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Abstract. The dense nanograined ZnO films with various Ni content (between 0 and 40 at.%)
were synthesized by the liquid ceramics method. The films with O, 5, and 10 at.% Ni contain only
Zn0O-based solid solution with wurzite structure. The peaks of the second phase NIO become
visible in the X-rays diffraction patterns above 10 at.% Ni. Using recently published papers, we
constructed the dependence of Ni solubility in ZnO on the grain size. The overall Ni solubility
drastically increases with decreasing grain size. The influence of the grain boundary specific
area s_, on the appearance of ferromagnetism in Ni-doped ZnO has been analysed. The review
of numerous papers devoted to the ferromagnetic behaviour of Ni-doped ZnO is given. It has
been shown that the main factor controlling such behaviour is the specific grain boundary area
S.s- 1ne Ni-doped ZnO is ferromagnetic only If the amount of GBs is high enough and s_, is above
a certain crytical value s . = (1.0£0.2)x10°m?/m?. It corresponds to the effective grain size of about

4x10° m assuming that a material is fully dense and grains are equiaxial.

1. INTRODUCTION

The position of the equilibrium lines in the phase
diagrams for the nanograined materials can drasti-
cally differ from those for the coarse-grained poly-
crystals or single crystals. For example, in one In-
creases the amount, ¢, of a second componentin a
solid solution, a solubllity limit is reached at a cer-
tain concentration, c_. Above c_ one can observe
the second phase in the bulk, in addition to the solid
solution based on the first component. In other
words, at ¢ > c_the diffraction peaks of a second

phase appear in the X-rays diffraction (XRD) spec-
trum and in the electron diffraction pattern in trans-
mission electron microscopy (TEM). If c increases
further, only the amount of the second phase in-
creases, but the concentration in the solid solution
remains equal to c_. However, if the second compo-
nent segregate in the surfaces and interfaces, the
total concentration of a second component in a solid
solution, ¢, will be higher than the concentration in
the bulk, c . The difference between ¢ and ¢  should
iIncrease with decreasing grain size (I.e. with an in-
creasing specific area of surfaces and interfaces).
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The difference between ¢ and ¢ can become mea-
surable If the grain size is small enough. This Is
due to the fact that XRD (or TEM) can register the
diffraction only from the bulk phases. The second
component segregated in the thin surface or inter-
face layers remains invisible for XRD and almost
invisible for TEM. The XRD peaks of a second phase
can appear only in the case where the coherent-
scattering region for X-rays is large enough (grain
size around 5 nm or larger). XRD also allows one to
estimate the grain size using the peak width.

McLean wrote for the first time that the apparent
solubility limit, c_, in the materials with small grain
size should be above the bulk solubility limit c_[1].
McLean calculated this difference for the grain size
of 1 and 10 um in Fe—C alloys [1]. Beke et al. dis-
cussed the grain boundary (GB) segregation-driven
shift of misciblility gap in dependence on number of
GB layers [2,3]. Later such a shift was observed
experimentally in the Pd—H system [4]. Similar in-
crease of the total solubility with decreasing grain
size was found also for Ti and Y in alumina [5,6]
and for Y and Cain TiO,[7,8].

Nevertheless, the exact XRD measurements of
solubility shift c_ — c_in dependence on grain size
d are very work intensive. Zinc oxide offers a good
possibility for such investigations. ZnO is broadly
used for gas sensors, as a material for varistors
(doped by BI,O,), and as a transparent conducting
oxide In the semiconductor thin film technology.
Moreover, as a possible ferromagnetic semiconduc-
tor, it is a promising material for future spintronics.
According to the theoretic prediction of Dietl et al.,
the ZnO doped by small amounts of “magnetic” im-
purities like Mn or Co should possess the ferromag-
netic properties [9]. This work became a starting
point for the boom of experimental and theoretical
works [10,11]. In the meantime several thousands
papers devoted to dilute magnetic semiconductors
have been published. However, the mechanisms of
ferromagnetic behavior in pure and doped ZnO are
far from understood. The obtained experimental re-
sults are quite contradictory. Several research
groups reported the reproducible observations of
ferromagnetism in ZnO. Another teams of experi-
mentalists never succeeded to synthesize ferromag-
netic ZnO. The huge interest to ferromagnetism in
ZnO is because it is the cheap semiconductor which
IS already used in various devices and technologies.
The ferromagnetic behaviour together with the at-
tractive optical and semiconductor properties can
be applied in the future in spintronics [9,10]. Re-
cently we proposed the explanation for the contra-
dictory results on ferromagnetism in ZnO [12]. We

observed, that ferromagnetic behaviour does not
appear in bulk ZnO (even doped by Mn, Co or Fe),
but only in polycrystalline samples with very small
grains and high specific area s_, of grain bound-
aries. s_, Is the ratio of GB area to grain volume
[13—16]. The ferromagnetism appears only in the
case whenthe s_, In ZnO exceeds a certain thresh-
old called s, . If s Is high enough, even the doping
by “magnetic” ions is not essential, and ferromag-
netism appears in pure, undoped ZnO. The view-
point that GBs are the reason of ferromagnetism in
ZnO became generally accepted in last years [10].
The presence or absence of ferromagnetism in doped
ZnQO critically depends on the synthesis method.
Fortunately, the studies of ferromagnetism in ZnO
allow the dependence of c_ — c_on the grain (par-
ticle) size d to be estimated.

Therefore, the goal of this work is threefold, (1)
to measure the solubility shift c_ —c_in nanograined
Ni-doped ZnO manufactured by the novel liquid ce-
ramics method; (2) to analyze the c_ — c_depen-
dence on the grain size in the broad interval of d
using the published data on Ni-doped ZnO [17-139];
(3) to determine the threshold value s of specific
GB area for the Ni-doped zinc oxide using the pub-
lished papers on its ferromagnetic behaviour [17-
139].

2. EXPERIMENTAL

Pure and Ni-doped ZnQO thin films consisting of dense
equiaxial nanograins were produced by using the
novel method of liquid ceramics [12—-16]. As a pre-
cursor for the preparation of pure ZnO films, the zinc
(1) butanoate diluted in the organic solvent with zinc
concentrations between 1 and 4 kg/m?* was used.
In order to manufacture ZnO films doped with 5, 10,
20, 30, and 40 at.% Ni, zinc (Il) butanoate solution
was mixed with the nickel (I1) butanoate solution in
respective proportions. The butanoate precursor was
deposited onto (102) single crystalline sapphire
substrates and dried in air at 100 °C about 30 min.
The drying was followed by thermal pyrolysis at 550
“Cinalrin an electrical furnace. The Zn and Ni con-
tent in doped oxides were measured by electron-
probe microanalysis (EPMA) and atomic absorp-
tion spectroscopy in a Perkin-Elmer spectrometer.
EPMA investigations were carried out in a Tescan
Vega TS5130 MM microscope equipped by the LINK
energy-dispersive spectrometer produced by Oxford
Instruments. The analysis witnessed that the con-
tent of other magnetic impurities such as Mn, Co,
and Fe was below 0.001 at.%. It is known from the
literature [140] that the effect of a contaminated
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substrate can completely conceal the ferromagnetic
signal of ZnO itself. Therefore, all possible precau-
tions were taken during the preparation procedures
In order to exclude any additional ferromagnetic
contaminations (for example nonmagnetic ceramic
tweezers, scissors etc. were used). We carefully
measured the magnetization curves for bare Al O,
substrates and subtracted them from data for the
substrates with deposited ZnO films. The ZnO films
were transparent and sometimes with a very slight
greenish furnish. They had thickness between 50
and 200 nm (determined by the edge-on TEM and
EPMA). TEM Investigations were carried out on a
Jeol JEM—4000FX microscope at an accelerating
voltage of 400 kV. XRD data were obtained on a
Siemens diffractometer (Cu K_ radiation with A =
0.154184 nm) with a secondary monochromator.
Evaluation of the grain or size D from the x-ray peak
broadening was performed using the Scherrer equa-
tion [141]. The magnetic properties were measured
on a superconducting guantum interference device
(Quantum Design MPMS-7 and MPMS-XL). The
magnetic field was applied parallel to the sample
plane (“in plane”). The diamagnetic background sig-
nals, generated by the sample holder and the sub-
strate, were carefully subtracted, due to the small
absolute magnetic moments measured in the range
of 10°to 10* emu. The presence of absence of fer-
romagnetic properties as well as second phase NiO
have been analyzed using the published papers on
ferromagnetic behaviour of Ni-doped ZnO [17-139].

3. RESULTS AND DISCUSSION

Using the method of liquid ceramics we deposited
the nanograined and poreless pure and Ni-doped
ZnO thin films (see micrograph in Fig. 1). The mean
size of equiaxial ZnO grains was about 40 nm. No
visible texture can be observed in the deposited thin
films: the electron diffraction rings shown in the in-
set in Fig. 1 are uniform without any preferred orien-
tations of ZnO grains.

In Fig. 2a the XRD patterns are shown for the Ni-
doped ZnO films containing 0, 10, 20, 30 and 40
at.% Ni. Only wurtzite lines are visible in the pure
ZnO film (ICPDS Card No. 36-1451) and ZnO films
containing 0, 5, and 10 at.% Ni. The peaks of the
second phase, namely cubic nickel oxide NIO be-
come visible in samples with 30 and 40 at.% Ni.
Therefore, the overall solubllity of Ni in ZnO fimls at
550 °C with grain size 40 nm is about 20 at.% Ni.
The solubility limit in the bulk c_is about 1.5 at.%
Ni at 550 °C [24]. In Fig. 2b the dependence of lat-
tice spacing in ZnO on Ni concentration is shown

Fig. 1. Bright field TEM micrograph of the
nanograined pure ZnO thin film deposited on sap-
phire substrate using the novel liquid ceramics
method. Electron diffraction pattern (inset) shows
only rings from the ZnO wurtzite structure. No tex-
ture is visible. Bright spots originate from the sap-
phire substrate.
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Fig. 2. (a) XRD patterns for the Ni-doped ZnO films
with 0, 10, 30, 40 at.% Ni as well as for pure NIO.
The positions of respective ZnO and NIO peaks are
marked on the top border of a figure. (b) The de-
crease of lattice spacing c in ZnO with increasing
Ni concentration for the samples with different grain
Size obtained by various methods [22,53,63,65,
81,84,98,100,103,120,128,136].
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Fig. 3. Solubility limit of Ni in ZnO polycrystals with various grain size. One-phase samples containing only
ZnO are shown by the filled circles. Open circles show the samples with two-phase mixture ZnO+NIO. The
data obtained in this work are shown by the large circles. (a) grain size above 1000 nm [48,50,55,57,68,69,71,
79,92,98,101,109,114,115,118,119]. (b) grain size between 1000 and 100 nm [30,31,58,69,75,78,87,
90,95,104,120,130,135], (c) grain size between 100 and 20 nm [18,21,32-34,43,44,49,52,53,59,65,
69,70,76,80,83,87,88,90,91,94,96,99,127,128,132,135,137,138], (d) grain size below 20 nm [21-23,25,26,
29,35-39,41,46,47,49,51,52,54,60-64,66,67,73,74,76,83,84,86,91,93,94,97,100,110,112,113,123,126].

for the samples with different grain size obtained by
various methods [17-139]. The ZnO lattice spacing
decreases with increasing Ni content. This change
of ZnO lattice spacing becomes slower with de-
creasing grain size, similar to ZnO doped by Co,
Mn and Fe [13-16].

In order to find ferromagnetism in doped ZnO, it
IS Important to ensure that it does not contain any
particles of the second phase which could influence
the sample’s magnetic properties. In other words, it
IS essential that all published articles include data
on the dopant concentration and presence or ab-
sence of the second phase. Usually, the presence
or absence of a second phase is controlled by XRD.
Measurable X-rays peaks appear in the diffraction
spectra when the amount of a second phase is about
5%. TEM allows one to detect a second phase at
lower content than XRD. However, such data are
seldom present in the papers devoted to the mag-
netic behaviour of ZnO. The fact that the same
method (XRD) was used to control the presence of

a second phase In Ni-doped ZnO allows us to com-
pare the data from different works and to bring them
together in the same plot.

The majority of published works allows us to
estimate the grain or particle size and to assign the
data to a certain temperature, either that of a syn-
thesis or that of the last thermal treatment. The
published data encompass a grain (particle) size D
of between 1 mm and 10 nm and temperatures from
300 to 1500K. This gave us the unigue chance to
construct the c_ (T) dependences for the broad in-
terval of D and to compare the influence of internal
boundaries and surfaces. The biggest data arrays
exist for Co-, Fe- Mn and Ni-doped ZnO. The data
for Co-, Fe-and Mn-doped ZnO were analysed ear-
lier [13-16]. In this work we will analyse the Ni-doped
Zn0O.

In Fig. 3a the solubllity (solvus) limit of Ni in ZnO
polycrystals is drawn using the data on polycrys-
tals with grain a size above 1000 nm
[48,50,55,57,68,69,71,79,92,98,101,109,114,115,118,119.
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The errors in Fig. 3 are below the scale of the mark-
ers. These samples were obtained by hydrothermal
growth [24], autocombustion [103], sintering of con-
ventional powders [48,68,69,79,92,98,109,114,118],
Ni ion implantation into ZnO single cristals
[50,55,57,71,101,115], ball milling [119]. The solu-
bility of Ni in ZnO reaches about 4 at.% at 1000 °C
and falls below 0.5 at.% at 400 °C. This line corre-
sponds to the solubility in the volume of ZnO, the
number of NI atoms segregated in grain boundaries
IS negligible. In Fig. 3b the solubllity (solvus) limit of
NI in ZnO polycrystals is drawn using the data on
polycrystals with grain a size D between 1000 nm
and 100 nm [30,31,58,69,75,78,87,90,95,104,
120,130,135]. These samples were obtained by the
the wet chemistry deposition methods (including sol-
gel method) [30,69,90,95,104,120,135], chemical
pyrophoric reaction process [31], co-precipitation
or sintering of nanopowders [58], spray pyrolisis [75,
/8], autocombustion [87], and hydrothermal growth
[130]. The solubility of Ni in ZnO (for D between
1000 nm and 100 nm) reaches about 8 at.% at 1000
°C and falls to 2 at.% at 400 °C.

In Fig. 3c the solubllity (solvus) limit of Niin ZnO
polycrystals is drawn using the data on polycrys-
tals with grain a size D between 100 nm and 20 nm
[18,21,32—34,43,44,49,52,53,59,65,69,70,76,80,83,
87,88,90,91,94,96,99,127,128,132,135,137,138].
The data obtained in this work are shown by the
large circles. These samples were obtained by the
wet chemistry deposition methods (including sol-
gel method) [32—-34,44,65,76,83,90,91,94,99,127,
128,132,135], co-precipitation or sintering of
nanopowders [69,88], pulsed laser deposition (PLD)
[18,21,43,96], magnetron sputter deposition
[49,53,138], solvothermal growth [52], Ni ion implan-
tation into ZnO nanowires [59], spray pyrolysis
[70,137], autocombustion [87,88], mechanical al-
loying [80]. The solubility of Ni in ZnO (for D be-
tween 100 nm and 20 nm) reaches about 15 at.%
at 700 °C and falls to 5 at.% at 400 °C. It remains
around 1 at.% even at 100 °C.

In Fig. 3d the solubility limit (solvus) of Ni in ZnO
polycrystals Is drawn using the data on polycrys-
tals with grain size below 20 nm [21-
23,25,26,29,35-39,41,46,47,49,51,52,54,60—
64,06,67,73,74,/68384,8691,.9394,97,100,110,112,113123126|.
These samples were obtained by the wet chemis-
try deposition methods (including sol-gel method)
[25,26,29,37,51,67,73,74,76,83,84,91,94,97,100,113,123],
magnetron sputter deposition [36,39,41,49,
66,110,126], PLD [21-23,35,38,61,63,64,112], hy-
drothermal and solvothermal growth [46,52,60,86],
NI ion implantation into thin films [47,62,93], co-

precipitation [54]. The solubility of Niin ZnO (for D <
20 nm) Is very high. The two-phase mixture appears
In experiments only below 200 °C. The solubility of
Niin ZnO remains around 5 at.% even at room tem-
perature. Therefore, the Ni solubility in ZnO poly-
crystals strongly increases with decreasing grain
size, similar to that of Co, Mn or Fe [13-16].

The gquantitative estimation shows that, close to
the bulk solubility limit, the thickness of a Ni-en-
riched layer in grain boundaries (GBs) Is several
monolayers. Based on the knowledge that Ni solu-
bility depends on grain size (Fig. 3), it Is possible to
estimate the maximum Ni segregation in ZnO GBs.
Let us calculate first the area to volume ratio for the
grains and particles. If we suppose that grains and
particles are spheres with diameter D, the surface
for each particle is =D and the GB area for each
grain is tD?4/2 (since each GB is shared between
two neighbouring grains). The volume for spherical
grains and particles is the same, namely pD3/6. Thus
the area to volume ratio, A, for the free surfaces of
spherical particles is A_.= 3/D and for GBs of spheri-
calgrains A__=3/2D. One of the earliest studies of
grain shape was made by Lord Kelvin in 1887 [142].
According to his work, the grain shape for optimal
space-filling, is a polyhedron known as a
tetrakaidecahedron. It has 14 faces, 24 corners, and
36 edges. Tetrakaidecahedrons ensure a minimal
surface area and surface tension.
Tetrakaidecahedron is an octahedron truncated by
cube. The ratio of tetrakaidecahedron surface area
to that of a sphere of the same volume is 1.099
[142]. Thus the area to volume ratio for polyhedral
grains is A_,=1.65/D. If the ZnO GBs are covered
by one monolayer (ML) of Ni, one can calculate their
input, c_., In the full concentration as a product of
the thickness, t, of a GB layer and A__. One can
estimate the lattice constant of ZnO wurtzite lattice
d as the cubic root from the unit cell volume. Ac-
cording to our measurements, the unit cell volume
for ZnO is about 47x10~° nm3. Therefore, d = 0.36
nm. Thus, for the one monolayert=d,c_,=dA_,
=0.59/D. The solubility limit of Ni in the single-crys-
talline or coarse-grained ZnO at 500 °C and 700°C
IS 1 and 2 at.% Ni, respectively (Fig. 3). If we sub-
tract these values from the solubility limit of Ni in
the fine-grained ZnO (9 and 15 at.% Ni at 500 °C
and 700 °C), we obtain the GB input, c__, into total
NI solubllity in the ZnO polycrystals. Thus, the ex-
perimental c__ values are more than one order of
magnitude higher than the calculated values for 1
ML. This fact undoubtedly indicates the multilayer
GB Ni segregation in ZnO.
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Fig. 4. FM (full symbols) and para- or diamagnetic
(open symbols) behaviour of Ni-doped ZnO in de-
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49,51,53,54,58,60-64,68,69,72,75,77,80-82,85—
88,91,95,96,100,101,104,109,112,113,115,120,127,
128,130-137].

The pronounced FM behaviour has been ob-
served in our Ni-doped nanocrystalline ZnO. Dense
Zn0O films with 5 at.% NI have saturation of magne-
tization (J_~ 10> emu/cm® above the applied field
~3 T) and hysteretic behaviour with coercivity H_~
0.05 T. These magnetization and coercivity values
are close to those obtained by other methods for
the Ni-doped samples.

We critically analysed the published papers on
the search of possible ferromagnetic behaviour in
the Ni-doped ZnO [18,20,22,23,25-27,29,30,37—
43,45,46-49,51,53,54,58,60—64,68,69,72,75,77,80—
82,85-88,91,95,96,100,101,104,109,112,113,115,
120,127,128,130-137]. The results are summarized
In Fig. 4 ina T-s__ plot (here T represents the an-
nealing or synthesis temperature). They can be di-
vided into three groups, depending on the s__ value.
First, the samples obtained by the magnetron and
lon-beam sputter deposition or PLD having small
and very small grains are almost always ferromag-
netic [18,22,23,25-27,29,37-43,46-49,51,53,
54,58,61,63,64,69,72,77,81,82,85,86,88,95,
96,100,101,104,109,112,113,120,127,128,130-137].
The respective (filled) points are grouping in the right
part of the diagram in Fig. 4. Second, the coarse-
grained samples synthesised by the conventional

powder sintering method, bulk single crystals or
single-crystalline films are always diamagnetic or
paramagnetic [40,45,68,75,80,85-88,91,101,
109,115]. They are positioned in the left part of the
diagram in Fig. 4. In between one finds the third
group of the data, namely obtained using the
samples produced by chemical vapour deposition
(CVD), solution combustion or wet chemistry meth-
ods. They have intermediate properties and can be
either paramagnetic or FM [20,30,60,62,63,
75,82,85,86,101,109].

The diagram in Fig. 4 demonstrates that not only
the pure zinc oxide [143,144] but also the Ni-doped
one becomes ferromagnetic only if s__ is higher than
a certain crytical value s_ . In other words, ZnO has
to contain enough GBs to become ferromagnetic.
In case of Ni-doped ZnO s = (1£0.2)x10° m?/m°.
This value corresponds to the grain size of about 4
um. (If we assume that a material is fully dense and
grains are equiaxial). The value of s, =1x10° m*/m?
Is lower than that for pure ZnO s, = 5.3x10" m?/m?®
and that for Co-doped ZnO s . = 1.5x10° m?/m°.
However, itis higher than that for Mn-doped ZnO s .
= 2.4x10°> m*/m° and Fe-doped ZnO s . = 5x10*
m4/m?3. It means that the addition of “magnetic” at-
oms to the pure ZnO drastically improved, indeed,
the ferromagnetic properties of pure ZnO. Moreover,
Ni improved the ferromagnetic properties of pure zinc
oxide more effectively than Co. Such phenomenon,
especially at high concentration of the dopant can
be connected also with the GB wetting and
prewetting phenomena and respective formation of
thin and thick doped GB layers [145-147].

4. CONCLUSIONS

The accumulation of Ni in grain boundaries and free
surfaces drastically shifts the line of Ni solubility
limit in ZnO to the higher NI concentrations. For
example, at 550 °C the total solubility in the bulk is
below 1 at.% Ni and in the nanograined sample with
grain size below 20 nm it is above 30 at.% Ni. Thus,
the phase diagrams for the materials having a grain
size below 1000 nm have to be newly investigated.
An especially drastic change to the phase diagrams
results when the grain size is below 100 nm.

The influence of specific area of grain boundaries
S,z ON presence or absence of ferromagnetism in
Ni-doped ZnO has been analysed basing on a re-
view of numerous research contributions from the
iterature towards the origin of the ferromagnetic
nehaviour of Ni-doped ZnO. An empirical correlation
nas been found that the value of the specific grain
ooundary area s_,, Is the controlling factor for such
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behaviour. The Ni-doped ZnO becomes ferromag-
netic only If it contains enough GBs, l.e. Iif s__ IS
higher than a certain threshold value s . = 1x10°
m4/m?. It corresponds to the effective grain size of
about 4 um assuming a full dense material and
equiaxial grains. The value of s, = 1x10° m*/m°is
lower than that for pure ZnO s_ = 5.3x10" m?/m?®
and that for Co-doped ZnO s_. = 1.5x10° m*/m?® but
higher than that for Mn-doped ZnO s, = 2.4x10°
m?/m* and Fe-doped ZnO s . = 5x10* m?/m°. It
means that the addition of “magnetic” atoms to the
pure ZnO drastically improved, indeed, the ferromag-
netic properties of pure ZnO. Moreover, Ni improved
the ferromagnetic properties of pure zinc oxide more
effectively than Co.
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