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The giant room-temperature magnetocapacitance is reported in the Co2+ substitutionally doped
SnO2 film in which the ferromagnetism coexists with the dielectric state. The maximum
magnetocapacitance is observed in the Sn0.98Co0.02O2 film in which the magnetocapacitance is as
large as 0.45 at frequency of 1.0 kHz and saturated magnetic field of ⬃6.0 kOe. We experimentally
demonstrate that such magnetocapacitance effect correlates with the Co dopant concentration and
the existence of oxygen vacancy. The electric polarization response of the oxygen vacancy–Co ion
complexes to the magnetic field is attributed to the origin of the magnetocapacitance. © 2009
American Institute of Physics. 关doi:10.1063/1.3249584兴
The modulation of capacitance by an external magnetic
field excitation, namely magnetocapacitance 共MC兲 effect, has
been attracting an intense interest due to its potential and
important applications in the next-generation electronic devices such as tunable spin filters, magnetic sensors, storage
devices, etc.1–6 Some efforts have been made to search MC
effect in several material systems, such as the multiferroic
compounds 共e.g., LuFe2O4兲,1 the spin tunneling junction
共e.g., Co/ Al2O3 / Co兲,2 the double perovskite film 共e.g.,
La2CoMnO6兲,3 etc. However, most of them only show weak
MC effect at cryogenic temperature, which are not suitable
for the practical applications.
On the other hand, in recent years, the dilute magnetic
oxides such as ZnO and TiO2 doped with transition-metal
共TM兲 ions have been becoming a hot topic due to their attractive multifunctionality.7 In general, they exhibit semiconductivity as well as room-temperature ferromagnetism because of the coupling interaction between the free charge
carriers and spins.8 Recently, Griffin et al.9 experimentally
demonstrated that the presence of free carriers was not required for the room-temperature ferromagnetism in some
TM-doped oxides with “bad quality.” They were thus called
as “dilute magnetic dielectrics 共DMDs兲” because the ferromagnetism can coexist with the highly insulating dielectric
state. The indirect interaction between the oxygen vacancies
and doped TM ions are demonstrated to be responsible for
the formation of ferromagnetic orders.10 In this sense, the
application of external magnetic field to such DMD system
may induce the spin-related coupling interaction between the
electron charges, oxygen vacancies, and doped ions, consequently leading to all kinds of magnetoelectric coupling process, e.g., MC effect. In this letter, we report the giant roomtemperature MC in the Co2+ substitutionally doped SnO2
film with highly insulating dielectric state, which has been
not reported previously and shows potential for the practical
applications. The origin of the MC in this DMD film is
proposed.
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The Co ion doped SnO2 nanocrystalline colloids with
average diameter of ⬃3 nm were first prepared by a hydrothermal reaction route in an inverse micelle system of
Sn4+ / Co2+ aqueous solution/oleic acid at 150 ° C for 12 h.
The Co dopant concentration was set in the range of 0 ⬍ x
⬍ 0.10. Subsequently, the Sn1−xCoxO2 film was prepared by
spin coating the nanocrystalline colloids onto the
Pt/ Ti/ SiO2 / Si共100兲 wafer, and then annealed at 600 ° C for
5 min under the N2 atmosphere. The final film was
⬃200 nm in thickness. The experimental details could be
found in our previous work.11 The x-ray diffraction, x-ray
photoelectron spectroscopy, and specific ligand-field absorption spectra measurements on the films confirmed that the
Co2+ ions were substitutionally doped at Sn4+ sites in SnO2
and no metallic Co clusters or other Co phases exists in the
sample except for the rutile SnO2 structure. Figure 1 presents
the room-temperature in-plane magnetic hysteresis loops for
the Sn1−xCoxO2 films with various x measured on a superconducting quantum interference device. All films exhibit
well-defined ferromagnetic behaviors. The saturation magnetization increases with increasing x, till reaches the maximum value of 0.27B / Co2+ at x = 0.02, and then drops 共inset
of Fig. 1兲.
For electric measurement, Pt electrodes with 0.2 mm diameter were deposited on the film surface by pulsed laser

FIG. 1. 共Color online兲 Room-temperature in-plane magnetic hysteresis
loops of the Sn1−xCoxO2 films with various x. The inset is the variation of
saturation magnetization with x.
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FIG. 3. 共Color online兲 EPR spectra of the Sn1−xCoxO2 films with various x.
FIG. 2. 共Color online兲 共a兲 Frequency dependence of capacitance under various Hbias at room temperature for the typical Sn1−xCoxO2 film with x = 0.02.
The inset is its capacitance as a function of Hbias measured at f = 1.0 kHz.
共b兲 The x dependence of MC under various Hbias measured at f = 1.0 kHz.

deposition. All films exhibited very high resistivity value beyond ⬃1 ⫻ 1010 ⍀ cm at zero field, which enables us to further explore their dielectric response to the magnetic field.
Figure 2共a兲 presents the frequency dependence of roomtemperature capacitance at various magnetic bias 共Hbias兲 for
the typical Sn0.98Co0.02O2 film. The capacitance rapidly decreases with increasing frequency, and gradually reaches a
stable constant as the frequency is beyond ⬃100 kHz. More
interestingly, one observes that the capacitance strongly depends on the Hbias. Provided the MC is defined as MC
= 100% ⫻ 关C共H兲 − C共0兲兴 / C共0兲, where C共H兲 and C共0兲 represent the capacitance at Hbias and zero magnetic bias respectively, the Hbias dependence of MC can be plotted, as shown
in the inset of Fig. 2共a兲. The negative MC value rapidly
decreases with increasing Hbias and falls to a stable value
near the saturated magnetic bias of Hbias ⬃ 6.0 kOe, indicating that strong magnetodielectric coupling happens in the
film. We then measured the MC variation with x at fixed
frequency of f = 1.0 kHz under various Hbias, as shown in
Fig. 2共b兲. The MC for all samples are unanimously negative,
decrease sharply with increasing x, until it reaches the lowest
point at x ⬃ 0.02, and then increases. At x ⬃ 0.02, the saturation value of 兩MC兩 is as large as 0.45 at Hbias = 6.0 kOe.
Such giant room-temperature MC is surprising, substantially
larger than all of the reported values in the other material
systems 共generally several percent points which only occur
at low temperature兲,2–6 and even larger than that of LuFe2O4
bulk 共about ⬃0.25 at Hbias = 1.0 kOe measured at room
temperature兲.1
In order to explore the origin of MC effect in the present
Sn1−xCoxO2 films, we further studied their microstructure
characteristics. The room-temperature electron paramagnetic
resonance 共EPR兲 spectra were first measured to examine
whether there existed the oxygen vacancies in the films, as
shown in Fig. 3. No EPR signal was detected when the
sample had no Co dopant or the Sn1−xCoxO2 film was not
subjected to the annealing treatment. However, with annealing in the N2 atmosphere at 600 ° C, the remarkable EPR
signal appears. Moreover, the EPR signal significantly varies
with the Co concentration and reaches the strongest at x
= 0.02. We further calculated the Lande factor g from the
EPR spectra and found that the g value for all samples is
⬃2.0036. This indicates that the EPR signal originates from
the oxygen vacancies.12,13 In fact, benefited from the nanocrystalline colloids derived from the chemical preparation

process as well as the annealing treatment under the N2 atmosphere, a great deal of oxygen vacancies were created in
the Sn1−xCoxO2 film due to the absence of oxygen.9
The existing state of the oxygen vacancies is crucial for
the response of the samples to the external magnetic field. So
we further carried out the microarea Raman spectroscopy
measurement to explore the existing state of the oxygen vacancies. Figure 4共a兲 presents the Raman spectra of the films
with various x. Two vibrational modes located at 637 and
784 cm−1 are observed, which are attributed to the classic
SnO2 vibrations.14 Addition of Co results in the appearance
of two new bands at 607 and 723 cm−1, which should be
assigned to the local vibrational modes activated by local
structural changes resulting from the substitution of Co2+
ions at the Sn4+ sites.15 Actually, since the mass of Co is
lower than the mass of Sn, the local vibrational mode associated with the substitutional Co2+ in the SnO2 lattice 共i.e.,
the disordered –Co–O–Sn– vibrational mode兲 is expected at
higher frequency, which can be estimated using the mass
defect equation16

 = M

冉 冊
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,

共1兲

where  M is the maximum frequency of the TO phonons of
SnO2 共here  M = 637 cm−1兲,  = 1 − M Co / M Sn = 0.50, and f is
the relative value of optical and acoustical phonon density of
states 共here f = 0.72, which is similar to the TiO2 system兲.
From Eq. 共1兲, the local –Co–O–Sn– vibrational mode is expected at 721 cm−1, which is almost consistent with the
measured Raman band of 723 cm−1.

FIG. 4. 共Color online兲 共a兲 Raman spectra and Lorentzian dividing and fitting
of the Sn1−xCoxO2 films with various x. 共b兲 Vibrational intensity ratio ␥ of
the –Co–O–Sn– band at 723 cm−1 to the –Sn–O–Sn– band at 637 cm−1 as
a function of x. 共c兲 Specific ligand-field absorption spectra of the
Sn0.98Co0.02O2 film.
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Figure 4共b兲 further gives the vibrational intensity ratio
共␥兲 of the –Co–O–Sn– band at 723 cm−1 to the –Sn–O–Sn–
band at 637 cm−1 at various x. For the calculation of the
vibrational intensity, all peaks for each Raman spectra were
fitted by using the standard Lorentzian fitting method. One
observes that, the ␥ value decreases with increasing x,
reaches the minimum near x ⬃ 0.02, and then increases to a
stable value. Combined with the EPR results that the maximum concentration of oxygen vacancy appears at x ⬃ 0.02,
we accordingly infer that the existence of oxygen vacancies
suppress the vibration of –Co–O–S– band. That is to say, the
oxygen vacancies are captured by the Co2+ ions and further
interact with the Co2+ ions. This process can be described by
the Kikoin’s theoretical model for the TM-doped DMD oxide
in which the oxygen vacancy 共VO兲 tends to be captured by
2+
the Co2+ ions to form the complex 关VO
Co2+兴 based on the
10
charge transfer reaction
0
2+
VO
共p2兲 + Co4+共d5兲 → 关VO
Co2+共d7兲兴.

共2兲

As a result, the additional ferromagnetic orders are generated
2+
Co2+兴 complexes
due to the superexchange between the 关VO
2+
where the Co ions exchange electrons via empty vacancy
level. For the present Sn1−xCoxO2 film, such electron transfer
in the complexes can be further experimentally confirmed by
the ligand-field absorption spectra 关shown in Fig. 4共c兲兴, in
which the strong shoulder peak at ⬃420 nm is ascribed to
the absorption of trapped electrons by Co2+ ions since the
metal centers can act as the electron traps.11
From above experimental results and analyses, we have
some idea about the origin of the MC effect in the present
Sn1−xCoxO2 DMD films as follows. During the charge trans2+
Co2+兴 complexes, the system remains
fer reaction in the 关VO
highly insulating because the vacancy-related electrons are
still bound by Co2+ ions. The dielectric response of the system significantly depends on this unique spin texture,6 i.e.,
2+
Co2+兴 complexes, which possess
the configuration of the 关VO
both ferromagnetic orders and highly insulating dielectric
state. Under the external magnetic field, the response of the
ferromagnetic orders in the complexes induces the electric
charges in the complexes to deviate from their symmetry
center, consequently leading to the induced polarized electric
charges. Obviously, this polarized electric charges under the
magnetic field significantly depends on the oxygen vacancy

concentration in the system. So it is understandable that the
MC is maximum for the Sn0.98Co0.02O2 film in which the
oxygen vacancy concentration is maximum.
In summary, the giant room-temperature MC in the Co2+
substitutionally doped SnO2 films is observed. The experimental results demonstrate that the MC effect is related to
the Co dopant concentration and oxygen vacancy. The electric polarization response of the oxygen vacancy–Co ion
complexes to the external magnetic field is attributed to the
MC effect.
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