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We developed tunnel magneto-resistive (TMR) sensors based on magnetic tunnel junctions (MTJs) that are able to detect a weak, sub-pT,
magnetic field at a low frequency. Small detectivities of 0.94 pT/Hz1/2 at 1 Hz and 0.05 pT/Hz1/2 at 1 kHz were achieved by lowering the resistance
of MTJs and enhancement of the signal using a thick CoFeSiB layer and magnetic flux concentrators. We demonstrated real-time measurement of
magnetocardiography (MCG) and nuclear magnetic resonance (NMR) of protons using developed sensors. This result shows that both MCG
and NMR can be measured by the same measurement system with ultra-sensitive TMR sensors. © 2021 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd

A
giant tunnel magnetoresistance (TMR) effect in
magnetic tunnel junctions (MTJs) with Fe(001)/
MgO(001)/Fe(001) structure was predicted by theo-

retical calculation.1,2) This TMR effect is caused by the
quantum coherent tunneling of electron spins through a MgO
barrier layer. This revolutionary phenomenon was experi-
mentally demonstrated in epitaxially grown Fe/MgO/Fe-
MTJs fabricated using the molecular beam epitaxy
method.3) After the first demonstration of the giant TMR
effect, S. Yuasa et al. and S. S. P. Parkin et al. reported a very
large TMR ratio of about 200% at room temperature in MTJs
with MgO barrier layers.4,5) Furthermore, D. Djayaprawira
et al. Fabricated MTJs with CoFeB/MgO/CoFeB structure on
Si substrates and observed a huge TMR ratio of 230% at
room temperature.6) To date, the TMR ratio in CoFeB/MgO/
CoFeB-MTJs at room temperature has improved to 600%.7)

After the discovery of the giant TMR effect, research and
development for applying MTJs to spintronic devices, such
as the magnetic random-access memory and reading sensors
for hard-disk drives, have been actively carried out.8–10)

Recently, MTJs based on the CoFeB/MgO/CoFeB structure
with both high TMR and soft magnetic properties have been
developed, and it is expected that they will be applied to
highly sensitive magnetic sensors for detecting a weak
magnetic field such as a bio-magnetic field.11–14) Because
of the dramatic increase in sensitivity of TMR sensors in
recent years, the detection of the weak bio-magnetic field,
such as cardiac magnetic field (magnetocardiography: MCG)
and brain magnetic field (magnetoencephalography: MEG),
have been demonstrated at room temperature with TMR
sensors.14) However, further improvement in the detectivity
of TMR sensors is required to realize the TMR-based bio-
magnetic field measurement system.
In this study, we have achieved the lowest magnetic field

detectivity of 0.94 pT/Hz1/2 at 1 Hz in the TMR sensor by
improvement of the soft magnetic properties for the free
layer, reducing the device resistance and using a magnetic

flux concentrator (MFC) structure. By using the TMR sensor
with low magnetic field detectivity at a low frequency, we
observed clear MCG signals in real-time measurement.
Further, the developed TMR sensor has an extremely low
magnetic field detectivity of 0.05 pT/Hz1/2 at 1 kHz. Protons
in the human body generate nuclear magnetic resonance
(NMR) at a frequency of 1–4 kHz under a weak magnetic
field of 25–100 μT range, and we succeeded in measuring the
NMR signal of protons for the first time using the TMR
sensor.
MTJ multilayer films were deposited on thermally oxidized Si

wafers using an ultra-high-vacuum (Pbase<1× 10−6 Pa) sput-
tering system. The stacking structure was Sub. Si, SiO2/bottom
electrode/Co70.5Fe4.5Si15B10 140/Ru 0.4/Co40Fe40B20 3/MgO/
Co40Fe40B20 3/Ru 0.9/Co75Fe25 2/Ir22Mn78 10/Ta 5/Pt 5/Ru 5
(in nm). We confirmed from vibrating sample magnetometer and
magneto-resistive (MR) curve measurements that the magnetic
coupling of CoFeB and CoFeSiB is weak ferromagnetic
coupling, although the mechanism of this coupling is not yet
clear. Because of this magnetic coupling, the magnetization
reversal process reflects that of the thick CoFeSiB layer with soft
magnetic properties.12) The coercive field (μ0Hc) and magnetic
anisotropy field (μ0Hk) for 140 nm thick CoFeSiB layers are 0.01
and 0.10 mT, respectively. Thanks to these excellent soft
magnetic properties of thick CoFeSiB layers, a maximum
sensitivity of a single MTJ with 140 nm thick CoFeSiB was 1,
150%/mT that was 2.8 times larger than that for MTJs with
30 nm thick CoFeSiB.12) For the preparation of very thin MgO
barriers, the Mg layer of 0.7 nm was deposited on top of the
bottom CoFeB layer and then oxidized by pure oxygen in the
deposition chamber. To fully oxidize the Mg layer and obtain the
intended thickness of the MgO barrier, the process of depositing
0.1 nm thick Mg layers and in situ natural oxidization was
repeated several times in sequence.15) The prepared MTJ multi-
layer films were microfabricated into MTJ arrays by photolitho-
graphy and Ar ion milling. The TMR sensor has a structure in
which 74 MTJs with device area of 50× 50 μm2 are
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connected in series to reduce the 1/f noise,16–18) and the length
of the 74-MTJ array is 6.7 mm. After the microfabrication, the
MTJ arrays were annealed using the double annealing process
with a magnetic field of 0.3 T to realize a linear output
response against the external magnetic field.11) The first and
second annealing temperatures were 330 and 225 °C, respec-
tively. The output of the TMR sensor dominantly changes with
a magnetic field applied in the short-side direction (sensing
axis) of the MTJ array. On both sides of the MTJ arrays, T-
shaped MFCs, which are effective for concentrating the
external magnetic field,19,20) were prepared as shown in
Fig. 1. Firstly, the MFCs of about 1 μm thick
Fe73.5Cu1.0Nb3.0Si15.5B7.0 films were deposited, and 0.5 mm
thick Ni80Fe20 plates with T-shape were subsequently placed
on the Fe73.5Cu1.0Nb3.0Si15.5B7.0 films. The T-shaped MFCs
have a size of 12.5 mm in the direction of the sensing axis
(vertical line of “T”) and 26.0 mm in the direction parallel to
the MTJ array (horizontal line of “T”). We confirmed that the
sensitivity with applying the magnetic field in the direction
rotated 90 degrees in-plane from the sensing axis was
negligible, because it was less than 1/10 of the sensitivity
for the sensing axis.
Figure 2(a) shows TMR ratio dependence on the resistance

area product (RA) for fabricated TMR sensors. RA values
were controlled by varying repeat number of the Mg

oxidation process from 13 to 20 times. The maximum
TMR ratio of 195% at room temperature was obtained for
TMR sensors with high RA value and the TMR ratio slightly
decreased with decreasing RA, although the single MTJ
device exhibited a larger TMR ratio, above 200%, and did
not show marked RA dependence of TMR ratio. The
observed degradation of the TMR ratio is due to the parasitic
resistance from bottom electrodes to form 74-MTJ arrays and
the effect of this parasitic resistance becomes remarkable as
the device resistance decreases. Although the TMR ratio
slightly decreased for the MTJ arrays with low RA, the
voltage sensitivity was 1.8 times improved compared to
previous work14) from 0.45 to 0.83 μV nT−1 at 1 V utilizing
a thick CoFeSiB layer with ultra-soft magnetic properties.
Figure 2(b) shows the RA dependence of the detectivity at
1 Hz for developed TMR sensors. The detectivity improved
as the RA decreased, despite the deterioration of the TMR
ratio. The minimum detectivity of 0.94 pT/Hz1/2 at 1 Hz was
achieved in the TMR sensor with low RA value. This
improvement in detectivity is considered to be due to the
enhancement of sensitivity and reduction in the white noise
because of decrease in device resistance. In addition, the
reduction of electrical 1/f noise due to the decrease in
the repeat number of the Mg oxidation process is also one
of the reasons for the detectivity improvement. The evaluated
electrical Hooge’s parameter measured in parallel magnetiza-
tion state, which indicates the magnitude of the electrical 1/f
noise, was 6.0× 10–9 um2 (RA= 4.1× 104 Ω μm2) and
1.2× 10–9 um2 (RA= 1.5× 103 Ω μm2) for prepared
MTJs. Since one of the origins of the electrical 1/f noise is
hopping tunneling through the defects in the MgO barriers,21)

the repetition of the Mg oxidation process can increase the
number of hopping states in the MgO barriers and the
electrical 1/f noise. Since the electric Hooge’s parameter for
MTJs with MgO layers prepared by the RF sputtering
technique is about one order of magnitude smaller,22,23)

further optimizations of the condition for Mg oxidation
process are needed. However, the obtained small detectivity
is about 1/100 of those for reported MR sensors,14,18,19,24–26)

Fig. 1. (Color online) Schematic image of the developed TMR sensor with
magnetic flux concentrators (MFCs).

(a)

(b)

(c)

Fig. 2. (Color online) Resistance area products (RA) dependences of (a) TMR ratio and (b) detectivity in TMR sensors. (c) Detectivity spectrum for the TMR
sensor with low RA.
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and the other highly sensitive magnetic sensor devices, such
as magneto-impedance (MI) sensors, flux-gate sensors, and
diamond quantum sensors, have not yet realized such a small
detectivity in the low frequency range.27–29) Figure 2(c)
shows the frequency dependence of the detectivity for the
most sensitive TMR sensors with and without MFCs. For
both sensors, a clear 1/f noise was observed and the corner
frequency in the TMR sensor with MFCs was around 100 Hz.
As shown in Fig. 2(c), the gain of MFCs was about 70 at
1 Hz, 87 at 10 Hz, and 44 at 1 kHz. A very small detectivity
of 0.05 pT/Hz1/2 (50 fT/Hz1/2) at 1 kHz was achieved by
attaching MFCs. The typical detectivity for SQUID sensors is
100 fT/Hz at 1 Hz and 10 fT/Hz at 1 kHz.30) Although the

achieved detectivity for developed TMR sensors is still 5–10
times larger than that for SQUID sensors, a feature of room
temperature operation for TMR sensors is a great advantage
and the obtained detectivity is enough to measure MCG and
NMR signals in real-time.
MCG measurements were carried out using the developed

TMR sensors with the lowest detectivity. MCG is a clinical tool
used to measure and localize electrical current in the heart, and
it has been measured by SQUID sensors placed in Dewar
vessels containing liquid helium.31) However, Dewar wall
thickness has been constituting a barrier to the minimization
of sensor-source distance, the most important factor for spatial
resolution of MCG. We fabricated an MCG measurement

(a) (b)

(c)

Fig. 3. (Color online) (a) Measurement position and sensing direction for MCG measurement using a TMR sensor. Real-time MCG measurement results
obtained (b) without and (c) with a digital bandpass filter (10–30 Hz).

(a) (b)

Fig. 4. (Color online) NMR measurement (a) system and (b) process flow using a TMR sensor.
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module with TMR sensors that could be attached to the chest
surface. For the MCG module, a TMR sensor was used as one
of the resistors in the full-bridge circuit, and its output voltage
was amplified and filtered. Bias voltage of ±0.2 V was supplied
to the full-bridge circuit. The circuit to receive the signal from
the bridge was constructed by ourselves using instrumentation
amplifiers and capacitor-resistor (CR) passive filters. MCG
signals measured by the TMR sensor bridge were input to a
two-stage amplification circuit with a total gain of 100 dB and
were shaped by an analog bandpass filter from 0.1 to 50 Hz.
MCG measurements were performed on normal subjects (aged
26 years) in a magnetically shielded room. The MCG module
was directly fixed on the anterior chest wall and the transverse
component of MCG was measured at 30 mm to the left of the
center of the chest as shown in Fig. 3(a). Figure 3(b) shows
the typical result of real-time MCG measurement. Although the
long-period signal was due to the body movement generated by
respiration, the R-peaks of MCG were clearly observed. In
order to eliminate signals due to body movements, the
measured MCG signals were filtered in the software (digital
filter) from 10 to 30 Hz. As shown in Fig. 3(c), we successfully
recorded clear QRS components without signal averaging. The
amplitude of the transverse magnetic field related to the R-
peaks was approximately 100–200 pT, which is consistent with
the reported value measured by SQUIDs.31) However, we need
about 10 times improvement in detectivity to clearly measure
small peaks of MCG (P, Q, and T peaks) by real-time
measurement. In order to detect these small MCG peaks, the

reduction in the large electrical 1/f noise due to hopping states
in the MgO barriers is required by optimizations of the Mg
oxidation process.
We also performed proton NMR measurements under low

magnetic field as another application of bio-magnetic field
measurements. If the proton NMR signal can be detected under
a low external magnetic field similar to the geomagnetism,
TMR sensors are also expected to be applied to a compact
magnetic resonance imaging (MRI) system in the future.
Although low magnetic-field MRI systems using SQUIDs
and optically pumped magnetometers have already been
demonstrated,32,33) they are not compact because the sensors
do not operate at room temperature. On the other hand, TMR
sensors have a great advantage of room temperature operation
to realize a compact MRI system. As mentioned above, since
the developed TMR sensors exhibit very small detectivity,
below 0.1 pT/Hz1/2 at the kHz frequency range, NMR signals
with 1–4 kHz frequency under low external magnetic field can
be measured. For the NMR measurements, the full-bridge
circuit with a TMR sensor and three fixed resistors was
developed, and the output voltage was input to an amplifier
circuit. The total gain of the amplifier circuits was 100 dB, and
the signal was passed through a bandpass filter with a range of
1–4 kHz. A solenoid coil for exciting proton nuclear magneti-
zation was wound around a container containing 50 c.c. of
water, and a TMR sensor was placed in the center of the
container. In addition, a Helmholtz coil for applying an external
magnetic field was set on the outside of the coiled container
[Fig. 4(a)]. After exciting the nuclear magnetization by applying
a pulse magnetic field of 10 mT with the solenoid coil, the
relaxation process of the nuclear magnetization in the direction
of the DC external magnetic field generated by the Helmholtz
coil was measured by the TMR sensor [Fig. 4(b)]. Figure 5(a)
shows a typical NMR signal caused by free-induction-decay
(FID) motion of nuclear spins when the applied external
magnetic field was approximately 50 μΤ. A clear FID signal
was observed; the maximum amplitude of a nuclear magnetic
field was about 100 pT and the transverse relaxation time (T2)
was about 120 msec. Figure 5(b) is the result of FFT of the
NMR signal shown in Fig. 5(a). The peak frequency of
2.10 kHz is consistent with the expected resonance frequency
of 2.13 kHz for proton nuclear magnetization under 50 μΤ.34)

Thus we succeeded in observing a clear NMR signal by real-
time measurement using the developed TMR sensors.
In summary, we have succeeded in developing an ultra-

sensitive TMR sensor that can detect sub-pT magnetic fields in
the low frequency range. The achieved detectivity was 0.94
pT/Hz1/2 at 1 Hz and 0.05 pT/Hz1/2 at 1 kHz, which is the lowest
value to date among magneto-resistive magnetic sensors. The
extremely small detectivity of our TMR sensors is due to the low
noise because of the reduction in RA for the MTJs and to the high
output obtained by using both thick CoFeSiB layers with
excellent soft magnetic properties and MFCs. In addition, by
using the developed TMR sensors, we observed clear MCG
signals in real-time and succeeded in detecting the NMR signal of
protons for the first time. These results indicate that both MCG
and MRI can be measured by the same measurement system with
TMR sensors. We believe the result will open a door into new
applications of MCG and MRI for both basic and medical
sciences.

(a)

(b)

Fig. 5. (Color online) (a) Proton NMR signal and (b) the FFT spectrum
measured by a TMR sensor.
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