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Abstract
The electronic density of states and magnetic properties were investigated by tunneling
spectroscopy and SQUID, respectively, for a series of 3d transition-metal (Mn, Fe, Co)-doped
ZnO. By tunneling spectroscopy an additional density of states was observed in Mn- and
Co-doped ZnO adjacent to the top of the valence band of the host ZnO. Instead, in the Fe-doped
sample, a band of density of states was observed across the Fermi level in the mid-gap. The
magnetization curve (M versus H ) obtained by SQUID showed a ferromagnetic hysteresis at
room temperature for the Fe-doped sample, whereas for the Mn- and Co-doped samples, the M
versus H curve showed only a linear characteristic without hysteresis. From the comparison of
the density of states and the magnetization characteristics, it is strongly suggested that the
ferromagnetism in Fe-doped ZnO at room temperature originates from the half-filled Fe 3d
band in the mid-gap of the host ZnO.

1. Introduction

Diluted magnetic semiconductors (DMS), in which a portion of
the atoms of the nonmagnetic semiconductor host is substituted
by magnetic transition-metal ions, have attracted much interest
in spintronics which exploits both the spin and the charge
of carriers. In the last decade most of the investigations
of DMS have focused on (Ga, Mn)As [1, 2] but the Curie
temperature Tc was below room temperature, unsuitable for
practical applications. Dietl et al predicted that p-type Mn-
doped ZnO had a Tc above room temperature [3]. Since then
ZnO has interested us in DMS which shows room temperature
ferromagnetism and many workers have investigated the 3d-
transition-metal-doped ZnO. There is, however, a lot of
controversy about their results on the properties of magnetism
and the origin of ferromagnetism [4–8]. With regard to
the origin of ferromagnetism, two mechanisms have been
proposed; one is the carrier-mediated mechanism [9] which
is supported in (Ga, Mn)As, and the other is the bound
magnetic polaron mechanism [10]. However, ferromagnetism
has been observed in both the degenerate semiconductor range

and the insulator range, and thus the ferromagnetism cannot
be explained by any one of these mechanisms. In regard
to the electronic structure of doped magnetic ions in ZnO,
some theoretical investigations have been reported [11–14],
but systematic experimental studies are very few up to now.
Therefore, it is very important to know the fundamental
properties of magnetic impurities in ZnO in order to elucidate
the origin of the ferromagnetism.

In this study we have observed the electronic density
of states (DOS) of a series of 3d transition-metal (Mn, Fe,
Co)-doped ZnO by tunneling spectroscopy, which is one of
the useful methods for analyzing the DOS directly with high
resolution, and they were compared with recent theoretical
results. Also, we have measured the magnetic properties of the
samples at room temperature and investigated the relationship
of the electronic structures and the magnetic properties.

2. Experiments

Single crystals of non-doped and M-doped ZnO (M = Mn,
Fe, Co) were prepared by the chemical vapor transport (CVT)
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Figure 1. Schematic planar-contact tunnel junction employed in this
study.

(This figure is in colour only in the electronic version)

Table 1. Growth conditions of CVT.

Sample
Transport
agents T1 (K) T2 (K)

Growth
time (h)

ZnO ZnCl2 1373 1073 120
Zn0.910Mn0.090O ZnCl2 + C 1253 1153 120
Zn0.890Fe0.110O NH4Cl 1323 1073 120
Zn0.909Co0.091O ZnCl2 1373 1073 120

method [15–17]. The 4N-purity ZnO powder was mixed
with 3N-purity Mn3O4 powder for Mn doping, 3N-purity FeO
powder for Fe doping and 3N-purity Co3O4 powder for Co
doping. Then pellets of 13 mm diameter were prepared by
pressing the mixed powders at 500 MPa for 10 min and sintered
at 1273 K for 10 h in the atmosphere. Exceptionally, Fe-doped
ZnO pellets were sealed in quartz ampoules under 10−3 Pa and
sintered at 1273 K for 10 h. The resultant pellets were a single
phase of wurtzite. After the sintering, pellets were crushed
and sealed in quartz ampoules of 200 mm (long) × 10 mm
(diameter) under 10−3 Pa together with transport agents. The
sealed ampoules were set across the border of the source zone
and the growth zone of an electric furnace for single-crystal
growth.

Table 1 shows the transport agents, temperatures of
the source zone (T1) and the growth zone (T2), and the
time of growth for samples used in this study. The
structural characterizations of the samples were made by x-
ray diffraction and the Laue method, and the M composition
x in MxZn1−x O was determined by energy-dispersive x-ray
spectroscopy (EDX).

The as-grown crystals usually contain defects of oxygen
vacancies and/or interstitial Zn, which provide the sample with
conduction electrons. Hereafter we refer the defects to these
kinds. In order to remove these defects, samples were annealed
before the measurements.

Tunneling measurements were carried out at room tem-
perature using an Al/Al2O3/sample planar-contact structure.
First, Al was evaporated onto a quartz substrate. Then it was
heated in the evaporation chamber at about 423 K for 1 h in
O2 atmosphere of 1 atm to oxidize the Al surface. The Al2O3

surface thus prepared was pressed against the sample surface

Figure 2. The relationship of the M (=Mn, Fe, Co) composition x in
the sample Mx Zn1−x O and the composition y in the starting material.

using a phosphor–bronze ribbon spring to form a stable-contact
tunnel junction, as shown in figure 1. The pressure applied to
the tunnel junction was adjusted so as to make the electrical
resistance of the tunnel junction much higher than that of the
sample bulk resistance in series with the tunnel resistance,
in order to minimize the error in the tunnel bias voltage.
Within the range of pressure applied in this study, a pressure-
dependent change in the tunneling spectra was not observed.
The tunnel bias voltage is defined here as the potential of
the sample against that of Al metal. The theory of tunneling
spectroscopy was briefly described in the previous study [18].

Magnetic properties were measured by using the
superconducting quantum interference devices (SQUID) with
magnetic field in the range ±3000 Oe applied perpendicular to
the (100) plane of the sample.

3. Results and discussion

The shape of the grown crystal samples was a hexagonal
pillar, and by the Laue method, samples were confirmed to
be wurtzite single crystal. Figure 2 shows the M (=Mn,
Fe, Co) composition x in the sample MxZn1−x O versus the
composition y in the starting material. x was obtained by
taking the average of measured values at several different
positions on the sample surface. The dispersion of x values
for each measurement was within ±1%. x increased almost
linearly up to 0.09 for Mn, 0.11 for Fe and 0.10 for Co on
increasing y. In order to examine whether there is a secondary
phase in the sample, we powdered the sample and measured the
XRD patterns. As shown in figure 3(a), the XRD patterns were
totally assigned to ZnO wurtzite and the secondary phase was
not detected. The cell volume from XRD increased, as shown
in figure 3(b), almost linearly with the M composition for Mn
and Fe according to the difference of those ionic radii and
that of the Zn ion. For the Co-doped sample, the cell volume
slightly decreased for small x , but it increased for larger x in
spite of the smaller ionic radius of Co than that of Zn. It might
happen due to the interstitial occupation of Co ions for larger x .
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Figure 3. (a) XRD patterns of non-doped and M-doped ZnO samples after powdering and (b) the cell volume as a function of the composition
x in the sample.

Figure 4. (a) Tunneling spectra for Zn0.910Mn0.090O, Zn0.909Co0.091O and non-doped ZnO, and (b) for Zn0.890Fe0.110O and non-doped ZnO.

3.1. Tunneling spectra for non-doped and doped ZnO

Figure 4(a) shows the tunneling dI/dV versus V characteris-
tics for non-doped, Mn- and Co-doped samples. As shown in
figure 4(a), the tunneling spectrum for non-doped ZnO shows
sudden rises at around 0 and −3.4 V. In short, the bandgap
(the separation of the two rises) is 3.4 eV and the Fermi level
(εF: bias voltage 0) is just at the conduction band bottom edge,
which illustrates a strong n-type. The temperature dependence
of resistivity (ρ) for 20 K < T < 300 K and the Hall
coefficient at room temperature were measured for the non-
doped sample. The carrier concentration (n-type) at room
temperature was 4 × 1017 cm−3 and the activation energy of
resistivity derived from the lower temperature region of the
ρ–T curve was 9 meV. Such a strong n-type seems to be
introduced by the interstitial Zn and/or substituted Cl for O
from the transport agent ZnCl2 as well as by O vacancies.
Similar tunneling measurements were performed using Al2O3

tunnel barriers with various thicknesses and the above value of
the energy gap (3.4 eV) was reproduced, which means that the
voltage drop across the series resistance due to the sample bulk
was negligible in the experiments.

For Mn- and Co-doped samples, the rises in the DOS were
observed in the tunneling spectra around 3.2 eV and 2.8 eV
below the bottom of the conduction band near the Fermi level
(εF), respectively. These behaviors are in qualitative agreement
with the theoretical results that the 3d-t2g band lies just above
the top of the valence band [11, 13]. The theoretical results
indicate the existence of another 3d band in the conduction
band: however, the present experiments could not identify this
DOS.

For the Fe-doped sample, as shown in figure 4(b), the
tunneling spectra showed a very different behavior from those
in the non-doped and Mn- and Co-doped samples shown in
figure 4(a). A band of DOS with about 1.2 eV width was
observed across εF (bias 0). The transition-metal 3d band with
similar width (∼1.5 eV) was observed by photoemission in V-
doped ZnO [19]. The onset of rises in the DOS on the negative
and positive sides of the bias were around −2.1 eV and 2.3 eV,
respectively. The theoretical results showed a narrower DOS in
the mid-gap of Fe-doped ZnO: some of them showed it below
the Fermi level [11, 12] and some others showed it on the Fermi
level [13]. Theoretically, this narrow DOS was assigned to the
minority-spin 3d-eg band.
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Figure 5. The M–H curves at room temperature for
Zn0.910Mn0.090O, Zn0.890Fe0.110O and Zn0.909Co0.091O, for which
tunneling measurements were carried out.

3.2. Magnetic properties of doped ZnO

Figure 5 shows the magnetization (M) versus the magnetic
field (H ) curves at room temperature for Mn-, Fe- and
Co-doped samples which were annealed under the same
conditions as those for the tunneling measurements. The M–H
curve for the Fe-doped sample showed a hysteresis loop but
not for the Mn- and Co-doped samples. We consider that these
differences were caused by the difference in the position of the
εF in ZnO. For the Fe-doped sample, since the εF is on the Fe
3d level in the mid-gap, as shown in figure 4(b), electrons may
hop between the Fe 3d levels. On the other hand, for Mn- and
Co-doped samples, since the εF is just below the bottom of the
ZnO conduction band, whereas the 3d levels lie just above the
ZnO valence band, as shown in figure 4(a), the carrier transport
does not occur on the 3d levels. In short, these differences
strongly influence the magnetic properties of each M-doped
ZnO. For the magnetic property measurements, samples were
fully annealed (10 h, 20 h) in order to remove the whole of the
defects in the bulk.

Figures 6(a) and (b) show the M–H curves and
the saturation magnetization for several annealing times,

Figure 7. The M–H curves for various x in Zn1−x Fex O at room
temperature after annealing at 973 K for 10 h.

respectively. The saturation magnetization was obtained by
extrapolating the linear portion of the M–H curve at high
magnetic field up to 3000 Oe (not shown in figure 6(a)) to
H = 0. The hysteresis loop increased with increasing the
annealing time and the saturation magnetization increased
linearly with annealing time. On the other hand, the slope
of the M–H curve at higher magnetic field was almost
unchanged with annealing time. It indicates that this latter
effect is not associated with the defects (oxygen vacancies
and/or interstitial Zn) which was reduced by the annealing.
On decreasing the defects by the annealing the M became
larger. But there seemed still some defects left in the sample
after the annealing at 973 K for 20 h because the saturation
magnetization still did not converge. The as-grown samples
contain the defects, which supply the 3d states with electrons.
It is thus considered that not all the Fe ions contribute to the
ferromagnetism but the minority-spin 3d-eg state of some Fe
ions are still filled with electrons from the defects and are well
below the Fermi level even after the annealing carried out in
this study.

Figure 7 shows the Fe composition dependence of the
M–H curve. The saturation magnetization and the slope of the

Figure 6. The M–H curves (a) and the saturation magnetization (b) of Zn0.932Fe0.068O at room temperature for several annealing times.
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M–H curve at higher magnetic field increased with increasing
Fe composition. By these results we also consider that the
slopes are influenced by the Fe ions and not by the defects. The
M increased linearly with increasing H up to 3000 Oe without
any sign of saturation.

From all the above experimental results, it is strongly
suggested that the ferromagnetism of Fe-doped ZnO at room
temperature originates from the electrons in the minority-spin
3d-eg band at the Fermi level, which means that the electrons
are somewhat delocalized. In Mn- and Co-doped ZnO, this
band is empty and full, respectively. Therefore, there is no
partially filled 3d band, and thus the ferromagnetism is not
caused. A preliminary M–T measurement suggests that the
filled majority-spin 3d bands, together with the filled minority-
spin 3d-eg band if any, might lead to a linear characteristic in
the M versus H curve.

Investigations on co-doping of an acceptor with Mn and
Co will be important for a precise understanding of the
mechanism of ferromagnetism in this system.

4. Summary

The electronic density of states and the magnetic properties
were investigated by tunneling spectroscopy and SQUID,
respectively, for a series of 3d transition-metal (Mn, Fe, Co)-
doped ZnO.

An additional density of states was observed in Mn- and
Co-doped ZnO adjacent to the top of the valence band of the
host ZnO, and the samples were strongly n-type. Instead, in
the Fe-doped sample, a band of density of states with 1.2 eV
width was observed across the Fermi level in the mid-gap.

The magnetization curve (M versus H ) obtained by
SQUID showed ferromagnetic hysteresis at room temperature
for the Fe-doped sample superimposed on a linear characteris-
tic, whereas for Mn- and Co-doped samples, the M versus H
curve showed only the linear characteristic without hysteresis.

Both the size of the hysteresis (saturation magnetization
and coercive force) and the slope of the linear characteristics
increased with the Fe composition.

From the comparison of the density of states and the
magnetization characteristics, it is strongly suggested that

the ferromagnetism in Fe-doped ZnO at room temperature
originates from the partially filled Fe 3d band in the mid-gap
of the host ZnO.
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