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Abstract
We report on the effect of Sb co-doping on the structural and magnetic properties of bulk
ZnMnO samples. Samples with nominal compositions Zn0.98−yMn0.02SbyO (y = 0, 0.01 and
0.03) were synthesized using a solid state reaction route at 800 ◦C. X-ray diffraction (XRD)
results reveal wurtzite structure of pure ZnO without any impurity phases for compositions
y = 0.0 and 0.01. On the other hand, a weak diffraction peak corresponding to the impurity
phase Zn/MnSb2O6 was detected in the XRD pattern of composition y = 0.03. Energy
dispersive x-ray (EDAX) results confirm the presence of all elements in the samples in the
stoichiometric ratio. The M–H curve of the pure ZnMnO sample shows paramagnetic behavior,
whereas M–H curves of Sb co-doped samples show room temperature ferromagnetism
(RTFM) with saturated loops. Saturation magnetization (MS) and coercive field (HC) both
increase with the increase in Sb doping percentage. Inverse susceptibility (1/χ) versus
temperature (T ) curves suggests dominant antiferromagnetic interactions in the samples which
decrease with the co-doping of Sb. Based on the experimental results we conclude that the
observed RTFM in Sb co-doped ZnMnO is due to defects induced by strain.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Diluted magnetic semiconductors (DMSs) have attracted wide
interest and there has been a major effort to produce DMSs
with a Curie temperature (TC) above room temperature (RT).
DMSs are usually produced by doping semiconductors with
transition metals (TMs). ZnO and GaN were theoretically
predicted to be ideal candidates for RT DMSs [1]. Even
though ferromagnetism (FM) has been observed in Mn
doped ZnO, experimental studies have produced inconsistent
results and the mechanism of FM in Mn doped ZnO
remains unclear. Magnetic results reported for these DMSs
varies from paramagnetic [2, 3], ferromagnetic [4, 5],
antiferromagnetic [6–8] to spin glass behavior [9]. FM
behavior was observed in both insulating as well as
semiconducting samples, and two distinct mechanisms—
magnetic polarons and carrier mediated exchange—were
proposed for the observed FM. The most widely accepted
picture for the FM in DMSs is carrier mediated exchange.
Therefore, some work has been done with additional
dopants [10, 11] to enhance or induce FM.

ZnO has electron (n-type) conductivity with appropriate
dopants such as Al, Ga etc. Heavy electron doping of up
to 1021 cm−3 can be realized in ZnO by using a proper
doping technique. There are a lot of reports on Al co-
doped Zn(Mn/Co)O samples [12–17]. Liu et al [12] found
room temperature ferromagnetism (RTFM) in Al co-doped
ZnCoO through the increase in carrier concentration by doping
a few per cent of Al. Fukumura et al [13, 14] obtained
highly conductive n-type Zn1−xMnx O films after doping
with Al. Zhang et al [15], on the basis of first-principles
calculations, showed that additional electrons induced by Al
doping can stabilize the ferromagnetic state in Co doped
ZnO. The additional electrons act as carrier media to stabilize
the FM state with composite mechanisms consisting of
both Ruderman–Kittel–Kasuya–Yosida and double-exchange
interactions. Careful analysis of the reports revealed that
besides the carriers, structural defects are also important for the
observed FM [16]. Xu et al [17] found carrier induced RTFM
in n-type ZnMnAlO and ZnCoAlO thin films. The reported
values of the magnetic moments by this group are close to the
ideal value and also have a substantial (∼1021 cm−3) carrier
density. Carrier mediated FM is also reported by using Cu as
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Figure 1. X-ray diffraction pattern of Zn0.98−yMn0.02SbyO (the inset
shows the variation of lattice parameters with Sb concentration).

an additional dopant in ZnCoO [18, 19]. Recently, RTFM has
been reported in Sb co-doped ZnMnO thin films synthesized
by radio-frequency magnetron sputtering [20]. Sb doped p-
type ZnO films are reported by a few groups [21, 22] but Sb
co-doped ZnMnO still remains mostly unexplored. To the best
our knowledge there is only one paper on Sb co-doped ZnMnO
films [20] and no paper on its bulk counterpart. In this paper we
have investigated the effect of Sb co-doping on the structural
and magnetic properties of bulk ZnMnO samples.

2. Experiments

Bulk samples with nominal compositions Zn0.98−yMn0.02SbyO
(y = 0.0, 0.01 and 0.03) were synthesized by the standard
solid state reaction route. In this route, appropriate amounts of
ZnO, MnO2 and Sb2O3 were mixed according to the required
composition and ground in an agate mortar. The resulting
powder was heated at 400 ◦C for 10 h in air followed by
furnace cooling down to RT. After this, the resulting material
was reground and pelletized. Finally, the pellets were sintered
at 800 ◦C in air for 12 h followed by furnace cooling. The
crystal structure of the samples was studied using an x-ray
diffractometer (XRD) employing Cu Kα (1.54 Å) radiation.
The temperature dependence of the magnetization (M–T ) and
magnetic hysteresis (M–H ) loops were measured using a
vibrating sample magnetometer (VSM) and superconducting
quantum interference devices (SQUIDs). Microstructural and
chemical analysis of the samples was carried out using a field
emission scanning electron microscope (FESEM) equipped
with an energy dispersive x-ray (EDAX) detector.

3. Results and discussion

Figure 1 shows the XRD patterns of Zn0.98−yMn0.02SbyO
samples. In the XRD patterns of Sb co-doped samples of

Figure 2. Variation of strain and crystallite size with Sb co-doping
concentration.

compositions y = 0.0 and 0.01 all the diffraction peaks
correspond to the wurtzite structure of pure ZnO. However,
there are a few weak peaks corresponding to secondary phase
(Zn/Mn)Sb2O6 in the Sb co-doped sample of composition
y = 0.03. Further, it has been observed that the lattice
parameters increase with the Sb doping concentration (see
inset of figure 1). This confirms that doped Sb (ionic radius
of Sb3+ ∼ 92 pm) substitute at Zn sites (ionic radius of
Zn2+ ∼ 74 pm).

We have calculated the strain from a Williamson–Hall
plot [23] using XRD data. The Williamson–Hall equation is
expressed as follows:

B cos θ = Kλ/D + 2(ε) sin θ (1)

where B is the full width at half maximum (FWHM) of the
XRD peaks, K is the Scherer constant (∼0.89), D is the
crystallite size, λ is the x-ray wavelength (∼1.54 Å), ε is the
lattice strain and θ is the Bragg angle. In this method, B cos θ

is plotted against 2 sin θ . The intercept of the linear plot gives
the particle size (Kλ/D) and its slope gives the strain (ε). In
our case, we found that crystallite size decreases with increase
in the Sb concentration whereas strain increases (see figure 2).

The magnetization versus magnetic field (M–H ) curves
recorded at 300 K (RT) for all the samples of composition
Zn0.98−yMn0.02SbyO (y = 0.0, 0.01 and 0.03) are shown in
figure 3. For the M–H measurements the samples were taken
in powder form and the diamagnetic contribution from the
sample holder has been subtracted. The M–H curve of the
Zn0.98Mn0.02O sample shows linear variation of magnetization
with magnetic field, suggesting paramagnetic behavior of the
sample. On the other hand, the M–H curves of the Sb co-
doped samples show the presence of hysteresis loops. The
variation of MS and HC with Sb doping percentage is shown
in the inset of figure 3. It has been observed that both MS

and HC increase with increase in the Sb doping percentage.
The increase of HC with decrease in crystallite size can
be explained by the increase in domain wall pinning due
to the greater number of lattice defects in small grain size
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Figure 3. M–H curves of Sb co-doped ZnMnO. The lower inset
shows the M–H curve at 5 K and the upper inset shows the variation
of coercive field (HC) and saturation magnetization (MS) with Sb
concentration.

samples [24]. Thus we found that FM increases with increase
in Sb doping percentage. The M–H curve for the y = 0.03
sample recorded at 5 K is shown in the inset of figure 3.
Normally, for magnetic materials at low temperatures, a better
signal is expected. But magnetization measurements at 5 K
showed a signal with a small kink around the origin, indicating
small but definite ferromagnetic ordering along with significant
paramagnetic and superparamagnetic components. Thus it
can be concluded that only some portion of the substituted
Mn2+ ions are in a ferromagnetic state and the rest are in a
paramagnetic/antiferromagnetic state which may be the reason
for the small value ∼0.0055 emu g−1 (∼0.082 × 10−3μB/Mn)
of MS rather than the theoretical value (∼5 μB/Mn). The
impurity phase MnSb2O6 observed in the XRD is reported to
be a paramagnet at RT [25]. Therefore its contribution to the
observed RTFM is ruled out.

We have also recorded the temperature dependent
magnetization (M–T curves) of Zn0.98−yMn0.02SbyO samples
using a SQUID magnetometer in the temperature range 5–
300 K. The zero-field-cooled (ZFC) and field-cooled (FC)
M–T curves, measured by applying a magnetic field of
500 Oe, for the samples y = 0 and 0.03 are shown in
figure 4. By comparing the FC curves of y = 0 and 0.03
samples at low temperatures we see that magnetic moment
of the y = 0 sample is greater than that of the y = 0.03
sample. Since the low temperature regime shows paramagnetic
behavior, the paramagnetic fraction in the y = 0.03 sample
is small compared to the y = 0 sample. This is because
of the introduction of FM in the y = 0.03 sample. By
carefully analyzing the M–T behavior of the Zn0.98Mn0.02O
sample in the low temperature regime (see figure 4(a)), we
see a clear deviation in the ZFC–FC curve at ∼13 K. This
deviation is a feature of spin glass behavior [9, 26] and
is probably due to the simultaneous presence of competing
(paramagnetic/antiferromagnetic) interactions and disorder.
This type of behavior is not present in Sb co-doped samples,

Figure 4. ZFC–FC M–T curves for Zn0.98Mn0.02SbyO: (a) y = 0
and (b) y = 0.03. The inset shows expansion of ZFC–FC curves in
the region of 250–300 K.

which further substantiates that introduction of Sb helps in
stabilizing FM in the ZnMnO samples. The difference in the
ZFC and FC curves persists up to RT (see inset of figure 4)
for the y = 0.03 sample, which is also supported by the
ferromagnetic M–H curve recorded at 300 K. For y = 0,
the figure shows overlapping of the ZFC and FC curves,
implying paramagnetic behavior of the sample at RT, which
is also supported by the M–H curve recorded at 300 K. The
difference between ZFC and FC gives the net magnetization
value (�M = FC − ZFC) corresponding to the ferromagnetic
contribution in the sample by eliminating the para- and
diamagnetic contributions [27]. The net magnetization �M
is, however, very small at 300 K. This suggests weak FM in
the sample at RT.

The plots of inverse susceptibility (1/χ ) as a function of
temperature (T ) of the y = 0.0 and 0.03 samples are shown in
figure 5. The linear regime of each 1/χ versus T curve is fitted
with the Curie–Weiss linear relation as

χ = C(x)/(T − θ(x)) (2)

where θ(x) is the Curie–Weiss temperature and C(x) is the
Curie constant. We have estimated θ(x) from the linear fit in
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Table 1. Various parameters obtained from the susceptibility data.

Sample
�0

(K)
CM

(emu K g−1 Oe−1) μeff (μB)
J (total
quantum number) 2Jex/kB

Zn0.98Mn0.02O −140 0.0212 0.423 1.04 −16.49
Zn0.95Mn0.02Sb0.03O −70 0.0244 0.488 1.05 −8.13

Figure 5. Inverse susceptibility (1/χ) versus temperature (T ) curves
for Zn0.98Mn0.02SbyO: (a) y = 0 and (b) y = 0.03.

the experimental curves as shown in figure 5. The values of
θ(x) are found to be −140 K and −70 K for Zn0.98Mn0.02O
and Zn0.95Mn0.02Sb0.03O samples, respectively. This analysis
confirms that the magnetic interaction in these systems is
antiferromagnetic (AFM) in nature.

From the Curie–Weiss fit of the 1/χ versus T curves,
the μeff (effective Bohr magneton number) per gram can be
calculated from the slope C(x)−1. C(x) is related to the μeff

through the relation

μeff = [3kBC(x)/NA]1/2 (3)

where kB is the Boltzmann constant and NA is the Avogadro
number. Also

μeff = g[J (J + 1)]1/2μB (4)

where μB is the Bohr magneton number and g is the Landé
g factor. From equations (3) and (4), considering g ∼ 2.0

Table 2. EDAX data of Zn0.95Mn0.02SbyO samples.

Sample Zn (at.%) Mn (at.%) Sb (at.%) O (at.%)

y = 0.0 52.10 1.68 — 46.22
y = 0.01 61.27 1.75 1.19 35.79
y = 0.03 61.68 1.57 2.37 34.38

for Mn2+ ions, we have calculated the values of total quantum
number (J ) per formula unit for the samples as listed in table 1.

We have also calculated the value of effective exchange
interaction constant (Jex) for a proper understanding of the
nature of AFM interaction in these samples using the relation

Jex = 3θ(x)kB/2 × J (J + 1)ZNN (5)

where x (x ∼ 0.02) is the atomic fraction of magnetic ions and
ZNN is the number of nearest neighbors (ZNN = 12). From the
calculation of Jex, using the values of the required parameters
from table 1, the values of 2Jex/kB are found to be −16.49 and
−8.13 K for Zn0.98Mn0.02O and Zn0.95Mn0.02Sb0.03O samples,
respectively. The higher values of 2Jex/kB with negative sign
clearly indicate the presence of strong AFM interactions in
the samples. Moreover, the magnitudes of 2Jex/kB values
with negative sign are found to decrease with co-doping of Sb,
indicating a decrease in AFM interaction in the sample with
co-doping of Sb.

Microstructural and chemical analyses of the samples
were done using FESEM–EDAX. From the FESEM micro-
graphs, we found that as we go from pure the ZnMnO sample
to the Sb co-doped ZnMnO sample there is a two fold decrease
in the grain size (see figure 6). These results are in agreement
with the XRD results (see figure 2). The EDAX results for all
the samples are listed in table 2. From the EDAX data it is
found that the sample with a larger grain size (y = 0) has a
higher oxygen content, i.e. fewer oxygen vacancies, than sam-
ples with a smaller grain size (y = 0.01 and 0.03). In the
present case there may also be some contribution of Zn vacan-
cies in introducing ferromagnetism in the sample as reported
by Iusan et al [28] on the basis of theoretical calculation. A
representative EDAX pattern of the Zn0.95Mn0.02Sb0.03O sam-
ple, showing the presence of Sb, Mn, Zn and O, is shown in
figure 7. We do not observe any clustering of Mn or Co in the
samples through FESEM–EDAX results or from XRD results
within the detection limits of both techniques.

Thus from the magnetic measurements we see that Sb
co-doping helps in stabilizing RTFM in ZnMnO. Although
the exact mechanism for the observed RTFM is not clear,
the experimental results of the present investigation clearly
suggest that not only the presence of carriers but also the
defects (associated with strain, i.e. oxygen vacancies and
defects at zinc sites) play an important role in introducing
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Figure 6. FESEM micrographs of Zn0.98Mn0.02SbyO: (a) y = 0, (b) y = 0.01 and (c) y = 0.03. (d) The variation of average grain size with
Sb co-doping concentration.

Figure 7. Typical EDAX pattern of Zn0.98Mn0.02Sb0.03O sample.

FM in the samples. Strain induced FM is also reported in
ZnCoO thin films [29]. Oxygen vacancy induced RTFM has
been reported by several groups [30–32]. In our samples,
we were not able to measure the carrier concentration due
to their high resistance. Thus right now we are not sure
that the observed RTFM in Sb co-doped ZnMnO samples
is due to additional carriers introduced by Sb co-doping.
However, based on the experimental results, we conclude

that the observed RTFM in Sb co-doped ZnMnO samples is
due to defects induced by strain. Recently, RTFM in Sb
co-doped ZnMnO thin films was reported by Ji et al [20].
They found ferromagnetism in Zn0.985(Mn0.01Sb0.005)O with
MS ∼ 0.92 μB/Mn2+ and this value increases further to
1.76 μB/Mn2+ after annealing the samples in an oxygen rich
atmosphere. They explained the observed FM by the bound
magnetic polaron (BMP) [33] model, in which localized p-type
defects mediate the ferromagnetic ordering. In our case the
value of MS (∼0.082×10−3 μB/Mn) is small in comparison to
the one reported by Ji et al. The difference in magnetic moment
values is possibly due to the sensitivity of the DMS materials to
the synthesis conditions and synthesis techniques. Moreover in
our case the ferromagnetism is due to oxygen vacancies which
give rise to n-type behavior [34]. Further characterizations to
understand the origin of ferromagnetism are under progress.

4. Conclusions

In summary, we observed RTFM in Sb co-doped ZnMnO
samples synthesized by a solid state reaction route. Based on
the experimental results it has been concluded that the defects
induced by strain play an important role in stabilizing RTFM
in Sb co-doped ZnMnO samples.
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