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A B S T R A C T

Diluted magnetic semiconductors (DMSs) have been providing a wide research area with various conflicting
results of magnetic properties which are generally originated from structural characteristics due to fabrication
process. We focused on the size dependent magnetic behavior of Zn0.95−xMgxNi0.05O nanoparticles as a pro-
mising novae material introducing room temperature ferromagnetism (FM) at low doping concentrations of Mg+2

and Ni+2 ions. Markov Chain Monte Carlo method based on Metropolis algorithm is used to simulate the system,
constructed on experimental parameters such as particle size (D), lattice constants (a and c), uniaxial anisotropy
constant (K), applied field (H) herewith doping concentrations of Ni (5%) and Mg (1%). However, we described
the system with the Heisenberg Hamiltonian to represent the exotic nature of the DMS type materials since
determining the Jij constants by tracing the type of the exchange relation between different types of atoms as
reported in former studies. In the light of hysteresis measurements, nanoparticles generated between
5 < D< 15 nm showed strong FM among others. An exciting result is that D=5nm, 10 nm and 15 nm curves
are so close to be overlapped. Saturation magnetization (Ms) and coercive field (Hc) had peaks of; D =15 nm
remnant magnetization (Mr) increased with increasing D up to 50 nm. Furthermore, D< 5 nm and D> 15 nm
sized particles started to lose FM behavior. In addition, magnetic features of Zn0.95−xMgxNi0.05O nanoparticles
can be controlled via picking a fabrication method to tune the particle size.

1. Introduction

Zinc oxide (ZnO) and ZnO-based nanoparticles, thin films, nanorod
semiconductors have been playing an important role in many industrial
applications such as spintronics, biomaterials, optical and magnetic
memory devices, heat protecting windows, solar cells and sensors due
to the wide-band gap with an energy gap of 3.37 eV, high electro-
chemical stability, absence of toxicity, good mechanical strength, and a
large exciton binding energy of 60meV at room temperature (RT) [1,2].

Recent studies show that doping ZnO with small amounts of mag-
netic Transition-Metals (TM) (Cr, Ni, Mn, Co, Fe and V) and rare earth
elements (Yb, Er, Gd, Ho) form the Dilute Magnetic Semiconductors
(DMSs) and are used in the spintronic applications. Wide-band gap
semiconductors by achieving high Curie temperatures was focused [3].
After their prediction of the possibility of above RT ferromagnetism, the
origin of magnetism in the DMS materials, correlation of magnetic
properties with the transition metals, rare earth elements, and deep
level doping and co-doping concentrations have been a great focus of

the researchers. Moreover, DMS materials could be tuned like a band
gap which affects the properties and applications of DMSs. When ZnO is
doped with a suitable Mg which has a band gap of 7.8 eV, cubic crystal
structure, and the ionic radius of Mg+2 (0.57 Å) is similar to that of
Zn+2 (0.60 Å) [4]. We previously studied the structural properties of
Zn1-xMgxO nanomaterials and showed that up to x < 0.25, Mg replaces
Zn substitutionally yielding ZnMgO single phase and it is possible to
obtain a ternary ZnMgO alloy with a wider band gap [5]. The Ni2+

(ionic radius = 0.69 Å) - doped ZnO might also be considered one of the
most promising DMSs for RT ferromagnetism due to its ability to
combine optical transparency and ferromagnetism among the transition
metals. Highly Ni doped ZnO nano-crystalline (Zn1−xNixO, where
x=0, 0.1, 0.15, 0.2, 0.3) particles were synthesized using the sol–gel
technique [6]. They found that samples exhibited the room-tempera-
ture ferromagnetism at 300 K. They also showed that the sizes of the
nanoparticles decreased with increasing the doping concentrations and
stated that the specific magnetization values might have been increased
with decreasing average particle size. Mg doped ZnO nanoparticles in
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the range of 60–90 nm were produced [7] and they found that when the
concentration of dopant was increased, morphology of structure
changed. As Mg concentration value increases, the magnetization de-
creases significantly and the loop M–H curve at 300 K indicates the
stronger ferromagnetism in Zn0.94Mg0.01Ni0.05O nanoparticles in the
range of 24–27 nm within the percentages of 0.01 and 0.05 of Mg [8].
The size and shape of the nanoparticles depend on the preparation
materials and methods. In the recent years, that is why researches have
been focusing on highly ordered small nanoparticles of any scope, size
and shape to advance in the area of modern nanotechnology [9].

In this study, apart from the usual approach to the magnetic

interaction of two particles, we analyze the magnetic interaction be-
tween the dopant ion and host based on the distance and type of the
atom. The size effect on magnetic properties of Ni/Mg co-doped ZnO
nanoparticles is investigated by Markov Chain-Monte Carlo (MC-MC)
method and Metropolis algorithm [10]. We construct
Zn0.95−xMgxNi0.05O nanoparticles with experimental values of para-
meters such as lattice constants (a and c), uniaxial anisotropy constant
(K) and applied field (H) [8].

2. The model and simulation

MC methods require remarkably large computational resources
since a large number (millions to billions) of events called particles
must be simulated to obtain a reasonably precise estimate of the
quantities of interest (e.g., dose). To overcome these difficulties we used
parallel computing techniques to obtain the data which was analyzed to
calculate thermodynamic quantities and to display magnetic topo-
graphies of nanoparticles. The crystal structure of Zn0.95-xMgxNi0.05O
nanoparticles are constructed meticulously by considering whole atoms
having the same spherical geometry. We use the experimental lattice
constants, the average particle size and the volume of unit cell given [8]
to optimize the system, see the Table 1.

In the beginning, ZnO atoms are arranged by considering the same
crystal structure and labeled as Type 1 (Zn) and Type 2 (O). After that,
following FM Ni atoms displaced via Zn atoms randomly through a
constant doping concentration as 0.05 and labeled as Type 3 (Ni);
paramagnetic (PM) Mg atoms are displaced with Zn. The Cartesian
coordinates of hexagonal Zn0.95−xMgxNi0.05O are obtained from the
fractional coordinates which are constructed by a conversion operation
Eq. (1) including the following lattice constants given in Table 1 [8]. In
addition, the total number of atoms is determined with the change of
the average particle size as Mg concentration increases. It enables us to
mimic experimental process more realistically.
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In Eq. (1), a, b, c, , , and are unit-cell parameters. v is the vo-
lume of unit-cell and is explicitly described by Eq. (2).
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Crystal structure of hexagonal ZnO and Zn0.95−xMgxNi0.05O are
shown in Fig. 2b. and c, respectively. The Hamiltonian of the system is
described by Eq. (3) where Jij is the exchange coupling constant (dif-
ferent for all types) and H is external magnetic field along the z-di-
rection. K is the uniaxial anisotropy constant and ui is the unit vector of
the magnetic anisotropy.
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Since the destructive effect was shown in [11], dipolar energy
(second term in Hamiltonian) can be disregarded (D = 0) The first term
in Eq. (3), exchange energy, determines the type of magnetic interaction
(FM, AMF, etc.) between neighboring atoms. The first and second nearest
neighbors are taken into account for both terms of Hamiltonian re-
cognizing J which is lowered by the distance between atoms as Js = Jij /
rij. The constants are set as having different values for all type of pair
atoms such as Mg-Zn, Mg-Ni, etc. from the set of {Mg, Zn, Ni and O}.

In Fig. 1, flow diagram of the simulation process and Markov Chain
Monte Carlo (MCMC) method is detailed [11]. We strictly split the

Table 1
Concentration dependent average particle sizes, lattice parameters and volumes
of the unit cell.

Sample name D(nm) a (nm) c (nm) c/a Volume, V (nm 3)

Zn0.94Mg0.01Ni0.05O 26.22 0.3230 0.5206 1.611 0.047035
Zn0.93Mg0.02Ni0.05O 25.78 0.3240 0.5204 1.606 0.047309
Zn0.92Mg0.03Ni0.05O 25.12 0.3255 0.5201 1.597 0.047720
Zn0.91Mg0.04Ni0.05O 24.96 0.3244 0.5200 1.602 0.047389
Zn0.90Mg0.05Ni0.05O 24.90 0.3253 0.5195 1.596 0.047607

Fig. 1. Flow diagram of simulation process.
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whole simulation process into 3 parts: generation of nanoparticle
(mentioned in the beginning of this section), simulation of optimization
process and simulation of hysteresis loops. Expectation values of ther-
modynamic quantities, observables as internal energy, specific heat and
magnetic susceptibility are calculated after a considerable number of
MCS (60% of total MCS) is used to reduce fluctuations. Unnecessary
MCS moves may cause high spin-spin correlations. Therefore, total MCS
number as 3 107× and the percentages (equilibrating system and calcu-
lating expectation value) are determined after several trials.

Finally, we formed hysteresis loops through the calculations of
magnetization over whole atoms of the nanoparticle and setting particle
sizes (D) and doping concentrations (x) mentioned in Table 1 under
external uniform magnetic field along z-direction. Optimization pro-
cess, especially determining suitable exchange constants between atoms
of nanoparticle, leads us to enlighten the path for to figure out the size
dependent magnetic properties of ZnMgNiO nanoparticles.

Metropolis algorithm is used to mimic the simulation process under
the detailed balance condition. Calculating average magnetization at
RT allowed us to form hysteresis loops for different size of nanoparticles
such as D =1, 2, 3, 4, 5, 10, 15, 25, 30 and 50 nm (different average
particle sizes (D) and doping concentrations (x) between 0.01 and 0.05.
Codes were written with C++ programming language by testing each
module in three different CPU architectures.

3. Results and discussion

At RT, FM property depends on the materials having parameters
such as a preparation method and materials having a single phase. The
preparation method of a material (nanoparticles, thin films, nanorod,
etc.) determines the annealing process temperature and the size of the
particle. In this study, we emphasize the known fact that when the size
of the particle is determined, at the same time what preparation method
should be used will be known as well. In Fig. 2, the unit and super cells
of ZnO and the crystal structure of Zn0.95−xMgxNi0.05O are given.
VESTA visualization package [12] is preferred to illustrate the unit cell
of hexagonal ZnO (Fig. 2a), supercell of ZnO including 100 Zn atoms
(Fig. 2b), and randomly %5 Ni and %1 Mg doped to ZnO supercell
(Fig. 2c) by experimentally obtained parameters which are also in-
dicated in Table 1.

The magnetic properties of Ni/Mg co-doped ZnO nanoparticles are
investigated by Markov Chain-Monte Carlo (MCMC) method and
Metropolis algorithm [10] and the results are displayed in Table 2 and
Figs. 3, 4, 6 and 7. Magnetization (M) versus applied magnetic field (H)
plots are shown in Figs. 3 and 4 for particle sizes D =1, 2, 3, 4, 5, 10,
15, 25, 30 and 50 nm (different average particle sizes). As seen in the
Fig. 3, Fig. 4 and Table 2, nanoparticles showed FM properties for D
values between 5 nm and 15 nm exhibiting maximum remnant mag-
netization (0.2243 emu/atom) and coercive field (0.329 kOe) thor-
oughly. However, for D< 5nm and D> 15 nm, Mr, Ms, and Hc values
decreased. Thus, FM property is also slightly decreased as shown in
Table 2 and Fig. 5a–b. Fig. 6 and Fig. 8 show the plots of M-T under a
field cooled (FC) and a zero-field (ZFC) condition in which the insets
show the temperature dependent inverse susceptibility (1/χ) curves for
D=1nm, 5 nm and 50 nm. For the particle sizes D=1 and 50 nm (i.e.
D<5nm), the systems behave like super paramagnetic (SPM) as ex-
pected [5], however for D> 5nm it is clearly FM. 1 kOe and 2 kOe
external fields have been applied to obtain ZFC-FC and (1/χ) curves
respectively. We performed hysteresis measurements (Fig. 3 and Fig. 4)
at RT (300 K) with applied field values between −7 kOe and 7 kOe
since it is sufficient to saturate the system.

According to the inset of Fig. 6, the Curie temperature for 5 nm
nanoparticle is close to 600 K. The Curie temperatures estimated from

Fig. 2. (a) Unit-cell of ZnO (b) Super cell of ZnO (c) Crystal structure of Zn0.95−xMgxNi0.05O.

Table 2
Magnetic properties of Ni/Mg co-doped ZnO.

D (nm) Ms (emu/atom) Mr (emu/atom) Hc (×104Oe)

1 0.974671 0.047401 0.0019
2 0.976086 0.080589 0.0035
3 0.972239 0.122280 0.0049
4 0.978538 0.149757 0.0126
5 0.978964 0.215531 0.0121
10 0.978810 0.216609 0.0125
15 0.981153 0.224374 0.0329
25 0.983871 0.166217 0.01210
30 0.984827 0.140448 0.006745
50 0.98894 0.07590 0.006774
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intersection between T-axis and the asymptote of (1/χ) curve for both
ZFC-FC measurements and inset will be different from each other since
1/χ values are calculated under 2 kOe external field. There is a slight
splitting between FC and ZFC contributions as seen in Fig. 6.

As can be seen from Fig. 3 and 4, there is a clear hysteresis effect for
most of the sample. The hysteresis loop significantly broadens for the

particle sizes of 5 nm, 10 nm and 15 nm as well. However, although the
width of the loops (coercive field) decreases for larger and smaller
particles it does not completely diminishes. This means that the FM
interactions still persist for almost all the particle sizes. Because the
observed overall magnetization too large for any PM material and also
saturates even relatively weak field that is not enough to saturate any
PM sample. The field dependence of these curves is another indication
for FM order as well. The M-S curve has a sharp S-shaped character that
implies a strong molecular field (exchange interaction) making the
sample FM at RT.

The particle size dependence of the calculated coercive field (that is
responsible for the width of hysteresis loop), remnant magnetization
and the saturation magnetization are given in Fig. 5. As can be seen
from this figure, the change in saturation magnetization with the size of
the particles is less than 1%. This means that the contributions to the
magnetization do not change with the size of the particles. But the
coercive field decreases for the size below 5 nm and above 25 nm and it
exhibits a peak for the particle with the size of 15 nm. The remnant
magnetization Mr behaves in consistent with the coercive field as well.

Actually the existence of coercive field is a clear indication to the
FM, but converse is not necessarily true. It should be remembered that
the hysteresis loop of soft FM materials is very narrow and coercive
field is almost zero even for a strongly FM materials like supermalloy.
The behavior of the hysteresis curves are influenced by many effects
like crystalline anisotropy, impurities, crystal imperfections, kind of
magnetizing processes (domain rotation of domain wall motion) etc.
For instance, in the case of the geometric size of the magnetic particle is
comparable to the magnetic domain size, as the applied field increased
the parallel component of the macroscopic (measured- overall) mag-
netization gradually increases as a result of decreasing the angle be-
tween the domain magnetization and applied field vectors and finally
saturates when all of the magnetic domains become completely parallel
to the external field. But magnetostatic (Zeeman) energy of a single
atomic moment in a PM sample is too small to overcome the thermal
agitation energy to completely align itself parallel to an accessible field
in any laboratory. Therefore, we can claim that all of our nanoparticles
with different sizes exhibit FM (at least SPM) behavior and the inter-
actions among the spins in a single particle are dominantly FM at RT.

The temperature dependence of macroscopic magnetization and
analysis of the susceptibility concepts are critical to understand the
magnetism of DMS. The temperature dependent M and inverse sus-
ceptibility (1/χ) curves are shown in Figs. 6–9. As can bee seen from
these figures, for FC case, the macroscopic magnetization for all particle
sizes increases non-linearly with decreasing temperature, but these
curves for ZFC cases pass a maximum at a certain temperature, Tc
(canting) for each particle, and then start to sharply decrease again at
lower temperatures. This temperature dependence is a characteristic
property of so-called mictomagnetic (or spin-glass) like systems [13]. In
all of this kind of systems, there are some AFM contributions in addition
to the FM interactions between nearest and/or next nearest neighboring
spins.

Besides, super exchange interaction may enlighten the origin of
magnetic behavior (FM) of this type mixed states (FM-AFM) via
pointing out the orbital (p-d) angles between unique parts (NiO, MgO,
ZnO, ZnMg, ZnNi, etc) of the system [14]. As Goodenough-Kanamori-
Andorson (GKA) had reported that two magnetic ions lying with 180°
angle which had partially filled d shells show AFM behavior while 90°
angled ions contribute to FM weakly [15]. Spin of unpaired electron of
p orbital collaborate with ion's d orbital to determine the sign of the
neighboring ions exchange interaction. It also depends on the occu-
pancy of electrons to d orbital. In addition, s-d hybridization assist the
magnetic behavior of the whole system after a threshold value for
atomic clusters reached as reported [16]. However, magnetic moments
of particles can decrease with decreasing sizes so the effect of Zeeman
energy will naturally be reduced relative to the other interactions. It
may also contribute to the overall magnetization for certain sizes such

Fig. 3. M–H curves for (a) D =1nm (blue sphere solid line), 2 nm (black
diamond dashed line), 3 nm (green diamond short dashed line), 4 nm (magenta
up triangle dash dotted line) and 5 nm (red down triangle solid line) (b) D
=5nm (blue sphere solid line), 10 nm (black down triangle short dashed line)
and 15 nm (green diamond dashed line). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 4. M–H curves for D =15 nm (green sphere solid line), 25 nm (red down
triangle dashed line), 30 nm (black diamond short dashed line) and 50 nm (blue
up triangle dotted line). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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as 5 nm, 10 nm and 15 nm. Competition between the FM-AFM inter-
actions and anisotropic crystalline energy terms result in a spin canting
especially below the Neel temperature for corresponding AFM inter-
actions. Thus, the magnetization start to drop abruptly at the tem-
perature below canting temperature Tc [17].

Regarding to the change of the Tc with the particle size; the particle
size dependence of this temperature is quite similar to that of coercive

field. As well known, the crystalline anisotropy is much stronger for the
individual spins at the surface region of the particle compared to that
for those in the bulk of the nanoparticles [18]. Therefore, as the particle
size is decreased, the contribution to the total anisotropy can dominate
to control the behavior of the total moment of the particle. For larger
particles, magnetostatic energy (Zeeman) is large enough to control the
overall magnetization. On the other hand, the thermal agitation is large
enough to control spin freezing. Thus, spin canting (blocking tem-
perature) becomes particle size-dependent.

In Fig. 9, we enlarged and plotted the temperature dependent in-
verse susceptibility (1/χ) curves for D=5nm, 10 nm and 15 nm which
are known as Curie-Weiss plots. We followed a non-linear curve fitting
method called as the least-squares method. The inverse of susceptibility
is fitted with the Eq. (4) in the least-squares sense.

AT e1/ BT= (4)

The idea was to find the optimum A and B values by minimizing the
sum of the squares of the residuals as given in Eq. (5). We used MA-
TLAB's preexisting function fminsearch to find the optimum A and B
values. We selected α values according to the data type. For example,
for D =1nm, since 1/χ values were close to zero, we took α=3 or
α=4 to get a better fit (see Fig. 9 and Table 3). In Fig. 9, the solid line
shows the least-squares fit for the raw data denoted by (*). The tangent
line crosses the T-axis in the positive value indicating a FM material.
However, for the particle sizes D< 5nm or D> 15 nm we have ob-
served that the inverse of susceptibility curves become linear if the
Curie-Weiss law is obeyed indicating the PM material. The error in the
least-squares sense was calculated according to the following formula:
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2
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We can see from Table 3 that we get large residual errors for D
=1nm and D =50 nm. The error amounts among D =5nm, 10 nm
and 15 nm seemed very close to each other in the order of 10−5.

In Fig. 9, for the particle sizes D =5nm, 10 nm and 15 nm, the
Curie-Weiss temperature values are observed as 600 K, 590 K and
595 K, respectively, showing the FM behavior. In Fig. 8, for D=50 nm,
although the Curie-Weiss temperature is near to zero, least-squares
approximation shows a positive value, however, note that the approx-
imation had a large deviation as seen in Table 3, in the value of 1.7652
compared to 10 5. FM behavior in ZnNiMgO nanoparticles can be ex-
plained in terms of the exchange interaction between the localized d
spins on the transition metal ions and electrons from valence-band [19].
One can criticize the messy distribution of high temperature (HT) 1/χ
(scattered) values as large errors for D =50 nm and D =1nm and
moderate error for D=5nm, D=10 nm and D=15 nm sizes. We may

Fig. 5. (a) Hc coercive field/Particle size D (b) Mr/Particle size and Ms/Particle size D curves; dark cyan sphere solid line symbolize saturation magnetization where
olive green square solid line represents the remnant magnetization. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 6. Field cooling (FC) and zero field cooling (ZFC) M versus T curves for D
=5nm, 10 nm and 15 nm. The inset gives the temperature dependent inverse
susceptibility (1/χ) curve for D =5nm.

Fig. 7. Field cooling (FC) and zero field cooling (ZFC) curves for D=1 nm. The
inset gives the temperature dependent inverse susceptibility (1/χ) curve.
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predict such an error with increasing temperature and it is almost ori-
ginated from suddenly increased classical correlations which are sup-
posed to be mediated by high temperatures for magnetically stabilized
sizes as D =5nm, 10 nm and 15 nm, whereas the probable source of
this error cannot be procured by former arguments for D =50 nm and
D =1nm particle, too. Magnetization of small particles may be locked
along one direction forming a single domain in contrast to D> 15 sized
particles. Latter ones contain several magnetic domains, as multi do-
main nanoparticles, especially a core-shell structure when saturated.
However, note that messy points of 1/χ at HT and fitting error are not
interdependent.

Fig. 10 illustrates the z-projection of magnetic moments of D
=15 nm sized nanoparticle under certain applied fields H =0, H
=1 kOe and H=7.5 kOe which point Mr, low field magnetization and
Ms, respectively. Blue regions represent the magnetic moments opposite
to magnetization axis so red ones are parallel to + z direction. Presence
of magnetic domains (ZnO based nano materials) is greatly discussed
[11]. They argue that the thermal agitations lead the domains to be
anti-parallel to external field (blue regions) getting wider. In contrast to
thermal effects formation of domains observed at certain temperature
related to only strength of applied field. According to the Fig. 10a-b,
domains changed the direction slightly by increasing external field.
Fig. 10c visualizes the dominancy of applied high field resulting with
the saturation of the system.

4. Conclusions

As a promising DMS structure, Zn0.94Mg0.01Ni0.05O nanoparticles
are modeled, by constructing super-cell with experimental data [8], to
investigate the size dependent magnetic behavior of these particles,
theoretically. MCMC simulations are performed, firstly, for fitting

Fig. 8. Field cooling (FC) and zero field cooling (ZFC) curves for D =50 nm.
The inset gives the temperature dependent inverse susceptibility (1/χ) curve.

Fig. 9. The temperature dependent inverse susceptibility (1/χ) curves for D =5 nm, 10 nm and 15 nm.

Table 3
The curve fitting form of the functions AT eBT .

D (nm) α A B Error

1 3 0.5417 −1.764 0.0447
5 2 0.0017 2.4179 7.7961×10−5

10 2 0.0028 1.4158 2.9786×10−5

15 2 0.0017 1.7663 8.989×10−6

50 4 3.7169 −2.2551 1.7652
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process with Heisenberg model [11] until DMS like behavior is ob-
served (D≈ 26) and then for characterization of nanoparticles to figure
out size dependent attitude of spherical shaped ZnMgNiO nano-
particles. We also simulated the system for Zn0.94Mg0.01Ni0.05O for
different particle sizes both bigger and smaller than D ≈26.

Our findings show that our simulations are parallel with the findings
of the experimental data [8]. We conclude that for the particle sizes
D< 5nm, the systems behave like SPM, however, for 5≤ D ≤15 it
does clearly shows FM attitude. However, Curie-Weiss temperature
values are found to be diversely where they decrease inversely pro-
portional to increasing D. Moreover, larger nanoparticles as
D> 15 nm, cause a gradual diminishment of FM behavior. It is obvious
that magnetic domains change direction by increasing external field
whereas the outer shell is fairly saturated. Furthermore, magnetization
of inlying sub particles, diverge to zero forming a spinless core which is
already mediated by saturation. Consequently, we found that the best
FM was observed for D between 5 and 15 nm which should be con-
sidered for an option in production.
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