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Fig. 1-1. A comparison list of some magnetic sensing technologies. SQUID is used in the field range of 10°®

—-10% A/m. Flux gate type magnetometer and magnetoimpedance sensor using an amorphous wire are used

in the field range of 10* — 10® A/m.  Magnetoresistance sensor is used in the field range of 10° — 10° A/m.

Hall sensor is used in the field range of 10" — 10" A/m.
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Fig. 1-2. Principle of flux gate type magnetometer. The external magnetic field is large in @) not flowing

the current, and small in b) flowing the current.
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Fig. 1-3. Sensing current type magnetic sensing using AMR device. The sensing current flows
into AMR device. The resistance of AMR device changes with application of the magnetic field

from the recorded media.  The voltage difference due to resistance change is detected.
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Fig.1-4. Structures of a) multilayers, b) spin valve

magnetoresistance effect.
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Fig. 1-5. Principle of TMR effect. When the magnetic configuration changes from a) parallel
configuration to b) anti-parallel configuration by the magnetic field, the tunneling resistance changes

dramatically, having large TMR ratio as much as 100 % or excess at R.T.
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Fig.1-7. Bridge circuit type magnetic sensing using anisotropic magnetoresistance device.
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Fig. 1-9. @) Structure of multilayer showing GMR effect. The resistance is changing from 4.1 kQ to
3.7 kQ in the application with the magnetic field of 24 kA/m [300 O¢] in b) GMR curve.
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Fig. 1-10. Wheatstone bridge type magnetic sensing method using spin tunneling junction (STJ).

When the equilibrium condition is not satisfied in accordance with the resistance change, the

current flows into the input impedance of sense amplifier.
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and the metal.
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Fig. 1-14. SIN ratio of various proposed magnetic sensing methods.

Some of the highest S/N ratio are 37

dB, 43.9 dB, and 47.5 dB for semiconductor MR, bridge circuit type TMR, and bridge circuit type GMR.

Our target is high S/N ratio of 60 dB by oscillation controlled magnetic sensing with TMR devices.
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Fig. 2-1. Conventional magnetic sensing method using spin tunneling junction.  Sensing current flows

into the spin tunneling junction. Resistance of the spin tunneling junction changes by an external

magnetic field. Output voltage changes in accordance with the resistance change.

Oscillation circuit

—p Amplification >

Circuit
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Circuit
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Feedback loop

Fig. 2-2. Block diagram of oscillation controlled magnetic sensing method. The spin tunneling

junction is used in the feedback loop of the oscillati

on circuit. The output voltage is obtained via the

amplification circuit and the resonant circuit. The oscillation or nonoscillation in accordance with the

external magnetic field is detected as amagnetic 1 or 0 signal, respectively.
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Fig. 2-3. Magnetic sensing circuit for detection of oscillation. The spin tunneling junction
which is assumed to be the parallel circuit with resistance and capacitance is constructed in the
feedback loop of the oscillation circuit. The output voltage is obtained via the amplification

circuit and the resonant circuit.

33



2.3
, SIN )
Fig. 2-4 . RC
Rr Cy ) R .
Lot, Loz , Co .2
Loz FET
Ros , Ro :
Ly Rs
y CP Rl ]
Ci
Vbb
Ly Cpo
] L
1 i
= c.
R Rs
? R Lot ?
R
1 Co #-'. | %Loa
Loz
C
-1 :

Ros | ;

Ro

Fig. 2-4. Oscillation controlled magnetic sensing circuit. Typical values are Rr = 1.2 kQ), Cy =
0.47 nF, R.+Rs= 5k QQ, Cp= 0.47 nF, Lo1= Loz= 300 uH, Co= 4.72 nF, Ros= 400 Q,

Ro=10kQ, L1=1mH, Ri=125Q, C; = 100 nF, and gn= 2.2 mS.
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Fig. 2-6. Equivalent circuit of the oscillation controlled magnetic sensing circuit.
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Fig. 2-7. Equivalent circuit of the oscillation controlled magnetic sensing circuit.
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, Rr= 1.2 kQ, Cr= 0.47 nF, R+Rs= 5k Q, Cp= 0.47 nF, Loy = Lop= 300 pH, Co=
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Fig. 2-9. Calculated results of output voltage for the sensing circuit when the constant, o , related to

the feedback magnitude, is assumed to be 0.65, 0.16, and 0.04 mV/?/<Q), respectively.
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Fig. 2-10. Frequency dependence of g;( f ) and gx( f ). In the frequency region lower than ~ THz,
01( f) isin good agreement with gx( f ). This alows that the approximation expression
0i( f) is used in the calculation of noise voltage because the integrating region of the
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Fig. 2-13. Frequency characteristics of the real part of impedance from a) coil 1 side and b) coil 2.

Thermal noise and shot noise are obtained by integrating these frequency characteristics.



Noise voltage (Vms)

10°
10t
102
10°3
10

10°

49

V,, = /4KTRAf + 2qVRAf

\

O)
\J

—O— Our method
—{ 1 Conventional method —

O)
\J

O—0

107

| | | | | |
10° 10* 10° 10° 10" 108

Resistance (Q2)

Fig. 2-14. Resistance dependence of noise voltage in case of the oscillation controlled magnetic

sensing method (o ) and the conventional method (O).

In the oscillation controlled magnetic

sensing method, the noise voltage shows the constant value, independent of the resistance.

. Fig. 2-15

mv2/Q

(1-21)
. (223  (2-35)
AR , SN
, SN
,60dB SIN
AR
, SN

SN

,AR=200Q, o =0.65

, SN

TMR
(1-7)

, AR/R
Vs ,



S/N ratio (dB)

50

—o—q, = 0.65 MVI/Q
—o— 016
——  0.04

100
AR(QY)

150

Fig. 2-15. Calculated results of resistance change dependence of S/N ratio in the oscillation

controlled magnetic sensing circuit when the constant, o , related to the feedback magnitude,

is assumed to be 0.65, 0.16, and 0.04 mV%/Q), respectively.
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Fig. 2-16. TMR ratio dependence of S/N ratio with varying resistances of 7.0, 20, and 50 kQ in
the sense current type magnetic sensing. In order to obtain high S/N ratio, spin tunneling
junctions having high TMR ratio and low resistance are required when the sensing current type

magnetic sensing is used for a magnetic sensing.
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Fig. 2-17. Caculated results of resistance change dependence of S/N ratio in the oscillation
controlled magnetic sensing circuit when the constant, o , related to the feedback magnitude, is
assumed to be 0.65, 0.16, and 0.04 mV/?/<), respectively. Estimated S/N ratio is 70.4 dB when a
spin tunneling junction having the resistance change of 2.2 kQ is used in the oscillation controlled

magnetic circuit.
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Fig. 3-1. lon-beam sputtering system for the fabrication of spin tunneling junctions.
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Fig. 3-2. (@) Top view and (b) cross-sectional TEM image of a spin tunneling junction.
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Table 3-1. Condition during sputtering of the ion-beam sputtering system.

RT.
7 rpm
1.25kV
A/D 2.5kV
15-20 mA
Anode Moni. 130 mA
0.3-0.33 kw
Ar
99.9999 %
20 sccm
3.1.2
Col/Al-oxide/Co Al-oxide
, X (
JPS-9000M C) @ 8mm  Co/Al-oxide
Al-oxide , Al @) O/Al :
Al03 Col/Al-oxide
O 1s los, Al-oxide | Al-Ostd , Co/Al-oxide
O 1s lo, Al-oxide lal-o , O/Al X
losa /1 a-osa “lo /1o =1.5:X [1]. ,
Al-oxide O/Al
Al-oxide , Al ,
Al-oxide , Al
: Al-oxide :
o = Ngo 242 SN O[1- exp(———2 ) (31)

N, Ao sing



| =N, 240 sind [exp(—ﬁ) - exp(—ﬁ)] (3-2)
| en = ONe, 22 SinOexp(-— ) (39
Ac SINO
, Naioal,cop  Al-oxide (Al, Co) , 0
n/2), C , daioay  Al-oxide (Al)
;A m
1, (B2, (33, , X :
Al-oxide
X X Table 3-2
, X
Ar . Table 3-3
, a -Aly0Os . S
.Co1s, 0O1s Al 2p
, Table 3-4 LAl2p
, O Al Al oxide , Al
Metalic Al LAl Al 2p
,Al 2p Al , Al oxide
Metalic Al
Shirley ,
. Table 3-5
, JPS-9000MC

SpecXPS
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Table 3-2. Condition of X-ray source.

X
MgKa 10 mA 10 kV 1x 10°Pa ¢ 6 mm
Table3-3.  Condition of ion etching.
500 V 7-8 mA 6-10 s 5x 102Pa Ar
Table 3-4. Measurement condition.
1
Co1ls 1216-1267x 10%°]J 32x 101°J 0.16x 101 5 100 ms
O1s 824-878x 101° 32x 10%°J 0.16x 10™°J 5 100 ms
Al 2p 101-133x 10™) 32x 10J  0.16x 10™J 5 100 ms

Table 3-5. Range of background elimination.

Cols O1s Al 2p

1238-1258x 1071°] 841-861x 10°J 109-125x 10°]




3.1.3
, Stratton
Jstr[Z] ,Schottky [3] Jsch
[4]. ,
'Jtc = Jstr + Jsch
, Stratton
Aexp(—b)  zckT
= 1-exp(-cV
S (ckT)? sin(zzckT)[ P(-ev))
2
A 4ﬁ22nk T2
1 1
2 =
b— 47 (2m) dg?
h
1 1
2 _=
_ 27(2m) dg 2
h
. Schottky ,
/ /
5 _16qm o : . (7sz)2E 1 (%o - 41\25/(10) L qv
<h T Tap3 ( ) F2+T F exp KT [ exp( K ):|
(3-9), , (36 , (G4
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Fig. 3-3. Supercell of @) 7 Co atoms and vacancy atoms which corresponds to no resident Al atom, b) 7 Co
atoms, one Al atom and vacancy atoms which corresponds to one resident Al atom, ¢) 7 Co atoms, two Al
atoms and vacancy atoms which corresponds to two resident Al atoms. The supercell consists of Co atom,

Al atom, and vacancy, which are shown in gray, black, and hatching.
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Fig. 3-5. XPS spectra of Al 2p peaksin Al-oxide layer of Co(10nm)/Al-oxide of the oxidation time
of 24 h with the sputtered Al thickness of 1.5 - 4.0 nm. The broken line shows the position of the
metalic Al 2p peak.
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Fig. 3-7. Sputtered Al thickness dependence of the resistance change in spin tunneling
junctions Co(10nm)/Al-oxide/Co(50nm). The oxidation time for Al-oxideis 12 —216 h and the

sputtered Al thicknessis 1-5 nm.
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Fig. 3-9. Density of states with up spin and down spin of @) Co atom in Cofinsulator, b) Al atom

in Co/Al/insulator where Al layer consists of one atomic layer, and c) Al atom in Co/Al/insulator

where Al layer consists of two atomic layers. The broken line is the Fermi energy.
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Fig. 3-10. Density of states with up spin and down spin of a) Co atom and b) Al atom in

Co/Al/insulator where Co layer and Al layer consist of seven atomic layers and one atomic layer.

The broken line is the Fermi energy.
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¢) Al atom of site 2 in Co/Al/insulator where Co layer and Al layer consist of seven atomic layers

and two atomic layers. The broken line is the Fermi energy.
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Fig. 3-13. Temperature dependence of the leakage current density for junctions with the Al thickness of
1.0 - 3.0 nm. The leakage current density increases with increasing temperature. The leakage
current density is extremely large in the sputtered Al thickness of 1.0 nm and 1.5 nm a room

temperature.
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Fig. 3-14. Temperature dependence of the sputtered Al thickness for junctions at 150 K, 300 K, and 350
K. The leakage current density increases with decreasing Al thickness. The leakage current density

is extremely large in the sputtered Al thickness of 1.0 nm and 1.5 nm at higher than room temperature.
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Fig. 3-15. Anneadling temperature dependence of magnetoresistance change for junctions with
oxidation time of 12 — 216 h. The magnetoresistance change tends to increase as increasing

the annealing temperature.
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Fig. 3-16. Relation between O/Al ratio and the oxidation time for Al-oxide of
Co(10nm)/Al-oxide layer. Open square and open circle represent O/Al ratio before

etching by Ar gas and after etching by Ar gasfor 6 s.
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Fig. 3-17. Relation between O/Al ratio and the sputtered Al thickness for Al-oxide of
Co(10nm)/Al-oxide layer. Open square and open circle represent O/Al ratio before

etching by Ar gas and after etching by Ar gasfor 6 s.
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Fig. 3-20. Annealing temperature dependence of resistance for junctions with oxidation time
of 12 - 216 h. As increasing temperature from R.T. up to 250 , the resistance of each

sample increases dlightly, which shows the interdiffusion of only one atomic layer.
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Fig. 3-21. Annealing temperature dependence of capacitance for junctions with oxidation time of 12 -
216 h. The capacitance tends to decrease as increasing temperature from R.T. up to 250 . It
means that the dielectric constant and/or Al-oxide thickness changes by annealing up to high

temperature.
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Fig. 3-22. Annealing temperature dependence of Al-oxide thickness for junctions with oxidation
time of 12 — 216 h. Al-oxide thickness shows approximately 1.6 — 2.0 nm, which shows the

interdiffusion of only one atomic layer by annealing.
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Fig. 3-23. Annealing temperature dependence of the dielectric constant in spin tunneling junctions with
the oxidation time of 12216 h. The dot line and broken line represent the dielectric constant of AlO,
(e =22.7) and Al,O3 (¢ =8.0). The dielectric constant of Al oxidized in pure O, shows from 10 to 40
before annealing. It indicates that Al oxidized in pure O, can be AIO, from a viewpoint of dielectric
properties as well as XPS analysis results of O/Al ratio of 1.9 - 2.0. It is found that the dielectric
constant approaches approximately 8.0, which is equal to the dielectric constant of Al,O3, when the

temperature increases from R.T. up to 250
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Fig. 4-1. Measurement system of impedance for a spin tunneling junction.
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Fig. 4-2. Equivalent circuit of impedance measurement system shown in Fig. 4-1.
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Fig. 4-3. Equivalent circuit of impedance measurement when the terminal, A1, is connected into the

input of Lock-in Amplifer.

VAT 1,22 1 , 3
Co . ZIN
1 MQ || 30 pF(Stanford Research Systems, SR844 ) . V1, Va2,
Va3 Al B1, By, B3
Zr
Ve, =V,
ZT = uz' (4_1)
Vs
(4-1) VAL
» VB1, VB2, VB3

Flg 4-3 , VB1 V1



89

z
A NV éSpintunnelingjunction
: 211 Zii A1
1
] Bl
Vi
! Zr L ock-in Amp.
1
: A B2Y
1 1
1 1
! ' Signal input
1 V21 B3 Z
1 : 7 I IN
\4 v . vV v |

Fig. 4-4. Equivalent circuit of impedance measurement when the terminal, A2, is connected into the input

of Lock-in Amplifer.
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Fig. 4-5. Equivalent circuit of impedance measurement when the terminal, A3, is connected into the input

of Lock-in Amplifer.
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Fig. 4-6. Frequency characteristics of impedance in a spin tunneling junction. The open circle and solid
line show experimental and calculated results, respectively. The impedance is calculated from an

assumption of RC parallel circuit. Experimental results are in good agreement with calculated results.
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Fig. 4-7. Vector locus of the impedance for a spin tunneling junction. The open circle and solid line
show experimental and calculated results, respectively. The impedance is calculated from an
assumption of RC pardlel circuit. The vector locus shows a semi-circle trgjectory, located in radius
of the dc resistance in the fourth quadrant. Experimental results are in good agreement with

calculated results.
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Fig. 4-8. Magnetoimpedance effect at 10 kHz for a spin tunneling junction. The arrows show the

sweeping direction of the magnetic field. The real part of the impedance shows a maximum value

at about + 2 kA/m and decreases with further increases in the magnetic field. The imaginary part of

the impedance shows a minimum value at about £ 2 kA/m and increases with further increases in

the magnetic field.
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Fig. 4-9. Magnetoresistnce effect for a spin tunneling junction. The arrows show the
sweeping direction of the magnetic field. The resistance shows a maximum value at about
+ 2 kA/m and decreases with further increases in the magnetic field. The resistance changesin

accordance with the magnetization.
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Fig. 4-10. Magnetoimpedance effect of the real part of impedance at 100 kHz, 1 MHz, 5 MHz,
and 25 MHz for a spin tunneling junction. The real part of impedance shows a maximum
value at about + 2 KA/m and decreases with further increases in the magnetic field at lower
than roll-off frequency. The real part of impedance shows a minimum value at about + 2
KA/m and increases with further increases in the magnetic field at higher than roll-off

frequency.
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Fig. 4-11. Magnetoimpedance effect of the imaginary part of impedance at 100 kHz, 1 MHz, 5
MHz, and 25 MHz for a spin tunneling junction. The imaginary part of impedance shows a
minimum value at about + 2 kA/m and increases with further increases in the magnetic field
at lower than roll-off frequency. The imaginary part of impedance seems to be independent

of the magnetic field at higher than roll-off frequency.
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Fig. 4-12. High frequency characteristics of impedance in a spin tunneling junction. The
open square and circle represent experimental results of real part and imaginary part of
impedance. The broken line and solid line represent calculated results of real part and
imaginary part of impedance. The impedance is calculated from an assumption of RC

paralle circuit. Experimental results are in good agreement with calculated results in high

frequency region.
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Fig. 4-13. High frequency characteristics of TMI ratio in a spin tunneling junction. The open
square and circle represent experimental results of real part and imaginary part of impedance.
The broken line and solid line represent calculated results of rea part and imaginary part of
impedance. The magnetoimpedance is calculated from an assumption of RC parallel circuit

and dc TMR effect. Experimental results are in good agreement with calculated results.
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Fig. 4-14. Feedback circuit consisting of the spin tunneling juction, the resistance Rs, and the

capacitance C,.  Res and Xeg are the real and imaginary part of the impedance of this circuit.
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Fig. 5-1. Magnetic sensing circuit using spin tunneling junction or InSb magnetic sensing device for

detection of oscillation. The magnetic sensing device was used in the feedback loop of the Hartley

oscillation circuit.  The resonant circuit consists of two inductors of L = 50 uH and one capacitor of C = 4.72

nF. The drain source voltage Vpp was set at 4.5 V in order to activate the JFET 2SK30A , made by Toshiba

Corporation, in the amplification part. The resistance Rs, which was connected in series with the InSb

magnetic sensing device, was set at 5 kQ to fulfill the oscillation condition at the external magnetic field of

less than 0 Oe, which means the field of the negative value.
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Fig. 5-2. Measurement system of oscillation response in the sensing circuit. Pulse voltage at 1 kHz

Pulse generator

Il

(o)

with the duty ratio of 90 %, is generated and amplified. Current is applied to the coil wound round the
3% SiFecore. Magnetic field of 0-8 kA/m at 1 kHz is applied to the magnetoresistance device attached
the magnetic sensing circuit. The time response is obtained by using digital oscilloscope. Finaly, the

error rate, risetime and fall time are measured by using measurement software, LabView, and the program

of C-language.
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Fig. 5-3. Magnetoresistance curve of a spin tunneling junction for the oscillation controlled

magnetic sensing.
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Fig. 5-4. Output waveform of the oscillation controlled magnetic sensing using a spin tunneling

junction at @) Hex = 0 kA/m and b) He = -2.5 KA/m.
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Fig. 5-5. Histogram of noise voltage in the sensing circuit using a spin tunneling junction.

Experimental results can be explained by afit to the normal distribution.
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Fig. 5-6. Resistance change dependence of error rate when the spin tunneling junction and the InSb
magnetoresistance device are used. The resistance change of more than 10 Q is required to

maintain error rate of lessthan 107. Theinset shows waveform for existence of error.
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Fig. 5-8. Resistance change dependence of error rate of calculated results and experimenta results

when the spin tunneling junction and the InSb magnetoresistance device are used. Experimental

results are in good agreement with calculated results.
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Fig. 5-9. Magnetoresistance curve of InSb magnetic sensing device. The resistance is proportional

to the magnetic field.
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Fig. 5-10. Voltage dependence of the magnetic field by using magnetoresistance device in the

sensing circuit.  The voltage changes in accordance with the magnetic field.
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Fig. 5-11. Resistance change dependence of output voltage in the oscillation controlled magnetic
sensing circuit using magnetoresistance device.  In the conventional method, the voltage of just
only 0.1V is obtained when the resistance change is 200Q .  In our method, the voltage of 1.0 V

is obtained when the resistance change is the same.
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Fig. 5-12. Calculated results of output voltage in the oscillation controlled magnetic sensing

circuit when the constant, a. , related to the feedback magnitude, is assumed to be 0.65, 0.16,

and 0.04 mVZQ, respectively. At o = 0.65 mV%/Q, experimental results are in good

agreement with calculated results.
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Fig. 5-13. Calculated results of output voltage in the oscillation controlled magnetic sensing
circuit when the constant, o , related to the feedback magnitude, is assumed to be 0.65, 0.16,
and 0.04 mV?Q, respectively. Estimated voltage shows 3.3 V when a spin tunneling

junction having the resistance change of 2.2 kQ is used in the sensing circuit.
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Fig. 5-14. Histogram of noise voltage in the sensing circuit when the circuit does not oscillate. The

inset shows the no-oscillation waveform.
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Fig. 5-15. Calculated results of S/N ratio of the sensing circuit when the constant, o , related to
the feedback magnitude, is assumed to be 0.65, 0.16, and 0.04 mV?/Q), respectively. At o =

0.65 mV%/Q, experimental results are in good agreement with calcul ated results.
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Fig. 5-16. Estimated results of S/N ratio of the sensing circuit. It is possible to redlize the
highly sensitive magnetic sensing having the S/IN ratio of 70 dB by using the top-level

technology with respect to the fabrication of spin tunneling junctions.



5.4

Fig. 5-17

, T10, Too

=

T I T I T I T
" (a) STJ,AR=110

Freguency (a.u.)
© o o
£ D (o]

o
()

0 1 2 3
Risetime (us)

l T I T I T I T
| (b)) STJ,AR=15Q

Frequecny (a.u.)

©c o ©o

E- (o)) (o]
|

©
N
T

o

0 1 2 3
Risetime (us)

9 TlO

10 %, 90 %

, 0.5 ms

129

(5-6)

1/100

=

©
(5]

o
o
T

Frequency (a.u.)
o
N
I T

o
N
I

" () MR,AR=16Q

2 3 4 5
Rise time (us)

©
©

Freguency (a.u.)
o o
IS )]
——

o«
N
—

| (d) MR, AR=500

2 3 4 5
Risetime (us)
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