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including stress, strain, and energy density, in the W—H method. The average
crystal sizes determined using W-H, SSP, and H-W methods were compared. The
magnetic properties of Cu/Mn-doped zinc oxide nanoparticles were analyzed at
room temperature. The highest saturation magnetization (M,) value was found
in the 5% wt Mn doping of ZnO and M, increased with increasing the Mn doping
due to the magnetic (paramagnetic) nature of manganese. In this study, XRD peak
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file analysis were used to estimate the physical parameters; different models are
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1 Introduction also cheaper than other known oxides and is environ-

mentally friendly. Zinc oxide has many areas of use
ZnO is an n-type semiconductor with a bandgap of  including photocatalysts [4, 5], gas sensors [6], white
3.37 eV and a high exciton binding energy of 60 meV  LEDs [7], optoelectronic devices [8, 9], thermoelectric
[1-3]. It is also chemically and thermally stable. Itis  applications [10], and solar cells [11].
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The properties of ZnO can be altered by doping
with different transition metals. Thus, it can be used in
various applications such as dilute magnetic semicon-
ductors (DMS). Adding a transition metal remarkably
affects the magnetic properties of ZnO by means of the
spin effect of electrons. The effect of transition metal
ions on the ZnO lattice was investigated by many
researchers [12-14].

There are few studies examining the Cu-doped ZnO
nanoparticles. The displacement of Cu with the lat-
tice of ZnO changed the properties of ZnO such as
photocatalytic activity and magnetic semiconductiv-
ity. Since Cu-doped ZnO exhibits fast optical response,
these materials have widespread applications in opto-
electronic devices, optical switching and waveguides,
ultra-fast optic systems of communication, and optical
storage [15-17].

ZnO NPs are synthesized by using various meth-
ods such as precipitation [18], sol-gel [19], micro-
wave plasma [20], modified polyol method [21], cit-
rate-assisted hydrothermal [22], and electromagnetic
levitational gas condensation method [23]. Moreover,
when paramagnetic ZnO is doped with a transition
metal such as Cr, Mn, Fe, Ni, and Co [24-31], sig-
nificant changes occur in the magnetic properties of
ZnO. As a result, doped ZnO becomes ferromagnetic
at room temperature (RT) and this material is a poten-
tial candidate for spintronics.

In the present study, a doped ZnO system was pre-
pared by using Mn at different doping ratios (1-5%wt)
with the sol-gel method. Besides the structural and
microstructural analyses, the magnetic properties
were also investigated. The effects of Mn doping will
be presented and discussed. The samples were named
as Mn1, Mn2, Mn3, Mn4, and Mn5 since Cu0.05 dop-
ing is unchanged.

2 Experimental method
2.1 Chemicals and sample preparation

In this study, zinc acetate dihydrate, manganese(II)
and Cu(Il) acetates powders (purchased from Sigma),
methanol, and monoethylamine (as a stabilizer) sol-
vents were mixed using a heater magnetic stirrer for
10 h for all Zn;_,Cuy osMn, O polycrystalline nanoparti-
cles. ZnO-based dilute magnetic semiconductor pow-
der samples were obtained with this method named
sol-gel method. The gelled samples were annealed at
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600 °C for 30 min and then the resultant powders were
pressed. The samples were named Mn1 (1% wt), Mn2
(2% wt), Mn3 (3% wt), Mn4 (4% wt), and Mn5 (5% wt)
in accordance with their contribution rates.

2.2 Instruments

The structural characterization was performed using
the Bruker D8 Advance X-ray diffractometer. XRD
plots of samples examined by using Cu-Ka radiation
were given in the Result/Discussion section. It is also
very important to determine the magnetic properties
of ZnO-based semiconductor materials. In this study,
magnetic measurements of the produced Cu/Mn
added powder samples were performed by using the
Lake Shore 7407 model Vibrating Sample Magnetom-
eter (VSM).

3 Result and discussion
3.1 Analysis methods of X-ray diffraction

The diffraction pattern has its peaks at 31.82°, 34.45°,
36.30°, 47.50°, 56.64°, 62.93°, 66.50°, 68.00°, and 69.16°
corresponding to the planes (100), (002), (101), (102),
(110), (103), (200), (201), and (112). The JCPDS card
number was 36-1451 and ZnO nanocrystals are hexag-
onal (Fig. 1). XRD peaks were investigated with Scher-
rer method (SM), modified Scherrer method (MSM),
and Williamson-Hall (W-H) analysis to determine the
average crystal size.

Given the XRD results, no second phase of Mn and
Cu ions was observed. It can be said considering the
diffraction patterns, that the intensity of the diffrac-
tion peaks decreased with the increase of Mn doping.
Increasing the Mn concentration causes deterioration
of the crystal structure of ZnO. The ionic radii of Mn*?,
Cu*?, and Zn*? ions were found to be 0.80, 0.71, and
0.74, respectively. Since the ionic radius of Mn*? is
larger than Zn*?, an increase in the crystal size of nano-
particles is an expected result. Examining the crystal
sizes calculated using the Scherrer method (Table 1), it
can be seen that the crystal size increased with increas-
ing Mn doping. In addition, as seen in Fig. 1b, the
peaks shifted to smaller angles with the increasing Mn
doping. This result indicates an increase in the c-axis
(Table 1). The increase in lattice parameters might be
related with the unit cell volume expansion. It is due
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Table 1 Values of crystal size calculated according to Scherrer
and modified Scherrer models

Samples a=b(A) c¢(A) Crystalsize Crystal size
Scherrer (nm)
method (nm) Modified

Scherrer
method

Mnl 3.24 5.19 25.06 26.72

Mn2 3.24 5.19 25.65 27.87

Mn3 324 5.20 25.29 26.00

Mn4 3.24 5.20 25.41 25.79

Mn5 3.24 5.21 26.09 27.63

to the ionic radius mismatch between the doped Mn*2
ion and the host Zn*? ion.

3.1.1 SM

The peak of XRD expands due to the effect of crystal
size and intrinsic strain in nanocrystals and this expan-
sion consists of two parts. These are instrumental
expansion and physical expansion. The instrumental
expansion can be adjusted with Eq. (1).

B3 =P, — B} 1)

B,, and p; are the measured and instrumental expan-
sions, respectively. The physical and instrumental
expansions are determined as full-weight half-maxi-
mum. By the adjusted physical expansion, the average
crystal size can be determined by using the Scherrer
equation.

0914 1
D= s @

B; cosd
A and D refer to the radiation wavelength and aver-
age crystal size, respectively. This value was found to
be 25.06, 25.65, 25.29, 25.41, and 26.09 nm for doped
samples, respectively (Table 1).

3.1.2 MSM

The modified Scherrer equation can offer advantages
in reducing the number of possible mathematical
errors. Equation (3) is obtained by taking the loga-
rithm of all sides of the Eq. (2). When Ing — In(1/cos0)
QUOTE is plotted, the point where the graph
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Fig. 2 Modified Scherrer plot for ZnCuMn nanoparticles

intersects the y-axis gives In(kA/D). This graph is
known as the modified Scherrer graph. Therefore, the
average crystal size of ZnCuMn samples can be calcu-
lated. The resulting values are summarized in Table 1.

k.A 1
Inf; =In—= +1
nfq = In D * " eoso ®)
3.1.3 W-H

The Scherrer method relates only to the XRD peak
expansion of the crystal size. But it does not provide
information about the internal strain that develops in
nanocrystals due to point defects, boundary of grain,
stack errors, and triple bonding (Fig. 2). Methods such
as W-H and W-A both take into account the strain
effect stimulated expansion of the XRD peak and are
used in calculating the particle size, as well as internal
stress. This analysis is a simplified and quite easy way.
Accordingly, the broadening of the physical line of
the XRD peak occurs due to the nanocrystal size, the
microstrain, and the all expansion can be inscribed as
[32]:

Brotal = Psize + Pitrain 4)

In this study, average crystal size and micro-
strain were determined by using the W-H equa-
tions developed such as UDM (uniform deformation
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model), USDM (uniform stress deformation model),
and UDEDM (uniform deformation energy density
Model).

3.1.3.1 UDM The UDM takes monotony strain along
the crystal direction into account. Deformation occurs
in nanocrystals due to defects in the crystal (Fig. 3).
This intrinsic strain essentially influences the physical
expansion and the peak expansion of the XRD caused
by its can be stated as:

Bstrain = 4€tand )

Thus, the all expansion because of stress and size
can be calculated as:

Bkt = Psize + Pstrain (6)
where B, refers to the FWHM value.

5 ki
"D cos 6

+4etand (7)
Rewriting the equation,

Priicosd = % + 4esinf 8)
The equation is a linear equation and expressed

as the UDM equation that takes the isotropic nature

of crystals into account. When the (#,,cos6) QUOTE
QU—4sin0 graph is plotted, the intrinsic strain and the
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Fig. 3 UDM plot for ZnCuMn nanoparticles
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average crystal size are obtained from the slope and
the intercept of the graph, respectively [33].

The source of lattice strain is lattice expansion or
contraction in nanocrystals due to size reduction.
Many defects occur in the lattice structure because of
the size limitation and it causes lattice stress.

The slope of the graph obtained was positive, indi-
cating the lattice expansion. In addition, an intrinsic
strain was observed in the nanocrystals. The average
crystal size obtained by using the uniform deforma-
tion model is comparable to the crystal size deter-
mined by the Scherrer model (Table 2).

3.1.3.2 USDM According to the UDM model, the
sample is isotropic and homogeneous. This is also not
true for a crystal. Because a crystal has an anisotropic
property, the equation of W-H must be altered with
an isotropic term. The model is named as the USDM.
Here, the deformation stress of lattice is presumed to
be monotony alongside all the lattice plane directions
including a small microtension.

With respect to Hooke’s law, strain and stress have
a linear relationship.

Stress : 0 = €Yy 9)

Here Y} is Young’s modulus (or elasticity).

in:e=—"
Strain : € = Yo (10)
Due to the size limitation, a small amount of inter-
nal stress occurs intrinsic strain in the crystal. USDM
considers the broadening of stress induced in the
X-ray diffraction peak and the anisotropic (direction
dependent) property of the modulus of Young’s.
Putting the value of ¢ in Eq. (8) and on rearranging,
we obtain the Eq. (11).
sinf

kA
0=—+40——
Prxicos D T Y (11)

It is the W-H-modified equation and is defined as
the USDM. The model imagines uniform stress in each

crystal direction. Herein, can be stated as follows for
the hexagonal crystal.

c

2
2
2, (262 al
[h bR ( )]

Y, =
" 511<h2+ %)2+533'(%})4+(2513+544)' <h2+ @) ' (n_l)z

c

(12)

The hexagonal system has five elastic constants.
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Table 2 Geometrical parameters of ZnCuMn nanoparticles using different models

@ Springer

Williamson-Hall method

Scherrer method

Samples

UDEDM

USDM

UDM

Stress ¢ Energy

Size D (nm)  Strain € (107%)

Stress ¢

Strain € (107  Size D (nm)  Strain € (107%)

Size D (nm)

Size D (nm)

(1072) (GPa) density U (kJ

(107%) (GPa)

)

-3
7.29
2745.76

m

0.419

0.390
7.574

0.980

24.79

0.073

0.586
0.623

29.19

545
2.57
2.31
1.25
1.13

29.19

25.06
25.65
25.29

2541

Mnl

8.145
1.019
1.269

4.775

31.55
25.90

26.18

0.034

27.48

27.47

26.91

Mn2

43.03
66.74

930.25

0.406 0.030

0.416

26.91

Mn3

Mn4

1.181

4.408

0.016

26.28

26.28

29.31

0.058

0.367

29.49

26.23

26.09

Mn5
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511,513, S33,.and Syyare named as elastic conformities
of hexagonal ZnO and are calculated from the values
0fC11/C12’C131C33/ and C44given below.

s =1( Coo o > (13)
172\ Cyu(Cyy + Cp) —2(Cp3? iy = Cyp

s =1( Co0 T— ) (14)
272\ Cyy(Cpy + Cp) - 2(C32  Cii—Cpy

Sun = Ci1+Cpp (15)

P 7 Cya(Cyy + Cpp) — 2(Cy3)2
Cs3

Si2 = 16

B C(Cyy + Cpp) — 2(Cpa)? (16)
1

Sy = — 17

44 Cu (17)

The values of hardness constants Cy, Cq5, Cy3, C33,
and Cyy for hexagonal ZnO are given as 165 GPa, 31.1
GPa, 50 GPa, 61.8 Gpa, and 39.6 GPa, respectively [34,
35].

Using these stiffness constant values, 511, S15 S33, S13,
andSy, elastic compliance values were calculated as
6.28 x 10%,-1.18 x 10°,27.54 x 10>, =7.02x 10°, a n d
25.25 x 10°GPa~!. Using these fitness values, the aver-
age Young’s modulus value was calculated as 132.44,
132.44, 132.37, 132.37, and 133.73 GPa for (100), (002),
(101), (110), and (103) peaks [33].

The (4Sin9 )/ (Bj-cosf) graph is given in Fig. 4. The

Vi
slope of the graph gives the value of the stress, while

the intercept gives the average size of the Mn-doped
ZnO nanocrystals. Stress and average crystal size val-
ues are given in Table 2.

3.1.3.3 UDEDM The UDM model accepts the iso-
tropic creation of the nanocrystal. USDM model
claims that there is a linear relationship between stress
and strain, as stated in Hooke’s law (Fig. 5). How-
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Fig. 4 USDM plot for ZnCuMn nanoparticles

ever, in real crystals, the isotropic form and the lin-
ear relationship between stress and strain are ignored
due to different dislocations, defects, and clumps in
nanocrystals. Therefore, a particular model is needed
in order to investigate the particular microstructures
of materials.

Here, the UDEDM model considers uniform aniso-
tropic lattice stress in the entire crystal direction. The
reason for this stress is the density of the deformation
energy.
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Fig. 5 UDEDM plot for ZnCuMn nanoparticles
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As stated in the Hooke’s law, u (energy density) is
connected to strain.

2 Y

u=ce >

(18)

It is known that strain and stress are related as
o = €.Y}y. Thus, intrinsic strain can be expressed as a
function of u. Putting the value of ¢ in Eq. (8) and rear-
ranging it, we have the following equation.

kA . [ 2.u
0=—+4 64 —
ﬁhleOS Sin thl

Equation (19) is a linear equation and it is named
as the UDEDM. Using this model, the energy density
value can be obtained. The data obtained are given in
the Table 2.

(19)

(a) SSP (Size-Strain Plot)

The W-H method explains the expansion of the
peaks as a function of the 20 diffraction angle.
There are also models that analyze the peak pro-
file. The SSP method explains the lattice strain
and crystal size (Fig. 6). This method is more
precise, especially at high diffraction angles. The
SSP is considered as a combination of the Lor-
entzian and Gaussian functions (L and G) of the
XRD peak profile. The total expansion of the SSP
is expressed as follows [36].

B = B + Bg (20)
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Fig. 7 H-W plot for ZnCuMn nanoparticles

(b)

Here, p;and pg refer to the peak expansions
arising from the L and G functions, respectively.
Moreover, the size-strain plot gives a preferable
result for isotropic expansion.

SSP calculation is performed using the follow-
ing equation.

d 02 = KA (2 6)+ < 21
(dpig Ppricost)” = 3( i Pricos0) + T (21)

Here, d, is called the interplanar distance and
given for hexagonal crystal in below:

2
1 4l<h2+k2+hk> <1> ]
—=z{{——)+(= (22)
2 2
B 3 a €
Here, dj;;, (hkl) refers to the lattice distance

between planes and, for a hexagonal crystal, it is
calculated as follows:

1 4| /K +K2+hk 1\
d7=5[<a—z>+<z> )
hkl

NOW, the (dikl.ﬂhkl.cosﬁ >_(dhkl.ﬁhkl.COS0)z graph

is drawn using Eq. (21). The average particle size
is obtained from slope of the graph, whereas the
intrinsic strain is obtained from the intercept.
Halder-Wagner (H-W) Method

In the SSP method, the size expansion of the
XRD peak is associated with the L and G func-
tions. However, the XRD peak is actually neither
an L nor a G function. The H-W method is used
in order to explain this situation (Fig. 7). A sym-
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metric Voigt function is used for this method.
This function is a transformation of the L and G
functions [37]. Thus, for the function of Voigt, the
FWHM value of the physical profile can be writ-
ten by using the H-W method [38-41].

B = PbPuia + B (24)

Here, p; andfsare the FWHM of the L and G
functions, respectively. The advantage of this
method is the more weight attached to the peaks
in the midangle and low range. The overlap
between the diffraction peaks is much less at these
angles. Considering the H-W method, the rela-
tionship between crystal size and lattice strain is
written as follows.

2
ﬁ;kl> 1 Pua | (e)?
) =515+ (5 25)
(dhkl D d;;kﬁ < 2 )
By = Priacosd/ A (26)
dy, = 2sin0/ 2 (27)

2

The (ﬁ;l‘kl/dzklz)—@;kl/d;kl) graph is drawn
using Eq. (23). The average crystal size is obtained
from slope of the graph, whereas the intrinsic
strain of Mn-doped ZnO nanocrystals is obtained
from the intercept. The values obtained are sum-
marized in Table 2.

The strain value found from the H-W plot was
10 times higher than the strain values obtained
from the other models calculated. The increase in
the strain value is essentially due to the addition
of medium and low-angle XRD data. Moreover,
the higher strain value calculated is associated
with the lattice dislocations, which has an impor-
tant role in the expansion of the reflection peaks
at low angles [41].

Given these analyses, it was determined that
the average size determined from W-H methods
was much closer to the Scherrer method. In our
case, the UDM, USDM, and UDEDM models are
the most suitable models for the evaluation of the
average crystal size of ZnO nanoparticles. As can
be seen in Table 2, comparing the crystal sizes cal-
culated using the Scherrer method with XRD data
to the crystal sizes calculated with other methods,
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Fig. 8 M-H loop: variation of magnetization with applied field

it can be seen that the UDM method is more suc-
cessful in determining the crystal size.

3.2 Magnetic analysis results with VSM
(vibrating sample magnetometer)
measurement

The magnetic properties of Mn/Cu-doped ZnO nano-
particles were measured at RT. The graph of magneti-
zation (M) versus applied magnetic field (H) shows
the magnetic properties of all nano-thin films (Fig. 8).
The M value (saturation magnetization) is the highest
for 5% wt Mn doping in ZnO and increased with the
increasing Mn doping due to the magnetic (paramag-
netic) nature of manganese. Magnetization increases
with the accumulation of Mn at the grain boundary.
This is also consistent with the existing literature
(Table 3).

The saturation and residual magnetization of Cu/
Mn-doped ZnO nano-thin films first decreased and
then increased with the increase of Mn doping per-
centage (Fig. 8). The crystal size increased from 25.06
to 26.09 nm. As a result, nanocrystals in the structure
form domains, in which all turns are the same with
increasing the Mn doping percentage. As the number
of moving domains increases, the magnetization will
increase in thin films. The lattice parameter increases
because Mn*? ions (0.080 nm) have a larger ionic
radius than Zn*? ions (0.074 nm). An increase in the lat-
tice parameter increases the saturation magnetization.
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Table 3 Some parameters of ZnCuMn nanoparticles

Samples  Size—strain plot Halder-Wagner

method
Size D (nm) Straine (107%)  Size D Straine

(nm) (1073

Mnl 27.27 6.62 28.98 4.29

Mn2 26.52 4.37 28.32 321

Mn3 26.23 4.39 28.08 3.19

Mn4 26.04 3.59 27.85 2.54

Mn5 28.06 6.07 29.94 3.99

In addition, the increasing saturation magnetization
with an increase in Mn doping can be because of the
close paramagnetic coupling between Mn*? ions. Dif-
ferent magnetic parameters, H. (coercivity), exchange
bias (E,), M, (residual magnetization), M, and square-
ness were calculated using the hysteresis for all thin
films and are presented in Table 4. It can be clearly
seen that an increase in saturation magnetization
results as an increase in H_. It was reported by many
researchers that an increase in M, and H_ is associated
with an increase in crystal size. M, increases with an
increasing crystal size.

Brown’s equation relates H_ with the M,.

2K
H =H =
c a ﬂOMS

(28)

Here, H, refers to the anisotropy field, K refers to
the anisotropy constant, and y, refers to the Bohr
magneton at zero magnetic fields. The H_ is inversely
proportional to the M, values. Squareness (M,/M,) is
the ratio between persistence and saturation magnet-
ization. The relationship between the M,/M, and M,
is illustrated in Fig. 9 drawn and it can be seen that
an increase in M, caused a decrease in the square-
ness ratio of the nano-thin films. Figure 10 shows
the alteration in exchange bias with increasing the
Mn doping. E, is important in magnetic recording.
It is used in fixing the head of hard disk drives with
maximum precision. First, E, is applied to stabilize
the ferromagnetic layers in the read heads. Today,
change bias fixes the hard reference layer in read
head and memory circuits by using magnetic resist-
ance/magnetic tunneling. The E, material should
have magnetocrystalline anisotropy and chemical
stability. Table 4 presents the magnetic properties
of nanosamples. It can be seen that the M, H, and

@ Springer
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Table 4 Magnetic properties

£ Cu/M. Honed ZnO Samples  Coercivity Saturation Remnant Squareness ratio Exchange bias
or t' n;;— oped 21 H_ (Oe) magnetization M, (emu/cm®)  M/M, H.,=HJ/2
magnetic NPs
€ M, (emu/cm3)
Mnl 144.32 0911 0.112 0.122 72.16
Mn2 106.17 2418 0.118 0.048 53.08
Mn3 105.41 3.557 0.068 0.019 52.70
Mn4 115.07 4.700 0.141 0.030 57.53
Mn5 162.59 9.216 0.445 0.048 81.29
0,45 0,14 85
—=— Squarness || ——Mr | —e— Exchange Bias
04
0,12 80
0,35
0,1
75
03
z 008 2 »
3 02 g g 70
5 g g
= 006 Z g
= 0.2 i % 65
i
0,04
0,15
60
04 0,02
0,05 o 55
0 1 2 3 4 5 6
% Doping 50
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Fig. 9 Remanent magnetization and squareness ratio vs Mn dop-
ing

remanence gradually increased with the increase of
the Mn doping [42].

The ferromagnetism of thin films originates from
the interplay of O vacancies and Mn atoms forming
magnetic polarons. The magnetic-exchange interplay
between magnetic-defects and polarized spin-carri-
ers causes the formation of bound magnetic polarons
(BMP). Mn is paramagnetic [43]. Undoped ZnO has
diamagnetic property. The observed ferromagnetism
arises from Mn doping, which adapts the magnetic-
exchange interplay. Since the carriers are placed by
force, the BMP theory can discover the seen magnet-
ism. In the BMP model, the spins of the Mn-doped
impurities align with the localized spin. At high Mn
contribution rates, the magnetic moments of BMPs
are in the same directions and increase the saturation
magnetization.

The saturation magnetization of samples is pro-
portional to the size of crystal. Moreover, the Mn

@ Springer
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Fig. 10 Change in the exchange bias with an increase in Mn
doping

contribution rate causes the regular dispersion of
BMP without changing the wurtzite lattice. Maxi-
mum saturation magnetization at high Mn-doped
percentage supports the presence of BMPs in Mn-
doped ZnO.

In all DMS thin films, the gap (O or Zn or both) den-
sity, exchange mechanism, and secondary phase are
responsible for the ferromagnetism. Ferromagnetism
at RT can be either extrinsic or intrinsic. X-ray dif-
fraction peaks of samples exhibited only ZnO peaks.
Therefore, ferromagnetism is an intrinsic property in
Mn-doped ZnO thin films. The replacement of Zn ion
with Mn*? ions in the Zinc oxide structure is responsi-
ble for the ferromagnetism in thin films. The exchange
interplay took place between conducting electrons.

Therefore, because of exchange interplays, the
spin of Mn*? ions aligns in parallel with the direction
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creating the ferromagnetic properties of the samples.
The Mn ions are randomly oriented in the beginning
and the oxygen void’s coupling creates carriers that
randomly generate a magnetic moment. Polarons are
created by aligning the magnetic moment in the same
direction. The polarons overlap due to oxygen voids
and so the ferromagneticity occurs [44, 45].

4 Conclusion

In this study, all Zn;_,CuyysMn, O QUOTE polycrys-
talline nanoparticles were produced using various Mn
compositions (0.01 < x < 0.05) QUOTE with sol-gel
techniques. The magnetic and structural properties of
Cu/Mn-doped zinc oxide nanoparticles were analyzed
at RT.

The crystallinity and structural properties of Cu/
Mn co-doped ZnO nanoparticles were examined using
XRD analysis in details. XRD peak expansion analysis
was conducted in order to calculate the several impor-
tant parameters of nanocrystals, for example, stress,
intrinsic strain, and energy density, whereas W-H,
SSP, and H-W methods were used for the determi-
nation of the average crystal size. According to these
analyses, it was seen that the average size determined
from W-H methods was much closer to the Scherrer
method. In our case, the UDM, USDM, and UDEDM
models are the most suitable models for the evaluation
of the average crystal size of ZnO nanoparticles.

Although the Zn;_ Mn O system has been exten-
sively studied in recent years, no definite conclusions
could be drawn from the experimental results. In the
DMS system, it is generally accepted that the source
of the magnetism is the interaction between the car-
riers and the localized magnetic moments associated
with the magnetic atoms. Therefore, the concentration
of carriers plays an important role in determining the
magnetic properties of the system.

The increase of magnetization is related to the
increase of oxygen vacancies. To preserve the total
load balance, some of O72 ions leave the lattice and
cause oxygen gaps. These oxygen gaps bind free
charge carriers. The interaction between the charge
carriers trapped in the oxygen vacancies and the spin
of the Cu ion causes the generation of magnetization
by BMPs.
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Because of the presence of a large number of oxy-
gen vacancies, the interplay between multiple BMPs
causes the formation magnetic field, known as long-
distance ferromagnetism. An increase in magnetiza-
tion together with an increase in Mn doping arises
from the preference for parallel spin-spin coupling
between Mn ions and close by oxygen ions instead
of anti-parallel coupling.

The ferromagnetic coupling between TM ions
and bonded polarons can form bonded magnetic
polarons that are responsible for the origin of FM in
TM-ZnO. Considering the point defects hybridizing
with TM doping, defect-based carriers induce RTFM
(ferromagnetism at room temperature) in doped
ZnO. In Zn 95 ,Cu, ysMn,O nanoparticles, a series
of O™% gaps (vacancies) are created by doping Mn*?
and Cu*? instead of Zn*? and this produces RTFM.
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