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Abstract

The reactivity of the Zn—-Mn—O system, prepared by conventional ceramic routes using ZnO and MnO, as starting materials are described and
correlated with the magnetic response. X-ray diffraction, X-ray photoelectron spectroscopy and Raman spectroscopy techniques have been used
for the structural analysis. The ferromagnetic response is unambiguously determined to be due to the simultaneous presence of Mn** and Mn** ions
at the Zn diffusion front into the manganese oxide grain. Thus, it is demonstrated that Mn does not incorporate into the ZnO lattice substitutionally,
but it is the Zn that diffuses into the manganese oxide grains, acting as a retardant of the manganese reduction, Mn** — Mn*?. At the diffusion
front, both ions coexist and their spins couple ferromagnetically through a double exchange mechanism. This mechanism explains the origin of

the room temperature ferromagnetism recently discovered in Zn—-Mn-O system as a promising material for spintronic devices.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Carrier-induced ferromagnetism and dilute magnetic semi-
conductors (DMSs) are of much interest from the industrial
viewpoint, because of their potential applications as new func-
tional materials, opening a way to introduce the spin degree
of freedom into semiconductor devices.! Current technologies
require a continuous information exchange between semicon-
ductors (controlling the logic) and the magnetic material that
stores the information. High-speed semiconductor technolo-
gies are nowadays the base of a large amount of devices. The
energy consumption and the high volatility of the information
are disadvantages of these technologies. In magnetic materials
the information storage relays on the magnetization orientation
within the ferromagnetic material, being non-volatile devices.
From the engineering point of view, materials combining both
the semiconducting and the magnetic properties are of great
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interest. These ideal materials are key ingredients for the devel-
opment of spintronic devices such as non-volatile, magnetic-
semiconductor memories, spin-based field effect transistors,
spin valve transistors, ultra fast optical switches or quantum
computing devices. Tanaka? recently reported the huge potential
of these new spintronic devices by using a new silicon-based spin
metal-oxide-semiconductor field-effect transistor (spin MOS-
FET) consisting of a MOS gate and ferromagnetic contacts for
the source and drain, from which an extremely large magneto-
current ratio (more than 10,000%) can be obtained by flipping
the magnetization from parallel to antiparallel. However, this
device operates below room temperature because the Curie tem-
perature, Tc, values of available ferromagnetic semiconductors
were lower than 160 K.?

Since the prediction of the existence of ferromagnetic semi-
conductors at room temperature (RT FM), by Dietl et al.? there
have been several experimental works reporting the appearance
of ferromagnetism above 300 K. The systems based on ZnO
are particularly interesting due to the fact that ZnO is a wide
band semiconductor and is transparent in the visible part of the
spectrum.
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Sharma et al.* recently reported the first observation of room
temperature ferromagnetism in Mn-doped ZnO pellets annealed
at 500 °C, both bulk samples and thin films. The authors claimed
that annealing process yields to the diffusion of Mn?* into
ZnO grains, giving rise to Mn-doped ZnO that shows carried
induced ferromagnetism behaviour up to room temperature.
Kundaliya et al.> suggested that the ferromagnetism originates
in a metastable phase rather than by carrier-induced interaction
between separated atoms in ZnO. They suggested the presence
of a metastable phase, Mny — ,Zn,O3 _ ;5 formed at low tem-
perature by diffusion of Zn into the manganese oxide as the
origin of ferromagnetism rather than by carried-induced inter-
action between separated atoms in ZnO. In a recent paper®, RT
FM was confirmed in samples prepared following the Sharma
et al.* method. The compacts obtained from the low tempera-
ture treatment showed brittle characteristics of unreacted and
poorly densified ceramic samples. Structural analysis points to
non-homogeneous materials. Only a weak diffusion of Zn into
MnO; grains is observed, whereas the presence of Mn into the
ZnO matrix is never detected. More recently, Garcia et al.” asso-
ciated the ferromagnetism in Mn—Zn—O with the coexistence of
Mn** and Mn** via a double-exchange mechanism. The pres-
ence of ZnO in the MnO, particles modifies the manganese
reduction kinetics and favours the coexistence of both oxidation
states. The ferromagnetism was associated with the interface
formed at the Zn diffusion front into Mn oxide; this was cor-
roborated by preparing thin films multilayers of ZnO and MnO»
that exhibited saturation magnetization two orders of magni-
tude higher than bulk samples. This result was confirmed by
the first principle calculation of Huang et al.® that suggests a
size-dependent ferromagnetism coupling mechanism, due to a
size-dependent transition from shallow acceptors to deep accep-
tors, and therefore rising to the FM stabilization to be dominated
by double exchange via localized holes, rather than by free
holes or by the Rudderman—Kittel-Kasuya—Yosaida (RKKY)
mechanism.

Ferromagnetism in substituted zinc oxide has been the subject
of numerous contributions® that in many cases show contra-
dictory results and explanations, ranging from the absence of
ferromagnetism to spin glass behaviour or low-temperature fer-
romagnetism. Venkatesan et al.? interpreted ferromagnetism in
substituted ZnO in terms of a spin-split donor impurity-band
model, which can account for ferromagnetism in insulating or
conducting high-k oxides with concentrations of magnetic ions
that lie far below the percolation threshold. Sluiter et al.!?,
from first principles electronic structure calculations of transi-
tion metal substituted ZnO, developed a physical picture based
on hybridization, super exchange, and double exchange that cap-
tures chemical trends. Thus, long-range interactions necessary
for FM in diluted magnetic semiconductors can be mediated
by defect-induced states as proved by co-doping ZnO:Co with
Li*. The decrease of saturation magnetization (Ms) observed for
high temperature processed samples was attributed to the loss
of Zn vacancies and Zn interstitials and their replacement with
inert oxygen vacancies. According to Sharma et al.,!' Mn-Zn-O
samples processed at higher temperature than 500 °C lose their
RT FM response because of segregation of antiferromagnetic

Mn clusters. In these samples the possible presence of Mn;O3,
ZnMn307 and Zny;Mn30Og, implied an oxidation of the diluted
Mn?*. However, low-temperature chemical methods'? failed to
achieve magnetic order in Mn- and Co-doped ZnO and ensured
that the dopants were located substitutionally. On the other hand,
Kittilstved et al.'> found enhancement of RT FM by chemical
manipulation of Mn-doped ZnO nanocrystals with nitrogen that
is related to higher concentration of Zn vacancies and interstitial
sites.

The aim of this paper is to clarify the reactivity of the
Zn—-Mn-O system. It is clear that all properties depend on the
processing method. In order to understand the nature of the
phases involved in the appearance of RT FM behaviour, the
ceramic processing route was chosen because it may provide
accurate structural information. In addition, this system is of
interest in the ceramic field because of several applications
in which grain boundaries play an important role, as varistor
ceramics,'#1© are relevant; low-temperature reactions were not
previously taken into account but in spite of the actual research
may usefully be revisited. Other areas of interest of this system
include catalysis applications and batteries.

2. Experimental procedure

Materials with different Mn concentrations were fabricated
following the low-temperature procedure of Sharma et al.,*® as
follows: two particle-sized, high purity (>99.99%) ZnO pow-
ders with a dso of 10.5 and 0.4 wm, respectively, and MnO,
powder with dso of 2.8 wm were used for sample preparation.
In general, low particle size ZnO powders were used because of
their higher reactivity, but for magnetic measurement both types
of powders were used. In a first step, MnO, powders were 3 h
attrition milled using 0.8 mm YTZP balls in water media. An
ammonium salt of polyacrylic acid (0.1 wt.%) Duramax 3005
(Rhom and Haas, USA) was used as dispersant because of their
low ash content. Compositions were homogenized by attrition
milling and pre-reacted at 400 °C for 8 h. After that, pre-reacted
powders were attrition milled again, axially pressed into disks
at 100 MPa and exposed to a second thermal treatment at 500,
600, 700 and 900 °C for 12 h in air. Samples of different com-
positions based on (ZnO); — ,(MnO,),, with x=2.3, 10.8, 51.7,
72.7 and 82 were processed. The first two compositions corre-
spond to the 2Mn0,-98Zn0 and 10Mn0O,-90Zn0O samples of
Sharma et al.,* and will be thus named herein. The rest of the
compositions are related to the Mn/Zn cation ratios of 1:1, 2:1
and 3:1, respectively. Note that the 2:1 ratio of Mn/Zn is the
spinel composition, ZnMnyO4.

The density of samples was determined by the immersion
Archimedes method, using mercury as the liquid medium. DTA-
TG experiments were undertaken in a Nestzch STA 409 with a
heating rate of 3 °C/min in air atmosphere. X-ray diffraction
spectra, XRD, were obtained from powder samples and sin-
tered pellets with a 1°/min 2@ scan rate with a Siemens D5000
diffractometer, using Cu Ka radiation. Field emission scanning
electron microscopy, FESEM, was carried out on freshly frac-
tured samples. Magnetic properties were measured in a SQUID
up to RT and in a high temperature VSM above RT.
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Raman spectra were collected on a Renishaw Micro-Raman
System 1000. The samples were excited with the 514 nm Ar
line in an in situ treatment cell (Linkam TS-1500). For compari-
son purposes, reference materials without secondary crystalline
phases were annealed or synthesized as follow: ZnO and MnO»
annealed at 500°C 12h; Mn;O3 was obtained by annealing
MnO; at 650 °C 8 h, and ZnMn,O4 was synthesized at 900 °C
12 h.

X-ray photoelectron spectra (XPS) were acquired with a VG
ESCALAB 200R spectrometer provided with an Al Ko X-ray
source (1486.6eV). Kinetic energies of the photoelectrons of
interest were measured using a hemispherical electron analyzer
operating in the constant pass energy mode. The base pres-
sure along the analysis was maintained below 5 x 10~° mbar.
Prior to analysis the samples were cleaned by ion-bombardment
with an Ar™ beam (2kV) for 2 min. The XPS data were signal-
averaged and taken in increments of 0.1eV with dwell times
of 30 ms. The binding energies were calibrated relative to the
Cls peak from residual carbon contamination of the samples
at 284.8 eV. High-resolution spectral envelopes were obtained
by curve fitting synthetic peak components using the software
package XPS peak. The raw data were used with no pre-
liminary smoothing. Symmetric Gaussian—Lorentzian product
functions were used to approximate line shapes of the fitting
components.

Thin films were deposited on silicon substrates by a pulse
laser deposition technique, PLD. Ceramic target were ablated
using a Lambda Physik laser (model LPX 2051 MC) operating
(A =193 nm) with a pulse repetition rate of 10 Hz and pulse dura-
tion of 17 ns. The laser beam was focussed through a convex lens
and a fused silica window into the vacuum chamber.
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3. Results and discussion

Results from DTA-TG experiments on pure phases and
mixtures of 2Mn0,-98Zn0O and 10MnO,-90Zn0O samples are
shown in Fig. 1. ZnO powders exhibited a slight mass increase
up to 200 °C with adsorption of heat. This process is not a true
endothermic reaction because it ranged across a wide range of
temperatures and may be attributed to an artefact of the equip-
ment, related both to the crucible location and the airflow in
the furnace chamber. Further heating up to 425 °C yields to a
small continuous mass loss. The increase of temperature could
favour the release of oxygen from the ZnO crystal lattice and
this process is the responsible for the white to yellow pale colour
change of annealed ZnO powders. On the other hand, the partial
vapour pressure of ZnO is relatively high at temperatures above
500°C!7 and could also contribute to the mass loss.

A similar behaviour for the DTA base line up to 500 °C was
found for MnO;. A well defined exothermic peak centred at
190 °C, associated with a mass loss, is related to the dispersant
used and is also present in the rest of samples. Starting at 525 °C
the reduction process of MnO, to Mn,O3 is observed and at
925 °C a further reduction to Mn3O4 took place. The theoretical
mass losses of these reactions'® were in good agreement with
experimental results from TG.

Mixtures of 2Mn0,-987Zn0O and 10MnO,-90ZnO showed
different trends in the MnO, reduction process in addition to the
ZnO evolution. Firstly, the MnO; reduction to Mn; O3 is uncom-
pleted at 625 °C and requires higher temperature to be com-
pleted, pointing out the possible presence of the MnsOg phase'”
(equivalent to MnOj g). This phase, in a state of high purity, is a
mixture of Mn,(II)Mn3(IV)Og. Secondly, the endothermic peak
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Fig. 1. DTA-TG data for ZnO (smaller particle) and MnO, raw materials and mixtures (bold lines correspond to TG curves).
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Fig. 2. FESEM micrograph of fresh fracture surface of sample 10MnO,-90ZnO
500°C 12h.

related to the reduction of Mn,O3 to Mn30O,4 was not detected.
This could be due to the difficulty of seeing the peak for such a
low Mn content or that the associated mass losses required tem-
peratures higher than 1000 °C. Hence, so this behaviour could
indicate that the reaction with ZnO maintains the stable Mn>*
oxidation state.

In a previous contribution’ we established a progressive
reduction of the Mn** to Mn3*, when the ZnO contribution was
subtracted from that of the mixture between 200 and 600 °C. This
reaction is related to the Zn>* diffusion into the manganese parti-
cles. From XRD analysis the mixtures treated at 500 °C for 12 h
showed’ the coexistence of MnO,, Mn»>O3 and Zn,Mn3 _ ,O4.
The appearance of a ferromagnetic response at room tempera-
ture is consistent with the coexistence of Mn** and Mn** at the
interface of the Zn diffusion front in manganese particles. How-
ever, the coexistence of different phases in the samples could
reflect an inhomogeneous process and both the appearance of a
new phase and the stability of the Mn>* oxidation state suggests
a reaction with ZnO.

FESEM observation of 10MnO;-90ZnO treated at 500 °C for
12 h (Fig. 2) revealed a microstructure that comprises small ZnO
unreacted particles and bigger particles related to the manganese
containing phases. The density of this sample is 3.19 g/cm?,
slightly higher than the expected for an unreacted mixture,
3.11 g/lem® but far away from the dense structure, 5.5 g/cm?.
The appearance of a second phase at the surface of the man-
ganese particles is relevant, as it implies a limited reaction,
but no true densification process. In all cases, EDX analy-
sis confirmed the presence of zinc in the manganese particles.
New phases appeared at the surface of the manganese parti-
cle. High-resolution electron microscopy, HREM, characterized
such phases as spinel rich in Mn-rich spinel structure’. The
Mn/Zn ratio of this spinel phase averages between 2.5 and 4
with changes inside each particle. As the temperature of the ther-
mal treatment increased, the proportion of the spinel like phase
increased and the ferromagnetic response decreased. In order to
understand this phase formation, XRD of higher mixtures with
higher Mn/Zn than the correspondent to 2Mn0,-98Zn0O and
10Mn0O,-90ZnO samples were studied.
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Fig. 3. XRD spectra of samples with Mn/Zn ratio 2:1 with different thermal
treatments: (a) starting mixture, (b) pre-reacted 400 °C 8 h, (c) 500 °C 12 h, and
(d)900°C 12h (M ZnO, O MnO;, ® Mn;03, | ZnMn;0y4).

Figs. 3 and 4 show the XRD patterns of higher Mn/Zn ratio,
thermally treated samples. XRD were recorded for the pellet
surface because the grinding process introduces enough energy
to complete the transformation of MnO; into Mn; O3 .0 This fact
has induced to an erroneous interpretation in former studies.*!!
A similar procedure carried out with pure MnO, did not show the
same process and thus implies that the manganese metastability
is conferred by the Zn reaction. Fig. 3a and b show the XRD pat-
terns from the starting mixture and 400 °C for 8 h pre-reacted
spinel base composition, Mn/Zn ratio of 2:1, respectively. In
both cases, only the presence of the starting materials, ZnO and
MnO,, is observed, having the same intensity peaks. Accord-
ingly, from the crystalline point of view, the powder pre-reaction
step served as a homogenization step rather than a reaction pro-
cedure. The pellets thermally treated at 500 °C for 12 h (Fig. 3¢)
revealed in addition to the raw material the presence of MnyO3
and spinel phase. The 900 °C for 12 h thermally treated mate-
rial (Fig. 3d) clearly showed a single spinel phase, ZnMn;O4.
Higher and lower Mn/Zn ratios than that for the spinel sam-
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Fig. 4. XRD spectra of samples with different Mn/Zn ratios and different thermal
treatments: (a) 1:1 at 500°C 12h, (b) 3:1 at 500°C 12 h, (¢) 1:1 at 900°C 12h,
and (d) 3:1 at 900°C 12h (H ZnO, O MnO;,, ® Mn,03, | ZnMn,Oy4).

ples, thermally treated at 500 and 900 °C for 12h, complete
the information on the system reactivity (Fig. 4). At 500°C, a
larger concentration of starting MnQ», leads to a larger fraction
of unreacted MnQO3 in the treated sample. This is a sign that the
appearance of both the Mn,Os3 and the spinel phase are rather
independent of the starting manganese content for a determined
amount of manganese.

Annealing pellets with Mn/Zn ratio of 1:1 (Fig. 4c), less Mn
than required to form the spinel, at 900 °C for 12 h, yield to the
formation of the spinel plus unreacted ZnO. On the other hand,
pellets with Mn/Zn ratio of 3:1 (Fig. 4d) only formed spinel type
phase at that temperature. This spinel is a manganese rich phase
that confirms the presence of Mn/Zn ratios ranging from 2.5 to
4 as previously reported.’

Fig. 5 summarizes the M values of the ferromagnetic
response at room temperature for the different samples exposed
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Fig.5. Saturation magnetization values of the RT FM response for different com-
positions as a function of the thermal treatment temperature ((J 2Mn0,-98Zn0O,
O 10Mn0,-90Zn0O, B 1:1 Mn/Zn, @ 2:1 Mn/Zn, A 3:1 Mn/Zn).

to different thermal treatments. The lower the amount of man-
ganese in initial mixture, the larger the FM response. A larger
Mn/Zn ratio gave the same FM RT response in agreement with
the XRD results, being related to the same amount of Mn, O3 and
spinel above discussed. The simultaneous increase in the amount
of the spinel and the reduction of the magnetization implies that
this phase is not the origin of the FM response. Samples with
smaller ZnO particles as raw material show a 50% higher magne-
tization value at room temperature, only for the 2Mn0O,-98Zn0O
composition, 6 x 1073 emu/gypno,, Whilst the rest of composi-
tions show similar values. By reducing ZnO particle size the
amount of RT FM phase was favoured, but only for the low
manganese content samples.

Fig. 6 shows the Raman spectra of the spinel, manganese and
ZnO reference samples, 10Mn0,-90Zn0O, and 2Mn0,-98Zn0O
treated at 500 °C for 12h samples. Raman modes for MnO»
500°C 12h in the region of 200-800 cm™~! appear at 512, 645
and 739 cm~!. In addition to modes corresponding to Mn**,
a mode at 302cm™! denotes the slight presence of MnyO3
in the sample that was not revealed by XRD. The Raman
spectra for Mn;O3 shows modes at 302 and 690 cm~!. Sin-
gle crystalline spinel phase ZnMnyO4 shows Raman modes at
295, 321, 361, 380, 477 and 674 cm~!. The modes at 295 and
674 cm~! are related to the manganese cations while the other
seem more related to the zinc cations. Raman modes of samples
2Mn0,-98Zn0 and 10Mn0,-90Zn0O 500 °C 12h, show two
overlapping peaks at 674 and 659 cm™!, one of them is char-
acteristic of the Mn cations in the spinel phase and the other is
related to an intermediate oxidation state.'® Other peaks could
be also attributed to this intermediate oxidation state as the peak
at 534 cm~!. The Raman modes for ZnO peaks in this range are
325, 375 and 436 cm™!, the last one is the most intense. It is
worthy to note that the RT FM was found only in samples that
show this intermediate oxidation state where Mn>* and Mn**
coexist and the double-exchange mechanism allows the system
to exhibit a large Curie temperature.2-?!

Fig. 7 shows the Raman spectra for the samples with larger
manganese content. All samples treated at 500 °C showed the
ZnO peak of 436 cm™! that indicates the presence of unreacted
powder. In addition to the intermediate oxidation state peak and
that for the spinel, peaks corresponding to the MnsOg phase were
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Fig. 6. Raman spectra for 2Mn0,-98Zn0O 500 °C 12h, 10Mn0O,-90Zn0O 500 °C
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clearly found in the 1:1 Mn/Zn ratio samples. The 900 °C 12h
samples show spinel as the main phase. Samples with Mn/Zn
ratios of 2:1 and 3:1 show the same spectra according to the
XRD spectra, indicating the same structure and the capability
of the spinel to incorporate more manganese cations. The struc-
tural similarities between Mn,O3 and the spinel could be the
reason for such behaviour. The sample with Mn/Zn ratio of 1:1
shows the presence of unreacted ZnO and an unassigned peak
at 583cm~!.

Moreover, in order to verify the chemical state and surface
concentration of manganese ions in the samples they were ana-
lyzed by XPS. The Mn 2p core-level spectra of samples in the
system Zn—-Mn-O shown in Fig. 8a and the corresponding bind-
ing energies are presented in Table 1. For comparison purpose,
the Mn 2p profiles of MnO;, Mn,0O3 and MnO reference sam-
ples are displayed in Fig. 8b. Confirmation of the reduction
of Mn** into Mn** was provided by XPS. The binding ener-
gies (BE) of the principal Mn 2p3/; peak for all the samples
fall within 641.6—641.8 eV range. In comparison with the refer-
ence spectra (Fig. 8b) and also with many literature reports>>~2*
these BEs values are typical of Mn3*-containing oxides such as
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Fig. 7. Raman spectra for samples with different Mn/Zn ratios, thermally treated.

Mn304 and Mn, O3, whereas the Mn4+-c0ntaining materials are
reported to have BEs values between 642.0 and 642.6 eV.?>%*
Thus, all the Mn atoms located at the surface are reduced to
the 3+ oxidation state because of the Zn diffusion. Although
the system is not homogeneous, the structural analysis confirms
the absence of Mn** at the pellet surface. Since Mn** has been
detected by XRD, this means that an interface containing Mn**
and Mn3* exists. This result supports the proposed model of a
Zn diffusion front inside the manganese grain as the origin of
the interface double-exchange ferromagnetism in the Mn—Zn-O
system.” This interface would disappear when the MnO, does.

Surface Mn/Zn ratios have been calculated from the intensity
ratios normalized by atomic sensitivity factors?> and are also

Table 1

Binding energies (eV) and surface atomic ratios of samples

Sample Mn 2p3p» Zn 2p3p Mn/Zn at
MnO 641.6 - -
Mn, 03 641.8 - -
MnO, 642.6 - -
Zn0O - 1021.8 -

3:1 Mn/Zn 641.8 1021.7 2.10
2:1 Mn/Zn 641.6 1021.7 1.21
1:1 Mn/Zn 641.7 1021.8 0.89
10% Mn0O2-90% ZnO 641.6 1021.7 0.094
2% Mn0,-98% ZnO 641.7 1021.8 0.019
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summarized in Table 1 (last column). In order to see if Zn and
Mn are homogeneously distributed, experimental Mn/Zn atomic
ratios are plotted against the nominal Mn/Zn ratios in Fig. 9. As
can be seen, the experimental Mn/Zn ratios almost coincide with
the nominal ones in the 0 <x < 1 composition region; however,
some deviation from linearity happens for Mn/Zn ratios of 2
and 3. This latter finding suggests that formation of a Zn-free
Mn**-containing phase coexist with the ZnMn; Oy spinel phase.
Thus, the appearance of Zn-free manganese oxide species in the
region of high Mn-contents would be related to the decay of
My detected for these samples as then there is no coexistence of
Mn** and Mn>* at the diffusion front.
PLD thin films preserve the composition of the target, but
the oxygen content could be changed by the partial pressure in
the reaction chamber. Thin films of 10MnO,-90Zn0O grown at

600°C atap(O) of 2 x 102 mbar exhibit a saturation magneti-
zation of 1.3 emu cm 3 (Fig. 10a) that is similar to the best value
reported for thin films.” The presence of excess oxygen during
PLD growth prevents the reduction of manganese and thus the
interface state is maintained. Nevertheless, taking into account
the preliminary results for pellets it is difficult to understand why
this sample, 10MnO2-90Zn0O, does not show any manganese-
related peaks in the XRD pattern (Fig. 10b). The reason could be
due to the fact that when growing a pure MnO> thin film directly
over the substrate an amorphous pattern is observed. Neverthe-
less, when growing a pure MnO; thin film over a c-axis oriented
ZnO (1 1 1) films some manganese oxide peaks can be observed.
Previous reports correlated the absence of manganese peaks in
thin films to the solid solution of Mn?* into the ZnO matrix and
thus attributed the FM origin to the Zener model.*!! The pres-



3024 J.E. Ferndndez et al. / Journal of the European Ceramic Society 26 (2006) 3017-3025

3L 4
*
o 2F E
a
X
C
N
j
2
»
1t 4
..
0 s . L .
0 1 2 3
(Mn/zn)nominal

Fig. 9. Comparison of Mn/Zn surface atomic ratios derived from XPS with the
nominal ones.

ence of higher oxidation state in thermally treated samples at
higher temperatures, Mn3*, denotes different possible process
as the crystallization of Mn,O3 from the amorphous MnO» or
the spinel, destroys the RT FM response. The possible formation
of manganese oxide clusters at higher temperatures reported by
Sharma el al.'! is thus explained.
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Fig. 10. 10MnO2-90ZnO thin film grown at 600 °C and p(O,) 2 x 10~2 mbars.

(a) Hysteresis loop and (b) XRD diffraction pattern.

4. Conclusions

With the results reported in this contribution the reactivity
of MnO; in presence of ZnO is clarified. At low temperatures
(500°C) there is a limited reaction without densification. Mn
cations do not incorporate into the ZnO lattice substitutionally,
but it is the Zn that diffuses into the manganese oxide grains,
acting as a retardant of the MnO, — Mn,O3 reduction.

The ferromagnetic phase is related to the simultaneous pres-
ence of Mn*> and Mn** ions at the Zn diffusion front into the
manganese oxide grains. The presence of Mn>* cations in the
MnO; does not imply the appearance of FM response, and there-
fore, the double exchange mechanism required the presence of
Zn cations. The lower the amount of manganese in the mixture,
the larger the ferromagnetic response.

The spinel phase is the stable one at higher temperatures.
This spinel phase allows the incorporation of excess Mn. As the
spinel phase progress, the reduction of the M implies that the
origin of the FM response is not associated with the metastable
phase.

The reaction mechanism explains the origin of the room tem-
perature ferromagnetism recently discovered in the Zn—-Mn—-O
system as a base material for spintronic applications.
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