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Magnetic and magneto-dielectric properties of magneto-electric 
field effect capacitor using Cr2O3

Takeshi YOKOTA,† Shotaro MURATA, Takaaki KURIBAYASHI and Manabu GOMI

Materials Science and Engineering, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya, Aichi, 466-8555

We investigated the magnetic and dielectric properties of a metal (Pt)/insulator (Cr2O3)/magnetic floating gate (Fe)/tunnel 
layer (CeO2)/semiconductor (Si) capacitor. This capacitor shows capacitance–voltage (C–V) properties typical of a Si Metal-
Insulator-Semiconductor (MIS) capacitor with hysteresis, which indicates that electrons have been injected into the Fe layer. 
The capacitor also shows ferromagnetic properties. The C–V curve has a hysteresis window with a clockwise trace. This 
hysteresis behavior was changed by the application of an external magnetic field. These results indicate that this MIS capacitor
contains a ferromagnetic floating gate and a magneto-electric insulating layer in a single system.
©2008 The Ceramic Society of Japan. All rights reserved.
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1. Introduction
Magneto-electronics employing magneto-electric (ME) mate-

rials have become attractive as new generation non-volatile data 
storage devices because their magnetic or ferroelectric properties 
can be controlled by an external electric or magnetic field. For 
example, reports have described cross-coupling involving polar-
ization reversal through the application of a magnetic field to 
TbMn2O5 and the electric field-stimulated ferromagnetic order in 
hexagonal HoMnO3.1),2) Epitaxially grown BiFeO3 films have 
shown an enhancement of ferroelectric polarization and related 
properties by more than an order of magnitude in comparison to 
bulk BiFeO3.3),4) However, most of those materials have a rela-
tively low magnetic Curie temperature, i.e., less than 270 K.

The present study focused on the ME material Cr2O3 in spin-
tronics applications. The Néel temperature of Cr2O3 is 307 K and 
the ME effect is expected to occur at room temperature. How-
ever, the magnetic moment induced by an electric field of 105

Vm–1 is only 10–5 μB per Cr atom.5)–7) In order to make efficient 
use of the magnetic moment, we propose the use of Cr2O3 film 
as a control gate insulator of a MIS capacitor which includes a 
magnetic floating gate (MFG). Use of the induced magnetic 
moment might provide a sufficiently high degree of control of the 
other magnetic spin states, especially very tiny spin. Hence, we 
predict that the induced magnetic moment will affect electro-
magnetically the stored charge state in an ultra-thin MFG layer. 
To achieve this purpose, in the present paper we prepared the 
magneto-electric field effect capacitors (MECs) and investigated 
the magnetic and dielectric properties.

2. Experiment
MECs were prepared using the 3-guns radio-frequency 

magnetron sputtering method. Cr2O3 and CeO2 sintered ceramics 
were used as the target. The base pressure before introducing the 
sputtering gas was 3.0 × 10–4 Pa and the gas pressure during 
deposition was 8.0 × 10–1 Pa. The first CeO2 tunnel layer was 

deposited on an n-type Si (111) substrate cleaned using improved 
Radio Corporation America methods. The thickness of the first 
layer was changed from 5 to 15 nm. MFG, which is a Fe layer 
with a thickness of 1.5 nm, was then deposited using only Ar as 
the sputtering gas. Finally, a Cr2O3 layer of 45 nm was deposited. 
The magnetic properties of the sample were measured using a 
Superconducting Quantum Interface Device. The structural anal-
ysis of the films was performed using an X-ray diffractometer 
(XRD) utilizing Cu Kα radiation and Reflected High Energy 
Electron Diffraction (RHEED). The surface morphology was 
measured using an Atomic Force Microscope (AFM). The 
leakage current was measured using a picoammeter (Keithley-
6487), while capacitance was measured using a LCR meter 
(Wayne Kerr 6440A). Pt and Au were used as a top and bottom 
electrode, respectively. To avoid a measurement deviation, 
electric property measurements were performed using about 40 
electrodes constructed on the sample. A schematic illustration is 
shown in Fig. 2.

3. Results and discussion
It is well known that oxide films are difficult to be directly 

deposit on Si without any SiOx in the interface. In order to pre-
vent this problem, CeO2 was used as a first tunnel layer, because 
the Gibbs Free Energy of CeO2 is higher than that of SiOx. More-
over, the lattices mismatch between the CeO2 (111) and Si (111) 
substrate is about 0.35%. This means that the CeO2 can be 
directly grown on Si substrate.8),9) Since no crystallographic 
differences such as d-spacing changes, intensity changes and full 
width at half maximum are observed by changing the thicknesses 
of the CeO2 and MFG layers, respectively, typical XRD and 
RHEED patterns of the Cr2O3/MFG/CeO2/Si capacitor were pro-
duced, as shown in Fig. 1. Cr2O3 polycrystalline diffraction and 
highly oriented CeO2 diffraction patterns were observed. This 
result supported our expectation mentioned above. According to 
an analysis of the RHEED pattern, Cr2O3 film has preferentially 
006-oriented structures. Figure 2 shows the CeO2 tunnel layer’s 
dependence on the thickness of the (a) I–V and (b) C–V charac-
teristics of the sample. The inset shows a schematic illustration 
of the measurement. The leakage current density decreased with 
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the increases in the thickness of the tunnel layer. Although thick 
insulator produces high resistivity, the leakage current density of 
the sample having a 15 nm tunnel layer was high. The C–V
curves show hysteresis due to insertion of the MFG layers. The 
curve of the sample having a 15 nm tunnel layer has hysteresis 
showing a counterclockwise trace, which indicates that the film 
has mobile ionic charges. The other films having other tunnel 
layer thicknesses show a clockwise trace, which indicates that 
electrons have been injected into the ultra-thin Fe layer. 
Although the sample having a 10 nm tunnel layer showed the 
lowest leakage current, the hysteresis window width decreased 
compared with the sample having a 5 nm tunnel layer. In order 
to investigate the I–V and C–V curves differences among 
samples, surface morphology of CeO2 layers were measured 
using AFM. The AFM images were measured using a 1 nm lift 
height. Figure 3 shows AFM images and the line profiles, which 
is corresponding to the white line on the images, of the surface 
of CeO2 film with various thicknesses. According to the line 
profiles, the surface morphology of the sample with the thickness 
of 10 nm is the smoothest among the samples. On the other hand, 
15 nm sample’s surface is obviously rough. This is probably due 

to the crystal growth mode of CeO2 film at high temperatures. 
Below 10 nm thickness, CeO2 film seems to be 2-dimentionally 
grown until CeO2 film was fully covered Si surface. And then 
film was 3-dimendionally grown. With the increases of the CeO2

thickness, stress of CeO2 film due to the lattice mismatch was 

Fig. 1. XRD and RHEED patterns of Cr2O3(45 nm)/Fe(1.5 nm)/
CeO2(5 nm)/Si capacitor.

Fig. 2. (a) I–V and (b) C–V characteristics of the Cr2O3/Fe/CeO2/Si 
capacitor with various CeO2 thicknesses.

Fig. 3. AFM images and line profiles of CeO2 films with the thickness of (a) 5 nm, (b) 10 nm, (c) 15 nm. The AFM images were 
measured using a 1 nm lift height and Line profiles were measured along cursor indicated on AFM images.
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relaxed. Consequently, CeO2 film was 3-dimentionally grown 
with the arrangement of CeO2, making CeO2 (111) in-plane 
random.8) This makes highly oriented CeO2 film shows a columnar
structure with an increase in thickness. The leakage current den-
sity differences among samples can be explained by these surface 
morphology differences. Since the samples have smooth surface 
below a thickness of 10 nm, the leakage current decreases with 
the increases of CeO2 thickness. However, the sample with the 
thickness of 15 nm has rough surface with a columnar structure, 
which causes high leakage current along the crystal grain boundary.
The C–V curves also were explained by the I–V properties. The 
sample having a 10 nm tunnel layer is too thick to allow the 
tunneling effect, and thus a sufficient electron charge cannot be 
injected into the MFG layer from Si. On the other hand, the 
sample having a 15 nm tunnel layer has rough surface roughness. 
When the Fe was deposited on this rough surface, the mobile 
ionic charge or space charge, which gives rise to the high leakage 
current density, could be generated between Fe and CeO2. There-
fore, the C–V curves showed the hysteresis a counterclockwise 
trace.

Since a sample expressing the memory effect using ME mate-
rial was prepared, its magnetic properties were also measured. 
Figure 4 shows the magnetization curve of the sample having a 
5 nm tunnel layer. The saturation magnetization was about 200 
emu/cc. Since there are no magnetic properties differences 
among samples with different CeO2 thickness, this magnetic 
property is responsible for the inserted Fe layer. It seems that Fe 
wasn’t oxidized during the deposition. It is difficult to determine 
the volume of the MFG layer because of its thinness. Therefore, 
the measurement values were divided by both the thickness of 
1.5 nm and the sample area. If the Fe moment showed theoretical 
values of 1728 emu/cc, the coverage area of the Fe films against 
the surface area were about 12%. According to this estimation, 
Fe should exist in the form of dispersed particles because electric 
properties such as charge injection properties seen in the C–V
measurement didn’t show any differences between each 
electrode.

In order to understand the relationships among magnetic, 
magneto-electric and charge injection properties, C–V properties 
with and without an external magnetic field were measured. 
Figure 5 shows the C–V curves of the sample with and without 
the application of a magnetic field of 0.5 T. The squareness of 
the C–V curve was enhanced by applying the magnetic field, and 
the capacitance values of the carrier accumulation region are 

changed also by the magnetic field’s application. The value of 
capacitance changes is up to about 20 pF. With the increases of 
the CeO2 thickness, these changes become small. This behavior 
can be reproduced in at least 20 measurements. Although we 
haven’t yet determined the physical origin of this behavior, one 
possible explanation can be proposed. Occurrence of the hysteresis
window could be explained by a threshold voltage shift due to 
the stored charge in the floating gate. The squareness is related 
to the easiness of the band bending of the insulator. The Cr2O3

can produce an induced polarization by applying an external 
magnetic field due to its ME feature and can induce an apparent 
change of the relative permittivity of Cr2O3. Or, the dielectric 
domain of Cr2O3 might be aligned electro-magnetically with the 
existence of both an external magnetic field and electric field, 

Fig. 4. Magnetization curve of Cr2O3(45 nm)/Fe (1.5 nm)/CeO2(0.5 
nm)/Si capacitor measured at 300 K.

Fig. 5. C–V curves of the Cr2O3/Fe/CeO2/Si capacitor having a (a) 5 
nm (b) 10 nm (c) 15 nm CeO2 tunnel layer with and without the applica-
tion of a magnetic field of 0.5 T.
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which are applied for the C–V measurement.10),11) In any case, we 
can expect an increase in the relative permittivity of Cr2O3. Upon 
application of a voltage VG to the gate, which is top electrode 
on this system, an electric field is established in each of the two 
insulators. In other words, we have that VG = V1 + V2 where V1

and V2 are the voltages developed across Cr2O3 and CeO2. There-
fore, increases of the relative permittivity of Cr2O3 give rise to 
an increase the voltages applied on CeO2 layer.12) Band bending of 
CeO2 then easily occurrs. In fact, the relative permittivity 
changes of the sample with 0.5 nm CeO2 layer as estimated using 
the capacitance value of the accumulation region was about 0.2. 
This is high enough to change the applying voltage on CeO2. On 
the other hand, an effective electric field applied on Cr2O3 film 
decrease with the increases of the CeO2 thickness. The effective 
electric field decreases is about 30 kV/cm estimated using equiva-
lent circuit. It could affect the magneto-electrical dielectric domain 
alight of Cr2O3. In addition, increases of CeO2 thickness make a 
probability of tunneling effect reduce or generate mobile ionic 
charges as mentioned above. In the case of the sample with 10 
nm CeO2 film, the capacitance value was obviously changed and 
the squareness of the C–V curve is barely changed by the appli-
cation of the magnetic field. Since the sample with 10 nm CeO2

film is too thick to allow the tunneling effect, a sufficient electron 
charge cannot be injected into the MFG layer from Si even with 
the occurrence of electro-magnetical dielectric domain alignment 
of Cr2O3. In the case of the sample with 15 nm CeO2, both the 
ME effect and the changes of charge injection behavior cannot 
be observed due to its high leakage current. Though the need 
more optimizing in regard to the MFG materials and the selection 
of tunnel layer material in order to allow their application as semi-
conductor memory devices, this MECs shows promise as a new 
spintronics device that allows inclusion of the ME effect and a 
charge injected memory cell in a single system. Also included in 
this device are typical magnetic features, such as exchange bias 
occurring between the ferromagnetic and antiferromagnetic 
materials, because the memory cell consists of both antiferro-
magnetic material (Cr2O3) and ferromagnetic material (Fe).13)

4. Conclusion
We prepared a magneto-electric field effect transistor and 

investigated its magnetic and dielectric properties. The first 
tunnel layer of CeO2 film has a highly oriented polycrystalline 
structure on a Si (111) substrate, while the gate insulator of the 
Cr2O3 film has preferentially 006-oriented structures. The sample 
showed ferromagnetic properties on a magnetization curve by the 

insertion of a MFG layer composed of Fe. The C–V curve shows 
hysteresis and a trace typical of a Si-MIS capacitor, indicating 
the carrier accumulation and depletion process in the interface 
between Si and the insulator. The hysteresis curve of a sample 
having a tunnel layer thickness of less than 10 nm has a clock-
wise carrier injection-type trace. The squareness of the hysteresis 
was enhanced by applying an external magnetic field of 0.5 T. 
These results indicate that this MIS capacitor contains a memo-
rized floating gate, ME insulating layer, and ferromagnetic 
feature in one system.
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