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Yoke-shaped MgO-barrier magnetic tunnel junction sensors
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Yoke-shaped sensors based on MgO-barrier magnetic tunnel junctions have been designed,
fabricated, and studied; they show a good linear tunneling magnetoresistance (TMR) response. A
nearly-perpendicular configuration of two ferromagnetic electrodes was set by two-step annealing
together with shape anisotropy. The low-frequency noise characterization shows these yoke-shaped
TMR sensors have relatively low magnetic 1/f noise. The field sensitivity is up to 27%/mT, while
the field detectivity reaches 4.6 nT/ VvHz at 10 Hz and 460 pT/ Vv/Hz at 1kHz. These TMR sensors
may be useful for applications such as biomagnetic detection. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4773180]

Magnetoresistive devices have been widely used for
magnetic sensing applications, for instance, speed, position,
and angle detection in the automotive industry."? They are
also promising candidates for biomagnetic detection such as
magnetocardiography (MCG) or for detecting magnetically
labeled biomarkers.*>* These applications require magnetic
sensors with nanotesta or even lower field detectivity in the
low frequency range. Magnetic tunnel junctions (MTJs) with
a crystalline MgO barrier seem to be a logical choice for
such sensor applications due to their large tunnel magnetore-
sistance (TMR) ratios.>”’

However, MTJ devices usually exhibit substantial low-
frequency noise with a 1/f power spectrum.®*"'! The 1/f noise
arises either from spin-independent resistance fluctuation
within the tunneling barrier due, for example, to charge traps
or magnetic fluctuations in the ferromagnetic electrodes due
to thermally activated fluctuations of the magnetization. The
nonmagnetic 1/f noise from the barrier can be substantially
reduced by thermal annealing.'*'* The magnetic 1/f noise is
the dominant noise source in MTJs. Reducing the magnetic
noise is of importance to improve the field detectivity in
MT]J (sensor) devices.

Pannetier et al.'* developed a yoke-shaped hybrid giant
magnetoresistance (GMR)/superconductor sensor devices
with a current-in-plane geometry, which detect magnetic
fields in the order of fT. The yoke-shaped design provides a
stable magnetic domain structure in the long arms of the
yoke, which reduces the noise associated with macroscopic
domain wall motion.'>'® However, there are almost no
reports of yoke-shaped TMR sensors, because it is hard to
obtain the current-perpendicular-to-plane geometry in the
MT] stacks. Here, we report a yoke-shaped TMR sensor de-
vice with a MgO barrier. It shows good field sensitivity as
well as low detectivity in the low frequency range. By com-
paring the magnetic noise for different structures, this type
of yoke-shaped TMR sensor design seems to be beneficial
for low field detection.

Typical MgO-based MTJ stacks with a layer sequence
Ta 5/Ru 30/Ta 5/NigFej9 (NiFe) 5/Ir)Mnyg (IrMn)
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lO/COgoFew 25/Ru 0.9/C040F€40B20 (COFGB) 3/Mg0
2/CoFeB 3/Ta 5/Ru 5 (thicknesses in nanometers) were
deposited onto thermally oxidized silicon wafers at room
temperature. All metallic multilayers were grown by dc-
magnetron sputtering methods, and the MgO layers were
grown by rf-sputtering from two MgO targets in a target-
facing-target gun in a Shamrock sputtering tool. Yoke-shaped
MT]Is were patterned by UV lithography and Ar ion milling.
High vacuum post-annealing was performed at 350 °C (first
anneal) and 100°C (second anneal) for 1h in an applied
magnetic field of 800mT. The first annealing step at high
temperature sets the exchange bias of the bottom-pinned fer-
romagnetic layers perpendicular to the long arm of the yoke
and induces crystallization of CoFeB at the MgO interfaces,
which is necessary for a high TMR ratio. The second anneal
at 100 °C with the applied magnetic field parallel to the long
arm of the yoke is aimed at resetting the easy axis of the top,
free layer.!” Measurements of magnetoresistance as a func-
tion of the direction of the applied field indicate that the
angle between the free and pinned layers is about 70°. Both
transport and noise were measured by a four-probe method
at room temperature. The circuit for the measurement is
shown in Fig. 1(a). The low-frequency noise was measured
under a constant current bias using a commercial ac coupled
low-noise preamplifier (Stanford Research Systems SR552
and SR560). The noise signal was further amplified, filtered,
and digitized using a 16-bit National Instruments data acqui-
sition (DAQ) card.

Figure 1(a) shows the schematic design of our yoke-
shaped sensors. The long arm of the yoke is around 400 um,
which is designed to fit applications involving a microfluidic
channel, used for biomarker detection. Fig. 1(b) shows an op-
tical microscope image of the sensor device with more details
of the dimensions. The sensing area is marked by the green
oval, which was 4 x 40 um?, 4 x 30 um?, or 4 x 20 um?>.
Moreover, the junction resistance-area products are of order
10° ~ 10* Q um? for all TMR sensors used in this work.

Figure 2(a) shows typical TMR curves after the first
anneal at 350 °C and after the second anneal at 100 °C for a
device with a sensing area of 4 x 40 um?>. A TMR ratio of
198% was obtained after the first anneal, which indicates
high quality of the MgO barrier. After the first anneal at
350°C, the TMR curve did not exhibit good linearity

© 2012 American Institute of Physics
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FIG. 1. (a) Three-dimensional schematics of a yoke-shaped TMR sensor
design and (b) an optical microscope image shows a real device with two
top contacts.

because the orientation of the top, free layer’s magnetization
set by annealing and shape anisotropy is insufficient to real-
ize the crossed configuration needed for the sensors. The sec-
ond anneal helps to reset the magnetization of the free layer
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FIG. 2. (a) Typical TMR curves after the first anneal at 350 °C and the sec-
ond anneal at 100 °C for a yoke-shaped TMR sensor. The inset of (a) shows
an enlargement of the transverse TMR curves. (b) The normalized noise and
TMR plotted as a function of magnetic field for a yoke-shaped TMR sensor.
The inset of (b) shows the 1/f noise power spectral density as a function of
frequency in the P (80 mT) and AP (—20mT) states after subtracting the
thermal and amplifier noise. Scan rates are ~1.2mTs~! for (a) and
~0.03mTs! for (b).
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along the long arm of the yoke. After this step, a good linear
TMR response of about 130% was obtained, as shown in the
inset of Fig. 2(a). The highest field sensitivity (s = (1/pR)
(dR/dH)) is in the range of 24%-27%/mT. However, the
highest field sensitivity is not at zero field due to magnetic
coupling between free and pinned ferromagnetic layers. The
TMR ratio is diminished after the second anneal because the
magnetic orientation of the bottom-pinned IrMn layer has
been reset by about 20° to the normal to the yoke.'” The
magnetoresistance can be improved by applying the field at
20° to the normal to the yoke, but the sensor response then
becomes hysteretic.

The inset of Figure 2(b) shows noise power spectral den-
sity S, as a function of f for the two magnetic states in both
parallel (P) and antiparallel (AP) configurations of the free
and pinned ferromagnetic layers, which are set at 80 mT and
—20mT, respectively. Both states show 1/f noise. We param-
eterize the magnetic 1/f noise by a Hooge-like noise parame-
ter Gmgg = QfSmag/ V2, where Q is the volume of the
corresponding ferromagnetic layer, f is the frequency, V is
the applied voltage, and S,,,, is the magnetic power spectral
density, determined by subtracting amplifier noise, thermal
and shot noise, and the nonmagnetic barrier noise from the
measured S,.">'® Figure 2(b) shows the normalized noise pa-
rameter and TMR ratio as a function of the applied magnetic
field at a bias voltage of 10-30mV. Both junction resistance
and the noise power spectral density centered at 4.8 Hz were
measured simultaneously. As shown in Figure 2(b), the mag-
netic field dependence of the noise parameter fS, /V? exhibits
a broad maximum and a sharp peak which are associated
with magnetization reversal of two ferromagnetic layers.”_zo
At uoH = —5mT, the TMR changes rapidly due to the mag-
netization rotation of the free layer, which means more mag-
netization fluctuations occur, resulting in more magnetic
noise and a sharp noise peak. In the AP state, the magnetiza-
tions of free and pinned layers are relatively stable, and the
magnetic noise decreases somewhat compared with that of
free layer. At pyH = —40mT, the TMR gradually decreases
because of the magnetization reversal of the pinned layer.
Slow magnetization fluctuations occur, resulting in less mag-
netic noise and a very broad maximum.'® The noise parame-
ter in the P state shows the lowest noise level and is almost
independent of magnetic field; it is related to the nonmag-
netic barrier resistance noise.”* >

In thermal equilibrium, the fluctuation-dissipation theo-
rem can be used to relate the magnetic noise S,,,; and mag-
netic susceptibility yg. Assuming the imaginary part y'% is
much smaller than the real part yj, it follows that'>'8

Qf Smag "

Omag = 2 e(H)

kB_TAR{l dR} 0

My R |poRdH|’
where ¢(H) ~ y'%/yr is the phase lag related to magnetic
losses in the ferromagnetic layers, AR is the total resistance
change between the P and AP states. Equation (1) shows that
the magnetic noise parameter a,,,, is proportional to the field
sensitivity if ¢ is independent of field. o, for both free and
pinned layers of different structures as a function of field
sensitivity is shown in Fig. 3. A roughly linear scaling is
observed for both pinned and free layers of all the MTJ
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structures. The linear dependence on field sensitivity means
that the phase lag ¢ is a constant and independent of field.
The linear dependence has been previously reported in AlO,
and MgO MTJs.”'%1923-25 With their lower field sensitivity
values (< 1%/mT), the yoke-shaped GMR sensor shows the
lowest magnetic noise level. But from the applications point
of view, low field sensitivity is not what is needed for a sen-
sor. Because the highest GMR ratio is around 10%,"* based
on Eq. (1), the phase lag of the free layer for a GMR struc-
ture becomes comparable to or lower than that for a yoke-
shaped TMR sensor. For the MT]J stacks, the magnetic noise
for double-pinned stacks is at the same level as the normal
bottom-pinned MTJ stacks.'” However, the yoke-shaped
TMR sensors show a magnetic noise up to one order lower
than the other devices. Moreover, they have the highest field
sensitivity, especially for the free layer. This is evidence that
the yoke has a stable magnetic configuration resulting in a
low phase lag.

The sensor’s equivalent field noise in units of 7°/Hz
can be determined from'”-'®

= 2
1R dH @

Sp =
forep

Oag { 1 dR} -

Using data from Figure 3 for the free layer, the field
detectivity /Sp of our yoke-shaped TMR sensors is about
14.5nT/+/Hz at 1 Hz, which is better than many other types
of TMR sensors,m’”’%’27 and it decreases further with fre-
quency. Figure 4(a) presents the frequency dependence of
field detectivity for a yoke-shaped TMR sensor and the
double-pinned TMR pillar sensor.'” It shows the field detec-
tivity of yoke-shaped TMR sensor is better than 1 nT/v/Hz
at 1 kHz, which is 2-3 times lower than GMR sensors'® and
better than double-pinned TMR sensor."” It could be further
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FIG. 3. Magnetic noise parameter plotted as a function of field sensitivity
for different magnetic structures. All data shown are for free (open symbols)
and pinned layers (solid symbols) in our normal bottom-pinned MgO MTIJs
annealed at 350°C (the MTJ stacks are the same as the yoke-shaped MTJ
sensors) (A, A), double-pinned MgO MTJs (The stack: Ta 5/Ru 30/Ta
5/NiFe 5/IrtMn 10/CoFe 2.5/Ru 0.9/CoFeB 3/MgO 2/CoFeB 3/Ru 0.3/IrMn
6/NiFe 5/Ta 5/Ru 5 (units in nm)) are annealed by two steps with the first
step at 350°C and the second step at 150°C) (c,*), yoke-shaped MTIJs
(O, . and yoke-shaped GMR spin valves in the as-grown state (The
stack: Ta 5/NiFe 3/CoFe 5/Cu 2.8/CoFe 5/IrMn 10/Ta 5 (units in nm))
(V, V). The dashed lines with slope 1 are guides to the eye.
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FIG. 4. (a) Typical field detectivity as a function of frequency for a yoke-
shaped TMR sensor and a double-pinned TMR sensor (the device is a circu-
lar pillar with diameter of 4 um); (b) The typical field detectivity map of a
yoke-shaped TMR sensor (in units nT/ V/Hz) plotted as a function of field
sensitivity and magnetic field.

improved by using a flux concentrator.”® Better values of
field detectivity have only obtained in this way.?* > For
example, Chaves et al. have reported a value of field detec-
tivity of 51 pT/+/Hz at 30 Hz and field sensitivity of 870%/
mT by using a flux concentrator.’*** The relation of mag-
netic field, field sensitivity, and field detectivity is plotted in
Figure 4(b). The lowest field detectivity appears when field
is in the range of —4mT to —5mT, while the highest field
sensitivity occurs at —6 mT. In other words, the highest field
sensitivity does not match the lowest field detectivity. The
reason is that magnetic noise is normally highest when the
field sensitivity is highest. Similar results were reported in
Ref. 33.

In conclusion, yoke-shaped TMR sensors based on
MgO-barrier MTJs have been built and evaluated. Their field
sensitivity is in the range of 24%-27%/mT, and the field
detectivity reaches 460 pT/+/Hz at 1kHz. They have lower
magnetic noise compared with other types of TMR sensors
due to the stable magnetic configuration of the yoke, and
have better field detectivity than for yoke-type GMR sensors.
The overall improvement in field detectivity of the yoke-
shaped TMR sensor devices may be decisive for their
applications.
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