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Frequency driven inversion of tunnel magnetoimpedance and observation
of positive tunnel magnetocapacitance in magnetic tunnel junctions
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The relevance for modern computation of non-volatile high-frequency memories makes ac-
transport measurements of magnetic tunnel junctions (MTJs) crucial for exploring this regime.
Here, we demonstrate a frequency-mediated effect in which the tunnel magnetoimpedance reverses
its sign in a classical Co/Al,03/NiFe MTJ, whereas we only observe a gradual decrease in the tun-
nel magnetophase. Such effects are explained by the capacitive coupling of a parallel resistor and
capacitor in the equivalent circuit model of the MTJ. Furthermore, we report a positive tunnel mag-
netocapacitance effect, suggesting the presence of a spin-capacitance at the two ferromagnet/
tunnel-barrier interfaces. Our results are important for understanding spin transport phenomena at
the high frequency regime in which the spin-polarized charge accumulation due to spin-dependent
penetration depth at the two interfaces plays a crucial role. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4960202]

Magnetic random access memory (MRAM) devices
based on magnetic tunnel junctions (MTJ) are very attractive
technologically, mostly due to their low energy consumption
and fast data processing.' > The two-terminal geometry of the
MTIs is based on a thin dielectric layer (I) acting as the tunnel
barrier, sandwiched between two ferromagnetic electrodes
(EM), in a EM/I/FM structure.' MTJs typically show low
(/high) resistance states when the magnetic orientation of the
two ferromagnetic electrodes is parallel (/antiparallel), provid-
ing a positive tunnel magnetoresistance (TMR).'~" Beyond
this conventional positive TMR effect, there are several non-
trivial effects that give rise to negative TMR, where the low
(/high) resistance states now correspond to the antiparallel
(/parallel) orientation of the electrodes’ magnetization,
namely, spin-polarized resonance,® quantum size effects,’
modulation of the density-of-states (DOS) of the ferromag-
netic electrodes,'” inversion of tunneling spin polarization at
the FM/I interface,” and the formation of a tunneling stand-
ing wave.'? These mechanisms are usually addressed by either
dc (direct current) or ac (alternating current)-transport meas-
urements at low frequencies.lz’13 For ac measurements, the
impedance (Z), i.e., the total dynamic resistance of the circuit
converges to the resistance measured only with dc-voltages
when the phase shift (0) is negligible. Phenomena such as
spin polarized resonant tunneling, in which the TMR changes
from positive to negative, is crucial for the development of
resonant-tunneling spin transistors and quantum information
devices.? However, so far, this effect has been shown to occur
when the thickness of a metallic insertion layer (Cu) between
the FM and I layers is varied within a certain range.®
Accordingly, it would be important to have alternative ways
for controlling the magnetoimpedance (or magnetoresistance)
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externally that does not depend on the structural characteris-
tics of the device. At the same time, it will be interesting to
explore new phenomenon related to spin-capacitance based
on the analysis of impedance spectroscopy measurements.

Here, we demonstrate a controlled positive-to-negative
inversion of the tunnel magnetoimpedance with increasing
frequencies in a classical Co/Al,O3/NiFe MTJ by using
impedance-spectroscopy measurements. The magnitude of the
inversion depends on the individual resistance change
between parallel and antiparallel magnetic states and the
change in the spin-capacitance'* of the FM/I interfacial layer.
Simultaneously, the impedance-spectroscopy measurements
not only help us to determine the presence of spin-capacitance
but also to characterize the speed of the device operation, and
to estimate the tunnel magnetocapacitance effect.'>™' We
report a positive tunnel magnetocapacitance using a simple
parallel equivalent circuit of a resistor and a capacitor of the
MT]J, and by measuring the impedance and phase at set fre-
quencies. In the regime of frequencies where the equivalent
parallel circuit model is reliable, the tunnel magnetoresistance
measured by ac-method comes in agreement with the dc-
measurements. Our results open the possibility to exploit the
impedance-spectroscopy measurements for the optimization
of functional spintronic devices.

A vertical cross-bar geometry of Co (16 nm)/AL,O5 (x
nm)/NiggFe,o (16 nm) (from bottom to top, see Figure 1) was
deposited in situ through different shadow masks. The junc-
tion stack is fabricated on a Si/SiO, (150nm) substrate.
Initially, several 16-nm-thick Co bars are deposited by e-beam
evaporation in an ultrahigh vacuum (UHV) chamber at the
rate of 1 A/s. Afterwards, the Al,O5 tunnel barrier is obtained
evaporating Al (2.5 or 3nm) all over the device, followed by
plasma oxidation. Two steps of plasma oxidation at the oxy-
gen pressure of 10~' mbar are employed in order to obtain a

Published by AIP Publishing.
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FIG. 1. Optical microscopy image of the device and the schematic diagram
of the MTJ of Co/Al,O5/NiFe stacked on a Si/SiO, substrate. The dotted
red-line represents the standard two-probe dc measurement schematics, and
the solid black-line represents the schematics of the impedance-
spectroscopy measurement. Sweeping direction of the applied magnetic field
B is also shown.

robust Al,Os tunnel barrier.”° Finally, a 16-nm-thick NiFe top
electrode was deposited at the rate of 1 Als through a different
shadow mask. The active area for tunneling is considered to
be confined to the overlapping area between the Co bar and
the NiFe bar (here, we report results from two different device
areas of 0.5 and 0.2mm?). The AL O5 dielectric sandwiched
between the two ferromagnetic electrodes also provides a two
terminal capacitor. Once fabricated, the device is transferred
into a variable-temperature probe station (Lakeshore) for
electrical measurements with a Keithley-4200 CVU semicon-
ductor analyzer, which is capable to carry out both the
impedance-spectroscopy measurement in the frequency range
of 10°-107 Hz and the standard dc measurements. Using a
two-probe configuration, we measure both types of transport
characteristics using the same two probes to avoid any circuit
complication in the high frequency operation.'® In Figure 1,
the dotted line (red) shows the standard dc measurement sche-
matics, and the solid line (black) represents the schematics of
the impedance-spectroscopy (ac 4+ dc) measurement.

We first focus on the standard dc-transport measurements
of the MTJs (see supplementary material, Figure S12"). In the
case of a thin tunnel barrier, the s- and d-orbital electrons that
tunnel from one ferromagnet to the other conserve the spin
information via the single-step tunnel process.?* The transport
can be described as having two independent spin channels of
two different resistances. In general, a low resistance state is
observed for parallel alignment (Rp) of the two ferromagnets,
and a high resistance state (Rap) is observed when they are
anti-parallel. The associated tunneling magnetoresistance
(TMRpc) ratio is defined as

(Rap — Rp)
P

TMRpe = x 100. (1

The electric resistance of the parallel and anti-parallel mag-
netic states of the device is measured by two-probe method

Appl. Phys. Lett. 109, 052401 (2016)

with the applied dc voltage up to =600 mV. The TMRpc in
the MTJ reaches 20% at the lowest temperatures, at +10mV
of dc bias. Increasing the bias voltage increases the spin
relaxation rate, which decreases the TMRpc as the electrons
tunnel into empty states of the receiving electrode with an
excess energy, generating phonons and magnons.?>"**
Nevertheless, these values of TMRp is comparable to previ-
ous literature,"”-** confirming the good quality of our MTJs
with the characteristics of the direct tunneling process
between the two ferromagnetic materials.

In order to investigate the tunnel magnetoimpedance
effect, we focus on the impedance-spectroscopy measure-
ment combining an ac bias with an applied dc bias. From the
ac-transport measurement, we obtain the impedance and the
phase (Z, 0) as the fundamental parameters. From Z and 0,
we can obtain Re(Z) =|Z|cos® and Im(Z) = |Z| sin6,

where Z = Re(Z) + ilm(Z) and |Z| = \/Re(Z)* + Im(Z)*.

We must note that both Z and Re(Z) converge to the dc value
of the resistance in the case of 0 — 0° at the low frequency
regime, so that |Z| ~ Re(Z) ~ Rpc and the system is resis-
tive. However, the system follows capacitive behavior at the
frequencies where 0 approaches to —90°.

Figure 2 represents (Z, 0) and [Re(Z), Im(Z)] as a func-
tion of the magnetic field for two different frequencies, 2
kHz and 30 kHz, respectively, for the same MTJ as discussed
in the dc-transport measurement. The black (left axis) and
the red (right axis) arrows are used to indicate Z, Re(Z) and
0, Im(Z), respectively. Comparing these two frequencies, we
see that the switching of both Z and Re(Z) (black curves)
becomes inverted, whereas 0 and X (red curves) remain con-
sistent with their usual switching behavior. It is worth noting
that the overall Z and Re(Z) value decreases at 30 kHz com-
pared to the frequency at 2 kHz. However, an increase of 0
and Im(Z) suggests the presence of the capacitive coupling
in the device. Nevertheless, the switching behaviors of Z and
Re(Z) with respect to the magnetic field clearly confirm the
frequency-driven inversion of tunnel magnetoimpedance in
the MTJ.

In order to identify the different frequency regimes for
positive and negative tunnel magnetoimpedance, we per-
formed frequency scans of Z and 0 for parallel and antiparallel
magnetic orientations, respectively. Figure 3 shows the
frequency-dependence of Z, 8, TMZ, and TM0, respectively.
We calculate TMZ and TM0 by using the same formula as in
Equation (1) but by changing the respective parameters (Z
and 0). Figure 3(c) shows that the TMZ converges to the
TMRp values in the low frequency regime of ~1 kHz. Due
to the capacitive coupling that originates from the charge
accumulation at the two interfaces between the ferromagnets
and the Al,Oj dielectric, both the TMZ and TMO values
decrease with increasing frequency. The damping of the fre-
quency response depends on the frequency independent resis-
tance and the capacitance of the MTJ, which can also be
further controlled by engineering the MTJs, as will be dis-
cussed below. Nevertheless, the TMZ values [see Figure 3(c)]
flip their sign in the frequency range of ~2x 10% to
~2 x 10° Hz before reaching zero, and such inversion phe-
nomena is in agreement with the earlier study.?® Here, we pro-
pose that the inversion of TMZ is related to the quicker
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FIG. 2.(a) and (b) Magnetic field
dependent (Z, 0), and [Re(Z), Im(Z)],
respectively, at 2kHz. Measurements
are performed individually at +10mV

of dc bias, 30 mV of RMS ac bias, and
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damping of Z in the AP state relative to the P state as a func-
tion of the frequency. This can be understood on the basis of
different resistances and capacitances in the AP and P states
resulting in different time constants, which eventually control
the damping of Z and of its inversion.

It is possible to interpret the impedance-spectroscopy
measurements via an equivalent circuit model (see supplemen-
tary material, Figure $2%"). In MTJs, the resistance and capaci-
tance are coupled in a parallel equivalent circuit.'””™"® The
Cole-Cole plots between Re(Z) and Im(Z) show semicircular
dependences, which validate the parallel circuit model."®'® In
order to simplify the circuit analysis and to determine the
respective frequency (f) independent static resistance (Ry) and
static capacitance (Cy), the magnetic field independent part

(€) 20 e

Z (KQ)

40 i
10K 1
-60 PRI BRI B | FEFETTTT BRI ETTTY BT |
10° 10* 10° 10° 10° 10 10° 10°
f(Hz) f(Hz)

FIG. 3. (a) Impedance and (b) phase as a function of frequency at 10K for
the P and AP orientations of the magnetization of the two FM electrodes.
All the two-probe impedance-spectroscopy measurements are carried out at
dc bias of +10mV and at RMS ac bias of 30mV. (c) Tunneling magnetoim-
pedance (TMZ) and (d) tunneling magnetophase (TM6) as a function of fre-
quency at different temperatures.

during ac-measurement can be eliminated by taking the differ-
ence of the impedances in the P and AP states.'® This differ-
ence can be written as AZ = ARe(Z) + iAIm(Z), where

ARe(Z)
_ < R;(AP) B Ry (P) )
I+ 472f2R; (AP)CF(AP) 1+ 4n’f?R;(P)C;(P) )
2

Alm(Z)

., Cy(AP)R}(AP) C;(P)R}(P)
=2 1+4m2f2R2(AP)C3(AP)  1+4n2f2R2(P)C}(P)
(3)

From the extracted fitting parameters (see supplementary
material, Table SIZI), we observe that the positive tunnel
magnetoresistance (~23% at 10K) is consistent with the dc
measurements, whereas almost no tunnel magnetocapaci-
tance effect is extracted. This result coincides with a previ-
ous report,'” although it is fair to admit the conflicting
studies in this regard,'>16:18:1

The temperature independent capacitance values
extracted from these fittings amount to 12.7 nF. By consider-
ing the parallel plate capacitor device structure of our MT]Js,
we calculate the geometrical-capacitance (C, = 8%) to be
10.2 nF, where A is the area of the junction (0.5 mmz), d is
the thickness (3-nm-thick Al yields an Al,O5 tunnel barrier
of 3.9nm as du;,0, = 1.3dA126), and ¢ is the dielectric con-
stant of Al,O3 (9¢g, &9 =8.85 X 10712 F/m). The capacitance
extracted from the fit is slightly larger than the geometrical
capacitance, which suggests the presence of an additional
leaky capacitance in parallel to the geometrical capaci-
tance,'® making the model unreliable for the detection of
interface spin capacitance. Below we discuss a straightfor-
ward approach to detect the influence of the two interface
spin-capacitances which are in principle in series with the
geometrical capacitance,'®'® and give rise to the positive
tunnel magnetocapacitance.
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In a parallel resistor-capacitor circuit model, the time
constant is determined as the product of the corresponding
resistance and capacitance. Such time constant of MTJs
plays an important role for high-speed applications. From
our large area tunnel junction, we determine the time con-
stants to be of the order of us. However, the time constant of
the circuit changes in two different magnetic configurations
(P and AP) as well as in different temperatures due to the
change in resistance in the circuit. A cutoff frequency f, =
ZanT can thus be obtained. For example, the cut-off frequen-
cies at 10K are 7.3kHz (AP-state) and 8.9kHz (P-state),
respectively. Interestingly, these cut-off frequencies are quite
close to the frequency regime above which we observe the
inversion of TMZ as can be seen in Figure 3(c).

Further, we perform a more straightforward analysis to
determine the frequency dependent resistance and the capaci-
tance.'>'® Considering the MTJ as a parallel network of r and
¢, we calculate their values directly at each set frequency from
the (Z, 0) measurements. The direct dependence can be

expressed as follows: r = Zy/1+ (tan0)* and ¢ = (Zw) ™"

[l + (tan 0)_2}_1/2, where @ = 27f is the frequency of the ac
signal. Figure 4(a) shows the typical ¢ and r dependence with
varying magnetic fields. Our measurement shows a positive
TMc value, smaller than the positive TMr values. The positive
value of TMc indicates that there is higher capacitance in the
AP-state than in the P-state. We must note that a positive TMc
is observed in an asymmetric MTJ, whereas earlier studies
report a negative tunnel magnetocapacitance in symmetric
MTJs with identical ferromagnetic electrodes.'>'®!%19 We
suggest that one of the possible mechanisms behind the posi-
tive TMc is the different spin-dependent screening length of
the spin polarized charge accumulation at the two different

a)a. b
( ) 20 99 ( 2\ 1.0} Co-to-NiFe NiFe-to-Co
O
98 =
'_
19
9.7 °§
96 E
— 6 E
_Cz: 18 o
g r95 o §
©
1.7 94 g
o
93 Z
16 L 1 1 I 1 00 L 1
200 -100 0 100 200 06 03 00 03 06
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(c) 20 : : — (d) :
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15¢ 10K ]
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5 § 200 K
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FIG. 4. (a) The magnetic field dependence of resistance (r) and capacitance
(c) of the MTJ by considering the parallel equivalent circuit. The measure-
ments are done at dc bias of +10mV and at RMS ac bias of 30mV. (b)
Normalized bias dependence of both TMr and TMc of the device.
Frequency dependence of the TMr (c) and TMc (d) is shown at different
temperatures.
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FM/I interface (Co/Al,O; and NiFe/Al,O3). Figure 4(b)
reveals the dc-bias dependence of the normalized TMr and
TMc during the impedance-spectroscopy measurements. We
observe a decrease with increasing bias for both magnitudes,
which is consistent with standard dc measurements. We also
observe that the TMc is relatively less sensitive to the applied
dc-bias than the TMr, indicating a low leakage current in the
MTYJ."® Figures 4(c) and 4(d) show the frequency dependence
of the TMr and TMc at different temperatures. In an ideal
case, TMr and TMc are expected to be frequency independent.
However, TMr and TMc decrease very sharply after a certain
frequency, and we also notice a weak inversion in TMr.
Nevertheless, in the low frequency regime, we observe an
almost temperature independent TMc, whereas the TMr is
very consistent with the standard dc-measurements at different
temperatures.

An in-plane magnetic field dependence of the capaci-
tance of a parallel plate capacitor can be induced via a com-
bination of the Lorentz force and quantum confinement
effects?’® or by spin-dependent Zeeman splitting.?*° Such
phenomena are named as magnetocapacitance effect in a
system without any ferromagnetic electrode. However, the
origin of tunnel magnetocapacitance in MTJs can only be
attributed to the presence of spin-capacitance at the two FM/
I interface that appears due to the capacitive accumulation of
spin-polarized carriers at the interface.'*

In order to have further control over the inversion phe-
nomena in the tunnel magnetoimpedance, it is thus also
important to have a different frequency response of the MTJs
(see supplementary material, Figure $3°'). Since the tunnel
resistance is bias dependent, it is expected to have a change in
the frequency response and also in the amplitude of inversion
of the tunnel magnetoimpedance. The TMZ shows a sharply
damped oscillation and an increase in the frequency response
of damping with increasing dc-bias. However, none of the
TMG@ plots show inversion. Furthermore, a modification in the
thickness of the tunnel barrier and/or the area of the overlap-
ping electrodes in the MTJ can be used to tune the damping
frequency. In the case of the thinner tunnel barrier, the resis-
tance of the junction decreases exponentially with decreasing
thickness, whereas the capacitance increases, since it is
inversely proportional to the thickness between the two elec-
trodes. Thus, for the tunnel barrier from 2.5-nm-thick Al, we
observe the cut off frequency of the inversion increases com-
pared to the junction with the tunnel barrier from 3-nm-thick
Al and such observation of frequency shift is in agreement
with the previous literature.'® Furthermore, both the tunnel
resistance and the capacitance change with the effective
device area, and we observe higher frequency shift of the
inversion with decreasing device area. Consequently, we con-
firm that the inversion in tunnel magnetoimpedance is very
robust and easily tunable by applied dc bias and/or by engi-
neering the junction geometrical parameters.

In conclusion, we demonstrate an alternative mechanism
to achieve inversion in the tunnel magnetoimpedance of
MT]Js, based on the frequency of the applied ac-signal. Ac-
transport measurements of the impedance and corresponding
phase allow the extraction of other fundamental parameters,
such as resistance and capacitance. From the straightforward
determination of the equivalent resistance and capacitance, we
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determine not only a positive tunnel magnetoresistance but
also a positive tunnel magnetocapacitance effect. Moreover, in
order to establish the robustness of the inversion phenomena,
we report the dependence of the frequency response of the
magnetoimpedance with the dc bias-voltage, thickness of the
tunnel barrier, and area of the two overlapping electrodes of
the MTJs. Our results are encouraging to understand the spin-
polarized charge accumulation as well as spin transport phe-
nomena in spintronic devices at high frequencies involving
any thin dielectric tunnel barrier, including ferromagnetic
insulators. In particular, the inversion phenomena in MTJs
will help extending the current use of Al,O3 tunnel barriers in
hot electron transistors’' > as well as encourage the develop-
ment of highly functional spin transport devices.
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