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Ferromagnetic properties of the Mn-doped nanograined ZnO films
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Dense nanograined pure and Mn-doped Zn;_ Mn,O polycrystals with x ranging between 0.1-34
at. % were synthesized by the wet chemistry method from butanoate precursors. Pure and Mn-doped
ZnO possesses ferromagnetic properties only if the ratio of grain boundary (GB) area to grain
volume sgg exceeds a certain threshold value sy. The polycrystals in this work satisfy these
conditions and, therefore, reveal ferromagnetic properties. The observed dependence of saturation
magnetization on the Mn concentration shows an unexpected nonmonotonous behavior. The
increase in saturation magnetization at low Mn concentration is explained by the injection of
divalent Mn** ions and charge carriers into pure ZnO. The decrease in saturation magnetization
between 0.1 and 5 at. % Mn can be explained by the increase in the portion of Mn** and Mn** ions.
The second increase in saturation magnetization above 5 at. % Mn is explained by the formation of
multilayer Mn segregation layer in ZnO GBs. The shape of the dependence of saturation
magnetization on Mn concentration is different for the Mn-doped nanograined ZnO manufactured
by different methods. It is most probably controlled by the topology of GB network (ferromagnetic
GB foam) in the ZnO polycrystals. © 2010 American Institute of Physics. [doi:10.1063/1.3486044]

I. INTRODUCTION

Dietl ef al.' have theoretically predicted that ZnO doped
by “magnetic” atoms like Co, Mn, or Fe possess ferromag-
netic (FM) behavior with a high Curie temperature T, above
room temperature (RT). This is due to carrier-related FM
interactions, where the FM ordering of the transition metal
(TM) ions is induced by a magnetically polarized and doping
modified ZnO host. Mn-doped ZnO is one of the most prom-
ising candidates for the application in spintronics among all
diluted magnetic semiconductors (DMS) because Mn ions
possess the highest magnetic moment along the 3d series. In
addition, Mn posses a possible fully occupied majority 3d
band, resulting in a stable fully spin polarized state. How-
ever, the experiments on FM in the Mn-doped ZnO leaded to
the quite controversial results and are still debated in
literature.*~ Understandlng DMS remains one of the most
important challenges in the condensed matter physics and
physics of magnetism. In order to elucidate the dependence
of RT ferromagnetism on the microstructure in ZnO, we have
recently analyzed a large series of experimental publications
with respect to the present specific grain boundary (GB) area,
i.e., the ratio of GB area to grain volume sGB.7 FM only
appears, if sgg exceeds a certain threshold value s ,. Based
on this important finding, nanograined pure and Mn-doped
ZnO films have been prepared, which reveal reproducible
RT-FM, where the magnetization is proportional to the film
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thickness, even for pure ZnO films.” Our findings strongly
have suggested that GBs and related vacancies are the intrin-
sic origin for RT ferromagnetism. However, the (far from
trivial) TM concentration dependence of saturation magneti-
zation in Mn-doped ZnO has been not discussed by us so
far.”

In this work we analyze the influence of Mn on the satu-
ration magnetization of ZnO in a broad interval of Mn con-
centrations. We also try to explain the strongly nonmonoto-
nous character of the magnetization dependence on Mn
content.

Il. EXPERIMENT

Pure and Mn-doped ZnO thin films consisting of dense
equiaxial nanograins were produced by using the novel
method of liquid ceramics.® The zinc (IT) butanoate diluted in
the organic solvent with zinc concentrations between 1 and
4 kg/m? was used as a precursor for the preparation of pure
ZnO films. For the ZnO films doped with 0.1, 1, 4, 5, 6, 10,
16, 19, 20, 30, and 34 at. % Mn, zinc (II) butanoate solution
was mixed with the manganese (III) butanoate solution in
respective proportions. The butanoate precursor was depos-
ited onto polycrystalline Al foils and on the (102) oriented
sapphire single crystals. Drying at 100 °C in air (about 30
min) was followed by thermal pyrolysis in an electrical fur-
nace (in air) at 550 °C. Similar method was recently pro-
posed for zinc oleates.” The Zn and Mn content in doped
oxides was measured by atomic absorption spectroscopy in a
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FIG. 1. (a) Dark field TEM micrograph of the nanograined ZnO+30 at. % Mn thin film deposited on Al foil by using the liquid ceramics method. (b) Selected
area electron diffraction (SAED) pattern. No texture is visible, the rings for the ZnO waurtzite structure are present, three week rings for the Mn;0, are also
visible and marked in the white quadrant. Light spots are originated from the Al substrate. (c) Measured radial distribution of the SAED pattern intensity vs
scattering vector k=21/d with the positions of diffraction lines for the ZnO and Mn;0, (vertical lines in the bottom part).

Perkin-Elmer spectrometer and electron-probe microanalysis
(EPMA). The presence of other magnetic impurities as Fe,
Co, and Ni was below 0.001 at. %. During the thorough
preparation procedure all possible precautions were taken to
exclude any additional FM contaminations (nonmagnetic
tweezers, ceramic scissors etc.). It is known from the
literature'” that the effect of contaminated substrate can com-
pletely conceal (hide) the FM signal of ZnO itself. We care-
fully measured the magnetization curves for bare Al and sap-
phire substrates and subtracted them from data for the
substrates incl. ZnO films. The films were transparent and
sometimes with a very slight greenish furnish with thick-
nesses between 50 and 900 nm. The thickness was deter-
mined by means of EPMA and edge-on transmission electron
microscopy (TEM). EPMA investigations were carried out in
a Tescan Vega TS5130 MM microscope equipped by the
LINK energy-dispersive spectrometer produced by Oxford
Instruments. TEM investigations were carried out on a Jeol
JEM-4000FX microscope at an accelerating voltage of 400
kV. X-ray diffraction (XRD) data were obtained on a Si-
emens diffractometer (Fe Ka radiation). Evaluation of the
grain or particle size (D) from the x-ray peak broadening
was performed using the so-called Williamson—Hall ap-
proach. In this approach experimental x-ray peak broadening
is given as 8=0.9N/D cos 6+4e sin 6/cos 6, where \ is the
x-ray wavelength, 6 is the diffraction angle, ¢ is the lattice
strain, and B is the full-width at half maximum of the dif-
fraction line."' The magnetic properties were measured on a
superconducting quantum interference device (Quantum De-
sign MPMS-7 and MPMS-XL). The magnetic field was ap-
plied parallel to the sample plane (in plane). The diamagnetic
background signals, generated by the sample holder and the
substrate, were carefully subtracted, due to the small absolute
magnetic moments measured in the range of 107° to
107 emu.

lll. RESULTS

Thin nanocrystalline and dense films of pure and Mn-
doped ZnO, consisting of equiaxial grains with a mean grain

size of about 15-25 nm were obtained [see dark field TEM
micrograph in Fig. 1(a)]. In addition to TEM, selected area
diffraction [Fig. 1(b)] and XRD were performed on thin film
samples, which only showed signals from the ZnO wurtzite
structure and the respective substrate for the 0.1, 1, 4, 5, 6,
10, 16, 19, and 20 at. % Mn. In samples with high Mn con-
tent of 30 and 34 at. % the second phase Mn;O, with cubic
lattice appears [Figs. 1(b) and 1(c) and Ref. 12]. The diffrac-
tion rings [Fig. 1(b)] were uniform and no texture could be
observed.

The observed FM behavior in pure and doped nanocrys-
talline as well as dense ZnO films with 10 and 13 at. % Mn
is depicted in Fig. 2. It clearly shows the pronounced FM
indicated by the saturation of magnetization (above the ap-
plied field ~2 T) and hysteretic behavior (see insets). These
magnetization and coercivity values are close to those ob-
tained by other methods for Mn-doped samples.nf18

Saturation magnetization depends nonmonotonously on
the Mn concentration (Fig. 3). It increases about three times
by the addition of a very small amount of 0.1 at. % Mn to the
pure ZnO. The magnetization drops down at further increase
in Mn concentration and becomes almost nondistinguishable
from the background around 5 at. % Mn. Above 5 at. % Mn
the magnetization increases again. The saturation magnetiza-
tion falls back to the background values only around 30 at. %
Mn when the second phase Mn;O, appears in the films in
addition to the ZnO-based solid solution.

IV. DISCUSSION

A. Topology of the “FM GB foam” in the ZnO
polycrystals

Recently we introduced the concept of the FM GB foam
in pure and doped ZnO.” Based on the analysis of a multi-
tude of experimental publications, we found that the values
for the GB area to grain volume ratio sgg is critical for the
presence of ferromagnetism in pure and doped ZnO. Namely,
FM only appears, if sgg exceeds a certain threshold value sy,.
For Mn-doped ZnO, s;=(2*4)X 10° m?/m?, while the
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FIG. 2. Magnetization (calibrated in emu/g) at RT for ZnO thin films doped
with 13 at. % Mn deposited on the sapphire substrate (a) and 10 at. % Mn
deposited on the aluminum foil (b). The curves were obtained after subtract-
ing the magnetic contribution from the substrate and the sample holder.
Insets show the RT magnetic hysteresis. Only the enlarged central part of
magnetization curves is given in order to clearly show the coercivity values.

threshold value for pure ZnO, sy,=(5=*3)X 107 m?/m? is
more than two orders of magnitude higher.7 However, the
dependence of saturation magnetization on Mn concentration
in ZnO was not discussed in Ref. 7.

In Fig. 4 the dependences of saturation magnetization on
Mn concentration in ZnO samples obtained by different
methods are shown. They were extracted from published ex-
perimental papers.l4’19_3' The magnetization measurements
performed on the MnO single crystals or coarse-grained
polycrystals with sgg <sy, did not reveal FM properties.lgf22
They are shown in Fig. 4(c) as having zero saturation mag-
netization. These nonmagnetic samples were grown by the
hydrothermal method (+) (Ref. 23) or synthesized by chemi-
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FIG. 3. Dependence of the saturation magnetization on the Mn concentra-
tion in ZnO nanograined polycrystals obtained by the “liquid ceramics”
method.
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FIG. 4. Dependence of the saturation magnetization on the Mn concentra-
tion in ZnO obtained by other methods (Refs. 14 and 19-32) like hydrother-
mal method (+) (Ref. 23), chemical pyrophoric reaction process (%) (Ref.
19), sintering of conventional or nanopowders () (Refs. 21, 22, and 25—
29), (X) (Refs. 20 and 23), deposition of epitaxial single crystalline films
(+) (Ref. 24), pulsed laser deposition () (Refs. 14, 30, and 31), and spray
pyrolysis (%) (Ref. 32).

cal “pyrophoric reaction process” (%)," sintering of conven-
tional powders (6),272 (x),2B or deposited as epitaxial
single crystalline films (+).%*

In Fig. 4(a) the concentration dependence is shown for
the agglomerates of nanoparticles which consist of equiaxed
ZnO nanograins obtained by the wet chemistry methods
(#).2% Similar to Fig. 3, this dependence is nonmonoto-
nous. When first portions of Mn (1 at. %) are added to the
pure ZnO, the magnetization increases from 0.0014 to 0.03
emu/g. Between 1 and 3 at. % Mn the magnetization de-
creases to 0.014 emu/g and then increases again up to 0.13
emu/g at 10 at. % Mn.

In Fig. 4(b) the concentration dependence of saturation
magnetization is shown for dense films with equiaxed nan-
ograins obtained by the pulsed laser deposition (). 143031
The dependence is also nonmonotonous and has a minimum
of 0.002 emu/g at 1.8 at. % Mn. The magnetization decreases
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from 0.18 emu/g in the pure ZnO with increasing Mn con-
tent. Above 1.8 at. % Mn the magnetization increases again
up to 0.035 emu/g at 9.1 at. % Mn.

In Fig. 4(d) the concentration dependence of saturation
magnetization is shown for the dense films with elongated
nanograins obtained by the spray pyrolysis (% ).** The Ref.
32 does not contain the information about the sample mass.
Therefore, the magnetization values are given in emu. Mag-
netization decreases from 2.6X 10 emu at 3 at. % Mn to
1.6X107% emu at 15 at. % Mn.

All samples shown in Figs. 4(a), 4(b), and 4(d) possess-
ing FM properties have grain size below 100 nm and are,
therefore, two orders of magnitude sgg above critical value
sy for the Mn-doped Zn0." We supposed that ferromag-
netism in pure and doped ZnO appears due to the defects
positioned in the GBs. GBs form, therefore, a kind of “FM
foam” in the ZnO polycrystals.7 If the cells of a “GB foam”
are too large, effective exchange coupling strength is too
small and ferromagnetism cannot appear. However, we did
not discuss the possible influence of the topology of a GB
foam.” In the samples studied in this work (Fig. 3) and those
represented in Fig. 4 the spatial distribution and shape of
GBs as well as topology of a GB network in the material are
different. This leads to different shapes of the concentration
dependency of the saturation magnetization, though all of
them have a pronounced minimum at medium Mn concen-
trations. What is the reason of nonmonotonous dependences
of saturation magnetization?

B. Nonmonotonous dependence of the saturation
magnetization on Mn concentration

Why the saturation magnetization of FM nanograined
ZnO behaves so nonmonotonically with increasing Mn con-
tent? Namely (Fig. 3),

* the magnetization increases almost three times by the
addition of a very small amount of 0.1 at. % Mn to the
pure ZnO;

e the magnetization drops down at further increase in
Mn concentration and becomes almost nondistinguish-
able from the background around 5 at. % Mn;

e above 5 at. % Mn the magnetization increases again;

e it falls back to the background values only around 30
at. % Mn, when a second phase of Mn;0, appears in
the films in addition to the ZnO-based solid solution.

The introduction of the first portions of Mn injects the
Mn?* ions into wurtzite lattice of ZnO and drastically in-
creases the magnetization value comparing with the pure
ZnO (Fig. 3). Similar strong increase in the magnetization
from 0.015 to 0.08 to emu/g was observed between 0.01 and
0.08 at. % Mn in the ZnO thin films.”® These films were
grown on glass substrates using reactive magnetron sputter-
ing [elongated grains, similar to Fig. 4(d)] and were addition-
ally doped by 0.05 at. % Li. Dietl with co-workers have al-
ready theoretically predicted that ZnO doped by magnetic
atoms like Co, Mn, or Fe would possess FM behavior with a
high Curie temperature TC.1 Their idea was that it is due to
carrier-related FM interactions, where the FM ordering of the

J. Appl. Phys. 108, 073923 (2010)

TM ions is induced by a magnetically polarized and by dop-
ing modified ZnO host. Later the FM behavior was indeed
found in Mn- and Co-doped ZnO, however, the reasons for it
are more complicated.7

The Raman-scattering experiments on the Mn-doped
ZnO cornlike nanorods demonstrated that compared with the
vibration modes of ZnO powder, two additional vibration
modes were observed at about 521-528 cm™' and
642—648 cm™' in the Raman spectrum of the Mn-doped
Zn0O.* The vibration mode at 522 cm™" could be associated
with Mn doping because the ionic radius of Mn?* (0.66 A) is
larger than that of Zn>* (0.60 A).3 Therefore, when Mn2*
ions occupied the Zn sites, the lattice defects were intro-
duced or intrinsic host-lattice defects were activated. There-
fore, additional vibration modes could appear after Mn dop-
ing of ZnO.

The near-edge x-ray absorption fine structure (NEXAFS)
measurements at the O K-edge clearly exhibited a pre-edge
spectral feature,’® which evolved with Mn doping, similar to
one observed in hole-doped cuprates and manganites.37_39
Below certain concentration of Mn such pre-edge spectral
feature at the O K-edge disappears.40 The observed pre-edge
spectral feature originates with Mn doping and is ascribed to
dipole transitions from O 1s to O 2p states that are hybrid-
ized with the unoccupied states of Mn 3d. Therefore, the
intensity of this peak represents the Mn 3d density of states
and the continuous increase in this peak with Mn doping
indicates more unoccupied states at the Mn 3d levels and,
hence, reflects the presence of more charge carriers.*®

The decrease in the saturation magnetization between
0.1 and 5 at. % Mn (Figs. 3 and 4) can be explained by the
appearance of Mn>* and Mn** in addition to the Mn?* ions.
The electron paramagnetic resonance (EPR) was used to
probe the valence state of the Mn atoms in the Mn-doped
ZnO-nanowires obtained by the precipitation from the Zn
acetate and Mn oleate solution in trioctylamine.41 EPR spec-
tra changed around 1 at. % Mn. Below 1 at. % Mn doping,
the EPR spectrum contained two contributions: (i) a broad
resonance resulting from antiferromagnetic interactions of
Mn?* ions and (ii) a sextuplet from isolated spins. Due to its
half-filled d shell (34°) with spin $=5/2 and angular mo-
mentum L=0 and the 100% prevalent >>Mn nucleus spin I
=5/2, the resonance of an isolated Mn”* ion located substi-
tutionally on a Zn site in hexagonal ZnO should result in a
sextuplet. This sextuplet disappeared above 1 at. % Mn, and
only a broad signal was measured. In Ref. 34 the Mn-doped
ZnO cornlike nanorods were obtained by the rheological
phase reaction-precursor method. The thermal decomposition
of the precursors was performed at 450 °C for 2 h in air. The
grain size was about 10 nm, the grains were equiaxial, and
the grain structure of polycrystalline cornlike rods was al-
most poreless. The EPR sextuplet from the isolated Mn”*
ions weakened by increase in Mn content from 3 to 7 at. %.

The valence bond of Mn was also investigated using
x-ray photoelectron spectroscopy (xps).** Overlapping
bands were deconvoluted into separated peaks by Gauss fit-
ting. It has been found that there are three peaks at 640.40
eV, 641.40 eV, and 642.65 eV attributed to Mn%*, Mn?*, and
Mn*, respectively.42 With increase in Mn concentration
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from 3 to 7 at. % the input of Mn?* ions decreased and the
area of Mn** and Mn*" peaks increased. However, the
change in the XPS-line shape can also be related by the
increase in metallic conductivity and the correlated asym-
metric photoemission line shape.43

The Mn L;,-edge NEXAFS spectra determine the 3d
occupancy of the Mn ions and, hence, provide direct infor-
mation on the valence states of the Mn ions in the
compounds,‘% As the valence changes from Mn?*, Mn**, and
Mn** states, the NEXAFS at the L;-edge shows a shift to-
ward the higher energy side and the spectral shape changes
significantly with the number of 3d electrons.*** The ZnO
and Mn-doped ZnO thin films with 3, 5, 7, 10, and 15 at. %
Mn were deposited on Si(100) by using a spray pyrolysis
technique.36 The peak at 640 eV in the Mn L;,-edge NEX-
AFS spectra was attributed to Mn>* state and the higher en-
ergy features were attributed to the mixed valence states of
Mn?* with Mn**/Mn**. This behavior was also supported by
Mn K-edge spectra.36

Repeated increase in the magnetization above 5 at. %
Mn can be driven by the formation of multilayer Mn segre-
gation in ZnO GBs (GB phases). We observed that the accu-
mulation of Mn in GBs and free surfaces drastically shifts
the line of Mn solubility limit in ZnO to the higher Mn
concentrations.'* For example, at 550 °C the total solubility
in the bulk is about 10 at. % Mn and in the nanograined
sample with grain size below 20 nm it is about 40 at. % Mn.
Simple estimation demonstrated that this shift is only pos-
sible when Mn forms a multilayer GB segregation (up to 10
monolaeyrs of Mn). Such layers of a GB phase of a finite
thickness of few nm were first observed and theoretically
treated with the aid of force-balance models in the pioneer-
ing works of Clarke on silicon nitride.*™* Later, nanometer
thick, disordered GB films of a nearly constant or “equilib-
rium” thickness have been widely observed in ZnO doped by
Bi203.5 955 7n0 doped by Bi is used for varistors manufac-
turing. Varistors exhibit highly nonlinear current—voltage
characteristics with a high resistivity below a threshold elec-
tric field, becoming conductive when this field is exceeded.
This phenomenon enables them to be used in current over-
surge protection circuits.”® After liquid-phase sintering, such
material consists of ZnO grains separated by thin Bi,O3-rich
GB layers.

We suppose that above 5 at. % Mn such segregation
layer forms in the ZnO GBs, its thickness increases with
increasing Mn content and reaches about ten monolayers at
the solubility limit of Mn in our nanograined films.'? This
fact leads to the repeated increase in the saturation magneti-
zation between 5 and 20 at. % Zn.

Above 25-28 at. % Mn the second phase Mn;O, with
cubic lattice appears in the samples in addition to the ZnO
wurtzite phase.12 We concluded that in the FM ZnO the crys-
talline ZnO grains are nonmagnetic and surrounded by a FM
foamlike GB network.” The appearance of the Mn;O, most
probably destroys this GB foam and results in the decrease in
the magnetization to the background values.

Thus, the concentration dependence of the saturation
magnetization in Mn-doped nanograined ZnO is principally
nonmonotonous. First of all, as we have shown before,7 the
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presence of critical amount of GBs is the condition for the
existence of FM behavior in ZnO. If the amount of GBs is
high enough [above s4,=(57*3) X 10" m?/m?] the FM be-
havior appears even without doping by the magnetic atoms
like Mn or Co.” If the amount of GBs is below the threshold
value [sy=(2+4) X 105 m?/m?3 for Mn-doped ZnO],’ ferro-
magnetism cannot be observed also with the help of Mn
doping [Fig. 4(c)].

However, the comparison of Fig. 3 and the data taken
from the literature [Figs. 4(a), 4(b), and 4(d)] demonstrates
that the position of minima and maxima on the concentration
dependence of the saturation magnetization is very sensitive
to the morphology of GB network (Fig. 4) and to the oxygen
content.”® Rather low values of saturation magnetization and
the necessity of a critical GB amount for the FM behavior of
ZnO allow us to draw the conclusion that ZnO is inhomoge-
neous and consists of the network of FM GB layers and
non-FM grains. Theoretic calculations for the behavior of
such inhomogeneous media containing both magnetic and
nonmagnetic volumes were performed recently.57’58 The re-
sults of theoretic modeling show that in such media two
percolation thresholds exist with increasing amount of non-
magnetic phase. At low amount of nonmagnetic phase the
nonmagnetic volumes (clusters) are isolated and interspersed
into the magnetic phase. First percolation threshold appears
when the nonmagnetic volumes become connected. Second
percolation threshold corresponds to the situation when
bridges between magnetic volumes break and magnetic clus-
ters becomes isolated.””*® Most probably the FM ZnO is
situated somewhere between those percolation thresholds.
The presence of Mn ions with different valence states (Mn>*,
Mn?**, and Mn**) (Ref. 59) causes the nonmonotonous be-
havior. The art and topology of the connections between FM
GB layers [see schemes in Figs. 4(a), 4(b), and 4(d)] changes
the positions of minima and maxima of the saturation mag-
netization (Fig. 4).

V. CONCLUSIONS

Pure and Mn-doped ZnO possesses FM properties only
if the ratio of GB area to grain volume exceeds a certain
threshold value sy,. For Mn-doped ZnO sy, is higher than that
for the pure ZnO (2 X 10° m?/m? and 5+ X 10" m?/m?, re-
spectively). The dependence of saturation magnetization on
Mn concentration is very nonmonotonous. The increase in
saturation magnetization at low Mn concentration is due to
the injection of divalent Mn?* ions and charge carriers into
pure ZnO. The decrease in saturation magnetization between
0.1 and 5 at. % Mn is due to the increase in the portion of
Mn?** and Mn** ions. The second increase in saturation mag-
netization above 5 at. % Mn is due to the formation of
multilayer Mn segregation layer in ZnO GBs. The shape of
dependence of saturation magnetization on Mn concentration
is different for the Mn-doped nanograined ZnO manufac-
tured by different methods. It depends on the topology of GB
network (FM GB foam) in the ZnO polycrystals.
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