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Abstract: Polycrystalline Zn—Mn—O samples with nominal manganese concen-
trations x = 0.01, 0.04 and 0.10 were synthesized by a solid state reaction route
using (ZnC,042H,0);., and (MnC,04-2H,0),. Thermal treatment of the sam-
ples was performed in air at temperatures 673, 773, 873, 973 and 1173 K for
x =0.01 and at the temperature 773 K for x = 0.04 and 0.10. The samples were
investigated by X-ray diffraction, thermogravimetry, differential thermal ana-
lysis, transmission electron microscopy, magnetization measurements and elec-
tron paramagnetic resonance. X-Ray diffraction was also performed on MnO,
thermally treated at temperatures 673, 773, 873, 973, 1073 and 1173 K. Room
temperature ferromagnetism was observed in the Zn-Mn—O samples with x = 0.01
thermally treated at low temperatures (673 and 773 K) and in the sample with
x = 0.04 thermally treated at 773 K. It seems that the ferromagnetic phase could
originate from interactions between Mn2" and acceptor defects incorporated in
the ZnO crystal lattice during the thermal treatment of the samples.

Keywords: ZnO; diluted magnetic semiconductors; room temperature ferro-
magnetism.

INTRODUCTION

Semiconductor materials that exhibit ferromagnetism above room tempera-
ture (RT) have attracted considerable interest in the past few years. These mate-
rials are essential components for the development of spintronic devices. Dietl et
al.l predicted the existence of ferromagnetism with a Curie temperature, Tc,
above RT in p-type ZnO and GaN doped with Mn. A ferromagnetic phase in
undoped carrier and in n-type ZnO substituted with Fe, Co and Ni was also
predicted.2:3 Since then, transition metal doped 1I-VI and I1I-V semiconductors
have been intensively investigated. Among these materials, Mn-doped ZnO is
particularly interesting because of its unusual magnetic properties and disagree-
ment about both the existence and the origin of RT ferromagnetism. The first
observation of RT ferromagnetism in low-temperature processed bulk and thin
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film samples of Mn-doped ZnO was reported by Sharma et al.# In this study, the
authors found that their results were in agreement with a model of carrier induced
ferromagnetic ordering between Mn ions in ZnO. The theoretical prediction that
p-type defects in Mn-substituted ZnO can produce high 7 ferromagnetism was
confirmed experimentally by doping Mn2*:ZnO with nitrogen.> It was also
shown that n-type defects in Mn2":ZnO introduced by Zn vapour diffusion> or by
hydrogen annealing® did not stabilize long range Mn—Mn ferromagnetic coup-
ling. Contrary to these reports, several authors suggested that the high-tempera-
ture ferromagnetism in low-temperature processed Mn—Zn—O samples originated
from an oxygen-vacancy-stabilized metastable phase, Mn,_,Zn,O3_s’-8 In addi-
tion, some recent studies showed the absence of ferromagnetic ordering in bulk
single phase Zn;_,Mn,O materials down to 2 K.9-1! Controversial results have
also been obtained for Zn;_,Mn,O thin film samples, which extend from para-
magnetic,!2 to spin-glass behaviour,!3 and to low-temperature ferromagnetism. 14
Various properties obtained for the Zn—Mn—O system by different methods sug-
gest a strong dependence of the magnetic properties of these materials on the
synthesis conditions. In the present work, we have studied the structural and mag-
netic properties of Zn—Mn—O samples prepared by thermal treatment in air at va-
rious temperatures were studied in order to obtain a better insight into the proces-
ses responsible for the observed high-temperature ferromagnetism in this material.

EXPERIMENTAL

Polycrystalline samples of Zn—-Mn—O were prepared by a solid-state reaction method
using zinc oxalate dihydrate (ZnC,042H,0, 99.999 %, Alfa Aesar) and manganese oxalate
dihydrate (MnC,042H,0, 99 %, Alfa Aesar) as starting materials. Appropriate amounts of
(ZnC,042H,0),_, and MnC,0,42H,0), were mixed, pressed into pellets and calcined at 673 K
for 5 h in air. The calcined samples were reground, pelletized and thermally treated at 673,
773, 873, 973 and 1173 K for 12 h in air to obtain Zn—Mn—O samples with a nominal man-
ganese concentration x = 0.01. Thermal treatment of the samples with the nominal manganese
concentration x = 0.04 and 0.10, was carried out at 773 K. The samples of manganese dioxide
(MnO,, 99.999 %, Sigma Aldrich) were thermally treated at 673, 773, 873, 973, 1073 and
1173 K for 12 h in air.

Powder X-ray diffraction (XRD) patterns were recorded on a Philips PW 1050 diffracto-
meter using CuK, radiation. The XRD patterns were measured with a step size (20) of 0.02° at
a slow scan rate of 60 s per step. Thermogravimetry (TG) and differential thermal analysis
(DTA) were performed by heating up to 1273 K in a static air atmosphere at a heating rate 10°
min'! using a model STA-1000 instrument (Stanton-Redcroft) which enables the simultaneous
recording of TG and DTA signals. Transmission electron microscopy (TEM) measurements of
Zn—Mn-0 samples were performed using a Philips EM 400 instrument with an operating vol-
tage 120 kV. The samples were prepared by placing a drop of an aqueous Zn—Mn—O solution
onto a carbon-coated copper grid. After drying, the samples were examined by TEM. The
magnetization measurements performed using a SQUID magnetometer (MPMS XL-5, Quan-
tum Design). Electron paramagnetic resonance (EPR) experiments were performed on a Va-
rian E-line spectrometer operating at a nominal frequency of 9.5 GHz.
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RESULTS AND DISCUSSION

The XRD patterns of Zn—Mn—O samples with a nominal manganese concen-
tration x = 0.01 thermally treated at 673, 773, 873, 973 and 1173 K in air are
presented in Fig. 1. The diffraction lines can be indexed based on a mixture of
phases, the major phase ZnO and the minor phases MnO;, Mn,0O3, Mn304 and
an impurity phase Znj ,Mn,Mn;04 with tetragonal symmetry (space group
141/amd). The vertical ticks and indices indicate the peak positions for the wur-
tzite crystal structure of ZnO (space group P63 mc). The XRD patterns show the
evolution of minority manganese oxides phases with increasing temperature of
thermal treatment. The XRD pattern of the sample thermally treated at 673 K
shows, in addition to the ZnO phase, the presence of MnO, and the onset of the
Mn,03 phase in the form of a shoulder on the high-angle side of the ZnO (100)
peak. In the x = 0.01 sample sintered at 773 K, the MnyO3 phase progressively
develops, existing together with MnO;. With increasing sintering temperature
(973 K), the Mny03 phase did not exhibit a further increase, whereas the im-
purity phase Zn; ,Mn;,MnyO4 continued to grow. For a sintering temperature
1173 K, a peak corresponding to the Mn30O4 phase appears.
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Fig. 1. X-Ray diffraction patterns at 300 K for the Zn—Mn—O samples with x = 0.01, thermally
treated at temperatures 673—1173 K recorded at a slow scan rate. The peak positions for the wur-
tzite ZnO structure are labelled by vertical ticks and indices. Full circles, open circles,
“plus” symbol and asterisks in the spectra denote the secondary phases
MnO,, Mn,03,Mn304 and Zn;_,Mn Mn,0y, respectively.

The XRD pattern of the sample with a nominal manganese concentration x = 0.10
thermally treated at 773 K in air is shown in Fig. 2, in which the impurity phase is
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clearly observed. All the impurity XRD lines in this spectrum are indexed to
ZnMn, Oy, also with tetragonal symmetry (space group 14;/amd). The appearance
of an impurity phase with the spinel structure (Zn_,Mn(Il),)[Mn(I1l),]O4 having
cubic symmetry was detected in Mn-doped ZnO nanoparticles prepared by a co-pre-
cipitation method after annealing the 2 and 5 % Mn-doped samples at tempe-
ratures 1075 < T < 1275 K.15 The tetragonal phase of ZnMnO4 was observed in
a ZnMnO bulk sample with 1 % Mn sintered in air at 1173 K.8 The appearance
of the ZnMn,O4 phase in our Zn—Mn—O samples at a temperature of thermal
treatment as low as 773 K was probably the result of the fast decomposition of
the starting materials used in the synthesis.
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Fig. 2. X-Ray diffraction pattern at 300 K for the Zn—Mn—O sample with x = 0.10 thermally
treated at 773 K recorded at a slow scan rate. The vertical ticks and indices
in the spectrum indicate the peak positions of tetragonal ZnMn,O,.

The XRD data were subject to Rietveld analysis. The ZnO lattice parameters
of the dominant crystal phase in all the samples thermally treated at 773 K were
found to be very close to the crystal lattice parameters of ZnO, a = 3.250 A and
¢ =15.207 A.16 Changes of the a and ¢ parameters with increasing temperature of
thermal treatment from 673 to 1173 K are also not significant. These results are
consistent with earlier observations that the solubility of Mn in the ZnO crystal
lattice is low.8:10 The average ZnO crystallite size determined from the width of
the X-ray diffraction lines using the Scherrer formula was found to increase with
increasing sintering temperature: d = 30, 50, 70, 70 and 100 nm for the x = 0.01
sample thermally treated at 673, 773, 873, 973 and 1173 K, respectively.

The XRD spectra of MnO; untreated and thermally treated 12 h in air at 673,
773, 873, 973, 1073 and 1173 K are presented in Fig. 3. Up to 673 K, MnO3 is
stable. At the temperature of 773 K, the Mn,O3 phase developed and the sample
consisted of equal proportions of MnO; and MnyO3 (Fig. 4). At 873 K, the MnO,
sample was completely transformed into MnyO3 and at 1173 K, the Mn3O4 phase
appears.

The TG and DTA curves for the oxalate precursors and for a sample of
unsintered mixture of (ZnC,04:2H70)1_, and (MnC,04-2H,0), with x = 0.01
are presented in Fig. 5. The thermal decomposition of ZnC>04:2H>0 occurred in
two stages, Fig. 5a. The first stage was dehydration (an endothermic process with
Tmax = 425 K). The second stage was the decomposition of anhydrous zinc oxa-
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Fig. 3. X-Ray diffraction patterns at 300 K for MnO, untreated and thermally treated at
temperatures 673—1173 K. The vertical ticks and indices indicate the peak positions
of the corresponding manganese oxide noted on the left.
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Fig. 4. Relative fraction of various manganese oxides developed after
thermal treatment of MnO, at temperatures 673—1173 K.

late (an exothermic process with T, = 683 K). The final solid product of this
decomposition, found by XRD, was ZnO. The thermal decomposition of the un-
sintered mixture of two oxalates with x = 0.01 occurred in three stages, Fig. 5b.
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The first process was dehydration of the oxalates in the unsintered x = 0.01 sam-
ple (Tmax = 430 K). The event around Ty,3x = 686 K involved decomposition of
the zinc oxalate phase, and the process around Tpy,x = 598 K was due to decar-
bonisation of the manganese oxalate in the sample. The same process of decarbo-
nisation of the manganese oxalate in the starting MnCy04-2H,0O material occur-
red around T = 592 K, as can be seen in Fig. 5¢. Taking into consideration the
TG/DTA and XRD measurements, it appears that the ZnO phase in the studied
Zn—-Mn—O samples arose as a product of the decomposition of ZnC>04-2H,0,
whereas the MnO» phase detected in the x = 0.01 sample arose as a product of the
decomposition of MnC,0O4-2H; O.
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Fig. 5. TG and DTA curves for: ZnC,042H,0 (a), unsintered mixture of
(Zl’lCz()4'21‘120)1_)r + (MHCZO4'2H20)X Wlth X = 001 (b) and MHC204'2H20 (C)

The particle size and morphology of one selected sample were characterized
by transmission electron microscopy. A typical bright-field TEM image of the
Zn—-Mn—O sample, with x = 0.01, thermally treated at 773 K is shown in Fig. 6.
TEM Analysis clearly revealed the presence of two types of particles: one was
elongated with a faceted morphology and the other was nearly spherical in shape.
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This implies that the two phases can be distinguished. The first is a hexagonal
phase corresponding to ZnO recorded by XRD. The size of the ZnO crystallites
with faceted morphology seen by TEM lies in the range 50-100 nm, which is
consistent with the result obtained from the XRD patterns. The crystallites of the
second phase in the TEM image appear in the form of nearly spherical particles.
Most of the crystallites of nearly spherical shape have dimensions about 50 nm.
These crystallites are attributed to the MnO; phase observed in the XRD spec-
trum of the x = 0.01 sample, Fig. 1. A more detailed TEM analysis of the x = 0.01
sample thermally treated at 773 K enabled the clarification of the coalescence of
some ZnO and MnO; crystallites. The observed locations of coalescence of the
two phases are denoted by arrows in Fig. 6.

Fig. 6. TEM Microphotograph of
the x = 0.01 sample thermally treat-
ed at 773 K. The arrows in micro-
photograph denote the locations of
coalescence of zinc oxide and man-
ganese oxide crystallites.

100nm

The temperature dependence of magnetization under a magnetic field of 500 Oe
for the Zn—-Mn—O samples with x = 0.01, 0.04 and 0.10 thermally treated in air at
773 K for 12 h is presented in Fig. 7. At higher temperatures the magnetization of
the x = 0.01 sample was larger than that for the x = 0.04 and 0.10 samples. The
sample with x = 0.01 showed a maximum in its M(7) dependence at about 65 K
where the x = 0.04 and 0.10 samples show a kink.

The magnetic field dependence of magnetization for the x = 0.01 sample
thermally treated at 673 K was observed at 7 = 250 K (Fig. 8, curve 1) with a
coercive field H; = 80 Oe and a remanent magnetization M, = 0.0001 emu/g. The
M(H) dependence measured at 300 K for the x = 0.01 sample thermally treated at
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773 K was characterized by H, = 800 Oe and M; = 0.0050 emu/g (Fig. 8, curve
2). Subtracting the paramagnetic component from the total magnetization for the
x = 0.01 samples thermally treated at 673 and 773 K, the ferromagnetic com-
ponent of the magnetization was evaluated with saturation value Mg = 0.0004 emu/g
and Mg = 0.0195 emu/g for temperatures 673 and 773 K, respectively (Fig. 8). It
can be seen that in the x = 0.01 sample thermally treated at 773 K, the coercive
field is ten times larger and saturation magnetization is about fifty times larger
than the corresponding values for the sample thermally treated at 673 K.
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E
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= .'-.. ................
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Fig. 8. Field dependent magnetization curves for the Zn—-Mn—O samples with x == 0.01
thermally treated at: 673 (1) and 773 K (2). The insets show the ferromagnetic component of
the magnetization obtained after subtracting the paramagnetic contribution.
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Contrary to these observations, there was no RT ferromagnetism in the x =
= 0.10 sample thermally treated at 773 K nor in the x = 0.01 sample thermally
treated at 1173 K. The M(H) dependence for these samples was a linear function
in the magnetic field range up to 50 kOe, indicating the paramagnetic origin of
the magnetization at 300 K.

The EPR spectra of the studied Zn—Mn—O samples at 300 K are presented in
Fig. 9. A broad resonance appeared in the x = 0.01 and 0.04 samples thermally
treated at 773 K on the lower field side, which was absent in the x = 0.10 sample
thermally treated at 773 K and in the x = 0.01 sample thermally treated at 1173 K.
The broad resonance is attributed to ferromagnetic phase in the material. The
EPR spectrum in the form of fine and hyperfine lines was detected on the higher
field side in all the investigated Zn—-Mn—O samples (Fig. 9). This spectrum was
analysed by the following spin-Hamiltonian:

H = gusHS + D[S2 ~LS(5 +1)]+ 481 (1)

. .
Zn-Mn-O
x=0.01

773 K

x=0.04

b)
773K

1 1 1 1

o) x=0.10
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Fig. 9. EPR Spectra of the Zn-Mn-O
samples: a) x = 0.01 thermally treated at
773 K, b) x = 0.04 thermally treated at

e) x=0.01 773 K, ¢) x = 0.10 thermally treated at
1173 K 773 K, d) x = 0.01 thermally treated at
Simulated 1173 K, e) simulated spectrum of Mn?*

with § = 5/2 and / = 5/2 in the ZnO

! ! L ! crystal lattice (EPR parameters used in

1 2 4 the simulation are 4 = -81 G, D = -252

G, g=2.01).
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where the first term describes the Zeeman interaction, the second term describes
the axial zero-field splitting due to the hexagonal symmetry of the wurtzite ZnO
and the third term describes the hyperfine interaction between the electron and
nuclear spins of the manganese ions. For the Mn2", S = 5/2, there are five fine
transitions in the magnetic field H. Each fine transition has six hyperfine tran-
sitions due to the hyperfine interaction of the Mn2* electron spin and its nuclear
spin, >Mn (I = 5/2). Good agreement with the experimental spectrum for the
sample x = 0.01 thermally treated at 1173 K was obtained in the simulation using
the spin-Hamiltonian parameters 4 = -81 G, D = -252 G and g = 2.01, Fig. 9e.
These values agree well with the spin-Hamiltonian parameters (4 = -81 G, D =
=232 G and g = 2.0016) reported for a Mn2* doped ZnO single crystal.l7-18
Thus, the EPR spectrum appearing in all the investigated Zn—-Mn—O samples
arises from the paramagnetic moments of isolated Mn2" substitutionally incorpo-
rated into the ZnO crystal lattice. The isolated (uncoupled) MnZ" do not con-
tribute to the RT ferromagnetism.

Taking into account the manganese concentration in the x = 0.01 sample
determined by an atomic absorption method, which was only a little less than that
used in the synthesis, = 0.8 at. %, and the measured saturation magnetization of
the ferromagnetic phase in the sample thermally treated at 773 K, the average
magnetic moment per Mn ion was found to be 0.03 up/Mn at 300 K. A small
value of the average magnetic moment per Mn ion was reported for bulk Mn-
-doped ZnO,*19 and in Mn-doped ZnO nanoparticles.!5

TEM Analysis indicated that the coalescence of some zinc oxide and manga-
nese oxide crystallites might cause microstructural changes (Fig. 6). It is very li-
kely that at these locations, diffusion of zinc atoms into manganese oxide occur-
red. Clear evidence of this process is the appearance of the impurity phase in the
thermally treated Zn—-Mn—O samples detected by XRD analysis, which was iden-
tified as Zn;_,Mn,Mn;04 in the x = 0.01 sample and as a ZnMn;O4 phase in the
x = 0.10 sample. The reverse process of diffusion of manganese atoms into the
zinc oxide crystallites also occurred. Substitutional incorporation of Mn2* into the
ZnO crystal lattice was recorded in the EPR spectra. It was found that isolated
Mn2* in the ZnO crystal lattice do not contribute to the RT ferromagnetism. Nor
does the RT ferromagnetism originate from the ZnMn,O4 phase. The ZnMn,O4
phase with tetragonal symmetry was observed in the x = 0.10 sample thermally
treated at 773 K but RT ferromagnetism was not detected in this sample. The
same applies to the Zn; ,Mn,MnyO4 phase. This impurity phase detected in the
x = 0.01 sample progressively developed with increasing temperature of thermal
treatment up to the highest temperature used in the sintering procedure, 1173 K,
but the x = 0.01 sample thermally treated at 1173 K was fully paramagnetic at
300 K.
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In addition to Znj_,Mn;MnOy4, another secondary phase, MnO;, was detec-
ted in the x = 0.01 sample thermally treated at 773 K. This manganese oxide is
antiferromagnetic with a Néel temperature about 84 K.20 Pure MnO, transforms
into Mn,O3 at about 773 K (Fig. 4). Pure Mn;03 is also antiferromagnetic with a
Néel temperature between 80 and 100 K.2! In the presence of Zn atoms in MnyO3,
incorporation of Zn into Mn3" sites is possible (the ionic radius of Zn2" is about
0.60 A and the ionic radius of Mn3* is about 0.58 A)22 and this process causes
oxygen release for charge neutrality and formation of vacancies in the MnyO3
structure. It is interesting to note that incorporation of Zn into Mn30O4, where Zn
substitutes Mn2" in the cation sublattice, leads to low-temperature ferrimagne-
tisms similar to that of Mn3O4 but with a lower Curie temperature.” In the
present investigation, RT ferromagnetism commenced to develop in the x = 0.01
sample thermally treated at 673 K, Fig. 8. At this temperature (673 K), a large
part of the zinc oxalate had decomposed into ZnO. The abrupt increase of the fer-
romagnetic component of the magnetization in the x = 0.01 sample thermally
treated at 773 K compared with that appearing at 673 K could be connected with
the development of the Mn,O3 phase observed in the XRD pattern, Fig. 1, where
the creation of oxygen vacancies due to presence of Zn atoms was expected. An
oxygen-vacancy-stabilized metastable phase in the form Mn, ,Zn, O3 s was
suggested as a possible source of the high-temperature ferromagnetism in the
low-temperature processed Zn-Mn-O samples.” In several detailed studies, the
diffusion of Zn atoms into the manganese oxides was also considered to be res-
ponsible for the observed high-temperature ferromagnetism in the low-tempe-
rature processed Zn—Mn—O bulk and some thin film multilayer samples.23.24

However, in a recently published paper, RT ferromagnetism in Zn;_,Mn,O
thin films grown by pulsed laser deposition was observed even in those samples
(x < 0.03) which had no secondary phases.2> The appearance of the Mn,O3 phase
aggregating at grain boundaries was found for a higher Mn concentration, x =
= 0.05, but this sample exhibited smaller saturation magnetization than that re-
corded for the thin films with lower manganese content. These results suggest
that the high-temperature ferromagnetism in Zn—-Mn-O is not necessarily related
to manganese oxides or other impurity phases and that this phenomenon is an in-
trinsic property of Mn-doped ZnO materials. It was established in the present
study that the solubility of Mn in low-temperature processed bulk ZnO was low
and that manganese oxides existed even in the Zn—-Mn—O sample with x = 0.01
Mn doping.

There is a possibility that a fraction of the Mn ion magnetic moments in-
corporated in the ZnO crystal lattice in the x = 0.01 sample thermally treated at
773 K was ordered ferromagnetically at RT and that the ferromagnetically coup-
led moments co-existed with the paramagnetic moments of the isolated Mn ions
(Fig. 9a). The coexistence of ferromagnetically coupled Mn ion moments and
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paramagnetic moments of isolated Mn ions was found in a Zn;_,Mn,O thin film
sample with x = 0.01,25 and in 2 at. % Mn-doped ZnO nanocrystals with an ave-
rage particle size 12 nm annealed at 673 K.!5 This possibility focuses attention
on free charge carriers as mediators in the ferromagnetic ordering. Theoretical
models identified p-type ZnO doped with Mn as a ferromagnetic semiconductor
with a high T¢.!1-3 It is now well known that nitrogen is one of the most effective
p-type doping agents in Zn0.26 A film prepared from nitrogen-capped nanocrys-
tals of 0.2 at. % Mn2":ZnO exhibited saturation magnetization of the ferromag-
netically coupled Mn2" moments of 0.75 ug/Mn at 300 K.5 In a Mn-doped ZnO
bulk sample with x = 0.3 at. % Mn prepared from ZnO and MnO; precursors by a
sintering procedure at 773 K in air, a ferromagnetic ordering of the uniformly
distributed Mn2* moments was observed with a saturation magnetization of 0.16
u/Mn.4 It should be noted that a bulk Zn-Mn—O sample with 1.0 % Mn sintered
at 773 K under vacuum exhibited weaker ferromagnetic properties at RT than the
sample with 1.0 % Mn sintered at 773 K in air.8 Contrary to this observation, the
thermal treatment of a bulk Zn;_,Mn,O sample with x = 0.02 at 873 K in an
argon atmosphere resulted in considerably stronger ferromagnetic properties at
300 K than those for the sample sintered at the same temperature in air.!° In a
recent study of the electrical properties of nitrogen-doped ZnO thin films, it was
found that the introduction of Ar in the growth ambient enhanced the hole con-
centration and improved the conductivity of N-doped ZnO.26 In the present
study, the Zn—Mn—-O sample with x = 0.01 prepared by the solid state sintering
route, which was not intentionally doped with any kind of impurity, and with a
final thermal treatment at 773 K in air, the saturation magnetization of the fer-
romagnetic phase was estimated to be 0.03 xg/Mn at 300 K. The very small value
of the average magnetic moment per Mn ion in this ferromagnetic sample was
partly the consequence of the small fraction of Mn ions participating in the ferro-
magnetic ordering. The common property of almost all the Zn—-Mn—O samples
prepared either in the bulk form by a solid state reaction method7-8:22.24 or in
the form of thin films,* or in the form of nanocrystalline particles! is that the RT
ferromagnetism appeared in the low-temperature processed samples (673—-873 K)
and was absent in samples exposed to high-temperature treatment (above 1073 K).
The magnetic properties of the Zn—Mn—O samples observed in the present study,
as well as those reported by other authors, indicate that these properties are ex-
tremely sensitive to the conditions of sample preparation, where the type and
concentration of defects play a very important role.

According to a theoretical study of the hole mediated ferromagnetism in
Mn2+:Zn0O, the 3d electrons of Mn2* were predicted to delocalize partially into
the shallow acceptor states, thus providing exchange interaction and ferromag-
netic coupling between the Mn ions.! Taking into consideration the conditions of
synthesis of the low-temperature processed Zn—Mn—O samples in this study, it
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seems that the observed RT ferromagnetism could originate from interactions be-
tween the Mn2" and uncompensated acceptor defects incorporated in the ZnO
crystal lattice during the thermal treatment of the samples.

CONCLUSIONS

Room temperature ferromagnetism was observed in Zn—Mn—O samples with
x =0.01 thermally treated at 673 and 773 K, and in the x = 0.04 sample thermally
treated at 773 K. The structural and magnetic properties of the Zn—-Mn—O sam-
ples showed that they were non-homogeneous materials. An analysis of the ex-
perimental results of this work suggests that the observed RT ferromagnetism in
the low-temperature processed samples could arise from interactions between the
Mn2* and p-type defects incorporated in the ZnO crystal lattice during the ther-
mal treatment of the samples.
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U3BOJ
OEPOMATHETHO ITOHAITAKBE Zn-Mn-O CUCTEMA

BPAHKA BABUR-CTOJUR, AYIIAH MUJIMBOJEBUR 1 JOBAH BJIAHVIIIA
HUncituitiyit 3a Hykaepane Hayke “Bunva’, i. iip. 522, 11001 Beozpao

Monukpucranuu y3opiu Zn-Mn—O HOMHMHaJIHUX KOHIEHTpanuja manrana x = 0,01, 0,04 u
0,10 nobujenu cy peakuujoM y uBctoM cramy usmely (ZnC,042H,0); . 1 MnC,042H,0),. Tep-
MHYKH TPETMaH je U3BPIICH Ha Ba3lyXy M Temreparypama 673, 773, 873,973 m 1173 K 3ax = 0,01
n Ha temreparypu 773 K 3a x = 0,04 u 0,10. V3opmu cy ucnuTHBaHA MeToaMa Audpaknuje X-3pa-
Ka Ha Mpaxy, TePMOTPaBUMETpHje, A epeHInjaTHe TepMaTHe aHAIN3e, TPAHCMUCHOHE EIeKTPOH-
CKE MHKPOCKOIIMje, MEepeba MarHeTH3aluje U eIeKTPOHCKE MapaMarHeTHe pe3oHaHue. Meroxom
audpakiyje X-3paKa Ha Mpaxy cy UCHMTaHHM M y30puu MnO, TEepMHUYKH TPETUpPAHH HA TEMIIepa-
Typama 673, 773, 873, 973, 1073 u 1173 K. depomarnetisam Ha COOHOj TEMIIEPATYpH j€ YOUCH Y
Zn-Mn-O y3opuumMa xoHneHTpanuje Manrana x = 0,01 TepMHUYKH TpeTHpaHUM Ha HUCKAM TEM-
neparypama (673 u 773 K) n y y3opky x = 0,04 tepmuuxu Tperupanom Ha 773 K. Pesynratn
yKasyjy Ha To 1a 6u depoMarHeTH3aM MOrao ja Oy/e mocieauna naTepakimje mmehy Mn2" i ak-
LenTopckux aedekara yrpaljeHnx y KpuctaiHy pemerky ZnO 3a BpeMe TepMUYKOT TPETMaHa y30paKa.

(ITpumsbeno 26. maja, peuaupano 16. jyna 2008)
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