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Iron doped (5%) ZnO powders were prepared by hydrothermal and combustion methods. Subsequent
heating treatments on these samples were performed under air and also under a reductive atmosphere.
Powder XRD, Mdssbauer spectroscopy and magnetization studies were used to characterize the
products and investigate the localization of iron ions in the ZnO lattice. It was shown that a mixture
with a ZnFe,0,4 type phase was obtained when the sample was prepared by the hydrothermal method,
while Fe>* occupy tetrahedral sites of the ZnO lattice in the case of the sample obtained by the
combustion method. The magnetic measurements show that no ferromagnetism was detected in the
iron doped ZnO compound, neither in the as prepared state nor after reduction.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

ZnO has been one of the most investigated oxides in recent
years, especially due to its applications in opto-electronic
devices [1]. Zno has many industrial applications as an additive
in plastics, ceramics, glasses, cement, rubber, pigments, etc. It is
also being investigated for use in photocatalysis and UV-absor-
bers in textiles and for gas sensor applications [2-4].

ZnO presents the hexagonal wurtzite structure, with Zn?>* ions
occupying tetrahedral coordination sites. The prediction that the
partial substitution of Zn by a transition metal ion in the ZnO
structure could lead to a ferromagnetic interaction with Curie
temperature (T¢) above room temperature [5-7] stimulated the
study of this type of compounds in the form of single crystals,
films or powders. In spite of a large amount of research work, the
disparity as well as the poor reproducibility of the reported
results [8,9] has raised doubts about the feasibility of intrinsic
diluted magnetic semiconducting behavior at room temperature.
This difficulty is related to the low solubility limits of various
transition metal ions in ZnO. In thin films [10] and nanocrystalline
powders [11] it was shown that the solubility limit for Fe was
lower than 5 mol%. Furthermore, doping with transition metals
such as iron, for which M3* ions are highly stable, implies a
charge neutrality mechanism, namely the creation of cation
vacancies, as proved by positron annihilation lifetime spectro-
scopy measurements [12]. Various studies on iron doped ZnO
samples have reported the coexistence of Fe?* and Fe** in
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diluted samples showing ferromagnetism at room temperature
[13-15]. The observation of Fe** has been associated with Zn
vacancies that in turn should contribute to the ferromagnetic
coupling of the Fe ions.

In order to clarify the iron valence and magnetic ordering in
these compounds, we have prepared bulk Fe-doped ZnO by two
different routes. Iron was chosen as doping transition metal for
two reasons. First, Fe-doped ZnO is one of the candidates to show
a ferromagnetic behavior. Furthermore, Fe doping allows the
study of the compound by Mdssbauer spectroscopy, a powerful
local probe technique that should lead to unquestionable conclu-
sions about the location of the Fe ions in the ZnO lattice.

2. Experimental section

Both ZnO and 5% Fe-doped ZnO (Zng gsFeq050) were prepared
by the hydrothermal method at 150 °C, and by a self-combustion
method at 500 °C. ZnO and Fe:ZnO samples obtained by both
methods were white and yellowish, respectively.

(a) Hydrothermal method (H)—Stoichiometric amounts of
Zn(Ac), - 2H,0 (Riedel-de-Haén; 99.5%) and Fe(Cy04)-2H,0
(Riedel-de-Haén; 99.5%) (for the doped samples) necessary to
prepare ~3 g of product were dissolved in nitric acid solution.
Then, the amount of a 4 M ammonium solution necessary to
ensure total precipitation was added dropwise under vigorous
stirring. The resulting suspension was maintained at room
temperature overnight and filtered. This precursor was heated
at 150 °C for 2 h in an autoclave, with 20 ml of ammonium
solution. The final powder was carefully washed with
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deionised water until a neutral pH was obtained, and filtered. In order to investigate the stability of iron (Fe3*/Fe?*) sub-
In order to check out the stability and the possible presence of stituting zinc ions in the ZnO lattice, both doped samples were
impurities, these powders were further calcined until 500 °C, further heated at 500 °C under a reducing atmosphere (N2 +5%H5)
also allowing the comparison with the samples obtained by at atmospheric pressure. No color changes were detected after
the self-combustion route. reduction of the iron doped sample obtained by the hydrothermal

(b) Self-combustion method (C)—Stoichiometric amounts of method while the one prepared by the self-combustion method
Zn(Ac),-2H,0 and Fe(C,04)-2H,0 necessary to prepare became green.
~3 g of product were dissolved in nitric acid solution. Then The crystal structure and phase purity of the powders were
the amount of citric acid equal to the molar amount of checked by powder X-ray diffraction (XRD) with a Phillips PW
product was added. The light-yellow solution was gently 1730 diffractometer using the CuKo radiation, previously cali-
heated in a sand bath to evaporate the solution and induce brated using a Si standard. Data were collected in the range 20-
the auto-combustion, which occurred without flame. The 120° (20). The cell parameters were calculated using FullProf [16].
yellowish product was further calcined in air at 400 °C for A sixth order polynomial function was used to model the back-
4 h followed by a treatment at 500 °C for 12 h. ground level and the peak shapes were fitted to a pseudo-Voigt

function. Fourier transform infrared spectra (FTIR) of the samples

obtained by the self-combustion method were recorded using a

80 - Perkin-Elmer 1600 spectrometer at room temperature, as KBr
1 pellets.
70 The 5’Fe Méssbauer spectra were collected at room tempera-
A ture in transmission mode using a conventional constant-accelera-
60 7 tion spectrometer and a 25 mCi >’Co source in an Rh matrix. The
0 1 c velocity scale was calibrated using an «-Fe foil. The spectra were
C > | fitted to Lorentzian lines using the WinNormos fitting program.
= 40 a Magnetization measurements as a function of temperature,
] b M(T), and applied magnetic field, M(H) in doped and undoped ZnO
30 samples, were performed using a SQUID magnetometer (Quan-
. tum Design MPMS). The M(T) curves were obtained at 5 mT and
20 10 mT for temperatures ranging from 2 to 380 K. Data were
1 collected in increasing temperature after both zero-field cooling
10 (ZFC) and field cooling (FC). The isothermal M(H) curves and
1 hysteresis loops were measured for magnetic fields up to 5.5 T.
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Fig. 1. FTIR spectra of KBr discs of the samples prepared by the self-combustion .
method: (a) undoped ZnO; (b) Fe:ZnO obtained at 500 °C under air; and (c) Fe:ZnO The FTIR spectra of the samples obtained by the self-combus-
obtained at 500 °C under hydrogen atmosphere. tion method are shown in Fig. 1, where the fundamental vibration
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Fig. 2. XRD patterns of the prepared samples obtained by the hydrothermal method (H) and self-combustion route (C): (a) ZnO (H); (b) Fe:ZnO (H); (¢) ZnO (C); (d) Fe:ZnO
(C); and (e) Fe:ZnO (C) heated under hydrogen atmosphere.
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absorption of the zinc oxide is clearly visible at <520 cm~!, and
the bands around 3450-3500 cm~! and 1630 cm ™! are due to the
presence of adsorbed water [3,17]. The lack of other significant
absorption bands is indicative of the good degradation of the
organic material.

Powder X-ray diffraction (XRD) was used to verify the purity of
the synthesized samples and to determine the cell parameters
values. The XRD patterns of all as-prepared samples and of the
doped sample obtained by the self-combustion method and further
reduced under hydrogen atmosphere are presented in Fig. 2. All the
patterns indicate the formation of pure ZnO phases, with a hex-
agonal wiirtzite structure (space group P6smc) as no additional
diffraction peaks were detected within the X-ray detection limit.

Motivated by the Md&ssbauer results (see below), the Fe:ZnO
sample obtained by the hydrothermal route was further calcined
above 200 °C and the peaks of a spinel phase (ZnFe,04 type)
emerged, being clearly visible after the treatment at 500 °C, as can
be observed in Fig. 3. Therefore, it can be deduced that a spinel
type phase, with very low crystallinity, was probably present in
the as-prepared sample, although not visible by XRD, questioning
the effective substitution of zinc by iron ions in the ZnO lattice.
This hypothesis is in accordance with the absence of color change
in this sample after treatment under reductive atmosphere.

The cell parameter values obtained by the refinement of the
XRD patterns using the Fullprof software are summarized

in Table 1. The values of the ZnO cell lattice prepared by the
self-combustion method are quite identical to those previously
reported for a sample obtained by the low-temperature decom-
position of acetate solution (a=3.249 A, ¢=5.206 A) [18], and
slightly different from those obtained for the ZnO sample pre-
pared by the hydrothermal route. In the case of the doped
compound a slight decrease of the cell parameters when com-
pared to those of the undoped ZnO is observed for the self-
combustion samples. The almost insignificant increase verified for
the Fe:ZnO sample obtained by the hydrothermal route is con-
sistent with the previous assumption that in this case, iron doping
ZnO was not achieved, and iron is certainly present as an impurity
phase such as ZnFe;04.

Besides, a small increase of the lattice volume was observed
when the iron doped sample (self-combustion route) was heated
under hydrogen atmosphere. These results are consistent with the
effective ionic radius of the several ions involved, considering the
fourfold coordination: Zn>*=0.60A; Fe?*=063A and
Fe>* =0.49 A [19]. Thus, it is possible to deduce that the iron
probably exists as Fe>* in the Fe:ZnO compound obtained under
air and that a reduction of iron occurred when the compound was
subject to the hydrogen atmosphere treatment, as effectively
demonstrated by the Mdssbauer spectroscopy results (see below).

Fig. 2 also indicates that the XRD peaks of the doped sample
obtained by the self-combustion method are broadened when
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Fig. 3. XRD patterns of the iron doped ZnO samples prepared by the hydrothermal method: (a) as-prepared and (b) after heating at 500 °C, under air. *Diffraction peaks for

ZnFe,04 shown in detail in the inset.

Table 1
Lattice parameters of the prepared samples.

Preparation method Sample a(A) c(A) Volume (A%)

Hydrothermal method ZnO 3.2518(1) 5.2092(1) 47.702(2)
Fe:ZnO 3.2523(1) 5.2095(2) 47.721(3)

Self-combustion method ZnO 3.2498(1) 5.2067(2) 47.620(2)
Fe:ZnO 3.2493(2) 5.2038(4) 47.580(5)
Fe:ZnO (reduced) 3.2527(1) 5.2055(2) 47.694(2)
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Table 2 E
Hyperfine parameters extracted from fitting the Mossbauer spectra for the
different compounds. J: isomer shift; 4: quadrupole splitting; I': line width. 0.1 - 4
Uncertainties in % are less than 2%.
Method Sample Site 6 (mm/s) 4 (mm/s) I' (mm/s) % =— 10K
0.2 4 ——300K
Hydrothermal As prepared I 0.34(1) 0.44(1) 0.27(1) 55
I 035(1) 073(2) 0.34(1) 45 o T oo T T
After reduction I 0.33(1) 0.42(1) 0.26(2) 42 -0.08 -0.06 -0.04 -0.02 0.00 0.0z 0.04 006 0.08
I 0.34(1) 0.72(3) 0.43(1) 58 poH (T)
Self-combustion As prepared I 0.28(1)  0.79(2) 0.46(1) 73
I 024(1) 1.28(2) 0.35(3) 27 Fig. 6. ZFC (open symbols) and FC (solid symbols) magnetization curves of the
After reduction I'  0.28(1)  0.91(2) 0.64(2) 54 samples prepared by the hydrothermal method: (a) as prepared, the inset
I 092(1) 0.41(1) 0.24(2) 28 represents the inverse susceptibility curve; (b) reduced, the inset shows the
mr 091(1) 0.82(5) 0.38(5) 18 isothermal magnetization curves at 10 and 300 K; and (c) low field region of the

magnetization curves shown in the inset of (b).
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The Mossbauer spectra and the results obtained from the
fitting procedure for all samples are presented in Figs. 4 and 5
and in Table 2.

Concerning the sample prepared by the hydrothermal route,
the spectrum is well resolved using two doublets (Fig. 4) char-
acterized by similar isomer shifts and different quadrupole split-
tings. The § values obtained are lower than expected for Fe?* in
tetrahedral sites but higher than the usual values for Fe** in the
same kind of sites. In fact, the 6 values are much closer to
characteristic values of octahedral Fe>* jons (d ~0.36 mms~!),
with one of the >’Fe nucleus sensing a more distorted surround-
ing (higher quadrupole splitting). These results closely follow the
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ones obtained by Stewart et al. [21] for ZnFe,04 synthesized by a
hydrothermal process. Besides, as can be seen in Table 2, no
significant differences were found in the hyperfine parameters
obtained for the sample measured after the reduction treatment.
Therefore, the Mdssbauer measurements, together with the mag-
netization results (see below) and in accordance with XRD data
discussion, indicate that iron ions were mainly present in a
secondary undesired phase like ZnFe,0,, stable under reductive
atmosphere, justifying the unchanged color of the sample.
Concerning the results obtained for the sample prepared by
the self-combustion method, the Mdssbauer spectrum is well
resolved using two doublets with ¢ values consistent with the
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Fig. 7. ZFC (open symbols) and FC (solid symbols) magnetization curves of the samples prepared by the combustion method: (a) as prepared; the inset represents the
inverse susceptibility as a function of temperature and the fit to the high temperature data using the Curie-Weiss law and (b) reduced, the inset shows the isothermal
magnetization curves obtained at 10 and 300 K.
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presence of Fe>* in tetrahedral distorted sites (Fig. 5). According
to previous published works, depending on the synthesis condi-
tions, either Fe?* or Fe** have been detected by Méssbauer
spectroscopy substituting Zn?* in the ZnO lattice [22]. In the
present work, as Fe>* substituted Zn?*, compensating defects
such as cation vacancies had to be formed to maintain charge
neutrality. This fact has certainly changed the possible iron
vicinities, justifying the spectrum fitting with two distinct Fe>*
sites with non-negligible line widths. For this sample, the heating
treatment under H, reduced Fe3* to Fe?* as undoubtedly shown
by the two doublets with ¢ values around 0.9 mmy/s (about 50% of
the iron ions). Further reduction treatment did not increase the
Fe’" content.

Fig. 6 shows the magnetization curves of the samples obtained
by the hydrothermal method. As can be seen, in the case of the as-
prepared sample the magnetization decreases with temperature
over the whole temperature range. The inverse DC susceptibility
curve (inset) shows a linear dependence with temperature at the
highest temperatures and from the fitting with the Curie-Weiss
law the value of 5.4(1) ug for the effective magnetic moment and
a positive paramagnetic Curie temperature were extracted. How-
ever, as previously shown by XRD (Fig. 3), a ZnFe,0, type phase is
also present in this sample. After the reduction treatment, which
in this case did not change the iron valence, as proved by the
Mossbauer results, the existence of a ZnFe,O4 type phase is
clearly identified by the magnetization maximum around 19 K,
observed in both ZFC and FC curves. In fact, normal ZnFe,04 with
all Zn ions in tetrahedral sites and all Fe ions in octahedral sites
has a Néel temperature of 10K, but cation disorder leads to
ferromagnetic interactions and an increase of the critical tem-
perature. Isothermal magnetization at 10K clearly shows a
ferromagnetic behavior in agreement with the presence of a
ZnFe,04 type phase.

The magnetization results of the samples obtained by the
combustion method are presented in Fig. 7. For the as-prepared
sample, the inverse DC susceptibility curve (inset in Fig. 7a)
shows a linear dependence with temperature. A value of 4.4(1)
up for the effective magnetic moment and a negative paramag-
netic Curie temperature (around —110 K) were extracted using
the Curie-Weiss law at the highest temperatures. The moment
obtained is lower than the expected value for Fe** (p=5.9). The
negative value of 0 indicates the existence of antiferromagnetic
interactions that could lower the effective magnetic moment.
After the reduction treatment (Fig. 7b) the sample still displays a
paramagnetic behavior, although an irreversibility can be clearly
observed for temperatures up to 300 K. Isothermal magnetization
measured at 10 K also shows a paramagnetic behavior. Since no
magnetic transition is detected in the entire range of tempera-
tures, the irreversibility behavior may be understood as a con-
sequence of the 50% of Fe?* present in the sample, with an
enhancement of the local Fe-Fe interaction. The Madssbauer
results of this sample clearly indicated that only the valence of
iron ions was changed with the reduction treatment, with iron
ions remaining in tetrahedral coordination, supporting the idea of
a diluted system. In such type of system a mean field model
(RKKY interaction) has been previously invoked to explain the
magnetization irreversibility observed in cobalt doped ZnO sam-
ples [23] and a similar mechanism is a possible explanation for
the present results. Room temperature ferromagnetic order in
transition-metal doped ZnO has been reported by other authors
and explained through a bound magnetic polaron model [24],
where lattice defects play a key role in coupling the magnetic
moments of transition-metal ions. The Madssbauer results

described in this work suggest the presence of lattice defects
but such defects seem to have no role in mediating a magnetic
ordered state of the Fe ions. The magnetization results obtained
with the samples prepared by the combustion method clearly
show that 5% Fe diluted in ZnO does not exhibit a ferromagnetic
behavior.

4. Conclusions

In this work, distinct samples were obtained using two
different synthesis methods. Although, a single phase was appar-
ently present on the as-prepared sample synthesized by the
hydrothermal method, the results obtained by the different
techniques are consistent with the formation of a ZnFe,04 type
phase mixed with ZnO. On the contrary, the compound
Zng gsFeg0s0 was successfully synthesized by a self-combustion
method, as it was demonstrated that Fe>* occupy tetrahedral
sites of the ZnO lattice. Furthermore, it has been shown that this
compound is structurally stable under hydrogen atmosphere,
leading to partial reduction of Fe** to Fe’*, as undoubtedly
proved by Mdssbauer spectroscopy. This valence change was also
evident by a change of color. Globally, the magnetization mea-
surements indicated that both as-prepared and reduced
ZnggsFep0s0 compounds display a paramagnetic behavior and,
contrary to some results published in the literature, no ferromag-
netism was detected in these 5% doped ZnO semiconductors.
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