University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln

Theses, Dissertations, and Student Research:

Department of Physics and Astronomy Physics and Astronomy, Department of

August 2006

STUDY OF MAGNETIC LAYERS IN MAGNETIC SENSORS

Lu Yuan
Physics Department, University of Nebraska, lyuan2@bigred.unl.edu

Follow this and additional works at: https://digitalcommons.unl.edu/physicsdiss

b Part of the Physics Commons

Yuan, Lu, "STUDY OF MAGNETIC LAYERS IN MAGNETIC SENSORS" (2006). Theses, Dissertations, and
Student Research: Department of Physics and Astronomy. 1.
https://digitalcommons.unl.edu/physicsdiss/1

This Article is brought to you for free and open access by the Physics and Astronomy, Department of at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Theses, Dissertations, and
Student Research: Department of Physics and Astronomy by an authorized administrator of
DigitalCommons@University of Nebraska - Lincoln.


https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/physicsdiss
https://digitalcommons.unl.edu/physicsdiss
https://digitalcommons.unl.edu/physics
https://digitalcommons.unl.edu/physicsdiss?utm_source=digitalcommons.unl.edu%2Fphysicsdiss%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=digitalcommons.unl.edu%2Fphysicsdiss%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/physicsdiss/1?utm_source=digitalcommons.unl.edu%2Fphysicsdiss%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages

STUDY OF MAGNETIC LAYERS IN MAGNETIC SENSORS
By

Lu Yuan

A DISSERTATION

Presented to the Faculty of
The Graduate College at the University of Nebraska
In Partial Fulfillment of Requirements

For the Degree of Doctor of Philosophy

Major: Physics and Astronomy

Under the Supervision of Professor Sy-Hwang Liou

Lincoln, Nebraska

August, 2006



Study of Magnetic Layers in Magnetic Sensors

Lu Yuan, Ph. D.

University of Nebraska, 2006

Advisor: Sy-Hwang Liou

Interest in highly sensitive magnetic sensors has been great due to their wide
applications ranging from data storage to geomagnetic exploration. To achieve better
performance, magnetic sensors are usually fabricated with micrometer-sized or sub-
micrometer-sized multilayer structures. The thickness of each layer can be as thin as a
few angstroms. The magnetic properties of these small and thin layers are quite different
from those of the bulk. As the size of the magnetic devices shrinks and the thickness of
the ferromagnetic films decreases, the chance of having defects becomes higher. Those
defects may be formed during thin film deposition, annealing and the lithography process
etc. To have a better understanding the origin of those nanometer sized defects is
important for improving sensitivity and signal-to-noise ratio of those magnetic sensors.

In this thesis, a magnetic sensitivity mapping (MSM) system is developed to locate
the inhomogeneous regions in the ferromagnetic layer of magnetic sensors. An ultra-
sensitive microcantilever torque magnetometer (MTM) system is developed to
characterize the submicrometer-sized magnetic films and arrays. The detailed magnetic
microstructures of both the free layer and the pinned layer in magnetic tunneling
junctions are studied by the analysis of the temperature and voltage dependence of the

tunneling magnetoresistance data.



We have correlated the microstructures to the sources of magnetic noise using the
developed MSM system. In this study, a scanning nanometer-sized magnetic tip was used
to generate a localized magnetic field and excite the free-layer magnetic moment at the
air-bearing surface (ABS). By mapping out the magnetic noise as a function of position,
the inhomogeneous regions in the ferromagnetic layer of the magnetic sensors that relate
to magnetic instabilities inside the recording heads are identified.

We studied the wvoltage and temperature dependence of resistance and
magnetoresistance of two types of magnetic tunneling junctions (MTJs). These two types
of MTJ samples have different free layer structures but the same pinned structures and
the same material for free and reference layers. The tunneling magnetoresistance ratio
(TMR), defined as (Rap-Rp)/Rp, is 26% and 70% for type 1 and type 2, respectively.
From the analysis of our results, we conclude that: (1) There are more magnetic
inhomogeneous regions in the free magnetic layer of type 1 MTJ samples than in those of
type 2 MTJ samples; (2) There are possible additional spin-glass-like states that occur at
the interface between the magnetic layer and the insulating layer in the type 1 MTJ
sample at low temperature. These results clearly indicate that the micro-magnetization
orientation in the free layer and its interfaces plays an important role in determining the
TMR ratio in these two types of MTJ samples.

An ultra-sensitive  MTM system is developed to characterize the magnetic
nanostructures. The MTM system can be operated in temperature from 10 K to 300 K
and under vacuum of 5 x 10°® torr. We have also developed a new method to deposit
magnetic patterns on cantilevers that allows us to have more flexibility in magnetic

studies using MTM in the future.
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Chapter 1

Introduction

Magnetic field sensors have had a significant impact over the past fifty years in many
different technological areas. The most important areas include homeland security,
health care, information technology, geomagnetic exploration, and nanotechnology.
Magnetic field sensing technology has been driven by the need for improved sensitivity,
small size, low power, low cost and compatibility with electronic systems. To achieve
those requirements, magnetic sensors are usually fabricated with micrometer-sized or
sub-micrometer sized multilayer structures. The thickness of each layer can be as thin as
a few angstroms.

For example, the basic structure of a magnetic tunneling junction (MTJ) is a
sandwiched structure consisting of two ferromagnetic layers (FM) separated by a thin
insulating layer. One of the ferromagnetic layers is called the ‘“pinned layer’’ and is
magnetically oriented in a fixed direction. The other ferromagnetic layer is called the
““free’’ layer in which the magnetization rotates in response to an external magnetic field.
The resistance of the junction depends on the relative orientation of magnetizations in the
two ferromagnetic layers. Also from Julliere model, the magnetoresistance (MR) ratio,
defined as (Rap-Rp)/Rp, is higher for the material with higher spin polarization [1]. The
first reported MTJ with large MR ratio (13.4%) at room temperature has layer structures
as CoFe (80 A)/Al,03(16~18 A)/Co (100~300A) [2]. In these studies, with field higher
than the coercivity of the both FM films, the magnetization of the two FM films is

saturated and aligned with the applied filed. To be used as sensor or memory, only the



free layer of the MTJ responds to the field, and the pinned layer is required to keep the
magnetization unchanged during operation. Then the coercivity of the pinned layer
should be higher than that of free layer. And the sensing field has to be restricted to
being lower than a maximum value so the pinned layer would not be disturbed. Also it is
possible that small domains in the pinned layer can be reversed by repeated low field and
can not return to their original states [3].

An improved pinning field is achieved by adding an adjacent antiferromagnetic
(AFM) layer to the pinned layer through exchange coupling. A desirable candidate for
the AFM layer should have high exchange coupling strength, high blocking temperature,
good corrosion resistance, low cost, and avoid high temperature treatment to establish the
AFM phase to destroy the TMR effect due to the intermixing at the interface. So far,
various AFM materials, such as FeMn, NiO, IrMn, PdPtMn, TbCo, and CrPt etc., have
been exploited as pinning layers [4-10]. By using the synthetic antiferromagnet (SAF)
structure in addition to the antiferromagnet layer, the fringing field to the free layer
caused by the pinned layer can be reduced due to the flux closure of the two
ferromagnetic layers in the SAF [11-14].

For the free layer, a small coercivity field is preferred to get higher sensitivity.
Progressively thinner free layers continue to be required. However, the thickness on the
order of the spin-up and spin-down conduction electron mean free paths (as an example,
for NigoFe,o is about 50 A and 6 A at room temperature for spin-up and spin-down,
respectively) causes a rapid reduction in magnetoresistance in giant magnetoresistance
(GMR) sensors [15]. To obtain large magnetoresistance with high sensitivity of free

layers, synthetic ferrimagnet (SF) free layers have been proposed by decreasing the



effective free layer thickness while maintaining the large physical free layer thickness
[16-17].

Fig. 1.1 shows typical layer structures of a magnetic tunneling junction sensor,
80Ru-8CoFeB-15A1,0;3-50CoFeB-9Ru-54FeCo-350CrMnPt (in A). The
antiferromagnetic (AFM) material CrMnPt is at the top. The blocking temperature of 250
A CrMnPt films is 320 °C after 230 °C 2 hr thermal anneal [18]. The FeCo/Ru/CoFeB

forms SAF structure [14]. The 8 A CoFeB is the free layer.

Pl

AFM—=|350 CrMnPt
Pin layer |

structure “"| B4 FeCo
SAF{ —9R
ore
b ' © A20:
Free layer structure «8 CoFeB
80 Ru
Substrate

Fig. 1.1 Layer structure of one magnetoresistance tunneling junction (MTJ).

Magnetic sensors with smaller sized and thinner thickness of complicated layer
structures are needed. With the recording bit aerial density proposed as high as 1
Tbit/inch?, the width of each bit will be as small as 25 nm. Then the recording head with
dimension on the same order is required. Also smaller magnetic elements are demanded
for the higher density of information storage, such as magnetic random access memory
(MRAM). With the size of the magnetic devices shrinking and the thickness of the

ferromagnetic films decreasing, the chance of having defects becomes higher. These



defects may be formed during thin-film deposition, annealing and the lithography process
etc. So the magnetic properties of these small and thin layers are quite different from that
of the bulk. The sensor behavior depends strongly on the properties of these thin and
small magnetic elements. To characterize and analysis nanometer sized defects is
important for improving sensitivity and signal-to-noise ratio of such magnetic sensors.

Many investigations have been performed to study the magnetic properties of
very thin films [19-22] and in submicron sized patterned magnetic films [23-26]. The
characterization methods include x-ray diffraction, vibrating sample magnetometer
(VSM), alternating gradient force magnetometer (AGM), magnetic force microscopy
(MFM), atomic force microscopy (AFM), magneto-optical Kerr effect (MOKE), etc.
However, conventional magnetometers are designed for measuring specimens in
millimeter dimension. Therefore they have low signal-to-noise ratio (SNR) for small
specimens. To measure small specimens, it is necessary to measure a large amount of
small samples to get enough signals. Then the measurement result is the statistic average
of all the samples.

In this thesis, a new magnetic sensitivity mapping (MSM) system is developed to
locate the inhomogeneous regions in the ferromagnetic layer of magnetic sensors. An
ultra-sensitive microcantielver torque magnetometer (MTM) system is developed to
characterize the submicrometer-sized magnetic films and arrays. The detailed magnetic
microstructures of free layer and pinned layer in magnetic tunneling junctions are studied
by the analysis of the temperature and voltage dependence of the tunneling

magnetoresistance data.
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Chapter 2

Experiment

A magnetic sensitivity mapping (MSM) system is developed to characterize the
magnetic inhomogeneity.  Also an ultra-high sensitivity microcantilever torque
magnetometry (MTM) is developed, which can be operated under variable temperature
from 10 K to 300 K and under ultrahigh vacuum to 10® torr. In this chapter, the
principle, techniques and instrumental setup are briefly described.

2. 1 Magnetic sensitivity mapping (MSM) system
2.1.1 MSM system setup

Fig. 2.1 is a schematic graph of the experimental setup of the MSM system. The
experimental setup is based on a scanning magnetic force microscope (MFM). During the
measurement, the head under test is fixed on a specially designed stage of the scanning
magnetic force microscope. The stage includes a circuit that connects the electronics to
the recording head. A low-noise current source is used to apply a constant dc bias current
to the recording heads. The voltage output signal from the testing recording head was
picked up and amplified by a low noise preamplifier with a gain of 1000. This amplified
signal was connected to a spectrum analyzer to measure the noise in the frequency range
of interest. The noise data is processed by a computer and then converted back to analog
signal through a D/A converter. The final signal is fed back into the input channel of the
MFM. This allows us to plot the noise changes with respect to the tip position to get the

magnetic noise mapping for the tested recording head.
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Fig. 2.1 Schematic diagram of the magnetic sensitivity mapping (MSM)

system.

Fig. 2.2 Picture of the MSM system.
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2. 1. 2 Magnetic tip

A magnetic tip (Fig. 2.3) is used to apply a localized magnetic field to the giant
magnetoresistance (GMR) or MTJ head. The high-resolution SEM micrograph of a
typical tip is shown in Fig. 2.3 (b), which shows the details of a tip coated with CoPt
particles on the apex of the tip. The phase map reconstructed from the hologram of the
same tip is shown in Fig. 2.3 (c) [1]. The alternatively black and white lines are the
magnetic flux lines that emerge from the MFM tip. The magnetic stray field that
originates from the CoPt particles on the tip can be estimated from the analysis of the
hologram data. The magnetic field generated by this tip at the MR sensor surface is about

8 kA/m(100 Oe) [2].

Fig. 2.3 (a) SEM image of the magnetic force microscopy (MFM) cantilever; (b)
SEM picture of the very end of the tip coated with CoPt particles; and (c) the

hologram of the same tip [1].
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2.1.3 Methodology

The recording heads used in this investigation are standard PtMn-based bottom
GMR recording heads and PtMn-based Al,Os3 barrier MTJ recording heads provided by
Seagate Technology. In either case, the magnetization direction of the reference layer is
aligned perpendicular to the free layer for signal linearity (Fig. 2.4). The heads are
stabilized by CoCrPt magnets on both sides of the sensor element [3]. The dc bias current
is in the film plane (x axis) for GMR heads and perpendicular to the film plane (y axis)
for MTJ heads. During the measurement, tapping mode with no lift height in the MFM
software was selected. That means the tip end is very close to the air-bearing surface
(ABS) of the MR heads. The cantilever oscillates at its resonance frequency (typically
around 70 kHz).

Since most noise associated with magnetic instability is typically in the low
frequency range, all the noise investigated in this chapter was chosen in the frequency
range of 20 kHz — 60 kHz. When no tip was scanning over the MR heads, the noise
spectrum is measured in the specified frequency range by a spectrum analyzer, as shown
in (Fig. 2.5 trace “A”). That noise is the integration of the system noise plus all the noise
sources of the head that are not related to the magnetic field excitation, such as electronic
noise in the circuit, Johnson-Nyquist noise efc. We set this noise as the noise floor of the
measured head. When the tip scans over the stable part of the GMR head, the noise
spectrum has no obvious difference from the noise floor. However, when the magnetic tip
is scanning over the unstable part of the head, noise increases (Fig. 2.5 trace “B”). The
noise difference between the tip scanning over the heads and when the tip is away from

the head is the noise due to the magnetic excitation.
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Fig. 2.4 Schematic drawing of the principle of the dynamic magnetic sensitivity
mapping (MSM) system. The ABS plane is defined as the x—y plane. The direction of
the magnetic moment of the free layer is defined as positive x direction. The
magnetic moment of the reference layer is perpendicular to the free layer magnetic
moment direction and aligned in the positive z direction. During measurement, the
cantilever oscillates at its resonance frequency. The spacer layer is nonmagnetic

material for GMR and insulating material for MTJ.

The cantilever’s scanning rate should be selected to be slower than the spectrum
analyzer’s sweep rate. Unmatched scan rate with analyzer’s sweep rate will cause image
distortion. The spatial resolution of this noise mapping system is mainly determined by
the magnetic tip dimension. The resolution of the MSM images can be comparable to the

magnetic force microscope.
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Fig. 2.5 Trace “A”: the noise spectra data of a GMR head when the tip scans over
the stable part of the head or far away from the head; Trace “B”: the noise spectra

data when the tip scans over the unstable part of the same GMR recording head.

2. 2 Microcantilever torque magnetometry (MTM)
2.2.1 MTM system setup

The schematic diagram of the microcantilever torque magnetometry (MTM) system is
shown in Fig. 2.6. It mainly consists of one custom designed oscillator cantilever, a fiber
optic interferometer, a lock-in amplifier, a solenoid coil, one function generator,
temperature controller, and a magnet. The sample to be measured is put on the cantilever

and the cantilever is placed between the two poles of the electromagnet. The magnetic

sample is magnetized (M ) by an applied dc field in the sample plane. A small ac torque

field is applied perpendicular to the sample plane (4, , torque field) by the solenoid coil.
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(Fig. 2.8 shows the calibration between the dc current and the generated dc field.) Then a
torque,
_ >
T=MxH,

is applied to the cantilever. If the torque field oscillates at the resonance frequency of the
cantilever, the amplitude of the oscillating cantilever is at the maximum. Since the angle
of oscillation is small, it is assumed that the oscillation amplitude is proportional to the
torque amplitude. So with a known torque field, the magnetization of the sample is
proportional to the magnetite of the oscillation.

The distance change is detected by an optical interferometer. The optical
interferometer can transfer the amplitude change of the cantilever to an electrical voltage
signal. And the output voltage from the optical interferometer is connected to the lock-in
amplifier to measure the amplitude of the cantilever at the resonance frequency. By
plotting the amplitude versus the applied magnetic field in the sample plane, the

hysteresis loop can be obtained.
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Fig. 2.6 Schematic diagram of the variable temperature and vacuum

microcantilever torque magnetometer (MTM).

Fig. 2.7 shows a photo of the MTM system. The system allows MTM
measurements from 10 K to 300 K under vacuum to 5 x 10 torr, and under a magnetic
field ranging of £677 kA/m (£8.5 kOe). By reading the temperature with a CY7-SD7
diode sensor, a Lakeshore332 temperature controller adjusts the power to the heater,
which results in a temperature stability within = 0.01 K in the range from 10 K to 400K.
The magnetic field was measured by Lakeshore 450 gaussmeter. The gaussmeter can

resolve £107 T (+0.001 G) at the range of £0.03 T (+300Gauss).
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Fig. 2.7 Pictures of (a) the variable temperature and vacuum MTM system, (b)

sample probe and (c) enlarged sample holder.
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Fig. 2.8 Calibration of torque field versus coil current.

2. 2. 2 Optical interferometer

The optical interferometer is a sensitive instrument to detect a displacement change
[4-6]. The schematic diagram of a fiber optic interferometer is as shown in Fig. 2.9.
Two optical interferometers are used in the study. The laser source of one optical
interferometer is a laser diode (AFM interferometer 0022-2000) and the other one is HP
8164 A. The wavelength of the laser source is 1543.68 nm to 1547.83 nm for laser diode
[7] and 1510 nm to 1640 nm for HP 8164A lightwave measurement system [8]. An
optical isolator is added, so light can only comes out and can not go back to the laser
source. The output laser beam from the fiber is reflected by the surface of the sample
(cantilever) and comes back into the fiber. The reflected laser beam is then detected by a

photoreceiver. The photoreceiver, which translates the light signal to a voltage signal.
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Fig. 2.9 Schematic diagram of the interferometer

The photo receiver (New focus, Model 2034) can detect light with wavelengths
between 800 nm and 2200 nm. It has three ranges, low, medium, and high, which
transimpedance gains 2x10°% 10° and 2x10° V/A, respectively. The NOise equivalent power (NEP),
which is a measure of the weakest optical signal that the photoreceiver can detect, is 46
pW/VHz. To compute the approximate output voltage for a given input optical power,
the relationship Vo, =Pin'R°G is used, where Pj, is the input optical power in watts; R is
the photo detector’s responsivity in A/W (Fig. 2.10), and G is the amplifier’s
transimpedance gain in V/A. For example, the Model 2034 on the medium gain setting
and with 10 uW of optical power at 1600 nm will have an output voltage of
approximately (10 pW)-(1 A/W)-(10°V/A) = 1 V. If the 3 dB bandwidth is 80 kHz, the
voltage corresponding to the minimum detectable signal is (46 pW/VHz)*(80 kHz)*(1.1

A/W)*(2*%10%) = 3.6*107 V.
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Fig. 2.10 Typical responsivity of the model 2034 photodiode

Simple two-component interference is used to model the interferometer response. The
voltage from the signal photodiode is given by v = v [1-V cos(47d / 1)] ,where 4 is the

laser wavelength and the d is the fiber-to-cantilever spacing, and vy is the midpoint

voltage [9] . The quantity V is the fringe visibility and given by p = Yma = iin g g
+v

max min

Vo = (Vpue T Viin)/ 2, Where vmax and vmin are the voltage corresponding to maximum
constructive and destructive interference, respectively. Then is the laser wavelength is
driven to A; and gets a maximum output, then

cos(4md / A,) =1
4rd | A, =2mm (2-1)

d="2
2

where m is an integer. If the next maximum peak occurs at some wavelength A,, then
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d= (’”T“)zz (2-2)

Combine equation (2-1) and (2-2), the fiber-to-cantilever spacing can be determined by

_ 11/12
2(2’1 - 12) .

In Fig. 2.11, the fiber-to-cantilever spacing is the etching depth of the cantilever from the

wafer, which is designed as 135 um. And from the experiment, the distance is

1566nm x1575nm

= =137 um.
2x(1575nm —1566nm)
0.8
SF = om oom oo o o e o e - - e
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Fig. 2.11 the dc output with changing laser wavelength at a fixed
fiber-to-cantilever distance at (a) high sensitivity range and (b)

medium sensitivity range of the photoreceiver.

The most sensitive operating point occurs when d =A/8, 3 A/8, 5 A/8, ... At quadrate,
the response for small distance changes, Ad, and the small wavelength change AA, is

Azd AxzAd ArndAA
iven bydv=v,V sin —
g y 14 VO ﬂ, ( /l 212

). Atd =(2n+1)A/8, where n is any integer,
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the equation becomes asﬁ = 47zV(A7d — df}

Vo

). As shown in Fig. 2.12, the voltage from

the signal photodiode (dc voltage) and ac signal from the lock-in amplifier varies with
changing laser wavelength. As the wavelength decreases from 1547.83 nm, the dc and ac
signals both increase. The ac signal reaches a maximum when the wavelength is 1546.3
nm. As the wavelength decreases more, the dc signal increases and the ac signal
decreases. By comparing the dc and ac signals, the ac signal reaches zero when the dc
signal is at a maximum or minimum voltage; and ac signal gets maximum at the dc signal

is the middle point of the maximum and the minimum output voltage.

3 FLE ---'-'-'.-.-"l.
< T Middle Point
_ 2 i L 3
©
, o]
e oy
W 1l .
&} B
3 e
O . i , : . s -
0.15[ ' '
g 0.10} . B
C_U .. L
[ .
D 0.05¢ Z 3
w '._. n
0.00L == . . . :
1544 1545 1546 1547 1548

Wavelength (nm)

Fig. 2.12 The voltage of the photodetector output and ac voltage from

lock-in amplifier as a function of wavelength of the laser source.
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To get the maximum sensitivity, we can either change the fiber-cantilever spacing, or
change the wavelength of the laser [10]. The wavelength of the laser can be adjusted by
the temperature of the laser diode. During the measurement, the laser wavelength is
adjusted until the signal photodetector voltage vi=(Viax+vmin)/2. Then to ensure that the

interferometer can be calibrated within the maximum wavelength shift of the laser AX,
the fiber-cantilever spacing d need to satisfy the condition ofd > (1> + AAA)/2AA. The

laser wavelength range of the laser diode in AFM interferometer 0022-2000 is from
1543.68 nm to 1547.83 nm, and for the other system (HP 8164A) is from 1510nm to
1640nm. Then the minimum fiber-cantilever spacing is 137.5 um and 19 um. The
maximum output voltage from the detector is 5 V, and the minimum output step is

3.6*10”. Then the minimum displacement can be detected by the interferometer is

~3.6x107V
5V

Ad x19um =7fm .

2.2.3 Microcantilever

The microcantilever used in the microcantilever torque magnetometry (MTM)
systems is fabricated from a double-sided polished <100>-oriented, single-crystal silicon
wafer 75mm in diameter and 150 pm in thickness. The fabrication process is done in
National Institute of Standard and Technology (NIST) at Boulder, Colorado. The
detailed fabrication process of the microcantilever is shown in Fig. 2.13. First a thin
photoresist layer about 2 pum thick is coated on the wafer. The photoresist is patterned by
the UV light from the top. After that, a deep RIE process is used to remove the Si
substrate not covered with photoresist to a depth of about 15 pm. This process defines
the cantilever. Next, 0.5 pm thick SisNy is deposited on both sides of the wafer. And the

backside nitride is then patterned using both reactive ion etching (RIE) and deep RIE
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(DRIE). Then the DRIE is used to remove the Si in the backside about 130 um at the
position where will be the cantilever. The cantilever release process is based on a KOH
anisotropic etch (30 % by weight with 2-3% of isopropyl alcohol (IPA), and an oxygen
bubbler at 75°C). Finally, the Si3Ny is removed by the 1% HF solution. Fig. 2.14 shows

some of cantilevers that fabricated by this process.
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Fig. 2.13 Schematic diagram of the fabrication process of cantilevers.
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Chapter 3

Locating magnetic noise sources in magnetic sensors

In this chapter, we correlate the microstructure to the source of magnetic noise in
giant magnetoresistance (GMR) and magnetic tunneling junction (MTJ) recording heads
using our newly developed magnetic sensitivity mapping (MSM) system [1, 2]. A
scanning nanometer-sized magnetic tip was used to generate a localized magnetic field
and excite the free-layer magnetic moment at the air-bearing surface (ABS). By mapping
out the magnetic noise as a function of position, the inhomogeneous regions in the
ferromagnetic layer of the magnetic sensors that relate to magnetic instabilities inside the
recording heads are identified. An understanding of those nanometer sized defects is

important to design heads with better signal to noise ratio (SNR).

3.1 Giant magnetoresistance junction

GMR heads are current-in-plane devices composed of multilayer structures of
magnetic and a very thin nonmagnetic metal layers (typically Cu) [3-4]. Currently the
GMR heads have a spin-valve structure (Fig. 3.1) [5]. The magnetization of one
ferromagnetic layer is pinned by exchange coupling with the adjacent antiferromagnetic
layer. The magnetization direction of this ferromagnetic layer cannot be changed by a
small magnetic field (this layer is called the pinned layer). While the other magnetic
layer’s moment direction can be easily altered by a small magnetic field (this layer is
called the free layer). When the magnetization directions of the two ferromagnetic layers

are parallel, the GMR has low resistance; otherwise, it has high resistance. The origin of
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the GMR can be qualitatively explained by the Mott model [6]. It is proposed that the
up-spin and down-spin are two independent conducting channels. Due to the asymmetry
in the density of states at the Fermi level, the scattering is strong for electrons with spin
antiparallel to the magnetization direction and weak for electrons with spin parallel to the
magnetization direction. In the case of parallel alignment of the magnetization direction
of two ferromagnetic layers, the up-spin electrons are parallel to the magnetization
direction and then pass through with less scattering, while the down-spin electrons scatter
strongly within the ferromagnetic layers. Since the two conduction channels are in
parallel, the up-spin channel which has the low resistance, will dominate. On the
contrary, when the magnetization directions of the two ferromagnetic layers are
antiparallel, both the up-spin and down-spin electrons are antiparallel to the
magnetization direction of one of the ferromagnetic layers and are scattered strongly
within that ferromagnetic layer. That results in high resistance. Therefore, the variation
of the magnetization direction in the ferromagnetic layers will affect the scattering
process, change the resistance, and then cause noise. The factors can change the
magnetization direction of the free layer could be thermal excitations, defects made

during film deposition, interface diffusion, etc.
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Fig. 3.1 (a) Layer structure of a GMR sensor and (b) Magnetoresistance for one
GMR with layer structure as Si/NiFe/Cu/NiFe/FeMn/Ag as a function of H in the
film plane at room temperature. The field is applied parallel to the exchange
anisotropy field created by FeMn (EA). The current is perpendicular to this

direction [5].

3.2 Magnetic tunneling junction (MTJ)

The MTJ sensor has a similar tri-layer structure as GMR (Fig. 3.2) [7]. The
differences between the MTJ and GMR heads are that MTJ is a current-out-of-plane
device and the nonmagnetic spacer layer is replaced by a thin oxide layer (1.0 nm or
less). When the insulating barrier is very thin, electrons can tunnel through it. The
number of tunneling electrons is related to the relative orientation of the magnetization of
the two ferromagnetic layers. When the two ferromagnetic layers are magnetized parallel
to each other, the resistance is low; when the magnetization directions of the two
ferromagnetic layers are antiparallel, the resistance is high.

This phenomenon was explained by a simple model proposed by Julliere [8]. It

assumed the spin of electrons is conserved in the tunneling process. When the electrons
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originate from one ferromagnetic layer, they will be accepted by the unfilled states of the
same spin of the second ferromagnetic layer. If the two ferromagnetic layers have
magnetization directions aligned parallel to each other, the minority (majority) spins
tunnel to the minority (majority) states. While if the two ferromagnetic layers are
magnetized antiparallel, the majority (minority) spins of the first ferromagnetic layer will
tunnel to the minority (majority) state of the second ferromagnetic layer. Julliere also
assumed that the conductance for a certain spin orientation is proportional to the product
of the effective density of states of the two ferromagnetic electrodes. Therefore the
resistance for the parallel alignment is low and the resistance for the antiparallel

alignment is high.
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W

Fig. 3.2 (a) Layer structure of a MTJ sensor and (b) Magnetoresistance for one MTJ
with layer structure of CoFe/Al,O3/Co plotted as a function of H in the film plane at
295 K [7].

With the improvement in thin film deposition and barrier oxidation, the TMR value

increases. The highest reported MR ratio for MTJ is about 70% using an Al,Os barrier
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layer [7] and 200% using MgO barrier layer [ 10-11] at room temperature. Recently,
MT]J using MgO barrier with rf-sputtered CoFeB electrodes completely crystallized by
annealing at 400 °C have shown TMR ratio exceeding 350% [12, 13]. And by adding
synthetic ferromagnetic pin layer annealed at 425 °C, TMR can get further increases to
361% [14]. However, the TMR and SNR values are very sensitive to the microstructures

caused during the head fabrication process.

3.3 Magnetic noise

In order to use GMR and TMR sensors as recording heads for even higher
recording densities, higher MR as wells as higher signal-to-noise (SNR) ratio are very
important. Therefore, in order to realize the full potential of the GMR and TMR sensor, a
detailed understanding of noise and magnetic stability characteristics of the sensor are
essential for the design of high SNR heads.

From the discussions of the layer structures of GMR and TMR heads, there are
many mechanisms that can cause resistance change and then increase the noise in a
submicron scale MR read heads. Some are magnetic in nature and some are purely
electrical in nature. Examples of those mechanisms include Johnson-Nyquist thermal
resistance noise, shot noise, random telegraph noise (both can be due to magnetic
fluctuation or purely nonmagnetoresistive resistance fluctuations), 1/f noise, efc.

Johnson-Nyquist noise, also called white noise, exists in all resistive devices [15].
It is due to thermal fluctuations in the electron density within the resistor itself. The
noise is measured without applied external bias. For GMR, the thermal smearing of the

distribution function of electrons near the Fermi-level will cause resistance change and
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result in noise. And for MTJ, for those electrons with energy close to the barrier height,
the thermal energy may assist these electrons tunnel through the barrier. This random
transition of electrons between two electrodes through tunnel barrier results in current
fluctuation. Usually this type of current fluctuation is small. By using the fluctuation-
dissipation theorem (FDT) to thermal equilibrium resistance fluctuations (without

external bias voltage), the Johnson-Nyquist noise can be expressed as

V oise (tmS) = \JAKTRAf

where the £ is Boltzmann’s constant (1.38 x 10% J/K), R is the total tunnel resistance in
ohms, T is the absolute temperature in Kelvin, and Af is the bandwidth in Hz.

Shot noise is due to the finite nature of the charge carriers. There is always some
non-uniformity in the electron flow which will generate noise in the current. Also with a
bias voltage applied across the barrier of MTJ, the probability of electrons tunneling
through the barrier is increased. The number of electrons tunneling through the barrier

per unit time fluctuates. The shot noise can be expressed as

1. (rms) = 2q15f
where g is electron charge (1.6 x 107" C), I is electrical current and Af is the bandwidth
[16].
A third noise source is 1/f noise, or flicker noise [14,15]. It usually dominates in

the low frequency range. The power spectral density of this noise follows the well known

2
_ o,V

V
Hooge relation [17], Nf7 , where ay is the “Hooge constant”, N is the number of
charge carriers in the sample, f is the frequency, and the exponent v is usually close to 1.

If we assume the charge carrier density is constant, then we can replace N by the sample
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volume, V. So the 1/f noise is inversely proportional to the sensor size. Many models
have been proposed to explain the root causes of 1/f noise. The most plausible and
generally accepted model for 1/f noise is the two level fluctuation model conceived by
Dutta and Horn [18]. This two level-fluctuation model can also describe most noises
caused by magnetic fluctuations.

Thermal noise and shot noise are intrinsic properties of the sensor. We have very
little control after the material and structures have been chosen. However, noise caused
by magnetic instability in the sensor can be controlled by the magnetic properties of the
relevant magnetic layers and stabilizing methods. Most of the magnetic instabilities are
caused by the so-called Barkhausen jumps, which arise from sudden and irreversible
domain wall motion. The magnetic instabilities are likely due to processing defects, edge
defects or non uniformities in the magnetic layer.

From the principle of GMR and MTIJ sensors, the output signal is closely related
to the magnetization states in the free and pinned layer structures. Magnetic instabilities
will show up as electrical noise on the output signal. The origins of these noise sources
are different. However, they are all related to the microstructure of the heads. For
example, the magnetic instabilities caused by the so-called Barkhausen jumps arise from
sudden and irreversible domain wall motion pinned by the defects. Those defects can be
formed during thin film deposition process, defects during the lithography process,
interface intermixing, efc. As the size of the magnetic elements shrinks, the thickness of
the ferromagnetic film and spacer decrease, the chance of having defects becomes higher.
Therefore, in order to realize the full potential of the GMR and MTJ sensors, a detailed

understanding of noise and magnetic stability characteristics of the sensor are essential
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for the design of high signal-to-noise ratio (SNR) sensors. Recently, great efforts have
been exerted in the study of GMR and MTJ noise and attempt to explain the noise
mechanisms involved [19-24]. Most of these reports focus on the integrated noise
behavior of MR heads, but a few concentrate on spatial characterization of the noise
source. For submicron sized sensors, it is very hard to observe their microstructure.

In this study, a dynamic magnetic sensitivity mapping (MSM) system was
designed to investigate the localized noise sources associated with magnetic instabilities
in GMR and TMR recording heads, and then correlate the information to the

microstructure of the recording heads.

3.4 MSM mapping
3.4.1 MSM mapping GMR sensor

Several selected GMR and MTJ recording heads with known magnetic
instabilities are measured by the MSM system. For the tested magnetically unstable GMR
recording heads, the study of the noise spectrum indicates that noise in the low-frequency
regime is the dominant noise source. This is consistent with random telegraph noise [26,
27]. Fig. 3.3 shows noise MSM images in the range of 20 kHz to 60 kHz for one of the
tested unstable GMR sensors under positive (negative z axis) and negative (positive z
axis) tip magnetization. It is clear that under a positive excitation field, noise mainly
originates from the right part of the sensor in a semicircular shaped area [Fig. 3.3 (a)].
However, under a negative excitation field, no detectable noise is present in the whole
sensor, as shown in Fig. 3.3 (b). These results are reproducible for other MFM tips which

have different magnetic stray fields. Therefore the stray field from the MFM tip only
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exaggerates the instability in the head. The location of the instability is not related to the

tip but intrinsic to the head.

Fig. 3.3 MSM images (a) under a positive and (b) under a negative

magnetic field for a magnetically unstable GMR read head.

3.4.2 MSM mapping for MTJ sensor

Fig. 3.4 (a) shows the dc noise measurement in the time domain for two MTJ
recording heads under an external sweeping magnetic field. One of the heads is
magnetically stable while the other has a known magnetic instability. For the stable head
[head 1 in Fig. 3.4 (a)], the baseline noise is small and has no significant change with the
applied dc magnetic field. For the unstable head [head 2 in Fig. 3.4 (a)] under a negative
dc field, the baseline noise is about the same as the stable head. When the field increases
to a bout 5 kA/m, baseline noise increases dramatically. As the field is further increased,
the noise subsides. When the applied field decreases from a high positive field and then
reverses back to 3 kA/m, noise again increases but then falls off with further field

decrease. The MR transfer curve of the stable head is shown in Fig. 3.4 (b). When no
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external field is applied, the resistance of the head 1 is about 92.8 Q. When magnetic
field is applied, the resistance changes linearly with field changes and is symmetric about
the positive and negative field. Head 2 has resistance about 154.7 Q with no applied
field. However the MR transfers curve of head 2 (Fig. 3.4 (c)) is not linear but has a
hysteresis loop. In addition, the MR curve is not symmetric about 154.7 Q for the same
amplitude applied magnetic field with opposite directions. The transition between high
and low resistance states both happened under positive fields. Also by comparing the
MR curve to the time domain noise measurement, we find that the fields which cause
increased noise correspond to the switching field of the sensor between high and low
resistance states. Magnetic moment fluctuations in the free layer may cause this noise

increase [20, 21].
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(b) MR loop for MTJ head 1 and (c) MR loop for MTJ head 2.
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The noise mapping images of stable and unstable MTJ heads with positive and
negative tip magnetization in the frequency range of 20 kHz to 60 kHz are shown in Fig.
3.5. For a stable head (head 1), the noise maps [Fig. 3.5 (a) and (b)] show that there is no
additional noise due to magnetic tip excitation whether under a positive or a negative tip
magnetization state. However, the noise map for an unstable head (head 2) [Fig. 3.5 (c)]
shows that there is considerable noise having spatial variation. A magnetic noise increase
is detected only during tip scanning over the left side of the sensor and a small amount of
noise is observed in the right part of the sensor. Upon reversing the tip field direction, this
localized magnetic noise disappears [Fig. 3.5 (d)]. These results agree with the time

domain measurement results as shown in Fig. 3.4 (a).

nm

Fig. 3.5 MSM images for the MTJ head 1 (stable) (a) under a positive
magnetic field and (b) under a negative field; and for magnetic MTJ head 2

(unstable) (c) under a positive magnetic field and (d) under a negative field.
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One possible reason for the noise increase under positive tip field for measured
recording heads is magnetic defects in some regions of the free layer, such as processing
defects, edge defects, or non-uniformities in the layer structure. These defect regions may
weakly couple to the rest of the free layer [22] and cause the magnetic instability. By the
analysis of the MR loop of the MTJ recording head 2 (unstable), the magnetization of the
defects in the free layer is not aligned by the CoCrPt hard magnets to the perpendicular
direction (x axis in Fig. 2.3) to the magnetization direction of the pinned layer. The
direction of that defect region favors the parallel alignment to the pinned layer. It may be
caused by the exchange coupling from the pinned layer. A small field in the direction
antiparallel to the magnetization direction of the pinned layer cannot rotate the
magnetization of the free layer with it. Unless the field is high enough to overcome the
pinning by the defects in the free layer, the free layer is magnetized with the applied field.
It causes a sudden change in resistance. Also the magnetic instabilities caused by defects
in the free layer result in hysteresis. This makes the loop shift to the positive field side.
Therefore the resistance changes all happen under positive fields. When the tip
magnetization is positive, the activation energies from tip, hard magnet, and current-
induced field form a quasi-equilibrium state in the defect region of the sensor. Thermal
energy then allows the domain walls to hop between pinning sites [20], causing increased
noise. The defect region in the TMR sensor is likely located in the center of the circular
area in the left part of the sensor. With a negative tip magnetization, the TMR sensor is in
a stable low resistance state and no noise is observed. Similarly, from the semicircular

shape of the noise MSM image of the GMR head, it is very likely that the location of the
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fluctuating magnetic moment is located in the center of the semicircular shaped area of

the head.

3.5 Summary

In this chapter, we have presented results of the imaging of the magnetic noise
sources at low frequency in both GMR and MTJ recording heads. The developed MSM
system can locate the magnetic noise sources for the sub-micron sized heads, which is
hard to be observed by other methods. The agreement between the image of noise
sources and other measurement results is good for the investigated magnetic origin noise
in recording heads. The field dependent 1/f noise and Barkhausen noise may be the main

reasons for the noise increase of the unstable recording heads we tested.



42

References:

1.

6.

7.

L. Yuan, J. X. Shen, Bharat B. Pant and S. H. Liou, “Imaging magnetic noise sources
in magnetic recording heads(invited)”, Proceeding of SPIE- Fluctuations and Noise in
Materials, 5843, 1 (2005).

L. Yuan, J. X. Shen, and Bharat B. Pant, “Locating magnetic noise sources in TMR
and GMR recording heads using scanning probe microscopy”, IEEE Trans. Magn.,
40, 2233 (2004).

M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P. Etienne, G.
Creuzet, A. Friederich, and J. Chazelas, "Giant magnetoresistance of (001)Fe/(001)Cr
magnetic superlattices”, Phys. Rev. Lett., 61, 2472 (1988).

G. Binasch, P.Griinberg, F. Saurenbach, and W. Zinn, "Enhanced magnetoresistance
in layered magnetic structures with antiferromagnetic interlayer exchange", Phys.

Rev. B, 39, 4828 (1989).

. B. Dieny, V. S. Speriosu, S. S. P. Parkin, B. A. Gurney, D. R. Wilhoit, and D. Mauri,

"Giant magnetoresistance in soft ferromagnetic multilayers", Phys. Rev. B, 43, 1297
(1991).

N. F. Mott, Proc. Royal Soc., 156, 368 (1936).

J. S. Moodera, Lisa R. Kinder, Terrilyn M. Wong, and R. Meservey, "Large
magnetoresistance at room temperature in ferromagnetic thin film tunnel junctions",

Phys. Rev. Lett., 74, 3273 (1995).

. M. Julliere, "Tunneling between ferromagnetic films", Phys. Lett., 54A, 225 (1975).



10.

11.

12.

13.

14.

15.

16.

17.

43

Dexin Wang, Cathy Nordman, James M. Daughton, Zhenghong Qian, and Jonathon
Fink, "70% TMR at room temperature for SDT sandwich junctions with CoFeB as
free and reference layers", IEEE Trans. on Magn., 40, 2269 (2004).

Stuart S.P. Parkin, Christian Kaiser, Alex Panchula, Philip M. Rice, Brian Hughes,
Mahesh Smant, and See-Hun Yang, "Giant tunnelling mangetoresistance at room
temperature with MgO (100) tunnel barriers", Nature Materials, 3, 862 (2004).

Shinji Yuasa, T.N., Akio Fukushima, Yoshishige Suzuki and Koji Ando, "Giant
room-temperature magnetoresistance in single-crystal Fe/MgO/Fe magnetic tunnel
junctions", Nature Materials, 3, 868 (2004).

J. Hayakawa, S. Ikeda, F. Matsukura, H. Takahashi, and H. Ohno, J. Appl. Phys., 44,
L587 (2005).

S. Ikeda, J. Hayakawa, Y. M. Lee, R. Sasaki, T. Meguro, F. Matsukura, and H.
Ohno, Jpn. J. Appl. Phys., 44, L1442 (2005).

Y. Lee, J. Hayakawa, S. lkeda, F. Matsukura, and Ohno, “Giant tunneling
magnetoresistance in CoFeB/MgO/CoFeB magnetic tunnel junction with a synthetic
ferrimagnetic pin layer annealed at and above 400 °C”, Presentation HA-02, IEEE
International Magnetics Conference, San Diego, California 2006.

Sh. Kogan, "Electronic noise and fluctuations in solids", Cambridge university press,
New York, 1996.

Ya. M. Blanter and M. Biittiker, "Shot noise in mesoscopic conductors", Phys. Rep.,
336, 1 (2000).

F. N. Hooge, T. G. M. Kleinpenning, and L. K. J. Vandamme, "Experimental studies

on 1/fnoise", Rep. Prog. Phys., 44, 479 (1981).



18.

19.

20.

21.

22.

23.

24.

25.

44

P. Dutta and P. M. Horn, "Low-frequency fluctuations in solids", Rev. Mod. Phys.,
53,497 (1981).

A. S. Edelstein, G. A. Fischer, M. Pedersen, E. R. Nowak, Shu Fan Cheng, and C. A.
Nordman, "Progress toward a thousandfold reduction in 1/f noise in magnetic sensors
using an ac microelectromechanical system flux concentrator (invited)" J. Appl.
Phys., 99, 08B317 (2006).

Aisha Gokce, E. R. Nowak, See Hun Yang, and S. S. P. Parkin , "1/f noise in
magnetic tunnel junctions with MgO tunnel barriers", J. Appl. Phys., 99, 08A906
(2006).

Nathan A. Stutzke, Stephen E. Russek, David P. Pappas, and Mark Tondra , "Low-
frequency noise measurements on commercial magnetoresistive magnetic field
sensors", J. Appl. Phys., 97, 10Q107 (2005).

S. E. Russek, S. Kaka, W. H. Rippard, M. R. Pufall, and T. J. Silva, "Finite-
temperature modeling of nanoscale spin-transfer oscillators" Phys. Rev. B, 71,
104425 (2005).

L. Jiang, E. R. Nowak, P. E. Scott, J. Johnson, J. M. Slaughter, J. J. Sun, and R. W.
Dave, "Low-frequency magnetic and resistance noise in magnetic tunnel junctions"
Phys. Rev. B, 69, 054407 (2004).

N. Stutzke, S. L. Burkett, and S. E. Russek, "Temperature and field dependence of
high-frequency magnetic noise in spin valve devices" Appl. Phys. Lett., 82, 91
(2003).

M. B. Weissman, "1/f noise and other slow, nonexponential kinetics in condensed

matter", Rev. Mod. Phys., 60, 537 (1988).



26.

27.

28.

29.

30.

31.

45

P. Dutta, P. Dimon, and P. M. Horn, "Energy scales for noise processes in metals",
Phys. Rev. Lett., 43, 646 (1979).

R. J. M. van de Veerdonk, P. J. L. Belién, K. M. Schep, J. C. S. Kools, M. C. de
Nooijer, M. A. M. Gijs, R. Coehoorn and W. J. M. de Jonge,"1/f noise in anisotropic
and giant magnetoresistive elements", J. Appl. Phys., 82, 6152 (1997).

Min Xiao, Klaas B. Klaassen, Jack C. L. van Peppen, and Mark H. Kryder, "Extra-
low-frequency noise in giant magnetoresistance recording heads", J. Appl. Phys., 85,
5855 (1999).

S. Ingvarsson, Gang Xiao, S. S. P. Parkin, W. J. Gallagher, G. Grinstein, and R. H.
Koch, "Low-frequency magnetic noise in micron-scale magnetic tunnel junctions",
Phy. Rev. Lett., 85, 3289 (2000).

Alexey V. Nazarov, Hae Seok Cho, Janusz Nowak, Scott Stokes, and Ned Tabat,
"Tunable ferromagnetic resonance peak in tunneling magnetoresistive sensor
structures", Appl. Phys. Lett., 81,4559 (2002).

L. S. Kirschenbaum, C.T. Rogers, S. E. Russek, and Young K. Kim, "Low-frequency

noise in NiFe/Cu spin-valves", IEEE Trans. Magn., 33, 3586 (1997).



46

Chapter 4
Magnetic microstructures of free and pinned layer

in magnetic tunnel junctions

The temperature and bias voltage dependence of magnetoresistance and the
resistance of two types of magnetic tunnel junction (MTJ) samples were studied [1].
These two types of MTJ samples have different free layer structures, while having the
same pinned layer structures and with the same materials for the free and reference
layers. The layer structure for type 1 MTIJs [Fig. 4.1 (a)] is 80Ru-8CoFeB-15A1,05-
50CoFeB-9Ru-54FeCo-350CrMnPt (in A). The layer structure for type 2 MTJs [Fig. 4.1
(b)] is 80Ru-40CoFeB-50RuTa-40CoFeB-15A1,03-50CoFeB-9Ru-54FeCo-350CrMnPt
(in A). Because the material for the free layer is the same for both types, the spin
polarization should be the same for these two types of samples. Also the barrier
preparation process is the same; therefore the barrier quality should be quite similar.
However, very different experimental tunneling magnetoresistance (TMR) ratios are
found for these two types of samples. The TMR ratio is about 26% and 69% at room
temperature for type 1 and type 2 MTJs, respectively. A TMR as high as 107% has been
observed for type 2 MTJ samples at 13 K. By analysis of the voltage and temperature
dependence of the resistance and magnetoresistance in these MTJs, we discuss the
detailed effects of the magnetic microstructures in the free layers and/or the interface
between the free layer and the barrier layer, barrier qualities, and barrier interfaces on
TMR behaviors. We show that for different free layer structures, even the same material

may have quite different magnetization behaviors, which result in quite different TMR
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ratios. The results clearly indicate that the micro-magnetization orientation at the
interface between the free layer and the barrier layer is one of the important factors that
determine the TMR ratio.

Also, the effect of microstructure in the pinned layer on the TMR behavior is
studied. We applied a magnetic saturation field to tune the magnetization states in the
pinned layers (The pinned layers are 350CrMnPt-54FeCo-9Ru-50CoFeB, and 50CoFeB
is the reference layer.) without change the physical structures of the MTJ samples under
ambient conditions. After applying different saturation fields, the minor loops are
measured. A saturation field larger than the coercivity of the free layer will not change
the magnetization properties of the free layer and only affect the pinned layers. Then the

change in the minor loops will reflect the magnetic microstructures in the reference layer.

(a) (b)

350 CrivinPt 350 CrMnPt
54 FeCo 54 FeCo
*—9 Ru +— 9 Ru
50 CoFeB 5 ALO 50 CoFeB
1 ° A0 — -
~8CoFeB [40CoFeB | '~ 2
80 Ru 50 RuTa
Substrate 40 CoFeB
80 Ru

Fig. 4.1 The layer structures of (a) type 1 and (b) type 2 MTJ samples
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4.1 Effect of magnetic state in free layer
4.1. 1 Temperature dependence of magnetoresistance

The magneto-transport properties of the MTJs have been measured with a
constant 10 mV bias voltage at various temperatures between 13 K and 300 K. For the
MT]Js, the minor loops are more interesting for practical applications, where only the
magnetization of the free layer is switched while the pinned layer remains nearly
unaffected. The minor loops were obtained by sweeping an external field of 20 kA/m
(250 Oe) for type 1 and 8 kA/m (100 Oe) for type 2 devices in the direction along the
easy axis of the magnetizations. Fig. 4.2 shows the MR minor loops for type 1 and type
2 MTJ samples at different temperatures. The RAP values at parallel (P) and antiparallel
(AP) states both increase when the temperature decreases for both types of samples. At
room temperature, the type 1 MTJ’s RAP in the P state (Rp) is 120.1 MQum2 and the
RAP in AP state (Rap) is 152.8 MQum?; at 13 K, Rp and Rap increase to 155.9 MQum2
and 220.7 MQum?, respectively. For type 2 MTJ, Rp and Ryp are 38.7 MQum® and 65.3

MQum?® at 300 K and increase to 43.2 MQum? and 88.7 MQum? at 13K, respectively.
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For both type 1 and type 2, at room temperature the resistance transition between P
and AP states happens at about 0.72 kA/m (9 Oe) and the transition is very sharp, but
their transition behavior is quite different at lower temperatures. We define the
squareness (S) of the MR loop asS =(R,-R,)/(R,, — R, ), where R, =(R,, +R,)/2
and Ry is the resistance at zero fields after saturation in the AP state. From Fig. 4.3, we
observe that the S values of type 1 MTJs does not have a significant change until the
temperature decreases to under around 70K and that the S values of type 2 samples stay
about the same. The low squareness of type 1 samples at lower temperature indicates that
the magnetization of the free layer of type 1 is not switched with the field as
homogeneously as that of the type 2.

The coercivity fields (H.) of both types of samples increase as temperature
decreases (Fig. 4.3). The H, change with temperature for type 1 MTJ samples is much
larger than that of the type 2 samples. At 300 K, the H. is about 0.72 kA/m (9 Oe) for
both types. However, the H, of type 1 rises rapidly to 5.2 kA/m (65 Oe) at 13 K, while
the H of type 2 exhibits no significant change.

The center of the MR loops shows a shift from zero fields. This field shift for both
types of sample is small. For type 1 MTJ, it is 0.4 kA/m (5 Oe) and for type 2 MTJ, it is
0.14 kA/m (1.8 Oe). In both types of samples, a synthetic antiferromagnetic (SAF)
structure, 54FeCo-9Ru-50CoFeB, has been applied to the pinned layer structures to
reduce the shift field [2, 3]. However, as the temperature decreases, the coupling field for
type 1 MTIJs increases to about 0.64 kA/m (8 Oe), with no significant change for type 2.
The small difference in the Néel coupling (or orange peel coupling) field in these two

types of the samples is likely due to the different free layer structures. The additional



51

50A RuTa and 40A CoFeB layers in type 2 MTJs are designed to further control the
CoFeB free layer next to the barrier so that a linear output can be obtained when

patterned into certain shapes and processed accordingly.
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Fig. 4.3 The squareness (S) and hysteresis field (H,) of type 1 and type 2

MTlJs.

4.1.2. Voltage dependence of conductance
J-V curves were measured using a constant voltage source at 13 K (Fig. 4.4). The
conductance G (V) curves were obtained by numerically dividing current by voltage.
Both parallel and antiparallel configurations were measured at = 20 kA/m for type 1 and

+ 8 kA/m for type 2. Because the minimum of the G (V) curves has only a small offset



52

from zero bias, we choose the Brinkman-Dynes-Rowell model [4-6]. This model is given

by

1 / Area junction A
Gy =L G 1| AL gy +

164

92
128

A gy |,
y

J : 1,/8
where Ag=¢, -, , 4, = 4t3§m and G, = (31—2}/2qm¢ exp(—TmW) where ¢ is the

barrier thickness in A and ¢ is the potential in volts. By fitting the G (V) curves
measured at 13 K, we obtained the barrier parameters for two types of samples as shown
in Table 4.1. The calculated barrier thickness of type 1 MT]J is larger than that of type 2
MT]J. The barrier height of type 2 MTJ is higher than that of the type 1 MTJ. The
calculated barrier thickness of both types of samples is smaller than the starting Al layer
thickness, 12 A. These results indicate that both types of MTJ samples are likely to be
either under-oxidized or dominated by thinner regions in the barrier that contribute most
of the tunneling. The different values may relate to the different oxygen diffusion
processes in these two types of MTJ samples when oxidizing the Al layer to the Al,O3
layer. And from the fitting, the barrier height indicates that the surface roughness in type

1 MTJ may be higher than that of type 2 MTJ samples.

Table 4.1 The fitting barrier parameters of type 1 and type 2 MTJ samples.

tp (A) dp(eV) | tap A) Par (eV)

Type 1 11.3 1.28 12.7 1.03

Type2 | 6.7 3.46 7.2 3.28




53

13000L : : . : . 12000 — ; . : -
: o Experiment Results o Experiment Results
12000 Fitting 1 o 10000] Fitting
3 2
©
g S sooo|
S [e]
T c
S 3 6000}
3 S
6000 ; - - : 4000 - . ; .
-04 -02 00 0.2 0.4 -04 -02 0.0 0.2 0.4
Voltage (V) Voltage (V)
o— Experiment Results 17000% o Exp;erimeni Resulis .
25000 itti 1 —— Fitti
Fitting 016000} Fitting
8 e
% 24500 E‘ISOOO -
5}
- 14000
S 240001 314000
T 13000+
= o
3 23500 O 12000}
23000 i L L L L 1 1000 '((jl) ) . . . 8
-04 -02 00 02 04 -04 -02 00 02 04
Voltage (V) Voltage (V)

Fig. 4.4 Conductance versus bias voltage at 13 K for type 1 in the (a) P state

and (b) AP state and for type 2 in the (c) P state and (d) AP state.

From the fitting curves, it can be seen that the model fits well for type 1 MTJ
samples and only fits well in the range of -0.2 to -0.5 V and +0.2 to +0.5 V for type 2
MTIJ samples. As the voltage increases, the conductance of type 2 MTJ samples has a
rapid increase in the range of about 200 mV, and the increase is more pronounced for the
AP alignment. The zero bias anomaly phenomena may be explained by hot electrons [7].
An electron with excess energy above the Fermi level is called a “hot electron”. With an
applied bias voltage, those hot electrons will produce collective magnetic excitations of

local interfaces between the insulating barrier and the ferromagnetic electrodes. The
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emission of magnons at the interface accounts for the conductance increase as the applied
voltage increases. However, we do not have experimental evidence that can clearly
illustrate the above models. The observed zero bias anomaly in our type 2 MTJ samples

is still not fully understood.

4.1.3 Temperature Dependence of Resistance

Fig. 4.5 shows the temperature dependence of RAP results for the two types of
samples with a constant bias voltage of 10 mV. For type 1, from 300 K to 13 K, the
resistance increases 45 % for the antiparallel state and increases 30 % for the parallel
state. However, for type 2 it changes 31% for the antiparallel state, which is much more
than the change of 10 % in the parallel state. The dependence of the resistance on
temperature is usually explained by elastic and inelastic tunneling [8]. In this simple

model, the temperature dependence of conductance for antiparallel and parallel states is

G,=G _[1+RP]+sT"*,andG,, =G [I-BR]|+sT"%, (4-1)
CT . . ) .
where G, =G, ———— )’ P, and P, are the effective tunneling electron spin polarizations
sin

of the two ferromagnetic electrodes, and C =1.387x107*¢/ \/5, with the barrier thickness

(f) in A and the barrier height (¢) in eV. Gy is the conductance of the MTJ at zero

temperature. In equation (4-1), the first part
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represents the elastic tunneling conductance, and the second part represents the inelastic
one. It is assumed that the tunneling spin polarization follows the same temperature
dependence as magnetization, Bloch T*? law. This means the spin polarization at
temperature T can be written as:
P(T)=P,(1-aT’"?) (4-2).

The parameter Py is the polarization of the electrode at zero temperature. The constant a
is a material-dependent constant. It describes the exchange coupling in the direction
perpendicular to the surface. The parameter a is generally larger for the surface than the
bulk due to surface exchange softening [9]. The parameter Py is sensitive to disorder and
defects in the FM electrodes and FM/I interface. The disorder and defects could be due to
interdiffusion at the interface, interface roughness, impurities, and grain boundaries, etc.
And those nonmagnetic or paramagnetic disorders cause the total spin polarization in the
free layer to decrease. Therefore with an increase in disorder, the spin polarization is
reduced. From Eq. (4-1), as polarization increases, Gp increases, whereas G 4p decreases.
Because the free layer and the pinned layer of type 2 MTJ samples are of the same
material with similar thicknesses, and sputtered under similar conditions, we assumed
they have same polarization Py and parameter a for fitting our experimental results. For
the type 1 MTJ samples, the free layer and the pinned layers are of the same material, but
have difference thicknesses, so we used different a and P, for the free layer and the
pinned layer. In the fitting process for type 1 MTJ samples, we assumed that the
polarization Py and parameter o of the pinned layer are the same as that of type 2 MTJ
samples, since they are same material, same film thickness, and same fabrication

conditions. In the Shang’s model, the TMR increases only with decreasing temperature.
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Our TMR data for type 1 MTJ samples show a maximum at about 70 K (Fig. 4.6), so we
fit only the high temperature data using this model. The values of these parameters from

the fitting are listed in Table 4.2.

Table 4.2. The fitting transport mechanisms and junction quality parameters.

Go (Qum”)™! Py o (K™%) s (Qum?) 'K*?
Typel |5.1%107 34.5%, 2.1%10” 1.1%¥10"
Type2 |1.7*10® 59.1%, 1.4*107 1.5%10"

By computing the TMR ratio by ((Rap - Rp)/Rp), we obtained the temperature
dependence of TMR ratio for type 1 and type 2 MTJs from 13 K to 300 K. Fig. 6 shows
that the TMR ratio is around 26.3 % and 69.4% at room temperature for type 1 MTJ and
type 2 MTJ, respectively. Before the temperature decreases to about 150 K, the TMR
ratio of type 1 MTIJ increases and follows the fitting curve well. As the temperature
decreases more, the increase becomes much slower and gradually reaches a maximum of
42.7% at about 70 K before decreasing to 41.5 % at 13 K. This behavior of the TMR
ratio decrease with decreasing temperature at low temperature was also reported by J. H.
Lee et. al. on their over-oxidized MTJs [10]. The TMR ratio of the type 2 MTJ samples
shows a monotonic increase with decreasing temperature. The highest TMR ratio for type

2 MTJ samples is 106.8% at 13 K.
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4.1.4. Temperature dependence of bias voltage dependence of magnetoresistance
Measurement of the voltage dependence of magnetoresistance at different
temperatures is shown in Fig. 4.7. The figure shows a decreasing TMR ratio with
increasing bias voltage for both types. This drop may be caused by inelastic scattering by
magnon excitations at the ferromagnet/insulator interface which controls the voltage
dependence [7]. Vi (the bias voltage where the TMR ratio reaches half the zero-bias
value) is 320 mV at room temperature and 300 mV at 13 K for type 1. For type 2 it is
higher than 500 mV at room temperature and 450 mV at 13 K. Vg, (defined

asV_, = VxTMR) is related to the highest signal output from a MTJ device, and it is an

important parameter for device applications. The highest output which can be achieved,
Vinax, 18 50 mV at 300 K and 70 mV at 13 K for type 1; while for type 2, Viax 1s higher
than 205 mV at 300 K and higher than 256 mV at 18 K. From Table 1, we have shown
that the barrier height of type 2 samples is much higher than that of type 1, while the
barrier thickness of type 2 is much thinner than that of type 1. These results indicate that
the samples with a higher barrier height have a higher V,,, while V;, may not relate to

the barrier thickness.
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upper electrode.

4.1.5 Discussion

The direction of bias voltage is defined with respect to

From the MTIJ layer structures, the main mechanisms that are responsible for the

TMR behaviors should be related to the ferromagnetic layers, the barrier layer, and the

two FM/I interface. We observed very different TMR ratios in the type 1 and type 2 MTJ

samples. The TMR ratio is about 26% and 69% at room temperature for type 1 and type
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2 MT]J, respectively. Since our two types of sample are different only in the free layer
structures, the factors contributing to the magnetoresistance behavior changes should
come mostly from the detailed magnetization orientation of free layer structures and/or
the interface between the free layer and the insulating layer. From the analysis of our
voltage and temperature dependence of resistance and magnetoresistance in these MTJs,
we discuss the effects of magnetic behavior of the free layers, the interface between the
free layer and the insulating layer, and barrier qualities.

The free layers of both types are made of the same material, but have different
thicknesses. The thickness of the free layer is as thin as 8 A for type 1, which corresponds
to only a few monolayer. From previous studies, the films with thicknesses in this range
may be superparamagnetic, nonmagnetic, or ferromagnetic [11-14]. The thin free layer
of our type 1 MTJ samples is mostly ferromagnetic, which shows hysteresis. Since the
free layer of type 1 is 5 times thinner than that of type 2. We would then expect there to
be more defects in the free layer of type 1 than in that of type 2. The defects could cause
incoherent nucleation, domain-wall pinning in the free layer and/or the interface between
the free layer and the insulating layer. Evidence of the existence more magnetic
inhomogeneous regions in the free magnetic layer and/or the interface between the free
layer and the insulating layer of type 1 MTJ samples than in that of type2 can be
illustrated by the temperature dependence of H., the squareness of the loop, the Néel
coupling field, the temperature dependence of resistance in the P and AP states, the
polarization of the electrode at the zero temperature Py, and the spin exchange stiffness

constant d.
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From Fig. 4.2, we observe the larger temperature variation of H, and the lower S
value in type 1 MTJ samples than that of type 2. This indicates that the magnetization of
the free layer and/or the interface between the free layer and the insulating layer does not
switch with the field as homogeneously as type 2 does. The Néel coupling field at 300 K
for type 1 and type 2 MTJ are 5 Oe and 1.8 Oe, respectively. The small difference in Néel
coupling field in these two types of samples is likely due to the different free layer
structures, since the amplitude of the coupling field is related to the increase in magnetic
roughness. The increase in the Néel coupling field in type 1 MTJ samples indicates the
possibility that there is more magnetic roughness in type 1 MTJ samples than in that of
type 2.

As shown in Fig. 4.5, the temperature dependence of resistance for type 1 MTJ
samples in the AP state and in the P state increases 45 % and 30 %, respectively. The
temperature dependence of resistance for type 2 MTJ samples in the AP state and in the P
state increases 31 % and 10 %, respectively. The dependence of the resistance on
temperature is usually explained by elastic and inelastic tunneling [9]. The increasing
TMR ratio with decreasing temperature is caused by the fact that the increase in Rup
occurs more quickly than in Rp. This is because Rap decreases while Rp increases with
increasing temperature when there is magnetic disorder in the MTJ sample. Thermal
assisted tunneling will decrease both Rap and Rp with increasing temperature [15]. Due
to a combination of these two effects, the increase of resistance in the AP state with
decreasing temperature is more than that of the P state. The rate of decreasing TMR
ratio is larger for type 1 MTJ samples than for type 2. The rate of decrease is calculated

as follows: From Fig. 4.6, the TMR ratio is 26.3 % at room temperature and 42.7% at
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about 70 K for type 1 MTJ samples (i.e. the TMR rate of change from 70 K to 300 K is
38%). The TMR ratio is 69.4% at room temperature and 98.7% at about 70 K for type 2
MTJ samples (i.e. the TMR ratio rate of change from 70 K to 300 K is 30%). The
difference in the rate change of the TMR ratio implies that there are more spin disorders
in the type 1 MTJ samples than in type 2.

The parameter Py is the spin polarization of the electrode at zero temperature. The
fitting Py of type 1 MTJ samples is less than that of type 2 MTJ samples. The parameter
Py is sensitive to disorder and defects in the FM electrodes and FM/I interface. A possible
source of disorder and defects in the free layer is the interdiffusion between the bottom
Ru and the CoFeB layer. The nonmagnetic Ru may cause a decrease in the spin
polarization in the free layer. From Table 2, the P, of the type 2 MTJ samples is about
59.1 %, which is almost the maximum limit for the 3d magnetic material. This implies
the spins in the free layer of type 2 MTJ samples are strongly coupled and well-aligned.
Since the free layer thicknesses in the type 1 and type 2 MTJ samples are different, the
type 2 MTJ samples may not be affected by this small interdiffusion at the bottom of the
free layer. The constant a is a material-dependent constant which relates to the softening
of the spin exchange coupling. The parameter o is generally larger for the surface than
the bulk due to surface exchange softening [9]. From Table 4.2, the magnitude of a is
2.1*¥10° K™ and 1.4*¥10° K™” for type 1 and type 2 MTJ samples, respectively. The
values have the same order of magnitude with most amorphous alloys. The fitting
parameter a of type 1 MTJ samples is larger than that of type 2. This clearly indicates
that the type 1 MTJ sample has more magnetic inhomogeneous regions than the type 2

MT]J sample. Those magnetic inhomogeneous distributions of local spins may be caused
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by disorder or discontinuity as well as roughness in the thin free layer of type 1 MTJs. In
addition, it may also be CoFeB isolated at the interface between the thin free layer of the
type 1 sample and the Ru layer due to interdifussion and/or Al,Os layer due to partially
oxidization.

From Fig. 4.3, we observe that the squareness (S) values of type 1 MTJ samples
decrease rapidly at about 70 K while the S values of type 2 samples stay about the same.
The reduction in S-value indicates that more magnetic pinning sites may exist in the type
1 MTJ at low temperature. This pinning may be due to additional magnetic components
that occur at low temperatures or due to the temperature dependence of the magnetic
anisotropy. This makes the whole CoFeB film difficult to align with the external field,
especially at low temperatures. This may be explained by an existing spin-glass-like
phase, which is hardly aligned below the spin freeze temperature. Incoherent spin
rotations at low temperature increase the magnetic roughness in the free layer, which
causes the H, to increase and the Néel exchange coupling field of type 1 MTJ to increase
with decreasing temperature.

Fig. 4.6 shows that there is a maximum at about 70 K in the TMR ratio versus
temperature curve for type 1 MTJ samples. A possible reason for the maximum may be
that spin-glass regions or inhomogeneous distribution of local spin in the free layer
exhibits spin reorientation with changing temperature. When the temperature is higher
than the spin freeze temperature, those regions act paramagnetically and the
magnetization will decrease as temperature increases. If the sample is cooled below the
spin freeze temperature, the magnetization will be frozen randomly and the average

magnetization will be reduced with decreasing temperature. At low temperature, the total
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effect of both the spin-glass-like regions and the ferromagnetic regions may result in
increasing the spin polarization of the whole free layer, P;, with increasing temperature.
From equation (4-1), we can express the TMR as

1
(14T /PP, -1

If the increase in P; is large enough to make the increase in the product PP, larger than
the increase in 1+sT'*3, then the TMR will increase with a temperature increase. When
the temperature is higher than the spin freeze temperature, both magnetic disorder and the
spin glass cause the decrease in the spin polarization. This causes the resistance decrease
in the AP state to be more than in the P state with a temperature increase, resulting in a
TMR decrease.

The barrier quality can be revealed by the study of the temperature dependence of
resistance of both types of samples. The fitting parameter s (in Eq. (4-1)) describes the
temperature dependence of the spin-independent conductance. Some mechanisms may
cause the spin-independent conductance. Among them, the most important two are
hopping conductance due to imperfections in the barrier and pinholes in the barrier layer.
The two types of samples have similar small value of s [6, 16], which indicates both types

of samples have a clean interface between FM/I interface.

4.2 Effect of magnetic state in pinned layer
4.2.1 Major loop change with saturation field

To study the effect of microstructure in the pinned layer on the TMR behavior, we
applied a magnetic field to tune the magnetization states in the pinned layer without

changing the physical structure of the MTJ samples under ambient conditions. As shown
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in Fig. 4.8, the magnetoresistnace (MR) loops are measured with applied magnetic field
from -605 kA/m (-7.6 kOe) to 119 kA/m (1.5 kOe) and back to -605 kA/m (-7.6 kOe).
The measured major loops show similar behavior for the two types of MTJ samples. The
MR results are analysised in three field ranges.

In the field range from -605 kA/m to -119 kA/m, the MR stays in the low resistance
state. The large field overcomes the exchange coupling and causes the reference layer
(50A CoFeB) in the SAF structures rotate to align with the applied field. Therefore the
magnetization of the free layer and pinned layer are parallel aligned (as shown in inset I
in Fig 4.8).

In the field range from -119 kA/m to 24 kA/m (300 Oe), the resistance increases to
a maximum (430 kQ) and then decrease sharply to 334 kQ with field increases. These
external fields is not large enough to overcome the antiparallel coupling in the SAF, so
FeCo and CoFeB layers are antiparallel aligned. Then the change of MR in this range is
mostly due to the magnetization of the free layer switching with the applied filed (as
shown in inset II in Fig 4.8).

In the field range from 24 kA/m to119 kA/m, the resistance of the MTJ reaches a
local maximum at 44.6 kA/m (560 Oe) and then decreases. In this field range, the
magnetization of the free layer is already saturated, so the change in MR indicates that
the magnetization of the pinned layer changes with applied field. That may be explained
by the generated domains in the CoFe layer due to the competition between the external
field and the coupling with the AFM layer. Because of the strong coupling with CoFe
layer, the reference layer has correlated domains. The change of the total magnetization

of all these domains with applied field causes the MR changes (as shown in inset III in
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As field is swept down from 119 kA/m, the resistance monotonically increases and
reaches a maximum (389 kQ). But it is smaller than the 430 kQ obtained at 6.2 kA/m (78
Oe). That may be explained by the some regions in the interface of the CrMnPt/CoFe
being weakly coupled with the bulk AFM layer. When the field decreases from the
maximum reversed field, the magnetization of these regions does not totally switch back
((as shown in inset IV in Fig 4.8).). That may causes domain walls in the CoFe layer due
to the exchange coupling with these defect regions. And then, the exchange coupling
between the CoFe and CoFeB layer make the reference forms domain walls. Because the
resistance of the junction dependents on the relative magnetization orientation between
the free layer and the reference layer. These domains in the reference layer will decrease

the Rap.

4.2.2 Minor loop change with reversal field

Minor loop measures the resistance change under a small magnetic field that only
changes the magnetization of the free layer. The magnetization of the reference layer is
not changed much under such small magnetic field. Also the magnetoresistance of the
MTlJs is related to the relative magnetization orientation between the free and the
reference layer. Then with the same free layer, the minor loop indicates the
magnetization in the reference layer. The minor loops of the MTJs are measured after
swept the field from -605 kA/m to a reversal field and back to zero fields (Fig. 4.9). The
reversal field is defined as the large positive field applied. For example, in Fig. 4.8, the
reversal field is119 kA/m. For type 1 samples, with applied the reversal field as 62 kA/m
(780 Oe), the Rap is 419 kQ and Rp is 337 kQ. With the reversal field increases to 119

kA/m, the minor loop of the type 1 MTJs changes directions from the previous case and
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the center of the MR loop shift to positive field. Also the Rap decreases to 391 kQ and
Rp increases to 348 kQ. As the reversal field is further increases to 605 kA/m, the Rap
increases to 412 kQ and Rp decreases to 339 kQ. For type 2, with applied the same
reversal fields as type 1, the Rap and Rp show same trend. As the reversal field increases
from 62 kA/m to 119 kA/m, Rap decreases and Rp increases. And Rap increases and Rp

decreases when the saturation field goes up to 605 kA/m.
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Fig. 4.9 Minor magnetoresistance loops for (a) type 1 and (b) type 2 MTJs
for different applied reversal fields.

Fig. 4.10 shows the Rap and Rp of the minor loops as the applied reversal field
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ranges from 0 kA/m to 605 kA/m. For type 1 MTJs, Rp increases with saturation field,
reaches a maximum at a reversal field of 98 kA/m (1.23 kOe) and then decreases; Rap
decreases with increasing reversal field and reaches a minimum at a saturation field of 98

kA/m) and then increases. For type 2 MTlJs, the Rap (Rp) get maximum (minimum) also

at 98 kA/m.
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Fig. 4.10 Rsp and Rp of the minor loops for (a) type 1 and (b) type 2

MTJs for different applied reversal fields.

Fig. 4.11 shows the TMR of the minor loop calculated from Rap and Rp in Fig.
4.10. The TMR of both types of MTJs gets minimum at 98 kA/m. While the TMR of
type lat 56 kA/m (700 Oe) reversal field is 20% and at 605 kA/m (7.6 kOe) reversal field
is 19.1%, the difference is 0.9%. While for type 2 MTJs, the TMR at 56 kA/m is 65%
and at 605 kA/m is 39.7%. The difference is 25.3%, which is much higher than type 1

MT]Js.
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Fig. 4.11 TMR of the minor loops for (a) type 1 and (b) type 2 MTJs

for different applied reversal fields.

Hg of the minor loop after applying a reversal large magnetic field as shown in Fig.

4.12. The Hg changes from negative field to positive field and reaches zero at about 98
kA/m. The coercivity field of the minor loop after applying a reversal magnetic field as

shown in Fig. 4.13. The Hc shows small variation after applying different reversal fields.
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4.2.3 Discussion

For type 1 MTlJs, both the TMR and Hg have minimum absolute values after
applying about 98 kA/m reversal field. At the point, the two ferromagnetic layers of the
artificial antiferromagnetic layers may form a lot of domains due to the competence
between the exchange coupling and the applied field. The magnetization of these
domains may be canceled out, which causes the TMR to drop to about zero. Also, Hg is
usually caused by Neel coupling and/or the stray field that comes out from the pinned
layer. Neel coupling is also called “orange peel*“ coupling, which is caused by the
magnetiostatic interactions between the free poles at the two ferromagnetic interface next
to the nonmagnetic barrier in a MTJ [1, 16]. The Neel coupling is related to the
roughness of the interface between the two ferromagnetic interface adjecent to the barrier
layer. It is larger for the rougher interface. The MTJ we measured has a well defined and

smooth layer interface, so the change in Hg is likely due to the decreasing stray field at
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the edges. If the two ferromagnetic layers in the SAF layer structure are perfectly
coupled, no stray field comes out from the SAF layer structure to affect the free layer.
However, there is always some small amount of stray field comes out from the SAF layer
structures due to the imbalanced coupling between the two ferromagnetic layers. The
stray field at the edge will be reduced due to the multi-domain formation in the
ferromagnetic (FM) layers of the SAF structures.

Under the same applied reversal field, the major loops of the type 2 MTJs show
minimum and maximum resistance at about same field as type 1 MTJ. Under large
magnetic field, magnetization microstructures are generated in the pinned layer structure,
while the behavior of the free layer is not changed. Since the pinned layer structures are
same for type 1 and type 2 samples, similar magnetic state behavior in the pinned layers

is expected for type 2.

4.3. Summary

The voltage and temperature dependence of resistance and magnetoresistance of two
types of MTJs are studied. These two types of MTJ samples have different free layer
structures but the same pinned structures and the same material for free and reference
layers. We observed quite different TMR ratios for these two types of samples. For type
2 MTlJs, a TMR ratio as high as 107% is detected at 13 K. To our knowledge, this is the
highest value that has been reported in the MTJ with an Al,O; barrier. We discuss the
effects of magnetic behavior of the free layers, barrier qualities, and barrier interfaces.

From the analysis of our results, we conclude that: (1) There are more magnetic
inhomogeneous regions in the free magnetic layer and/or at the interface between the free

layer and the insulating layer of type 1 MTJ samples than in of type 2 MTJ samples;
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(2)There are possible additional spin-glass-like states that occurs at the interface between
the free layer and the insulating layer in the type 1 MTJ sample at low temperature; (3)
Type 2 MTJ samples have thinner barrier thickness, higher barrier potentials and higher
output V. than the type 1 MTJ samples. These results clearly indicate that the micro-
magnetization orientation in the free layer and the FM/I interface play an important role
in determining the TMR ratio in these two types of MTJ samples.

The magnetization of the SAF pinned layer structures is changed by applied field. For
both types of samples, the TMR and Hg of the minor loops versus applied reversal field
have a minimum. The reversal magnetic field corresponds to the minimum is about the
same for both types of samples. The change in Rp, Rap, TMR, and Hg of the minor loops
after applied different applied reversal fields may be explained by the domains formation
in the reference layer. The magnetic inhomogeneity may originate at the interface
between AFM/FM layers. Due to the exchange coupling, domains are formed in the FM
layer adjacent to the AFM layer. And the exchange coupling between the SAF structures

cause the domain formation in the reference layer.
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Chapter 5
Variable temperature and ultra-high vacuum microcantilever torque

magnetometry (MTM) for studying magnetic nanostructures

As the size of the magnetic sensors shrinks to sub-micrometer size, the study of
small, defined magnetic structures has attracted much attention due to interest in both
technological applications and fundamental research in micromagnetism [1-3].
Microcantilever torque magnetometry (MTM) is a promising new experimental technique
for measuring such small magnetic features due to its high sensitivity [4-11]. In this
work, we develop a variable temperature MTM system that can be operated under an
ultra-high vacuum for the study of magnetic nanostructures.

5.1 Microcantilever torque magnetometry (MTM)

The characterization of thin magnetic films, patterned recording media, and
nanometer-scale magnetic sensors is challenge for conventional magnetometers.
Conventional magnetometers are designed for measuring specimens with millimeter
dimensions. Therefore they have low signal-to-noise ratio (SNR) for small specimens.
This is often solved by measuring a collection of small samples, but then the
measurement gives number of average of a large amount of similar structures. The ultra-
high sensitive MTM can be good candidate for characterizing single micrometer sized
element.

Torque measurements require a magnetic torque on a sample to active the
cantilever vibration. The amplitude of this vibration is proportional to the magnetization

in the sample. The force resolution achievable for a freely vibration cantilever is limited
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by the thermomechanical noise in the mechanical system. The minimum detectable fore

AR = |HETB
®,Q

where £ is the spring constant, kp is the Boltzmann constant, T is the temperature , B is

can be described as

the bandwidth, oy is the resonance frequency, and Q is the quality factor [12]. So the
force sensitivity of the MTM can be improved by lowering the spring constant k,
increasing the resonance frequency o, and increasing quality factor. For a rectangular

cantilever the resonance frequency wy and spring constant £ can be expressed as

3
@, € Eiz and kocEt—;V
pl 41

where E is Young’s module, ¢, w, and / are thickness, width and length of the cantilever,
and p is the mass density. So the easy way to reduce the spring constant is to decrease
the cantilever thickness. However, due to the practical limitations, the cantilever must be
of a certain thickness to provide sufficiently sturdy design. Also the quality factor Q
decreases proportionally to the cantilever thickness. As the thickness decreases, the
surface-to-volume ratio increases, and the surface loss becomes dominant in a thinner
cantilever. Then to achieve small £, large wy and keep Q, we can decrease all the
dimensions of the cantilever. Also the quality factor can be improved by cleaning the
cantilever and modifying the surface stress by annealing at 1000 °C [13].

The sensitivity of the MTM is not only dependent on the cantilever itself but also
dependent on the measurement environment. From equation (5-1), the minimum
detectable force is proportional to the temperature. So the resolution increases as the

temperature decreases. Also the measurement done under higher vacuum can help
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eliminate contaminated adsorption such as water molecules [14-17].

In this work, we develop a MTM system, which can be operated in the
temperature range from 10 K to 300K and in vacuums up to 10 torr. Fig. 5.1 shows the
measurement of the resonance frequency for a cantilever with 95 A/m (1.2 Oe) torque
field and no applied magnetic field in the sample plane. The signal amplitude at ambient
conditions is 0.79 mV. With temperature decreases to 136 K under vacuum of 1* 10°®
torr, the signal amplitude further increase to 8.3 mV. The signal increases about 1 order
with temperature decreases. At room temperature, with the vacuum to 5 x 107 torr, the
signal amplitude at the resonance frequency increases to 28.1mV. The signal amplitude
increases about 2 orders. We expect the signal amplitude increase at least 3 orders under

both low temperature at 10 K and high vacuum of 10°® torr.
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Fig. 5.1 The resonance frequency measurement of the same cantilever under (a)

ambient conditions, (b) 136 K and 1 x 10 torr and (¢) 300 K and 5x 107 torr.
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5.2 Fabrication of the magnetic patterned films on cantilevers

A new fabrication process is developed to put magnetic patterned films on
cantilevers as shown in Fig. 5.2. First, a thick gold layer (about 200 nm) has been
deposited on clean Si substrates or Si cantilevers. Then we use the focused ion beam
(FIB) to pattern the nanostructures on the sample. The magnetic film is deposited on the
cantilever samples with a well aligned collimator and a slow depositing rate. Finally, a
lift-out process that uses a gold enchant is used to remove the gold layer and deposited
film layers. Only the pattern is left on the substrate or the cantilever. The advantage of
this nanofabrication is that any kinds of patterns can be easily patterned by using FIB
milling. This new process avoids the PMMA spin coating step. That prevents to damage

cantilevers during the patterning process.

(a) (b) o

(C) =T @ |
MMOIMDIDIODOIOMY -
N Substrate Fl Gold I Studied material

Fig. 5.2 Schematic diagram of the fabrication process of sample on the

microcantilever.

Fig. 5.3 shows some examples of a patterned cantilever with 100 NiggFe, dots using

the newly developed process. Fig. 5.3 (b) shows the dots with 1 um diameter and a
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center-to-center distance of 4 um. Fig. 5.3 (c) shows enlarged patterned dots with
diameter of 500 nm and a center-to-center distance of 2 pm.

The magnetic hysteresis loops of the patterned dots arrays are measured by MTM at
ambient conditions. Fig. 5.4 (a) shows the measured hysteresis loop for dot array with
diameter of 1 um and center-to-center distance of 4 um. The magnetization of the dots is
first saturated to form a single domain state at a magnetic field of + 100 kA/m. When the
magnetic field decreases to +26 kA/m, the magnetization shows a sharp decrease. This
jump corresponds to an irreversible transition to a vortex state. With decreasing field, the
magnetization gradually decreases, that relates to the vortex being smoothly pushed out
until it forms single domain state again at — 43 kA/m. Fig. 5.4 (b) shows the measured
hysteresis loop for dot array with diameter of 500 nm and center-to-center distance of 2
um. The vortex state is formed at 26 kA/m, and the single domain state happens at -49

kA/m.
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40 um

Fig.5.3 SEM image of the cantilever (a) with 100 S0nm-thick NigyFe; dots
array; (b) enlarged patterned dots with a diameter of 500 nm and center-to-
center distance of 2 pm; and (c¢) enlarged patterned dots with a diameter of 1

pm and the center-to-center distance is 4 pm.
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diameter of 500 nm and center-to-center distance of 2 pm.
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5.3 Single and paired bar measured at ambient conditions

In order to investigate the magnetic interaction between a pair of bars, a 7 pm x 7
um x 30 nm NigoFeyo film was put on the top left corner of the cantilever [Fig. 5.5 (a)]
[18]. A 30 nm thick Al layer was deposited on the top of the NigoFe, film that prevents
the possible poisoning of the magnetization with the Gallium ions. An enlarged picture
of the patterned NiggFey film is shown in Fig. 5.5 (b). The NigoFeyo film was then
patterned into two single 7 um % 3.5 pm x 30 nm bars by cutting a 60 nm gap in the
center of the film using a FIB [Fig. 5.5 (¢)]. The cut is made about 200 nm deep to ensure

the two bars are unconnected.

Fig. 5.5 (a) Microcantilever with a 7 pm x 7 pm X 30 nm NigFe;o film deposited on
the top left corner. (b) Magnified 7 pm X 7 pm % 30 nm NiggFe; film. (¢) Double 7
pm X 3.5 pm % 30 nm bars patterned with focused ion beam on the 7 pm x 7 pm % 30
nm NigoFey film with gap of 50 nm between adjacent bars. (d) Single 7 pm % 3.5 pm

% 30 nm bar after removing the top bar with focused ion beam.
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The magnetic hysteresis loop is obtained by sweeping the external field from - 40
kA/m to + 40 kA/m and back. Fig. 5.6 shows the results in field range of + 6 kA/m for
paired bars (the loop with open circles). The magnetization reversal occurs at -0.75 kA/m
and -1.7 kA/m. The first jump at a field of -0.75 kA/m corresponds to the reversal of one
of the paired bars. The second jump at a field of -1.7 kA/m corresponds to the reversal of
the other one.

After the MTM measurement of the paired bar, the top bar of the same sample was
removed with FIB. To make sure that the top bar is completely removed, the depth of the
cut is about 500 nm which also removes some of the Si substrate. Fig.5.5 (d) shows only
a single 7 um x 3.5 um % 30 nm bar is left on the cantilever. Fig. 5.6 shows the results in
field range of + 6kA/m for the single bar (solid squares). The magnetization reversal
occurs around the coercive field of -1.23 kA/m. It is correlated to the domain wall
propagating quickly through the bar. The smaller jump in magnetization at - 4 kA/m may

be caused by the annihilation of the small domain structure at the edge of the film.
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Fig. 5.6 Magnetic hysteresis loops of the single 7 pm % 3.5 pm % 30 nm NigyFey
bar (solid squares) and same size double bars (open dots) with a gap of 60 nm

obtained with a microcantilever torque magnetometer (MTM).

Comparison of the magnetic hysteresis loops of the single and paired bars shows
that the switching field of single bars is larger than the reversing field of only one of the
paired bars and less than that of both paired bars. This indicates that magnetostatic
interaction exists between the closely paired bars.

It has been shown by a micromagnetic simulation that the hysteresis loop for one

set of paired NiggFeyo bars (300 nm x 1.5 um x 32 nm) with a gap of 40 nm has two steps
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during the reversal [11]. The two steps observed in the hysteresis loop are caused by the
magnetostatic interaction between the paired bars. In this study, the size of NigoFe,( bars
is much larger than the size of 300 nm x 1.5 um x 32 nm. The reversal process of larger

size bar may involve more domain wall motion than the small size sample.

Fig. 5.7 Micromagnetic simulations were performed on the paired Nig)Fe; bars (7
pm x 3.5 pm x 30 nm) with a gap of 50 nm. The sample was saturated along the long
axis of the bars and then decreases to (a) —4.77 kA/m; (b) —20.69 kA/m; (c) —26.26

kA/m; (d) -31.83 kA/m.
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Micromagnetic simulations were performed by Professor Renat Sabiryanov to
study the magnetization reversal of 7 pm x 7 um x 30 nm NigoFe,o bars using the
Landau-Lifshitz-Gilbert solver software package developed by NIST [12]. The distance
between the edges of two bars was taken to be 50 nm. The magnetization of NigoFe,g is 8
x 10> A/m, and the exchange stiffness constant is 1.3 x 10™* J/m’. The anisotropy of ideal
NigoFey alloy is extremely small; however the measured film may have a substantial
amount of inhomogeneity. Therefore, the following models of anisotropy are considered:
(i) no anisotropy K = 0, (ii) random anisotropy with K = 10 x 10’ J/m’, and (iii) random
anisotropy with distribution of anisotropy constants between 10 x 10* J/m® and 100 x 10°
J/m’. The random anisotropy is chosen to mimic the real thin film medium.

For the single square Permalloy film (K = 0, and no defects) with side length of 6
pum, the simulation results show zero remanent magnetization. The film initially
magnetized along one side of the element relaxes to the vortex state at zero field. The
reversal starts from the corners by creating vortices and consecutive motion of them.
Experimental results show small coercivity with some features in the magnetization
reversal curve. In order to introduce the coercivity, anisotropy should be introduced.
Uniaxial anisotropy produces a square-like loop.

Non-uniform switching is characteristic of elements with large sizes and
containing defects as shown in our experimental results. In order to model these films, we
used a random anisotropy model with distribution of uniaxial anisotropies in magnitude,
as well as easy axis. At moderate anisotropies there is still strong reduction of remanence
magnetization with complex domain structure at zero magnetic fields. A stronger

anisotropy constant gives a picture similar to the experiment, i.e. there is large remanant
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magnetization and multiple steps in the hysteresis curve caused by pinning. For the paired
bars system, the simulation results show that the switching is not independent for the
ideal Permalloy film. After saturation, two bars form a symmetrically inversed C-state at
the remanent state (no applied magnetic field). With a negative field applied the
magnetization reversal proceeds through the formation of two vortexes (end domains).
Due to the broken symmetry (random anisotropy) the reversal of one of the bar happens
first. Although the general picture of the reversal of this bar is similar to a single bar case,
there are some deviations because of the interactions with the second bar. Due to the
magnetostatic interactions, the system creates a closure for the magnetic field
(magnetization of two bars is aligned in opposite directions). It is a metastable state for
the system of two bars. Then at somewhat larger applied field the system is forced out of
this potential well and the second bar switches as well.

This picture is substantially different if we assume anisotropy random both in
magnitude and in direction in the film. The two bars of Permalloy with disorder both in
the direction of anisotropy and its magnitude are simulated as shown in Fig. 5.7. The
average magnitude of K is taken to be 50 x 10’ J/m’. In this case, the magnetization
reversal is quasi-independent for two bars. Both of them form a number of domains with
edge domains to be switched the last. Because of the two additional edges (due to the cut)
the number of domains near edges is twice the number as in case of one square element.
This results in somewhat smaller remanent magnetization. There are multiple steps in the
hysteresis loop. In the two-bar case it is more pronounced. It can be probably attributed to
the magnetostatic interaction between bars because it forms a domain structure which

reduces the stray fields in the free space around the sample. Simulations show that a
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large number of domains near the edges of the feature are hard to push out. This energy
barrier comes because of the closure of stray fields due to these domains. The formation
of these domains is sensitive to the details of the reversal and should be strongly affected
by the temperature. As a result, the reversal is not symmetric, especially if complete
saturation was not achieved.

The above analysis shows that the reversal of the films in Fig. 5.6 can be
understood, if a random anisotropy model with distribution of uniaxial anisotropies in

magnitude, as well as easy axis is assumed.

5. 4 The magnetization reversal behavior of two bars with magnetostatic interactions
There are a few methods that reduce magnetic noise and improve reversibility.

The key is to have a better control of the magnetic domain structure of the magnetic layer
in the magnetic sensors. It has been shown by incorporating a synthetic antiferromagnetic
(SAF) structure for a pinned layer reduces stray field from the pinned layer by a factor of
>10 and enhances the pinning effect of the pinning layer. The effects of demagnetizing
fields within the soft layer can be reduced by thinning the layer itself, and by increasing
the distance from the edge of the tunnel junction for a few micrometers. Figure 5.8 shows
several different hysteresis loops measured under the same conditions for two 30 pm x 15
pm x 50 nm NigoFeyo bars with a gap about 60 nm. When sweeping from an initially
large applied magnetic field, the first jump happens at about 0.64 kA/m. The field
corresponding to the first jump is different for each loop. As the applied field increases,
the second jump happens at about 1.11 kA/m. This field is also different for each

measured loop. By comparison the distributions of the first jump and second jump, it is
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clearly seen that the thermal magnetic switching distribution is much smaller for the first
jump. . That is, the magnetic interactions between paired bars results in a reduced
thermal magnetic switching distribution when the first bar reverses its magnetization.
This more reversible behavior in the magnetic behavior will allow us to design a better

magnetic sensor.

1.0F 1st Loop
——2nd Loop

«— 3rd Loop
0.5} ——4th Loop
5th Loop
- —— 6th Loop

0.0

M/Ms

-6 -4 -2 0 2 4 6
Field (KA/m)
Fig. 5.8 Magnetic interaction in a single paired bars and its magnetic switching
behavior shows a reduced thermal magnetic switching distribution when the first
bar reverses its magnetization. (The six hysteresis curves are obtained by continuous
measurement of the single paired bars using ultra-sensitive microcantilever torque

magnetometer.) The inset shows the SEM picture of a microcantilever with single

paired bars.
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5.5 The magnetization reversal behavior of two bars at various temperatures

We have investigated the magnetic reversal behavior of a pair of bars at various
temperatures. Fig. 5.9 shows the hysteresis loop in the field range of + 10 kA/m a paired
bar with dimension of 30 pm % 10 um x 30 nm bars and the gap is 60 nm [inset of Fig.
5.9(a)] measured at 300 K and 5 x 107 torr, and 136 K and 1 x 107 torr.

When measured at 300K, the magnetization reversal occurs at -1.34 kA/m and -1.79
kA/m. The first jump at a field of -1.34 kA/m corresponds to the reversal of one of the
paired bars. The second jump at a field of -1.79 kA/m corresponds to the reversal of the
other one. When measured at 136 K, the magnetization reversal occurs at -1.85 kA/m and
-2.2 kA/m.

From the comparison of the magnetic hysteresis loops measure at 300 K and 136 K,
the field corresponding to the magnetization reversal is larger for the 136 K measurement
than the room temperature measurement. Also, the magnetization change between the
first jump and second jump at 300K is not as flat as that at 136 K. The domain wall may
be pinned by defects in the film. At higher temperature, the thermal energy may push the

domain wall through the pinning sites, and shows as a gradually change in magnetization.
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Fig. 5.9 The hysteresis loop of single paired bar with dimension of 30 pm x 10

pm X 30 nm and the gap is 60 nm [inset of (a)] measured at (a) 300 K and 5 x

107 torr and (b) 136 K and 1 x 10°® torr by MTM.
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5.6 Summary

A new process is developed to pattern magnetic films on MTM cantilevers. By using
MTM, the magnetic interaction in a single pair of micrometer-sized magnetic samples is
studied at various temperatures. The switching field of a single bar is larger than the
reversing field of only one of the paired bars and less than that of both paired bars, which
indicates that there exists magnetostatic interactions between the closely paired bars. This
is correlated to a metastable state where the magnetization directions of the two bars are
antiparallel to each other. The experimental results are consistent with micromagnetic
simulations, if a random anisotropy model with a distribution of uniaxial anisotropies in
magnitude, as well as of the easy axis is assumed. We show that MTM is a highly
sensitive method that can be used for the study of magnetic nanostructures with high

resolution.
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Chapter 6

Conclusions and the future

In this thesis, the magnetic inhomogeneities in the thin and small magnetic films of
magnetic sensors are characterized and studied. The magnetic inhomogeneities are
located by using our newly developed sensitivity mapping (MSM) system. The effect of
magnetic microstructures in the free layer and the pinned layers of MTJs are studied by
the analysis of the temperature and voltage dependence of magnetoresistance of MT1Js.
An ultra-sensitive microcantilever torque magnetometer (MTM) system is developed to
characterize of magnetic nanostructures.

We have presented results of the imaging of the magnetic noise sources at low
frequency in both GMR and TMR recording heads. The developed MSM system can
locate the magnetic noise sources for the sub-micron sized heads, which is hard to be
observed by other methods. The agreement between the image of noise sources and
other measurement results is good for the investigated the origin of magnetic noise in
recording heads. The field dependent 1/f noise and Barkhausen noise may be the main
reasons for the noise increase of the unstable recording heads we tested.  Future
improvements of the system should include reducing the tip end dimension and
increasing the tip’s magnetic field by using magnetic particles with high magnetic
moment, thus increasing the resolution of the image.  Better correlation to
microstructures should provide more information about the reason to cause the noise

increase.
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We studied the voltage and temperature dependence of resistance and MR of two
types of MTJs. These two types of MTJ samples have different free layer structures but
the same pinned structures and the same material for free and reference layers. For type 2
MT]Js, a TMR ratio was detected as high as 107% at 13 K. From the analysis of the
minor MR loops, we learned that: (1) There are more magnetic inhomogeneous regions in
the free magnetic layer and/or at the interface between the free layer and the insulating
layer of type 1 MTJ samples than in that of type 2 MTJ samples; (2) There are possible
additional spin-glass-like states that occurs at the interface between the free layer and the
insulating layer in the type 1 MTJ sample at low temperature. These results clearly
indicate that the micro-magnetization orientation in the free layer and the FM/I interface
play an important role in determining the TMR ratio in these two types of MTJ samples.

We also investigate the magnetization of the SAF structures on the MR behavior by
appplying field. It is demonstrated that exchange coupling field are affected by domian
stuctures in the free and pinned layers. The domain may be caused by the inhomogeneity
in the interface between AFM/FM layer.

An ultra-sensitive MTM system is developed to characterize the magnetic
properties of one or few magnetic structure with single or multi-layer in sub-micron sized
in the temperature range from 10 K to 300K and under vacuum up to 1 x 107 torr.
Sensitivity of the developed variable temperature and vacuum MTM system is improved
than that at ambient conditions. We also develop a new process to fabricate the
submicron sized single or array patterns on the cantilever for studying their magnetic
behavior.

By using MTM, the magnetic interaction in a single pair of micrometer-sized
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magnetic samples is studied. The switching field of a single bar is larger than the
reversing field of only one of the paired bars and less than that of both paired bars, which
indicates that there exists magnetostatic interactions between the closely paired bars. This
is correlated to a metastable state where the magnetization direction of the two bars is
antiparallel to each other. The experimental results are consistent with micromagnetic
simulations, if a random anisotropy model with distribution of uniaxial anisotropies in
magnitude, as well as of the easy axis is assumed.

The MTM measurement of single paired bar clearly show that magnetic
interactions in a paired bar and its magnetic switching behavior shows a reduced thermal
magnetic switching distribution when the first bar reverse its magnetization. This
indicates that the magnetic behavior can be better controlled by the magnetic interactions

that may allow us to design a better magnetic sensor in the future.
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