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ABSTRACT

This paper reports on the structural and magnetic properties of Zn0.98-x

Fe0.02(Cu/Mn)xO (x = 0.0 and 0.02) nanopowders synthesized using a solid-

state reaction method. Ultraviolet–Visible spectroscopy measurements demon-

strated that the bandgap increased in the Fe-doped ZnO and decreased in both

the Cu- and Mn-doped Zn0.98Fe0.02O. Photoluminescence studies confirmed the

formation of oxygen vacancies (VO) in all of the samples. The magnetization

measurements revealed that the doping of Cu or Mn ions in Zn0.98Fe0.02O

increased the saturation magnetization (Ms). The Ms value of the Cu-doped

Zn0.98Fe0.02O is about five times larger than that of the undoped ZnO. The Ms

value of the Mn-doped Zn0.98Fe0.02O is of a magnitude larger than that obtained

for the Cu-doped Zn0.98Fe0.02O, and it is about one and a half times larger than

the magnitude of the Zn0.98Fe0.02O and seven times larger than the magnitude of

the undoped ZnO. We believe that the ferromagnetism is intrinsic, and it results

from the interactions induced by the VO incorporated into the ZnO lattice.

Introduction

Dilute magnetic semiconductors (DMSs) fabricated by

doping transition metal (TM) ions into nonmagnetic

semiconductors are receiving increasing attention due

to their possible application in spin electronics [1].

Wide-gap DMSs combine their electrical conductivity

with ferromagnetism (FM) and optical transparency,

thus opening up the potential for their use in other

devices. A wide-bandgap wurtzite-phase semicon-

ductor ZnO (Eg = 3.4 eV) doped with TMs has been

theoretically hypothesized as one of the most favorable

types of DMS materials for room-temperature (RT)

applications [2]. FM above RT has previously been

theoretically hypothesized [2–4], and it has been

experimentally shown for TM dopants in bulk, pow-

der, nanowire, and thin-film forms of ZnO [5–9].

Besides, many studies have revealed that the ferro-

magnetic properties of TM-doped metal oxides

strongly depend on the metal–oxide host system, sur-

face defects, particle size, and TM dopant type and

concentration [5–11]. These studies, however, did not

lead to consistent conclusions. There is no clear

agreement about the nature and origin of the observed

FM in the diluted magnetic oxide doped with a few

percents of 3d cations. Therefore, more intensive and
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extensive work is essential as the mechanism in ZnO-

based DMSs is still far from being well understood.

Among the TM ions, the incorporation of Fe2? into

the ZnO lattice promises to bring about very inter-

esting and novel magnetic, electric, and optical

properties. Moreover, Fe-doped ZnO nanostructures

are very useful in a variety of applications such as gas

sensors, solar cells, optoelectronic devices, and flat-

panel displays [12]. The RT FM in Fe-doped ZnO is

also still in debate. Sharma et al. [13] demonstrated

that 1% Fe-doped ZnO samples show diamagnetic

character, while ferromagnetic nature is observed for

2 and 3% Fe-doped samples, and higher doping of Fe,

paramagnetic (PM) nature dominates. Han et al. [14]

failed to obtain RT FM in Fe-doped ZnO bulk samples

and suggested that the additional Cu doping is

essential to achieve RT FM in these samples. Hence,

although magnetism in Fe-doped ZnO nanoparticles

is an interesting and controversial issue to be

resolved, tailoring of their ferromagnetic behaviors by

codoping has immense importance for device appli-

cations. So far, many experimental results about

codoping have been reported, aimed at enhancing

their magnetization. The codoping, i.e., the simulta-

neous presence of two kinds of TM dopant, has drawn

attention mainly due to the possibility of using it to

tailor the position and occupancy of the Fermi energy

(EF) of doped DMS. So, the codoping with another

magnetic species is a possible approach for editing the

ferromagnetic response of TM-doped ZnO [15].

Along the above line of approach, attempts have

been made to fabricate ZnO-based DMS by codoping

two TM elements: (Fe, Mn) or (Fe, Cu). Zn0.8Fe0.1-

Mn0.1O single crystalline nanoparticles (*7 nm) were

synthesized using the low-temperature chemical ‘‘py-

rophoric reaction process’’ [16]. The magnetization

measurements demonstrated that the doping of Mn

ions in ZnFeO nanomaterials decreases the coercive

field and average magnetization values, which was

attributed to the formation of antiferromagnetic or PM

states in a ferromagnetic infinite cluster through the

doping of Mn ions. Fan et al. also prepared (Mn, Fe)-

codoped ZnO powders and thin films with a ferro-

magnetic property at RT, but their results showed that

FM originated from the impurities of the magnetic

clusters in the vacuum-annealed Zn0.98Mn0.01Fe0.01O

powder at 600 �C, while the FM of (Mn, Fe)-codoped

ZnO DMS films is an intrinsic property [17]. On the

other hand, Zhang et al. [18] observed RT FM in Fe- and

Cu-codoped ZnO polycrystalline samples prepared

using the hydrothermal route; they found that Cu-

doped ZnO:Fe leads to increase in magnetization. In

contrast, Liu et al. [19] studied (Cu, Fe)-codoped ZnO

powders synthesized using the sol–gel method, and

they found that Cu doping greatly reduced the satu-

ration magnetization (Ms). However, Jayakumar et al.

studied Cu (1%)-doped Zn0.95Fe0.05O nanocrystallites

synthesized by a wet chemical route, and they attrib-

uted the observed RT FM in Zn0.94Fe0.05Cu0.01O to the

formation of a secondary phase of Cu-doped ZnFe2O4

[20]. Also, Shim et al. [21] reported ferromagnetic

behaviors for Fe-doped ZnO:Cu, FM was attributed to

the ZnFe2O4 secondary phase. Thus, there are many

controversies about the issue of the magnetic ground

state in DMS systems. The ground state of DMS has

been found to be very dependent on the synthesis

method that is used. Consequently, the results of

studies that have examined the effect of Cu or Mn on

the magnetic properties of the Fe-doped ZnO DMS are

still being disputed from both a theoretical and an

experimental point of view.

Moreover, FM has been observed in undoped oxi-

des, particularly in HfO2 [22] and recently in ZnO

[23–28]. Related calculations have demonstrated that

defects in oxides, such as ZnO, TiO2, HfO2, and In2O3,

can produce ferromagnetic behavior even without

any doping [3]. However, the experimental results are

very contradictory, and a basic understanding ferro-

magnetic behavior is still missing. Although oxygen

defects are also broadly recognized as a possible

reason for the ferromagnetic behavior of pure and

doped ZnO, Sundaresan et al. [25] suggested oxygen

defects ithemselves, and not TM ions, as the intrinsic

origin of FM.

To explore the nature of the ferromagnetic ordering

in 3d TM-doped oxide semiconductors, we study Fe-

doped and (Cu/Mn, Fe)-codoped ZnO nanocrys-

talline samples in this paper. The present study

attempted to synthesize a Fe-doped ZnO-based DMS

samples by codoping Cu/Mn with Fe in ZnO.

Zn0.98-xFe0.02(Cu/Mn)xO (x = 0.0 and 0.02) nanos-

cale powders were synthesized using a solid-state

reaction method. This technique offers several

advantages such as low cost, easy controlling of the

dopant amounts, facilitating production of bulk

materials, and can avoid the chemical processes of

fabrication as well as the influences of the substrate

or the interface between the film and the substrate.

Because of the low solubility of Fe in ZnO and a

phase separation, and easy-to-form clusters or a
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secondary phase of ZnFe2O4 for a dopant concen-

tration[2 at.%, which suppressed the ferromagnetic

ordering in the system [29], the Fe doping concen-

tration of present investigation is limited to 2%. As

for Cu codoping, the copper and corresponding oxi-

des are nonmagnetic [30], so they cannot be a source

for the increased ferromagnetic ordering in the

ZnFeCuO samples. Therefore, codoping with Cu is

considered as an ideal candidate to study the mech-

anism of FM in the ZnO-based DMS systems. On the

other hand, since Mn is accepted as a contributor of

higher individual magnetic moment of 4.93 lB [31],

codoping with Mn would be an equally interesting

issue to be addressed. However, our experimental

results showed a very strong predominance of FM at

RT in the Fe-doped ZnO samples, and codoping with

Cu2? or Mn2? ions enhanced the Ms. The Ms value of

the (Mn, Fe)-codoped ZnO is larger than that of the

(Cu, Fe)-codoped ZnO, indicating the stronger fer-

romagnetic interactions in the (Mn, Fe)-codoped

ZnO. The Ms value of the (Mn, Fe)-codoped ZnO is

about one and a half times larger than that of the Fe-

doped ZnO, and it is seven times larger than that of

the undoped ZnO. However, the Ms of the Cu and Fe

codoped ZnO is about five times larger than that of

the undoped ZnO. On the other hand, the coercive

field (Hc) values are 1295, 1220, and 785 G, for the

ZnFeO, ZnFeCuO, and ZnFeMnO samples, respec-

tively. The high coercivity fields obtained seem to

result in a potential candidate to applications. The

observed FM is interpreted based on the bound

magnetic polarons (BMPs) model where the ferro-

magnetic ordering arises from indirect interaction

between localized electrons of TM (3d) ions mediated

by defects like oxygen vacancy in ZnO-based DMS

system [3, 32]. Hence, in the codoped sample, the

ferromagnetic coupling between TM–TM, Fe–Fe, and

TM–Fe is mediated via clusters of VO to favor the

exchange interaction between the transitional metal

ions which helps to have the long-range ferromag-

netic ordering at RT. With the help of photolumi-

nescence (PL) results, we have illustrated that Vþ
O

(singly charged oxygen vacancies) is the key element

for the RT FM in our samples. The presence of the

very high oxygen vacancy concentration in the sam-

ple gives rise to the ferromagnetic ordering. This

study of Cu or Mn/ZnO:Fe nanoscale powders is

expected to contribute to a better understanding of

ferromagnetic behavior in TM-doped ZnO materials.

However, it is of particular importance, to study the

ferromagnetic properties in nanocrystalline materials

as they will be potentially useful for ferrofluids,

magnetic recording, and biomedical applications. The

high saturation magnetizations of these systems

imply that it can be used as magnetic nanostructure

and possible future applications in permanent mag-

netism, magnetic recording, and spintronics.

Experimental details

The Zn0.98-xFe0.02(Cu/Mn)xO (x = 0.00 and 0.02)

nanopowders were synthesized using a solid-state

reaction method from a stoichiometric mixture of ZnO

(99.9% purity, Sigma-Aldrich), Fe2O3 (99.995%, Strem

Chemicals, Inc.), Cu2O (99.9%, Strem Chemicals, Inc.),

and MnO2 (99.995%, Strem Chemicals, Inc.). The mix-

ture was first thoroughly mixed according to the

desired stoichiometry, and then it was pre-fired at

400 �C for 8 h in air. The prepared powders were

ground, pelletized, and annealed at 500 �C for 12 h

in air to obtain nominal Zn0.98-xFe0.02 (Cu/Mn)xO

(x = 0.00 and 0.02) nanopowders. Undoped ZnO

samples were also prepared under the same conditions.

The crystalline structure of the samples was charac-

terized by X-ray diffraction (XRD) (PANalytical X’Pert

PRO). The optical absorption was measured using a

CARY 5000 ultraviolet–visible (UV–vis) spectropho-

tometer with a wavelength ranging from 200 to 800 nm.

The RT–PL spectra were measured in the range of

400–800 nm using a luminescence spectrometer

(CARY Eclipse) at 381 nm. The magnetic properties of

the samples were examined using a Lakeshore vibrat-

ing sample magnetometer (VSM) (model no. 7410).

Results and discussion

Figure 1 depicts the powder XRD patterns for the

undoped ZnO, Zn0.98Fe0.02O (ZFO), Zn0.96Fe0.02

Cu0.02O (ZFCO), and Zn0.96Fe0.02Mn0.02O (ZFMO)

nanopowders. The undoped sample shows the for-

mation of hexagonal-ZnO (wurtzite structure type:

space group P63mc) with Miller indices (h k l), as

indicated on the diffraction peaks (Fig. 1). In addition

to hexagonal-ZnO, a minuscule peak at *33� in the

doped and codoped samples evolves as an additional

plane of the a-Fe2O3 impurity phase (Fig. 1), which is

consistent with earlier observations that the solubility
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of Fe in the ZnO crystal lattice is less than 2% [5] or

less than 1% [33]. However, the XRD lines for the

ZFCO sample also show two lines (a minuscule peak)

of the CuO impurity phase, one at 35.63� and the

other at 38.67�, along with hexagonal-ZnO [19]. This

finding is consistent with the fact that the Cu solu-

bility limit in ZnO is considerably low at *1% [4].

The diffraction peaks for the doped, and codoped

samples slightly shift toward the lower angles, in

comparison to ZnO. The 2h degrees of the ZnO(002)

diffraction peak are 34.452�, 34.404�, 34.412�, and

34.426� for the ZnO, ZFO, ZFCO, and ZFMO samples,

respectively. This shift clearly suggests the incorpo-

ration of TMs into the ZnO lattice without altering the

crystal structure. Calculation of the unit cell lattice

parameters revealed that the shift is caused by the

variation of the lattice parameters, a and c, which

shows a small increase in comparison to ZnO. The

cell parameters calculated for the undoped ZnO are

a = 3.2495 Å and c = 5.2065 Å. The lattice parame-

ters, a and c, and the unit cell volume (V) obtained

from the XRD patterns are shown in Table 1. This

increase was due to TM doping in ZnO, thus sug-

gesting that the TM ions were incorporated into the

lattice of the hexagonal wurtzite structure phase of

ZnO [5, 18, 19, 34]. Because Fe2? has a larger radius

than Zn2?, the cell size of ZFO would increase as the

Fe dopants replace the Zn position in the ZFO lattice.

This results in the following lattice parameters:

a = 3.2544 Å and c = 5.2090 Å. The slight increase in

the cell volume in the Cu-codoped case in compar-

ison to the Mn-codoped case is inconsistent with the

smaller ionic radius of Cu versus Mn. This may be

due to the presence of more VO in the ZFCO sample

[32, 35], as demonstrated by the PL results (discussed

below). This increase can also be explained by the

segregation of small Cu ions and the formation of the

CuO secondary phase [19] in the ZFCO sample

(Fig. 1). This behavior is expected based on the dif-

ference between the ionic radii r of the tetrahedrally

coordinated Zn2? r = 0.60 Å and other TM2? ions

(r = 0.66, 0.63 and 0.57 Å for TM = Mn, Fe, and Cu,

respectively). It is worth mentioning that in a stoi-

chiometric wurtzite structure, the c/a ratio is 1.633.

Our undoped and doped samples showed a signifi-

cantly smaller c/a ratio (1.603 ± 0.001), and this

might indicate the presence of VO and extended

defects [6]. From the XRD results, the degradation of

XRD intensity was also observed with the incorpo-

ration of TM ions in the ZnO lattice (Fig. 1). The

incorporation of 3d transition ions deteriorates the

crystallinity of ZnO, due to their low solubility limit

and various valence states [36]. The reduction in

diffraction peak intensity and the increase in the full-

width-at-half-maximum (FWHM) with the incorpo-

ration of TM ions, suggests the nanocrystalline nature

of the samples. The average crystallite size for all the

doped samples, which was determined from the

broadening FWHM of the ZnO peaks of the XRD

patterns using the Scherer formula, was found to be

of 25.7 ± 0.35 nm; in comparison the average crys-

tallite size for ZnO was 27.47 nm (Table 1). The

marginal change in the average crystallite size due to

doping and codoping confirms that any variation in

the properties of the Zn0.98-xFe0.02(Cu/Mn)xO

(x = 0.0 and 0.02) samples with different TM ions are

not due to any differences in the crystallite sizes.

Table 1 Lattice and magnetization parameters, and grain sizes for undoped ZnO, ZFO, ZFCO, and ZFMO nanopowders

Samples Lattice Grain size (nm) Ms (10
-3 emu g-1) Mrs (10

-3 emu g-1) Hc (G)

Parameter (Å) Volume (Å3)

ZnO a = 3.2495, c = 5.2065 47.60 27.47 5.52 0.14 258

ZFO a = 3.2544, c = 5.2090 47.76 26.05 26.45 3.13 1295

ZFCO a = 3.2532, c = 5.2120 47.76 25.35 27.93 3.10 1220

ZFMO a = 3.2500, c = 5.2069 47.62 25.89 39.07 2.84 785
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Figure 1 RT XRD patterns for ZnO, ZFO, ZFCO, and ZFMO.
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The UV–Vis absorption spectra can further confirm

evidence for TM substitution in the ZnO lattice. Fig-

ure 2a shows the UV–Vis absorption spectra of the

ZnO, ZFO, ZFCO, and ZFMO nanopowders recorded

at RT. The change in the absorption peak due to

doping indicates a change in the band structure. In

comparison with ZnO, the bandgap of the Fe-doped

sample is shifted to higher energy [9, 33]. Based on

the Burstein–Moss effect, the increase in the concen-

tration of VO broadens the optical bandgap and leads

to the blueshift of the absorption spectra for oxide

semiconductors. A redshift is also observed in the

bandgap energy for both the Cu- or Mn-doped

Zn0.98Fe0.02O samples as compared to both the

undoped and the Fe-doped ZnO samples. The red-

shift can be interpreted as mainly being the result of

the sp–d exchange interactions between the ZnO

band electrons and the localized ‘‘d’’ electrons asso-

ciated with the doped TM2? cations. The bandgaps of

all of the samples was estimated through extrapola-

tion of the linear portion of the (ahm)2 versus hm
curves, as shown in Fig. 2b. The calculated bandgaps

of the ZnO, ZFO, ZFCO, and ZFMO samples are 3.27,

3.39, 2.23, and 2.38 eV, respectively. The ZFCO sam-

ple has the smallest bandgap compared to ZnO, ZFO,

and ZFMO, and this is due to the influence of the Cu

content because CuO has a smaller bandgap of

*1.2 eV [37]. Kamarulzaman et al. [38] also obtained

a small bandgap of 2.44 eV for Mn-doped ZnO

nanostructure, while Thanh et al. [39] reported a

decrease of bandgap from 3.15 to 1.28 eV for Mn-

doped SrTiO3 materials prepared by a solid-state

reaction method when Mn increases from 0 to 10%.

The change of bandgap with the composition indi-

cates that the TM cations have been successfully

incorporated into the ZnO crystal lattice, verifying

that the observed RT FM (discussed below) is from

TM substitution, not impurities.

Figure 3 illustrates the RT–PL measurements of all

the samples. At RT, the PL spectra of the ZnO, ZFO,

ZFCO, and ZFMO nanopowders (Fig. 3) show Vis

emissions with five peaks, which are located at about

424 nm (violet emission), 448 and 461 nm (blue

emission), and 486 and 521 nm (green emission).

Obviously, the PL peaks shown in Fig. 3 are clearly

due to ZnO, as they are also observed in the ZnO

sample with no signal of TM-linked emission peaks.

We have only noticed variations in the intensity of

the PL peaks with different TMs. The shape of the PL

spectra for the ZnO nanopowders is similar to those

reported by others [23]. Commonly reported defects

that are present in ZnO-based nanostructures are VO

with different charged states (Vx
O; V

þ
O ; V

þþ
O defect

centers), zinc vacancies (VZn), a zinc interstitial (Zni)

and an oxygen interstitial (Oi). VZn and Oi point

defects may be thermodynamically established in the

ZnO crystal lattice, but at a higher oxygen partial

pressure [40]. Meanwhile, a Zni point defect has been

demonstrated experimentally to be a very unsta-

ble defect [41]. Moreover, Zni is more likely to be

annealed out at 400 �C than VO, as shown by Herng
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et al. [42]. Note that, in our study, all of the samples

were annealed in ambient air, resulting in an oxygen-

deficient ZnO crystal [32, 35, 43, 44]; consequently,

the Vis emission was most likely connected to the VO

defect. In comparison with ZnO, the intensity of the

emission peaks was found to be enhanced for ZFO

[9], and it decreased for ZFMO because Mn2?

dopants operate as a minimizer for the Vis lumines-

cence of ZnO due to the formation of a large number

of nonradiative centers on Mn doping [45, 46]. The

intensity increased again for ZFCO, which was found

to have the highest intensity [47].

However, the violet emission at 424 nm (2.92 eV) is

almost certainly due to the electronic transition from

the defect level (mainly VO) presented at the grain

boundaries and valence band [9, 24, 48]. Jin et al. [49]

reported a similar explanation for ZnO prepared in

an oxygen-deficient condition, with violet emission at

419 nm (2.95 eV). The XRD results in the present

study (Fig. 1) indicate that the samples are

nanocrystalline with increased surface-to-volume

ratio, which leads to the largest increase in the con-

centration of defects (i.e., having a considerable

number of imperfections on their surfaces). This

suggests that the oxygen-deficient phase was formed

at the boundary between the nanoparticles. Moreover,

VO can be more easily formed, mainly on the surface

or at the grain boundaries, due to the defective

alignment of atoms [50]. Therefore, the samples may

have more grain boundary defects that emit the violet

luminescence with a higher intensity because they

have smaller grains and a larger grain boundary area.

Furthermore, it has been reported that interfacial

traps, which are the VO located within the depletion

regions at the ZnO–ZnO grain boundaries, were about

0.33 eV below the conduction band edge [51]. As the

ZnO bandgap energy was found to be 3.27 eV, the

violet emission at 424 nm (2.92 eV) may be consid-

ered to be due to the near-band edge emission of the

wide-bandgap ZnO, namely, the recombination of the

free excitations. As for the blue peaks centered at

448 nm (2.77 eV) and 461 nm (2.69 eV), neutral oxy-

gen vacancies (Vx
O) are also regarded as luminescent

centers. VO has been reported to be the origin of the

ZnO blue emission [23, 52–54]. Wu et al. have previ-

ously reported the blue emission at *2.8 eV from

ZnO nanowhiskers [48]. Furthermore, the VO of ZnO

has been predicted to be at *EV ? 2.7 eV [55] or

*EV ? 2.78 eV [56], which is consistent with the

photon energy of the blue emissions observed in this

present study. Based on these reports, we suggest that

the blue emissions of our samples may be caused by

the electron transition from Vx
O centers to the valence

band edge [48, 56]. This is also due to the oxygen-

deficient phase at the boundary between the

nanoparticles. In bulk ZnO, the Vx
O centers are not

underactive ionized, which is a response to the

absence of blue emission in bulk ZnO [56]. It is

accepted that the green luminescence peaks centered

at about 486 nm (2.55 eV) and 521 nm (2.38 eV) are

due to Vþ
O [24, 26, 52, 53, 57]. The singly charged center

(Vþ
O ) in the absence of a depletion region becomes the

neutral center (Vx
O) through the capture of an electron

from the conduction band, which then recombines

with a hole in the valence band, giving rise to emis-

sions at 486 nm (2.55 eV) and 521 nm (2.38 eV) [52].

Grain boundaries and intrinsic defects, such as VO,

may also enhance FM as reported by Straumal et al.

[27]. A singly occupied oxygen vacancy (oxygen

vacancy with one electron; unpaired electrons) with a

spin of 1/2 has been previously ascribed to the origin

of RT FM in ZnO [25–27].
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We have investigated the magnetic properties of

undoped ZnO and Zn0.98-xFe0.02(Cu/Mn)xO (x = 0.0

and 0.02) nanopowders using VSM. The field-de-

pendent magnetization (M–H) curve recorded for

ZnO at RT is shown in Fig. 4a. The inset in the fig-

ure shows the RT hysteresis loop in a narrower field

scale. As seen in the figure, the sample exhibits a clear

hysteresis loop with an Hc of 258 Oe and an Ms of

5.52 9 10-3 emu g-1 [23] (Table 1 and the inset of

Fig. 4a), revealing an RT FM characteristic. The

observed Ms of 5.52 9 10-3 emu g-1 for ZnO is larger

than the Ms values of 4.0 9 10-3 emu g-1 [26] and

0.784 9 10-3 emu g-1 [24] obtained for pure ZnO.

Sundaresan et al. [25] also reported FM in pure ZnO

nanoparticles, and they intend for FM to be the uni-

versal feature of the nanoparticles of nonmagnetic

oxides. They also explained that the origin of FM in

these nanoparticles is due to the location of VO at the

surface of nanoparticles, which is due to the loss of

oxygen. It may be useful to point out that ZnO

powders heated at a high temperature, even in the

air, would lose oxygen [35, 43]. Therefore, the RT FM

in our ZnO is due to VO-induced spin polarization

(induced d0 FM). Thus, the unpaired electron that

spins on the surface of the particles is responsible for

FM in the ZnO nanopowders.

As seen in Fig. 4a, the curve shows a hysteretic

feature coupled with a PM-like signal. Therefore, it

seems reasonable to express the total magnetization

of the sample as a sum of two components:

MðHÞ ¼ MFMðHÞ þMPMðHÞ; ð1Þ

where MFM is the contribution of FM and MPM

describes the contribution coming from the PM par-

ticles. We could successfully fit the field dependence

of magnetization for the ZnO using the relation:

M(H) = MsL(lH/kBT) ? vpH, where Ms is the

saturation magnetization, l is the magnetic moment

of an individual particle, L(x) = coth(x) - (1/x) is the

well-known Langevin function, l is a measure of the

magnitude of the moment on a particle, kB is the

Boltzmann constant, and vp is the PM susceptibility.

The entire fitting demagnetization curve is made by

the superposition of both the FM and PM fitting

functions. These curves, along with the experimental

data for ZnO, are shown in Fig. 4b, and the agree-

ment between theory and experiment is evident.

The average moment per particle obtained from the

fit is 1.4 9 103 lB, which is in agreement with that

observed for Sn nanoparticles [58] and GaN

nanoparticles [59]. From the average moment per

particle, we have estimated the number of defects to

be 2.6 9 1018 cm-3, which is comparable to the

finding reported by the Rao and colleagues [59].

Figure 5 shows the M–H at RT for ZFO, indicating

ferromagnetic hysteresis. The RT M versus H data of

ZFO showed a linear component superimposed on a

saturating FM-like magnetization. The FM/PM

behavior is due to the incorporation of Fe ions into

the host lattice. If this linear component is subtracted,

the M versus H data show saturation of the M ex-

pected for an ferromagnetic phase (Fig. 5). These

results indicate that a fraction of the doped Fe is not

participating in the ordered magnetic state and is

present the PM state. The Ms value is *0.026 emu

g-1, which exceeds the previously reported values for

ZnO:Fe DMS materials [7, 9, 24], but it is smaller than

the Ms observed for other iron doped ZnO DMS

materials [8]. Still, the magnetization data shown in

Fig. 5 clearly displays an open loop, and ZFO dis-

plays a Hc of 1295 Oe (Table 1 and the inset of Fig. 5).

This value is similar to, or higher than, the Hc

obtained for ZnO:Fe DMS system [7–9], but it is

smaller than the Hc value (1984 Oe) observed for Fe-

doped ZnO nanostructures prepared using a chemi-

cal route [34]. The presence of clear Hc rules out the

possibility of superparamagnetism and supports a

ferromagnetic origin [7]. Because the solid-state

reaction method preparation of the samples, and

their subsequent calcining and sintering processes,

were all conducted in air, it intrinsically eliminated

the metallic Fe particles. On the other hand, the

maghemite (c-Fe2O3) phase converted to the hematite

(a-Fe2O3) phase when annealed at temperatures

above 350 �C [60, 61]. Additionally, the hematite

phase is thermally the most stable phase, and it

undergoes a thermal reduction in the magnetite
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Figure 5 RT M–H curves for ZFO, ZFCO, and ZFMO. Inset

shows the RT hysteresis loops in a narrower field scale.
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(Fe3O4) phase only above 1200 �C [61]. By recalling the

XRD data we discussed earlier, which clearly ruled out

the possible presence of metallic Fe, one observes only

the secondarya-Fe2O3 phase. Furthermore, the random

presence of a-Fe2O3 impurities is unlikely to produce a

similar magnetization with a high Hc value of 1295 Oe.

Hc values in the range of 20–50 Oe have been reported

for a-Fe2O3, c-Fe2O3, Fe3O4, and ZnFe2O4 [8, 10]. For all

of the above reasons, we believe that FM in our samples

is an intrinsic property, and it is not due to the presence

of iron-phase impurities.

ZnO:0.02Fe nanopowders codoped with other TM

elements, such as Cu or Mn, were also investigated

using VSM. The results show the presence of FM at

RT. Unlike the remnant magnetization (Mr) or Hc

[16], Ms increased with the samples that were

codoped with Cu or Mn atoms. The M versus H

curves for ZFCO and ZFMO are also shown in Fig. 5,

after the removal of a linear response term from the

raw data. For the ZFCO, the sample has a well-de-

fined hysteresis at RT with a Hc of 1220 Oe and a Mr

of 3.10 9 10-3 emu g-1 (Table 1 and the inset of

Fig. 5). The corresponding values for the sample

codoped with Mn are, respectively, 785 Oe and 2.84 9

10-3 emu g-1. It is interesting to note that the Ms is

higher for ZFO codoped with the Mn element com-

pared with that codoped with Cu. The RT Ms is

*0.028 emu g-1 for ZFCO and is *0.039 emu g-1 for

ZFMO. Both Ms values are higher than the value of

*0.026 emu g-1 observed for ZFO. The fact that Ms

increases with codoped both with Cu or Mn atoms

eliminates the possibility of Fe (or iron oxide) clus-

ters’ being responsible for magnetization. It appears

that codoping with Mn considerably enhances Ms,

while codoping with Cu might improve Ms to some

extent; it seems mostly related to the presence of the

CuO impurity phase [30] in ZFCO. The Ms value of

the ZFMO is about one and a half times larger than

that of the ZFO, and it is seven times larger than that

of ZnO, while, the Ms value of the ZFCO is about five

times larger than that of ZnO. These results clearly

imply that the Ms values obtained in Zn0.96Fe0.02(Cu/

Mn)0.02O depend on the starting materials as well as

the surface defects (Vþ
O ) in the metal–oxide host sys-

tem [5], as the PL studies explain.

However, the possibility of the origination of FM in

our ZFCO sample from the Cu-related secondary

phases, including metallic Cu and its oxides (Cu2O

and CuO), may be excluded because they are

generally considered to be nonferromagnetic [30].

Therefore, the FM of the ZFCO may be unrelated to

the appearance of the CuO phase, and the FM

observed in the sample is expected to be intrinsic. On

the other hand, neither Mn metal nor any oxide of

Mn is ferromagnetic except for Mn3O4, with a Curie

temperature around 45 K. Therefore, the possibility

of RT FM in ZFMO originated from segregated Mn or

Mn-related oxides, is excluded [62]. We believe that

the RT FM in Zn0.98-xFe0.02(Cu/Mn)xO (x = 0.0 and

0.02) nanopowders is intrinsic and it may be related

to variations of the sample defect structure and/or

VO. However, it is evident from a wide variety of

experimental results that point defects, that is VO, are

responsible for the ferromagnetic response present in

the undoped and TM-doped ZnO samples

[22, 25–27]. Our previous work also found that VO are

rather important to the observed FM in copper-doped

ZnO [32]. The formation of VO is clearly evident from

the PL spectra of all the samples. From the above

observations and the PL results, we suggest that

singly charged Vþ
O ; located on the surface, with an

unpaired electron, in addition to localized ‘‘d’’ spins

on the TM ions, are responsible for the RT FM of

undoped and TM-doped ZnO nanopowders. This

correlation favors the formation of BMPs as the origin

of RT FM [3]. Defects tend to form BMPs that couple

with 3d moments within their orbits. The overlap-

ping of magnetic polarons induces spin–spin inter-

actions between magnetic ions, eventually stabilizing

the ferromagnetic ordering.

Conclusions

We have synthesized Zn0.98-xFe0.02(Cu/Mn)xO

(x = 0.0 and 0.02) nanopowders using a solid-state

reaction method. UV–Vis measurements demon-

strated that the bandgap increased in Fe-doped ZnO

and decreased in both Cu- or Mn-doped Zn0.98

Fe0.02O. PL studies confirmed the formation of oxy-

gen vacancies (VO) in all of the samples. The VSM

measurement results showed an enhancement in the

saturation magnetization (Ms) value due to codoping.

The magnetization measurements demonstrate that

doping with Fe alone can improve the Ms in ZnO,

while codoping with Mn obviously enhances Ms, and

codoping with Cu might increase Ms to some extent,

but not as critically as theories have expected. The Ms
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value of the Mn/ZnO:Fe is larger than that of the Cu/

ZnO:Fe, indicating the stronger ferromagnetic inter-

actions in Mn/ZnO:Fe. The Ms value of the Mn/

ZnO:Fe is about one and a half times larger than that

of the ZnO:Fe, and it is seven times larger than that of

the undoped ZnO. However, the Ms of Cu/ZnO:Fe is

about five times larger than that of the undoped ZnO.

A detailed analysis based on the magnetic measure-

ment rules out FM due to a-Fe2O3 and/or CuO

impurities. Based on these experiments, we believe

that the FM is intrinsic and is probably due to inter-

actions between substitutional TMZn and other (in-

trinsic) point defects, most likely VO, in the crystal.
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