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Large magnetocapacitance effect in magnetic tunnel junctions

based on Debye-Frohlich model
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The frequency dependence of tunneling magnetocapacitance (TMC) in magnetic tunnel junctions
(MTlJs) is investigated theoretically and experimentally. According to the calculation based on
Debye-Frohlich model combined with Julliere formula, the TMC ratio strongly depends on the fre-
quency and it has the maximum peak at a specific frequency. The calculated frequency dependence
of TMC is in good agreement with the experimental results obtained in MgO-based MTJs with a
tunneling magnetoresistance (TMR) ratio of 108%, which exhibit a large TMC ratio of 155% at
room temperature. This calculation also predicts that the TMC ratio can be as large as about
1000% for a spin polarization of 87%, while the TMR ratio is 623% for the same spin polarization.
These theoretical and experimental findings provide a deeper understanding on AC spin-dependent
transport in the MTJs and will open up wider opportunities for device applications, such as highly
sensitive magnetic sensors and impedance-tunable devices. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4932093]

Magnetic tunnel junctions (MTJs) have played an im-
portant role for fundamental understanding of spin-
dependent phenomena and applications to read heads in hard
disk drives, highly sensitive magnetic sensors, and magnetic
random access memory.' ™ One of the most successful devel-
opments in the MTJs is the band-calculation prediction™®
and experimental demonstration®* of large tunneling magne-
toresistance (TMR) based on coherent tunneling process. At
present, the TMR ratio of the MTJs with MgO tunnel barriers
exhibits as large as 600%’ at room temperature and over
2000%* at low temperature. On the other hand, AC transport
has also been studied in the MTJs due to their fascinating
spin phenomena, such as frequency-dependent spin transport
and spin capacitance, and applications to high-speed storage
devices and high-frequency elements, both theoretically and
experimentally.”™"” One of the most attractive AC spin trans-
port properties is the tunneling magnetocapacitance (TMC),
which has been observed in Al,O3;- or MgO-based
MTJs."'=131617 1y TMC effect, the capacitance is high for
the parallel (P) configuration of the magnetization vectors in
both ferromagnetic layers adjacent to the barrier and it is low
for the antiparallel (AP) configuration. This phenomenon is
explained by the spin-injection accumulation model.'® Foe
example, a large amount of charge accumulates in the inter-
face between the ferromagnetic layer and insulator for P con-
figuration due to the high conductance, meanwhile a small
amount of charge accumulates for AP configuration due to
the low conductance. Based on this picture, the TMC is
found to be strongly correlated with the TMR. However, the
reported TMC ratio is about 50%, which is much smaller
than what is expected from the above-mentioned TMR ra-
tio.'* Additionally, the TMC depends on the frequency,''™"?
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and in some cases, the TMC is reported to be negligible.'®
These observations suggest that a further theoretical consid-
eration and a more detailed experimental investigation are
required to fully understand the TMC effect.

Recently, the magneto-dielectric effect has been
observed in FeCo-MgF nanogranular films at room tempera-
ture, which consist of nanometer-sized FeCo magnetic par-
ticles dispersed in an MgF dielectic matrix.'**® Since the
dielectric constant, obtained from capacitance measurement,
is dependent on the magnetic field and the electron transport
is dominated by spin-dependent tunneling, this magneto-
dielectric phenomenon is a particular kind of TMC effect.
Although the TMC ratio, corresponding to the change in the
dielectric constant, is small at 3.0%—6.2% in this system, the
magnetoelectric response is well explained by the theoretical
calculation based on Debye-Frohlich model.'” This model
can also be applied to the TMC effect in the MTJs, because
it is valid for the calculation of dynamic dielectric constant
in a wide variety of insulating solid and liquid systems.?'*

In this letter, we present the frequency dependence of
TMC in the MTIJs theoretically and experimentally.
According to our calculation based on Debye-Frohlich model
combined with Julliere formula, the TMC ratio strongly
depends on frequency with a maximum peak at a specific fre-
quency. The calculated frequency dependence of TMC is in
good agreement with the experimental results obtained in
MgO-based MTJs with a TMR ratio of 108%, which exhibit
a large TMC ratio of 155% at room temperature. This calcu-
lation also predicts that the TMC ratio can reach 1000% in
the MTJs with a corresponding TMR ratio of 623%.

The calculation of the frequency characteristics of TMC
is performed using the above-mentioned Debye-Frohlich
model combined with Julliere formula. The Debye-Frohlich
model is a useful tool for the calculation of dynamic

© 2015 AIP Publishing LLC
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dielectric constant in a variety of materials, ranging from
paramagnetic and dielectric media (Fe-, Cr-, and V-alum),
ordinary metals (Al, W, and Pb) to liquids (alcohols, glycols,
and benzene).m*24 Based on the model,25 the complex
dielectric constant ¢* can be generally represented by

&0 — &0

& = ey + 7 (1)

1+ (iwt)

where ¢, and ¢, are the high-frequency and static dielectric
constants, w is the angular frequency, and t is the relaxation
time. Here, it should be noted that the exponent /3, indicating
the distribution of relaxation time, is a very important param-
eter (0 < f# <1). This is because involving the exponent /5 in
Eq. (1) allowed us to explain the experimental results in a
considerable number of dielectrics.** Since the MTJ includes
the dielectrics, the Debye-Frohlich model can be valid for
the calculation of its dielectric constant, whose real part is
proportional to the capacitance. Thus, the capacitance Cpap)
of the P(AP) configuration in the MTJs can be expressed by

Co—Cx

Coot— |, @)
1+ (i27Tf‘CP(AP))B‘|

Cp(ap)(f) =Re

where C,, and Cy are the high-frequency and static capaci-
tances, fis the frequency, and tp(ap) is the relaxation time in
P(AP) configuration. From Julliere formula,”® the relation
between tp and Tap is given by

1+ P?
TP =T pa 3)
where P is the spin polarization of the ferromagnetic layer.
Therefore, as the TMC ratio is defined by

Cr(f) = Car(f)
Car(f)

substituting C, Co, f, Tp, and P in Egs. (2) and (3) gives the
frequency characteristics of the TMC ratio. The TMC effect
is often explained by Maxwell-Wagner model, which is
expressed by RC parallel equivalent circuit.'>'® The capaci-
tance in this conventional model is independent of the fre-
quency. In contrast, the capacitance in our model depends on
the frequency in accordance with the expression of Eq. (2),
which is based on Debye-Frohlich model. The equivalent cir-
cuit is shown in Fig. 1(a). Namely, our model is a special
case of Maxwell-Wagner model, i.e., the frequency depend-
ence of the dielectric constant based on Debye-Frohlich
model is taken in Maxwell-Wagner model. The physical pic-
ture is shown in Fig. 1(b), which represents a schematic of
the electric potential profile of the MTJ (two magnetic layers
separated by the thin insulator) in an AC electric field E. The
electric carriers (electrons or holes) are tunneling through
the barrier in accordance with the AC field. Then, the electric
dipole is formed by electrons and holes and oscillates under
the AC field. The dynamic behavior of the dipole obeys the
Debye-Frohlich model; in the low frequency region, the
dipole follows the change of the electric field due to the low
speed of AC field, and in the high frequency region, the
dipole does not follow the change of the electric field. Since

TMC ratio = 4)
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FIG. 1. (a) Equivalent circuit of MTJs based on Debye-Frohlich model and
(b) a schematic of the electric potential profile of MTJs in an AC electric
field E. (c) Frequency dependence of TMC ratio obtained from the calcula-
tion based on Debye-Frohlich model combined with Julliere formula for
Cso=0.85 nF, Cy=30 nF, f=1.0, and tp=5.0 x 10 * s in Egs. (2)~(4).
The inset shows the frequency dependence of Cp and Cp for P =87%. (d)
Spin polarization dependence of TMC and TMR ratios for C,=0.25 nF,
Co=30nF,and 1p=5.0 x 10 *s.

the relaxation time Tpap) is spin dependent, the frequency
characteristics of the capacitance Cpap) are shifted in ac-
cordance with the magnetization state of ferromagnetic
layers. In this shift region, a large TMC effect can be
observed.

The calculated frequency dependence of TMC ratio in
varying P is shown in Fig. 1(c). Here, we set C, =0.85 nF,
Co=30nF, f=1.0, and 7p =5.0 X 10™* 5. The tap is calcu-
lated using Eq. (3). The TMC ratio strongly depends on the
frequency and has the maximum peak. The maximum value
of TMC ratio increases from 89% to 1012% with increasing
P from 0.47 to 0.87. The TMC ratios of 89%, 276%, and
1012% are larger than the TMR ratios of 57%, 163%, and
623%, which are calculated from Julliere formula, given by
TMR = 2P?%/(1 — P?), using P =0.47, 0.67, and 0.87, respec-
tively. The inset shows the frequency dependence of Cp and
Cap for P=87%. A significant difference between Cp and
Cap can be seen in the frequency region from 10 Hz to 1 kHz
and the TMC ratio shows a large value in this region.
Because the frequency, exhibiting the maximum TMC ratio,
is equal to the one, satisfying d(TMC)/df =0, the frequency
Jpeak can be obtained as

1
1 Co\* /1 — P2

eak — ~__ | ~ T p 5

Foea 2ntp (Coo> 1+ P2 )

where f is set to 1.0. Substituting f= f,cax in Egs. (2) and (4)
gives the maximum TMC ratio. The P dependence of the
maximum TMC and TMR ratios is shown in Fig. 1(d). Here,
we set C, =0.25 nF, Cy =30 nF, and 1p=5.0 x 1074 s. It is

evident that the TMC ratio increases with increasing P and it
exceeds 1000% at P > 80%. Also, the TMC ratio is larger
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than the TMR ratio in the entire P region. Typically, the
TMC ratio shows as large as 1516% for P =85%, whereas
the TMR ratio is 441% for the same spin polarization.

In order to verify the validity of the calculation, we
investigate the frequency dependence of TMC in MgO-
based MTJs experimentally. The MgO-based MTJs, shown
in Fig. 2(a), were fabricated on thermally oxidized silicon
wafers using a high vacuum magnetron sputtering system.
The base pressure is 2 x 10~ ®Torr. The antiferromagnetic
solid is a 15-nm IrMn film which is used to pin the bottom
ferromagnetic electrode. The top and bottom ferromagnetic
electrodes are 3-nm CoygFe4oB,g films, respectively, and the
tunnel barrier is a 2-nm MgO film. All layers except for
MgO were deposited by DC magnetron sputtering at a con-
stant Ar pressure of 1.5 mTorr. The MgO layer was depos-
ited by radio frequency (RF) magnetron sputtering at an Ar
pressure of 1.1 mTorr. For patterning MTJs, a standard pho-
tolithography and ion-milling processes were used. The junc-
tion area is 1800 um? in an elliptical shape. As a final step of
the fabrication, a magnetic thermal annealing of MTJs was
performed in a vacuum chamber (~1 X 10~°Torr) to define
the pinning axis for the bottom magnetic electrode. A uni-
form magnetic field of 4.5 kOe is applied in the plane of
MTIJs. Annealing occurs at 310°C for 4h with natural

(@) (c)
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cooling. The frequency characteristics of the TMR and TMC
in MTJs were measured by an AC four-probe method using
an Agilent Technologies 4284A LCR meter in the frequency
range from 80 Hz to 1 MHz under an applied magnetic field
up to 1.4 kOe at room temperature.

Typical TMR and TMC curves of an MTJ are shown in
Figs. 2(b) and 2(c). The frequency is 200 Hz and the AC
voltage is 0.26 mV,,s. The black arrows represent the
sweeping direction of the magnetic field. The equivalent cir-
cuit of the MTJ is modeled by the RC parallel network as
shown in the inset. Although various types of equivalent cir-
cuit models, such as the parallel-leaky capacitance model
and the geometric and interface capacitance model,'*'®*7
have been proposed for MTJs, the experimental results sup-
port the parallel network model, consisting of the DC resist-
ance R and the effective capacitance C, in any case. From
Fig. 2(b), it can be seen that the ordinary TMR effect is con-
firmed. The TMR ratio, defined by (Rap — Rp)/Rp, is 108%,
which is identical to that measured by a DC four-probe
method. In addition to this, it can be found that the TMC
effect is also observed, i.e., the capacitance Cp is high for the
P configuration and the capacitance Cup is low for the AP
configuration. The TMC ratio is 155%, which is larger than
the TMR ratio. The behavior of Cp > Cap in the TMC effect

Au
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FIG. 2. (a) Schematic illustration of
MgO-based MTJs. (b) TMR and (c)
TMC curves of a MgO-based MTJ
with a junction area of 1800 um? at a
frequency of 200Hz. Penetration
length into the ferromagnetic layers of
spin-dependent carriers contributing to
(d) TMC and (e) TMR.
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can be well explained by putting top > Tp, Which is obvious
from Eq. (3), into Eq. (2). Moreover, the observation of
TMC > TMR is consistent with the calculation results shown
in Fig. 1(d). Here, it should be noted that the TMC changes
sharply at 500 and 750 Oe, whereas the TMR changes gradu-
ally around 500 Oe. The difference between TMC and TMR
behaviors is attributed to the penetration length A into the
ferromagnetic layers of spin-dependent carriers (electrons or
holes) contributing to TMC and TMR. In TMC, as shown in
Fig. 1(b), spin-dependent carriers with a certain width of
Armc (~nm) contribute to AC transport. This means that the
TMC is determined by spin polarization of carriers in the fer-
romagnetic layers near the interface between ferromagnetic
and insulating layers, as shown in Fig. 2(d). Therefore, there
is little influence on TMC even though the magnetization
states in the interface are partly changed due to some intrin-
sic or extrinsic reasons, such as the insufficient magnetic pin-
ning or the existence of interface roughness and impurity.
Since spin-dependent carriers contributing to TMC is domi-
nated by the entire magnetization states near the interface,
the sharp change of TMC is observed. On the other hand, the
TMR is determined by spin polarization of carriers in the fer-
romagnetic layers in the interface between ferromagnetic
and insulating layers, i.e., the penetration length Jryg is
short, typically, an atomic order. Therefore, there is a large
influence on the TMR even though the magnetization states
in the interface are partly changed, as shown in Fig. 2(e).
Since the TMR is sensitive to the magnetization states in the
interface, the gradual change of TMR is observed.

To obtain a strong evidence that the Debye-Frohlich
model is valid for the calculation of TMC, the frequency de-
pendence of TMR and TMC is investigated. The TMC
curves in the frequency range from 80Hz to 100kHz are
shown in Fig. 3(a). The TMC ratio shows a maximum value
of 155% at 200 Hz and it decreases down to 0% with increas-
ing the frequency. The switching field, attributed to the mag-
netization reversal, is not changed over the entire frequency
range. TMR curves (not shown here) exhibit the same behav-
ior as that in Fig. 2(b), at any frequency.

The frequency dependence of TMR, TMC, and Cpap) is
shown in Figs. 3(b) and 3(c). The calculation of TMC and
Cpap) is performed by setting C., = 0.95 nF, Cy = 84.55 nF,
=095 1p=125x10""s, and P=0.593 in Eqgs. (2)—(4).
TMR is also calculated by using the same P =0.593 in
Julliere formula. It can be seen that the calculation results of
TMR, TMC, and Cpap) provide excellent fits to experimen-
tal data.

We note that this model can also account for experimen-
tal results reported previously. For example, a strong
frequency dependence of TMC has been observed in Al,O3-
based MTJs at room temperature.'' The TMC increases up
from around 10-100kHz and it shows the maximum value
of 8% at a frequency of 1 MHz. As shown in Fig. 4(a), the
maximum peak of TMC is shifted to the high frequency
region in short 7p. Also, from Fig. 4(b), the frequency behav-
ior in TMC is broadened with decreasing f. These calcula-
tion results indicate that the peak position and broadening in
the frequency dependence of the TMC can be controlled by
changing tp and f3, respectively. Since the maximum value
of TMC depends on P as shown in Fig. 1(d), we can easily

Appl. Phys. Lett. 107, 132405 (2015)
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FIG. 3. (a) TMC curves of an MgO-based MT]J in the frequency range from
80Hz to 100kHz. Frequency dependence of (b) TMR and TMC ratios and
(c) the capacitance Cp(apy of the parallel (antiparallel) configuration of a
MgO-based MTJ. The solid plots represent the experimental data and the
solid lines represent the calculation results obtained from Debye-Frohlich
model; the parameters are set to C,, =0.95 nF, Cp=84.55 nF, f=0.95,
p=1.25X% 1073 s, and P =0.593, respectively, in Eqs. (2)—(4).

fit the experimental data with calculation curves. As a result
of the fitting procedure, it is found that the experimental
results are in good agreement with the calculation results
obtained by assuming the following parameters: C., =5 nF,
Co=455 nF, f=0.97, (p=7x10"" s, and P=0.156. In
another case, it is reported that the TMC is lower than the
TMR in ALOs- or MgO-based MTJs.'**® Calculated TMC
and TMR ratios as a function of P are shown in Fig. 4(c). It
is found that the TMC is lower than the TMR for a large C..
Also, from Fig. 4(b), the maximum TMC (=99%) is lower
than the TMR (=163%), which is calculated by Julliere for-
mula, for a small 8 of 0.75. Thus, the experimental results of
TMC <TMR can be explained by substituting appropriate
parameters of C, and f§ for Debye-Frohlich model. Finally,
in one more example, the TMC is found to be quite low or
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FIG. 4. Calculated frequency dependence of TMC ratios in varying (a) tp
for f =1.0 and (b) f§ for 7p = 0.0005 s, respectively; C., = 0.85 nF, Co =30
nF, and P =0.67. (c) Spin polarization dependence of TMR and TMC ratios
for Co=30nF and 1p=5.0 x 10 *s in varying Co.
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even absent in some cases.'®?® This can be easily understood
from Fig. 4(a). Namely, the maximum peak of TMC is
shifted to the high or low frequency region in short or long
Tp, in other words, a quite low TMC region is changed by 7p.
The TMC can be quite low or absent in certain frequency
region. Thus, various experimental results reported previ-
ously can also be well explained by Debye-Frohlich model
combined with Julliere formula.

In summary, our detailed study on the TMC effect and
earlier reports support the validity of our proposed TMC
model, which predicts an extremely large TMC ratio of more
than 1000% in MTJs with P >80% at room temperature.
These theoretical and experimental findings provide a deeper
understanding on the AC spin transport in MTJs. The large
TMC effect will offer wider opportunities for device applica-
tions, such as highly sensitive magnetic sensors and
impedance-tunable devices. Electrical engineering of MTJ
circuits must take the TMC effect into full consideration,
particularly, in the frequency range where the TMC is most
prominent.

This research was partially supported by a Grant-in-Aid
for Scientific Research (B) from the Japan Society for the
Promotion of Science (JSPS) and National Science
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University.
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