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Abstract Fe- and Cu-doped ZnO of nominal compositions
Zng os5Fe( 05O and Zng o4Feq 05sCug o O were synthesized by a
wet chemical route. X-ray diffraction analysis of the samples
annealed at 575 K showed that they are single phase without
any secondary phases. DC magnetization measurements of
Cu co-doped samples (Zng o4Feg ¢sCug 010) as a function of
field at room temperature showed ferromagnetic signature
while the samples without Cu co-doping (Zng ¢sFe( 050) are
paramagnetic in nature. On increasing the temperature of
annealing from 575 Kto 1,075 K an impurity phase emerges
in both the samples, which has been identified as a variant of
ZnFe,0,4. Both the samples heated at and above 1,075 K are
found to be paramagnetic at room temperature. These
observations, the absence of room temperature ferromag-
netism in ZngosFep 05O and the disappearance of ferro-
magnetism in Zng g4Fe( ¢sCug o, O on raising the temperature
of annealing clearly rules out the likelihood of room tem-
perature ferromagnetism arising from the impurity phases
like y-Fe,O3 and/or ZnFe,O, that might have been formed
during the synthesis. Our results strongly suggest that room
temperature ferromagnetism in Zng 94Fe( 05sCug 0O can be
attributed to the formation of a secondary phase of Cu-doped
ZHF6204.

Introduction

Dilute magnetic semiconductors (DMSs) have attracted
considerable amount of attention after the theoretical work
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by Dietl et al. [1] predicted room temperature ferromag-
netism in them. DMSs are expected to play an important
role in multidisciplinary materials science and future spin-
tronics because both charge and spin degrees of freedom are
accommodated into single matter and their interplay is
expected to explore novel physics and new devices [2]. The
use of carrier spin, in addition to charge, appears promising
for a new class of devices such as spin light emitting diodes,
spin field-effect transistors and spin qubits for quantum
computers. The introduction of substitutional transition
metal (TM) dopants into wide band gap oxides and III-V
semiconductors has been shown to induce carrier-induced
ferromagnetism [3, 4]. Ferromagnetism in these materials
operates via a mechanism by which the itinerant carriers are
spin polarized and mediate the ferromagnetic ordering be-
tween the widely spaced dopant ions (RKKY interaction)
when the localized spin is introduced into the oxide semi-
conductor. Such long-range ferromagnetic ordering
demands materials with high structural quality. Recently
double exchange interaction has also been proposed as an
alternative mechanism in Fe-doped ZnO co-doped with Cu
[5, 6]. More recently, Coey et al. [7] have proposed donor
impurity band exchange in DMS oxides. According to their
model ferromagnetic exchanges in DMS oxides are medi-
ated by shallow donor electrons that form bound magnetic
polarons, which overlap to create a spin-split impurity band.
TM-doped ZnO has been the main workhorse for the
researchers looking for DMS having room temperature
ferromagnetism [8—16]. ZnO is an optically transparent
wide gap semiconductor (E,~3.44 €V) with exciton binding
energy of ~60 meV. However, experimental results on the
TM-doped ZnO do not converge on an explicit conclusion.
Often contradicting reports by different groups lead to the
debate whether the system shows room temperature ferro-
magnetism at all, and in case it does, is it intrinsic to the
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materials [8—16]. Majority of the groups observed ferro-
magnetism only at low temperatures. This has been attrib-
uted to the clustering of magnetic ions and impurity phases
[8—12]. There are few reports about the observance of room
temperature ferromagnetism in thin films made under
nonequilibrium conditions. Recently, Han et al. [16, 17]
observed room temperature ferromagnetism in Fe-doped
ZnO co-doped with Cu in bulk samples prepared by high
temperature solid-state reaction. Bulk samples have the
advantage of insensitivity to the detailed process conditions,
compared to the films fabricated under nonequilibrium
conditions. Sharma et al. [15] also observed room temper-
ature ferromagnetism in bulk Mn-doped ZnO synthesized
by the solid-state reaction of ZnO with MnO, at low tem-
peratures. They have also found that on heating the bulk
samples above 875 K ferromagnetic content of the sample
decreases, which they attributed to the clustering of Mn. All
these observations points to the fact that the success of
sample preparation, showing room temperature ferromag-
netism, depends not only on the precise details and route but
also on the quality of starting materials used. The oxidation
state (and spin state), homogeneity and the substitutional
incorporation of the dopants must be considered when the
TM is doped for producing DMSs. Heating the sample
increases the possibility of inadvertently altering the
oxidation state of the dopants [18]. This motivated us to
synthesize Fe-doped ZnO co-doped with Cu by a wet
chemical method since one can obtain more homogenous
product by this route at a relatively lower temperature [19].
This paper describes our efforts in synthesizing nanocrys-
talline samples having room temperature ferromagnetic
characteristics by incorporating Fe and Cu in ZnO. Our
study indicates that the observed room temperature ferro-
magnetism can be due to the formation of a secondary phase
Zn,_,Cu,Fe,0, rather than due to the incorporation of TM
ions into ZnO lattice.

Experimental

Zng o4Fen05Cup ;O and ZngogsFeposO nanocrystallites
were synthesized by co-precipitation method using aqueous
solutions of zinc acetate di hydrate (purity 99.99%), cupric
acetate monohydrate (purity 99.99%), ammonium ferrous
sulphate (purity 99.98%) and potassium hydroxide. Two
aqueous solutions, one containing zinc acetate, cupric
acetate and ammonium ferrous sulphate and other con-
taining KOH in appropriate proportion were prepared by
vigorous magnetic stirring for 2 h. The KOH solution was
added to the solution containing zinc acetate, cupric acetate
and ammonium ferrous sulphate while stirring and the

yellow precipitate formed was separated from the solution
by filtration. The filtrate was washed several times using
distilled water and absolute ethanol to remove the impu-
rities like sulphate and potassium ions and subsequently
dried in an oven for 16 h at 400—425 K. The nanocrystal-
line samples were obtained by annealing the oven-dried
particles at 575 K while bulk samples by annealing at
1,075 K for 6h. The compounds ZnFe,O, and
Zng ¢Cug 4Fe,O, were also prepared by the same method.
The Phase purity and the structure of the samples were
analysed using Ni filtered CuKo radiation by employing a
Philips Diffractometer (model PW 1071) fitted with
graphite crystal monochromater. The lattice parameters of
the compounds were extracted by Rietveld refinement of
the XRD data by using the program Fullprof [20] with
X-ray intensity collected for the range 10° <20 < 70°.
Average crystallite size was determined from the extra
broadening of the X-ray diffraction (XRD) peaks of the
sample using Scherrer’s formula applied to the strongest
peak. DC magnetization measurements as a function of
temperature and field were carried out using an E.G.&G
P.AR vibrating sample magnetometer (model 4500).

Results and discussion

The Rietveld refinement analysis of XRD data of
Zng 9sFe( 05O and Zng g4Feq 05sCug ;O samples annealed at
575 K and 1,075 K are presented in Fig. 1. In addition, the
pristine ZnO prepared by the same method is also given for
comparison. Dots correspond to the data and solid lines
through the points are the results of Rietveld analysis.
Vertical tics below the curve a indicate expected peak
positions for the wurtzite phase while that below the curve
d indicate that of spinel (Cu,Zn)Fe,O,4 phase which emer-
ges in the samples when the annealing temperature was
raised to 1,075 K. The Rietveld analysis provided con-
vincing evidence that the samples are single phase when
the temperature of annealing was limited to 575 K. Due to
the poor contrast between Fe, Cu and Zn in XRD the
analysis could not be used to refine the relative amounts of
these ions in the wurtzite structure. However, Rietveld
analysis allowed the extraction of accurate cell parameters.

It can be seen that all the peaks in both Zngo4Feq os.
Cug010 and ZngosFeqosO could be fitted with wurtzite
structure conforming to the space group P6;mc (No.186). It
can also be seen that both samples (Zng 94Feg ¢sCug.0;O and
Zng 9sFe( 0sO) annealed at 575 K have very broad peaks
due to their nanocrystalline nature. It is worth noting that
even though all samples were prepared by the same
method, Zng 9sFe 05O have broadest peaks as compared to
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Fig. 1 Rietveld refinement profiles of XRD data (room temperature)
of Zng 9sFeq 05O and Zng o4Feg 0sCug ;O nanocrystallites annealed at
575 K and bulk samples annealed at 1,075 K. XRD of pristine ZnO
annealed at 575 K is also shown for comparison. (a) ZnO—575 K, (b)
Zng 94Fe,05Cu0,010—575 K, (€) ZnggsFep0s0-575 K, (d) Zngos-
Fe.0s0-1,075 K and (e) Zng 94Feq 05Cug9;O—1,075 K. The vertical
tics below the curve a indicate the allowed reflections for wurtzite
phase while that below the curve d indicate that of cubic spinel

Zng o4Fe 05Cug ;0 and ZnO. The crystallite size of sam-
ples, annealed at 575 K, as determined from the extra
broadening of diffraction peaks using Scherrer‘s formula is
~10 nm and ~19 nm for ZnggsFeq0sO and Zngo4Feg os.
Cuy,10 respectively. However, on raising the temperature
of annealing to 1,075 K an impurity phase emerges in both
the samples. We have identified all the impurity lines to
that of spinel compound with cubic symmetry (space group
Fd3m). Thus, in the case of samples annealed at 1,075 K
Rietveld refinement analysis involved fitting two crystal-

line phases, wurtzite and spinel. Lattice parameters of all
the samples extracted from the Rietveld analysis are pre-
sented in Table 1. The value of lattice parameter ‘a’ of
impurity phase in ZngosFeposO is 8.413(2) A while its
value in Zngg4Fe( 0sCug ;O is 8.414(2) A. This value is
closer to the lattice parameter reported in the literature for
ZnFe,0,4 and (Zn,Cu)Fe,0,4 [21]. Hence it is reasonable to
assume that the impurity phase as Cu-doped Zn-ferrite
(Zn,_,Cu,Fe>04 (0.0 £ x £0.4)).

DC Magnetization data of Zng 94Feg 05Cug ;O annealed
at 575 K, is presented in Fig. 2. It can be seen that the
magnetization loops of Zngo4FesCug O recorded at
room temperature and 5 K are ferromagnetic in nature. For
Zng 94Fe( 05Cug 010 there is rapid increase in magnetization
at lower fields that saturates at higher fields indicating its
ferromagnetic nature. However, there is no hysteresis and
little remanence for the loop recorded at room temperature
(inset at top left corner). This can be attributed to its par-
ticle size, which is in the nanophase regime. It can be seen
that M—H loop recorded at 5 K shows clear hysteresis as
compared to that recorded at room temperature. It is a
highly symmetrical hysteresis loop with a coercive field of
600 Oe and remanence of 0.1 emu/g. This shows that the
sample gets stabilized in the ferromagnetic state as tem-
perature is lowered as is expected of any nanostructured
magnetic materials. The temperature dependence of the
magnetization (inset at bottom right corner), under the ZFC
and FC mode, gives further confirmation of this transition
from superparamagnetic to ferromagnetic state. Neverthe-
less, the value of saturation magnetization (M) is only
0.423 emu/g (Fig. 3). This corresponds to 0.124 pup/Fe*
jon. This value of M, is far below the full moment of Fe**-
ion. This indicates only a small fraction of the substituted
Fe is participating in the long-range order.

In Fig. 3 we have presented DC magnetization data of
Zng o4Feq 05sCug 91O (annealed at 1,075 K). It can be seen
from M-H loop recorded at room temperature that it is
paramagnetic. Its M-T plot at an applied field of 1,000 Oe
is shown in the inset. It can be seen that both ZFC and FC

Table 1 Lattice parameters of
different samples with varying
thermal treatments

Sample composition Waurtzite phase  space Cubic spinel space group: Fd3m
group: P63mc
a (A) ¢ (&) a(A)
Zn 9sFe 50 (575 K) 3.250(1) 5.207(1) Not detectable
Zn 9sFe ¢sO (1,075 K) 3.2509(6) 5.1988(8) 8.413(2)
Zng 94Fe0.0sCuo 010 (575 K) 3.247(1) 5.203(2) Not detectable
Zng 94Fe( ¢sCup 010 (1,075 K) 3.2436(6) 5.1987(8) 8.414(2)
ZnFe,0,4 (575 K) 8.450(9)
ZnFe,04 (1,075 K) 8.462(3)
Zn ¢Cug 4Fe;04 (575 K) 8.343(9)
Zno_SCu0_4FezO4 (1,075 K) 8447(2)
Zn0 + Zn, ¢Cug 4Fe;04 (575 K) 3.246(1) 5.201(1)
ZnO + Zn, 6Cug 4Fe;04 (1,075 K) 3.2472(4) 5.2008(5) 8.434(2)
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plots of ZnggsFeqsCupo;O (annealed at 1,075 K) go
through a maximum as the temperature is lowered indi-
cating spin glass like behaviour. In addition, its M—H loop
at 5 K showed lack of hysteresis and non-linearity. Such
behaviour is typical of spin glasses [22]. This shows that on
annealing Zngo4Feq0sCupoO at higher temperatures
magnetic ions probably gets clustered indicating the
instability of Fe-doped ZnO. Similar behaviour has been
reported in literature [8-12, 15]. Figure 4 depicts M-H
loops of Zng 9sFeg 05O (annealed at 575 K) and recorded at
295, 205, 105 and 5 K. It can be seen that M—H loops at
295 and 205 K are linear while that recorded at 105 and
5 K are S shaped without any hysteresis. Lack of hysteresis
can be attributed to the particle size effect. This indicates
that paramagnetic to superparamagnetic transition in
Zng osFep0sO (annealed at 575 K) takes place below
205 K. This is supported by the M-T plots at an applied
field of 100 Oe, depicted in the inset. There is hardly any
difference between ZFC and FC plots down to 5 K.

The absence of room temperature ferromagnetism in
Zng 9sFe osO indicates that the observed ferromagnetism in
Zng 94Feq 05Cug 010 is not due to any impurity phases like
ZnFe,0, or y-Fe,O3 formed during its synthesis. The dis-
appearance of ferromagnetism in Zngg4Feq osCug 0O on
annealing the sample at higher temperature also indicates
that the observed room temperature ferromagnetism in this
sample cannot be attributed to the formation of small
amount of CuFe,0,4. Thus it is tempting to attribute the
observed ferromagnetism to the incorporation of Fe and Cu
in to the ZnO lattice. However, it is worth noting that the
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: T : : T : T : T
-3000 0 3000 6000 9000
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magnetization value of ferromagnetic Zng 94Fe osCug 0O
(Fig. 2) is smaller than that observed for the paramagnetic
one (Fig. 3). This is contrary to what is generally observed.
This anomalous behaviour points to the possibility that the
observed ferromagnetism in Zng 94Feq 05Cug 01O is likely to
arise from the formation of secondary phases. It is possible
that the amount of the ferromagnetic impurity phase formed
at low temperature treated sample is insignificant as com-
pared to the paramagnetic impurity phase formed by the
high temperature treatment. One impurity phase that can be
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Fig. 3 Isothermal magnetization of ZngosFeq0sCug ;O annealed at
1,075 K and recorded at RT and 5 K. Inset shows their magnetization
data as a function of temperature at an applied field of 1,000 Oe. Both
ZFC and FC plots are given. Open symbols correspond to ZFC data
while closed symbols indicate FC data
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Fig. 4 Isothermal magnetization of Zn,gsFeq 5O annealed at 575 K
and generated at different temperatures. Magnetization data as a

function of temperature for ZnggsFeqosO (annealed at 575 K) is
given in the inset

the source of room temperature ferromagnetism in these
samples is Cu-doped Zn-ferrite. Ideal zinc ferrite (ZnFe,O,)
is a normal spinel where zinc cations occupy all of the
tetrahedral sites and iron ions are on the octahedral sites. In
the bulk material there are rather weak magnetic intra
sublattice interactions between moments of octahedrally
coordinated Fe** cations generating long-range antiferro-
magnetic order below 10 K [23]. On the other hand, the
nanostructured compound with high degree of inversion
orders ferrimagnetically at temperature as high as 500 K
[24]. Such effects have been associated to the presence of
Fe** jons at the tetrahedral sites and the consequent exis-
tence of non-zero exchange interactions between iron
cations on different sites [25]. This process of partial
inversion is strongly dependent on the method employed to
prepare ZnFe,O, nanostructured materials [26, 27]. Meth-
ods which use high temperature treatment generally lead to
an ideal normal spinel structure where as high energy ball
milling [27, 28] and soft chemical routes, such as hydro-
thermal and co-precipitation [25, 26] or reverse micelle
synthesis [29], induce a certain degree of inversion. Ferri-
magnetism in ZnFe,O, can also be induced by partially
substituting Zn by Cu [21]. ZnFe,O, prepared by us did not
show any ferrimagnetism at room temperature. However,
there is a possibility that the observed room temperature
ferromagnetism in Zngg4Feq0sCuggO can be due to
(Zn,Cu)Fe,O4. XRD patterns of both samples
(ZHOA95FCO.050 and Zl’l().g4Fe().()5CU().()1O) heated at 1,075 K,
depicted in Fig. 1, clearly showed the presence of an
impurity phase that has been identified as a cubic spinel
with lattice parameters closer to ZnFe,O,. In order to elu-
cidate this point we have synthesized ZnFe,O, and
Zng ¢Cug 4Fe,0y (this composition was arrived at by taking
into account the amount of Cu and Fe that has been incor-
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porated into Zng o4Fe 05Cug o;0) by the same method used
for preparing Fe- and Cu-doped ZnO samples. X-ray Riet-
veld refinement profiles of ZnFe,O, annealed at 575 K and
Zng ¢Cug 4Fe,0,4 annealed at 575 K and 1,075 K are pre-
sented in Fig. 5. It can be seen from Fig. 5 that all com-
pounds can be fitted as cubic spinel structure. Lattice
parameters extracted from the refinement are presented in
Table 1. DC magnetization loops generated at room tem-
perature on ZnFe,O4 annealed at 575 K and (Zng ¢Cuq 4)-
Fe,O4 annealed at 575 K and 1,075 K are presented in
Fig. 6. It can be seen that ZnFe,O, is paramagnetic while
(Zng ¢Cug 4)Fe 0y is ferromagnetic in nature. The presence
of ferromagnetic signal, at room temperature, in
(Zng ¢Cug 4)Fe,04 suggests that this impurity phase can be
the source for the observed room temperature ferromagne-
tism in ZngosFe( o5Cup0;O. However, on annealing

Intensity(Arb.Units)

30 40 50 60 70
20°

Fig. 5 Rietveld refinement profiles of XRD data (room temperature)
of ZnFe,04, Zn( ¢Cug 4Fe,0,4 and mixed phase sample (ZnO + (Zng 6.
Cug 4)Fe,04) annealed at 575 K and 1,075 K. (a) ZnFe,04—575 K,
(b) Zno_GCUO_4F6204—575 K, (C) ZHQ_(,CUO_4FCQO4—1,075 K, (d)
mixed phase sample (ZnO + (Zng¢Cug 4)Fe,O,4) annealed at 575 K
and (e) mixed phase sample (ZnO + (Zng¢Cug4)Fe,0,4) annealed at
1,075 K. The vertical tics below the curve a indicate the allowed
reflections for cubic spinel while that below the curve e indicate that
of wurtzite and spinel (lower tics)
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Fig. 6 Magnetization data for ZnFe,O, annealed at 575 K and
(Zng ¢Cug 4)Fe,0,4 annealed at 575 K and 1,075 K

(Zng ¢Cug 4)Fe,04 at 1,075 K its saturation magnetization
increases. This is contrary to what was observed in
Zn0.94Feo.05Cu0.010. Zno_94F60_05C110_010 became para-
magnetic when it was annealed at 1,075 K. This may be due
to the decrease of Cu content in (Zn;_,Cu,)Fe,O4 on
annealing it in the ZnO environment at 1,075 K. In order to
clarify this point we have prepared a mixed phase sample by
mixing as prepared ZnO and Zng ¢Cug 4Fe,Oy4 in the ratio
92.5:2.5. This ratio was arrived at by assuming that the
entire amount of Cu and Fe doped into ZnO reacted to form
CuZn-ferrite. These mixtures were then annealed at 575 K
and 1,075 K for the same duration as was done for the Fe-
and Cu-doped ZnO samples. XRD patterns of the mixture of
ZnO + Zng ¢Cug4Fe,0, (herein after called mixed phase
sample) annealed at 575 K and 1,075 K are presented in
Fig. 5. It can be seen that the XRD patterns of mixed phase
samples annealed at 575 K and 1,075 K looks similar to
that of Zng o4Feq 05Cug o1 O. It is worth noting that the mixed
phase sample annealed at 575 K apparently did not show
any peaks corresponding to Zng ¢Cug 4Fe,O4. The absence
of any peaks corresponding to Zng ¢Cug 4Fe,O4 can be due
to its low concentration and its nanocrystalline nature. This
is also evident from the XRD patterns of ZnFe,O, and
Zng ¢Cug 4Fe,0, annealed at 575 K. In view of the above
observations it is reasonable to assume that the peaks due to
Zng ¢Cug 4Fe>0O4 in the mixed phase sample are masked by
the background radiation of the XRD pattern of ZnO. This
explains the absence of any peaks due to (Cu,Zn)Fe,04-
ferrite in the XRD pattern of Zng g4Fe( 0sCug ;O annealed
at 575 K presented in Fig. 1. It can be seen that the XRD
patterns of Zng g4Feq 0sCug ;O and the mixed phase sam-
ples are similar. Lattice parameters of mixed phase sample
are listed in Table 1. The room temperature magnetization
loops of mixed phase sample annealed at 575 K and
1,075 K are presented in Fig. 7. It can be seen that mixed

phase sample annealed at 575 K is ferromagnetic while that
annealed at 1,075 K is paramagnetic. These observations
clearly suggest that the origin of room temperature ferro-
magnetism in Fe- and Cu-doped ZnO samples, prepared by
the wet chemical method, can be attributed to the formation
of an impurity phase of Cu-doped ZnFe,O, rather than due
to the carrier-induced ferromagnetism [3, 4] or double
exchange interaction [5, 6] as proposed by different groups.
Han et al. have observed room temperature ferromagnetism
in Zngo4Feq 05Cug 0O prepared by solid-state reaction of
ZnO, FeO and CuO at 1,170 K. However, our samples lost
ferromagnetic characteristic by annealing them at 1,075 K.
This again points to the dependence of sample preparation
route and the quality and nature of starting materials in
obtaining room temperature ferromagnetism in TM-doped
ZnO.

Conclusions

We have synthesized Fe-doped ZnO with and without Cu
co-doping by a wet chemical method followed by anneal-
ing them at different temperatures. Rietveld Profile
refinement analysis and powder XRD data of low tem-
perature annealed (575 K) samples showed the formation
of a single-phase compound with wurtzite structure.
However, XRD patterns of high temperature annealed
samples showed the presence of an impurity phase, which
has been identified as a variant of ZnFe,O,. The apparent
absence of this phase in the samples annealed at 575 K
may be due to the broadness of impurity phase peaks, the
low level of dopant concentration and the lack of its
crystallinity. A detailed analysis of XRD and DC
magnetization data strongly suggest that the room tem-
perature ferromagnetism observed in Zngo4Feg o5Cug. 010,

2.0

mixed phase sample
151 o 575K
& 1075K

1.0+

0.5

M(emu/g)

1 L 1 L 1 L L 1 L 1 L 1
-9000 -6000 -3000 O 3000 6000 9000
H(Oe)

Fig. 7 Magnetization data for mixed phase sample (ZnO + (Zng¢
Cug 4)Fe,04) annealed at 575 K and 1,075 K
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prepared by us by the wet chemical method, can be
attributed to the formation of an impurity phase of
Zn,_,Cu,Fe;04 (0 £ x £ 0.4) rather than due to the incor-
poration of TM ions (Fe and Cu) into ZnO lattice.
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