRR spectra,
Mn atomic density, and sample composition have been obtained from simulation of Rutherford backscattering
spectroscopy �RBS� data and Mn oxidation states have been estimated from the K-edge energy shifts from
XANES spectra.

Sample
�nominal thickness�

Bilayer thickness
�Å�

Mn-layer atomic density
�1015 at. /cm2�

Composition �%�
Mn oxidation

state�Mn� �Zn� �O�

�30 Å ZnO/60 Å Mn�5 128 185.5 0.35 0.12 0.53 +2.1±0.2
�30 Å ZnO/30 Å Mn�10 87 262.0 0.35 0.16 0.49
�30 Å ZnO/15 Å Mn�20 63 262.0 0.25 0.22 0.53 +2.6±0.2
�30 Å ZnO/7 Å Mn�43 47 326.8 0.19 0.29 0.52 +2.9±0.2
�30 Å ZnO/4 Å Mn�75 40 405.0 0.16 0.33 0.51
�30 Å ZnO/2 Å Mn�75 37 315.0 0.13 0.34 0.53
�30 Å ZnO/1 Å Mn�75 34 255.0 0.11 0.34 0.55 +3.3±0.2

FIG. 1. X-ray reflectivity multilayer spectra and simulations. From top to
bottom spectra of samples �30 Å ZnO/60 Å Mn�5,
�30 Å ZnO/15 Å Mn�20, �30 Å ZnO/7 Å Mn�43, and
�30 Å ZnO/2 Å Mn�75. All spectra have been vertically shifted for
clearness.

FIG. 2. �a� RBS spectra taken at energy of incident ions of 2 MeV �dots�
and their simulations �lines� of samples �30 Å ZnO/60 Å Mn�5,
�30 Å ZnO/15 Å Mn�20, �30 Å ZnO/7 Å Mn�43, and
�30 Å ZnO/1 Å Mn�75, from top to bottom. All spectra have been verti-
cally shifted for clearness. �b� RBS spectra of the same samples at 8 MeV.
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cannot be performed in a similar way to the spectra collected
at 2 MeV. However, the Mn/Zn ratio can be calculated be-
cause it is proportional to the integral ratio of both contribu-
tions, which become well separated at 8 MeV. Therefore, we
can use the Mn/Zn ratio in sample �30 Å ZnO/60 Å Mn�5

obtained with 2 MeV �where both concentrations can be ob-
tained by simulation� to calculate the actual ratio in the
whole set of samples. After analysis of the two used energies,
the obtained film composition is given in Table I.

The comparison between the Mn layer thicknesses ob-
tained by XRR simulations and the calculated ones by taking
into account the RBS results �where the metallic Mn density
has been used� is shown in Fig. 3. The most noticeable detail
is that, for thick enough nominal Mn layer samples, XRR
determined Mn-layer thickness is higher than the corre-
sponding value obtained from RBS. As XRR is a direct mea-
surement of thickness, this discrepancy should be explained
because, in the thickness calculation from RBS data, the used
metallic Mn density is, in fact, higher than the actual one,
pointing toward an oxidized Mn layer. The relationship be-
tween the straight-line slopes corresponding to both tech-
niques may be used to fit the average Mn layer density in the
samples. The obtained slope of 4.4�1022 at. /cm3 is clearly
smaller than the value corresponding to metallic Mn �8.1
�1022 at. /cm3�. A comparison with some manganese oxides
such as MnO �4.6�1022 at. /cm3�, Mn2O3�1.9
�1022 at. /cm3�, or MnO2�3.5�1022 at. /cm3� indicates that
Mn is present as a partially oxidized form.

Figure 4�a� shows the magnetization variation with tem-
perature M�T� from 5 to 400 K of some selected samples.
Room temperature ferromagnetism is clearly observed for
the thickest Mn-layer film. As the Mn layer thickness de-
creases, a reduction of magnetization takes place, exhibiting
paramagneticlike behavior for samples with the thinnest Mn
layers. Magnetization per manganese atom has been calcu-
lated taking into account the precise amount of Mn obtained
by RBS. The possibility of ferromagnetism due to any mag-
netic impurity in the samples can be ruled out here: First,
x-ray absorption experiments performed at L edges have re-
vealed that no appreciable Fe, Co, or Ni contamination is
present in the films.11 Besides, the behavior of M�T� supports
the fact that ferromagnetism does not come from uncon-
trolled magnetic impurities from the starting Mn target. M�T�
normalized to the total number of Mn atoms �and conse-

quently to the expected number of impurity atoms� exhibits
magnetization magnitudes that are different for the studied
set of samples and follow a monotonous layer thickness de-
pendence. This fact allows us to discard ferromagnetism
from uncontrolled impurities, the case where magnetization
would be proportional to the impurity amount.

To study film ferromagnetism, hysteresis loops have
been measured at several temperatures. Figure 4�b� shows
the magnetic hysteresis loops obtained at 5 and 100 K for
film �30 Å ZnO/60 Å Mn�5. The substrate diamagnetic
background has been subtracted at the plot. This sample pre-
sents nearly 0.05 �B per Mn atom, being the highest satura-
tion magnetization in this series. The obtained coercive field
at 100 K is about 80 Oe �inset of Fig. 4�b��.

In order to compare directly these magnetic values with
other reported ones for the Mn/ZnO system, due to differ-
ences in reporting MS in the literature, it is necessary to take
into account different normalizations. Then, for comparison
purposes, we have also normalized the obtained MS at 100 K
�MS�0.05 �B /Mn� by considering the film volume �MS

�10 emu/cm3� and the total Mn mass �MS�4 emu/g of
Mn�.

This value, as well as the hysteresis loop shape, is com-
parable to those previously reported: in Ref. 6, a saturation
magnetization of 1 emu/cm3 and a coercive force around 50
Oe at 5 K are found for a thin film multilayer ZnO/MnO2; in
Ref. 16, MS of 0.28 emu/g and HC of 78 Oe at 10 K have

FIG. 3. Comparison between experimental Mn layer thickness values ob-
tained from RBS and XRR �straight line represents correspondence between
both values�.

FIG. 4. �a� Magnetization curves vs temperature. �b� Hysteresis loops at 5
and 100 K of sample �30 Å ZnO/60 Å Mn�5. The inset shows the 100 K
hysteresis loop.

033907-3 Céspedes et al. J. Appl. Phys. 102, 033907 �2007�

Downloaded 05 Sep 2011 to 150.214.9.232. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



been obtained for nanosized Zn0.95Mn0.05O ferromagnetic at
room temperature �MS becomes 5.6 emu/g of Mn when tak-
ing into account the Mn amount�; finally in Ref. 7, a higher
MS value of 0.18 �B /Mn, has been reported for a 2 at. %
Mn-ZnO sample. After these comparisons, it is possible to
conclude that the ferromagnetic samples studied in this ar-
ticle lay in the typical magnetization range reported for the
Mn-ZnO system.

X-ray absorption near-edge spectroscopy �XANES� ex-
periments have been pointed out essentially in this field be-
cause they generate invaluable information on the dopant
charge state.5 XAS experiments were carried out in order to
study the correlation between electronic and magnetic prop-
erties. For comparison purposes, Fig. 5�a� shows Mn K-edge
XANES spectra of some reference compounds, a Mn metal
foil, and several Mn oxides taken from the literature.12 As
shown in the inset of Fig. 5�a�, these compounds provide a
linear relationship between energy threshold and Mn valence
state. However, the finding of the numerical value for the
edge jump is troubled by the splitting of the 1s−4p
transition13 �labeled as A in the figure� that appears differ-
ently for each sample and affects the position of the first

maximum of the first derivative. For that reason, the energy
threshold has been estimated as the energy corresponding to
one third of the jump. Figure 5�b� shows three films repre-
sentative of ferromagnetic and paramagnetic behaviors. At
first glance, it is clear that in the studied multilayers, first,
Mn oxidation state differs from the metallic one; and second
and more important, an edge energy shift is observed de-
pending on the Mn layer thickness. It has obtained a shift of
about 3.5 eV toward high energy from the thickest to the
thinnest Mn-layer sample, which implies that, on average,
Mn present in the samples has changed more than one va-
lence state. By analyzing spectra with more detail, it can be
observed that all Mn K-edge measurements corresponding to
the studied samples show a less abrupt jump in comparison
with references from pure valence states. These results sug-
gest that Mn in the films is not in a pure valence state.14 In
this way, the obtained Mn oxidation state is the average of
the actual distribution present in the sample, but even that
average is very important to understanding the magnetic be-
havior.

A comparison between samples normalized XANES
spectra with standard manganese oxide references allows an
estimation of the average oxidation state. It should be noted
that the entire depth of the film contributes to the measured
XAS signal since the information depth is about 1 µm. This
has been calculated for fluorescence collection under experi-
mental conditions, defined in Ref. 15 �incoming beam inci-
dence angle and outgoing fluorescence emission to detector
angle are 45°�. It means that, independently of their distance
to the surface, all Mn atoms in the multilayers are contribut-
ing to the absorption signal and the obtained results �given in
Table I� should be understood as corresponding to average
Mn.

The obtained Mn oxidation states range between Mn2+

and Mn4+. These results evidence that samples exhibiting
ferromagnetic ordering have an average oxidation state near
2+ while the paramagnetic samples, obtained for the thinnest
Mn layers, have a higher valence state. Similar results have
been reported by Cong et al.16 for ferromagnetic Mn-doped
ZnO nanoparticles synthesized using the rheological phase
reaction precursor method. By x-ray photoemission spectros-
copy, they have found contributions of Mn2+, Mn3+, and
Mn4+ in samples prepared with different Mn concentrations,
being the most ferromagnetic sample the one having the larg-
est Mn2+ concentration.

This variation of the Mn average oxidation state ob-
tained by XANES is consistent with the Mn and ZnO grow-
ing conditions when preparing the studied multilayers. The
growth of ZnO has been made by using a O2/Ar mixture gas
that remains a short time in the chamber after the layer
growth. Under these conditions, the ZnO layers present a
surface with absorbed oxygen, which become an oxidizing
environment for the first steps of the following layer. When
growing a thin Mn layer, the first deposited Mn may be eas-
ily oxidized and become near to the fully oxidized form
�Mn4+�. Therefore, if Mn layer is sufficiently thin, highly
oxidized Mn can be expected, but for higher thickness of
manganese, it will tend to be in a reduced form. Conversely,
a different situation is expected when ZnO starts to grow on

FIG. 5. �a� Mn K-edge spectra of Mn foil, MnO, MnOOH, and MnO2, from
left to right �taken from Ref. 12�. Inset: Mn-valence vs the threshold energy
�� references and � samples�. �b� Experimental Mn K-edge spectra of Mn
foil, and �30 Å ZnO/60 Å Mn�5, �30 Å ZnO/7 Å Mn�43, and
�30 Å ZnO/1 Å Mn�75 samples �from left to right�. Pre-edge background
subtraction and edge step normalization procedures were performed on each
spectrum.
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the Mn layer. ZnO diffusion into Mn layer can take place,
but only Mn atoms very close to the upper interface may be
oxidized, due to the competition between Mn and Zn to cap-
ture oxygen. In this case, it is expected to find Mn in a low
oxidation state.

These different oxidation processes at the bottom and at
the top of Mn layers are compatible with the obtained results.
For thin enough Mn thickness �less than 15 Å� Mn4+ oxida-
tion state results to be the predominant one �we have mea-
sured +3.3 for �30 Å ZnO/1 Å Mn�75 sample�. However,
when depositing a rather thick Mn layer �15−60 Å�, an av-
erage Mn oxidation corresponding to its lowest oxidized
form �Mn2+� is expected. This fact, though, is compatible
with Mn layer having a very small Mn4+ fraction deposited at
the first growth stage.

Therefore, since interfaces at the bottom of the Mn layer
are expected to be quite similar independent of the Mn layer
thickness, the difference between films with higher ferro-
magnetic or paramagnetic component can be directly associ-
ated with these different Mn/ZnO interfaces at the top of Mn.
As there is not any simple manganese oxide showing ferro-
magnetism above room temperature, it suggests that ferro-
magnetism is due to an interface effect under low Mn oxida-
tion state condition. Moreover, results point toward
ferromagnetism due to the formation of a ferromagnetic
phase at the interface rather than a diluted magnetic semi-
conductor, even in the case of Mn thicknesses smaller than
film roughness �about 7 Å�. In principle, Mn diffusion into
ZnO would be more likely in the case of very thin Mn layers,
where layer thickness and interface roughness become com-
parable, favoring the cation diffusion process8; however,
mostly paramagnetic behavior is observed in this case. This
fact suggests that in the samples studied here, ferromag-
netism is not caused by Mn diffusion into ZnO.

In addition, multilayers XANES spectra can be also
compared with simulations of XANES based on multiple
scattering in a structural model where Mn places in the Zn
site of the low pressure wurtzite phase �tetrahedral coordina-
tion� as well as in the high pressure rocksalt phase
�octahedral�.17 �30 Å ZnO/60 Å Mn�5 sample XANES
data seems to have some similarities with the obtained for an
octahedral coordination. This fact suggests that a sample is
mainly formed by a phase with octahedric Mn, but we cannot
go further on the identification of that phase.
�30 Å ZnO/7 Å Mn�43 and �30 Å ZnO/1 Å Mn�75

sample spectra are different, but they permit to assert that
samples with very thin Mn layers �where all the small
amount of Mn could be diffused in ZnO and contribute no-
ticeably to the XANES features� no evidences of significant
Mn substitution in ZnO phase are found by comparison with
the simulations.

Nevertheless, �especially in samples with minority of
ZnO� it can be expected that Zn diffuses into the thick
enough manganese layers giving rise to a Zn-Mn-O ferro-
magnetic phase that develops at the ZnO/Mn interface. These
results are not against the possibility of high temperature
ferromagnetism in actual Mn:ZnO DMS. Nonetheless, they

support the existence of complex oxides formed by Zn dif-
fusion into manganese oxide6,7 that has been reported by
several authors as the source of high temperature ferromag-
netism in Mn-Zn-O system.

IV. CONCLUSIONS

A series of Mn/ZnO multilayers prepared by sputtering
shows paramagnetism or ferromagnetism depending on the
manganese layer thickness. X-ray absorption spectroscopy
�XANES� has been used to determine the Mn electronic
properties, showing that the average oxidation state ranges
from +2.1 to +3.3. This oxidation state can be correlated
with the ferromagnetic or paramagnetic behavior of samples.
It has been concluded that paramagnetic behavior is obtained
when manganese is in a higher oxidation state while room
temperature ferromagnetism is associated with Mn oxidation
state close to +2. Ferromagnetism seems to be due to
Mn/ZnO interface effect under low Mn oxidation state con-
dition. Results seem to indicate the existence of a mixed
Zn-Mn-O ferromagnetic phase at the interface rather than the
formation of a diluted magnetic semiconductor.
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