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We have developed AI-O barrier magnetic tunnel junctions (MTJs) and obtained a
magneto-resistance (MR) ratio of 27% with a resistance-area product RA of about
3 Qum?2. We have also studied Ti-O and Mg-O as new low barrier energy materials for
MTJs. Ti-O barrier MTJs showed a very small RA of less than 2 Qum2. We can obtain
a high MR ratio of about 100% for Mg-O barrier MTJs with an RA of 2to 3 Qum?2 using a
CoFeB magnetic layer for the pinned and free layers. The coercivity of the free layer
can be reduced using a Co,,Fe,/NiFe free layer, which is suitable for head applica-
tions. An MR ratio of 40 to 50% was obtained with an RA of 2 to 3 Qum?. Mg-O barrier
MTJs are the most promising for future TMR heads for recording densities over
200 Gbhit/in2. We fabricated Al-O barrier TMR heads whose target areal recording den-
sity is around 100 Gbit/in2. These heads have a 25% MR ratio with an RA of 4 Qum?,
and the width and height of the TMR head element are 110 nm and 100 nm, respective-
ly. We can obtain an average output signal of about 5000 uVpp at a 150 mV bias
voltage (V) using a synthetic ferrimagnetic medium. We have also investigated the
characteristics of head noise and found that thermal magnetic noise is the dominant
noise in our TMR heads. We also investigated the thermal magnetic noise as a func-
tion of the exchange coupling field H,, between the pinned and antiferromagnetic
layers of TMR heads by using micromagnetic simulations. We clarified the impor-
tance of increasing not only the MR ratio but also H,, to realize ultra high density
magnetic recording.

expected to be low.

The tunnel magnetoresistive (TMR) head has
been considered a promising candidate as a post
spin-valve head due to its high magneto-resistance
(MR) ratio and current perpendicular to plane
(CPP) geometry. The spin-valve head with a cur-
rent in plane (CIP) geometry is expected to reach
its limitation in MR ratio and also have several
other issues, for example, its insulator layer
should be thin due to the narrow shield-to-shield
spacing. The spin-valve head with a CPP geome-
try (CPP-GMR head) enables the shield-to-shield
spacing to be reduced below that possible in the
CIP-GMR head, but its MR ratio is only several
percent and its impedance is quite low. There-
fore, the output voltage of the CPP-GMR head is
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We have developed magnetic tunnel junctions
(MTJs) from the early stage of research.9% MTJs
are basically composed of a ferromagnetic free
layer, insulator layer, and ferromagnetic pinned
layer (Figure 1), and their MR ratios are given
by 2P,P, / (1-P,P,) after Juliere,® where P, and P,
are the polarizations of the ferromagnetic layers.
P for Ni, Co, and Fe is 0.23, 0.3, and 0.4, respec-
tively. If we could obtain a ferromagnetic material
whose P equals 1, we could theoretically obtain
an infinite MR ratio. MTJs usually show a high
resistance-area product (RA) in spite of their large
MR ratio because they have an insulating barrier
layer. Even if we obtained an RA of 3 Qum?, the
resistance of a 0.1 um? MTJ element would be
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Spin-valve-like property of magnetic tunnel junction (MTJ).

300 Q. Because the resistance and stray capaci-
tance form a low-pass filter, a high-resistance
element would not pass a high data-rate (frequen-
cy) signal. Therefore, the most important thing
for the TMR head is how to reduce its RA. Many
efforts have been made to reduce RA. Oxidiza-
tion of the barrier layer should be optimized by
using a thinner Al barrier layer that is deposited
on a flat electrical lead surface. Film flatness is a
very important factor for obtaining a lower resis-
tance MTJ and avoiding electrical shorting. A low
barrier energy material for the insulator layer is
also effective for reducing RA. Many barrier
materials have also been investigated.

Although AI-O barrier MTJs have been
developed from the early stage of the research,
new barrier materials such as Ti-O and Mg-O have
recently been discovered to be suitable for low-
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resistance TMR heads. In this paper, we report
the electrical characteristics of these MTJs. We
then report the read-write performance and noise
characteristics of Al-O barrier TMR heads that we
fabricated for areal densities around 100 Gbhit/in2.
Lastly, we report the results of a 3-dimensional
micromagnetic simulation for thermal magnetic
noise in TMR heads, which has become the main
noise source now that the width and height of
sensors for densities around 100 Gbit/in? have
decreased to nearly 100 nm.

2. Magnetic tunnel junction
2.1 Brief history

We have been contributing to MTJ research
since the discovery that MTJs have a large MR
ratio (18%) at room temperature.?? We first
showed that MTJs with an antiferromagnetic pin-
ning layer exhibit spin-valve-like properties
(Figure 1).9 We also found that an MTJ's MR
ratio can be increased to 24% by annealing
(Figures 2 and 3).# Furthermore, the highest MR
ratio we have obtained so far is 42%, which was
obtained with a Co74Fe26 composition (Figure 4).9

Figure 5 shows the relation between MR
ratios and resistance-area product RA that vari-
ous researchers have reported over the last 10
years for Al-O barrier MTJs. Surprisingly, RA has
been reduced by about eight orders of magnitude
over this period.

2.2 Fabrication

We fabricated MTJs on surface-oxidized Si
wafers or partially NiFe-plated and chemical-
mechanical-polished (CMP) Al O, - TiC substrates
by DC magnetron sputtering. Figure 6 shows
the structure of these MTJs. A PtMn antiferro-
magnetic layer and CoFe/Ru/CoFe synthetic
ferrimagnetic layer were used for the pinning and
pinned layers, respectively. The barrier layer was
deposited in a wedge shape to obtain the barrier
thickness dependency using a single wafer. The
pin anneal was performed in a vacuum at 260°C
for 4 hours with a magnetic field of 1.11 x 10 A/m
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Figure 2
Annealing temperature dependence of tunnel magnetoresistance (TMR) for different samples in the wafer.
(a) Dependence of magneto resistance (MR) ratio on annealing temperature. (b) Dependence of tunnel resis-
tance-area product RA on annealing temperature. Symbols in Figure (a) correspond to symbols in Figure (b).
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IrMn(15 nm) junctions. Film structure of MTJ with wedge-shaped barrier layer.
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(14000 Oe). The MTJs were patterned using con-
ventional photolithography, ion-milling, and
lift-off. The electrical properties were measured
at room temperature under a field of £7.96 x
10% A/m (100 Oe) using the four-probe method.

2.3 MR property

First, we present some typical characteris-
tics of the low-resistance Al-O barrier MTJs we
developed. Figure 7 shows the RA dependence
on MR ratio of Al-O barrier MTJs on Al,O,- TiC
substrates for three different oxidization times.
The Al was oxidized by natural oxidization. The
film structure of the MTJs is Ta/PtMn/CogFe,,/
Ru/Co,,Fe,s/Al (0.55w. & oxid.) /Co,.Fe,(1.5)/
NiFe(3)/Ta. The numbers in parentheses show
the thickness in nm, and “0.55w. & oxid.” in this
example is the mean thickness of a 0.55 nm Al
wedge and successive oxidation after deposition.
A good MR ratio of 27% at an RA of about 3 Qum?
was obtained. The read/write performance of
Al-O barrier TMR heads is described in the next
section.

We also studied TiO barrier MTJs. Figure 8
shows the RA dependence on MR ratio of TiO
barrier MTJs on ALO, - TiC substrates for three
different oxidization times. The Ti was oxidized
by radical oxidization in this case. The film
structure of these MTJs is Ta/PtMn/Co,,Fe,i/Ru/
Co,,Fe,/Ti (0.45w. & oxid.) /Co,,Fe,s(1)/NiFe(3)/Ta.
TiO barrier MTJs have a very low RA because of
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Dependence of MR ratio on resistance-area product RA
in Al-O barrier MTJs with different natural oxidization times.
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their low barrier height. Figure 9 shows a typi-
cal R-V curve and the bias dependency of the MR
ratio of a TiO barrier MTJ. We can obtain a bar-
rier height that is 0.1 eV lower than the 0.5 eV
height of Al-O barrier MTJs by fitting the barrier
height and width with Simmons’ equation of tun-
neling.” V,,, is defined where the TMR decreases
to half its zero bias value. V,, is about 200 mV,
which is also smaller than the 450 mV value of
Al-O barrier MTJs.

MgO barrier MTJs with CoFeB magnetic
layers were discovered to show a high MR ratio of
over 200%.919 Figure 10 shows the RA depen-
dence on the MR ratio of MgO barrier MTJs on Si
substrates. The MgO was deposited by RF spat-
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Dependence of MR ratio on resistance-area product RA
in Ti-O barrier MTJs with different radical oxidization times.
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Dependence of RA and MR ratio on bias in Ti-O barrier
MTJ.
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Dependence of MR ratio on resistance-area product RA
in MgO barrier MTJs.

tering in this case. The film structure of these
MTJs is Ta/PtMn/Co,,Fe,s/Ru/CoFeB(3)/MgO
(1.5w.)/CoFeB(3)/Ta. The MTJs were annealed in
a vacuum at 350°C after the deposition. An MR
ratio of 200% was obtained with an RA
exceeding 1 kQum2  Figure 11 shows the
MR ratio dependence on the bias. A high V,, of
600 mV was obtained.

RA can be decreased by decreasing the thick-
ness of MgO. Figure 12 shows the RA dependence
on the MR ratio of MgO barrier MTJs on ALO;-
TiC substrates, in which the mean thickness of
the MgO wedge is 1.0 nm. An MR ratio of 100%
was obtained with an RA of 2 Qum?.

Although MTJs with a CoFeB magnetic layer
for the pinned and free layers showed a high MR
ratio, their coercivity Hc is around 1.99 x 10 A/m
(25 Oe) which is quite high for head applications.
We therefore used a composite film of Co,,Fe,q/
NiFe instead of CoFeB film for the free layer. This
decreased the MR ratios to about half the value of
the CoFeB free-layer MTJs but also decreased Hc
to less than 3.98 x 102 A/m (5 Oe). Figure 13
shows the RA dependence on the MR ratio of MgO
barrier MTJs on ALO, - TiC substrates with an
MgO thickness of 0.97, 1.00, and 1.03 nm, respec-
tively. The film structure of these MTJs is
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Dependence of MR ratio on bias in MgO barrier MTJ.
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Dependence of MR ratio on resistance-area product RA
in MgO barrier MTJs.

Ta/PtMn/Co,,Fe,i/Ru/CoFeB/MgO/Co,,Fe,(1.5)/
NiFe(3)/Ta. An MR ratio of around 40% was ob-
tained with an RA of 2 Qum?2. These MTJs are
very promising for use in future HDD read heads.

3. TMR heads with Al-O barrier
We fabricated first-generation prototype
TMR heads whose target areal recording density
is around 100 Gbit/in?2. We focused on AI-O
barrier TMR heads and fabricated them using
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conventional photolithography, successive ion
milling, and lift-off. The TMR head stack is made
of Ta/PdPtMn/CoFe/Ru/CoFe/Al & oxid. /CoFe/
NiFe/Ta and stabilized by a permanent-magnet
(CoCrPt) abutted junction. The TMR film for the
prototype heads has an RA of 4 Qum? and an MR
ratio of 25%. Figure 14 shows a TEM image of
the air-bearing surface of one of these TMRs. The
width and height of the TMR element are 110 nm
and 100 nm, respectively. The read write mea-
surement was performed at a 150 mV bias voltage
(Vp). The average output signal is around
5000 uVpp from a synthetic ferrimagnetic medi-
um having a remanence-thickness product B, of
3.7 Tnm (37 Gum). This output signal is four times
larger than that of a conventional spin-valve CIP-
GMR head. The magnetic read track width Twr
is about 120 nm. The output signal voltage is
sufficiently high, and Twr is sufficiently narrow
to achieve a 100 Gbit/in? recording density.

We also investigated the characteristics of
head noise. Its voltage spectrum is shown in
Figure 15. The noise voltage obtained by inte-
grating the noise voltage spectrum is typically
around 180 uVrms.

On the other hand, the head noise source of
the TMR head is thought to be composed of
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Dependence of MR ratio on resistance-area product RA
in MgO barrier MTJs.
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Johnson noise, shot noise, and thermal magnetic
noise. The Johnson plus shot noise can be calcu-
lated by the following equation according to
Klaassen, Xing, and Peppen:'?

Nyot = / 2~eVb-R~Af-ooth( 2?k\2~)T > , (1)
where e is the elementary electric charge, kg is
Boltzmann’s constant, T is the absolute tempera-
ture, and R is the head resistance at zero electrical
bias. Using this equation, the estimated Johnson
plus shot noise voltage of this TMR head is
64 wWrms when R =360 Q and Af =230 MHz. We
estimated that the thermal magnetic noise of the
TMR head is 170 uVrms ( =/ Nuee?= Nygo2 ) Under
the assumption that the head noise is composed
of the three above-mentioned noise sources. The

thermal magnetic noise is thought to come from
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Figure 14
TEM image of first-generation prototype TMR head.
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Head noise amplitude spectrum of TMR head.
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random magnetic rotations in the TMR element
due to the influence of thermal energy. Needless
to say, the thermal magnetic noise governs the
head noise. We discuss the thermal noise in the
next section.

4. Study of thermal magnetic

noise by computer

simulations

As mentioned above, we are promoting
research and development to improve the MR
ratio of MTJs from the material-search point of
view. Simultaneously, we have already developed
first-generation TMR heads that can be used for
areal recording densities around 100 Gbit/in%. The
width and height of the sensors of current HDDs
for 100 Ghit/in? recording have decreased to near-
ly 100 nm. In order to further increase the areal
recording density, it is necessary to downsize the
TMR head element. However, as the sensor is
downsized, random magnetic rotations due to
thermal excitation in the TMR heads increases,
and this problem is believed to set the limit of areal
recording density.'?* Therefore, we have also
been studying the thermal magnetic noise in TMR
heads by using micromagnetic simulations that
take the thermal fluctuation energy into consid-
eration. This section describes the dependence of
thermal magnetic noise on the exchange coupling
field H,, between the pinned and antiferromag-
netic layers.

4.1 Simulation model

To study the thermal magnetic noise of TMR
heads, we developed a 3-dimensional micromag-
netic simulation model by changing the current
direction of the GMR head calculation model.*¥
Figure 16 shows a micromagnetic simulation
model for TMR heads. We calculated the mag-
netic motion in 2-dimensional arrays of tetragonal
cells for each magnetic layer in the TMR element
(i.e., the free and synthetic ferrimagnetic coupled
pinned layers) using the Landau Lifshitz Gilbert
(LLG) equation:

FUJITSU Sci. Tech. J., 42,1,(January 2006)
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dv; y-a
dt M,
i=12 N, (2)

=yM;x Hig — M; x (M x Hi.g ),

where M, and H,  are, respectively, the magneti-
zation and effective applied field of each cell, and
H,.+ includes the anisotropy, magnetostatic
coupling, exchange coupling, and external field.

To simulate thermal magnetic noise, we
introduced a random effective thermal field
corresponding to the thermal fluctuation energy
into H, . of the LLG equation. The direction of
the effective thermal field is isotropically random,
the magnitude distribution is Gaussian with a zero
mean, and the dispersion is inversely proportion-
al to the magnetic energy of each cell:}2-19

2ksTa

2 _
Hliter = Vg Mgy (1ta2) At ®)

where a (= 0.02) is the damping constant, y (= 1.76
x 107 Hz/Oe) is the gyromagnetic constant, and
M and V,,, are the saturation magnetization and
volume of each cell, respectively. The duration of
the constant effective thermal fluctuation field At
was chosen to be 10 ps.

The layer structure was antiferromagnetic/
pinned/Ru/reference/Al-O barrier/free. The width

)6, Antif tic™
3 ay ntirerromagnetic

Figure 16
Micromagnetic simulation model for TMR heads.
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and height of the free layer were assumed to be
120 and 110 nm, respectively, and the shield-to-
shield gap was assumed to be 45 nm.

4.2 Simulation of thermal magnetic noise

in TMR heads

Figures 17 (a) and 17 (b) show the simu-
lated output signals of TMR heads with H,,
assumed to be 3.18 x 10* and 1.59 x 10* A/m (400
and 200 Oe). The figures clearly show that
reducing H,, to 1.59 x 10* A/m does not affect the
output signal. The two heads have a similar peak-
to-peak output voltage and symmetrical output
waveforms. In contrast, the thermal magnetic
noise of the TMR head with the lower H,, has
large, irregular, and asymmetrical positive peaks
[Figure 17 (d)]. Figure 18 shows the dependence
of output signal and thermal magnetic noise on

V., = 5480 uVpp~

H... The output signal is virtually constant, but
the thermal magnetic noise more than doubles
when H,, is decreased from 3.18 x 10* to 1.59 x
10 A/m (400 and 200 Oe). Reducing H,, increases
the thermal magnetic noise but only slightly
affects the output signal. The results presented
in this paper indicate that it is important to
increase not only the MR ratio but also H,, to
realize the next generation of TMR heads for
ultra high density magnetic recording. Therefore,
we have been looking for materials with a large
H,,.

Computer simulation is an effective tool for
the type of head design and analysis described
above. We have used simulation for efficient
development of TMR heads and are convinced it
has enabled us to develop high-quality TMR
heads.
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Simulated output signal and thermal magnetic noise waveforms of TMR heads with different H,,.
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5. Conclusion

We have developed Al-O barrier MTJs and
obtained an MR ratio of 27% with an RA of about
3 Qum2. We have developed first-generation Al-O
barrier TMR heads that can be used for areal
recording densities of about 100 Gbit/in%. These
heads showed a large output voltage that was four
times larger than that of spin-valve CIP heads.
However, we found the thermal magnetic noise is
the dominant noise in these heads, and it will be
the critical obstacle to further increases of areal
magnetic recording density. We also investigated
the thermal magnetic noise of TMR heads as a
function of H,, by using micromagnetic simula-
tions. We clarified the importance of increasing
not only the MR ratio but also H,, to realize
ultra high density magnetic recording.

We have also studied Ti-O and Mg-O as new
low barrier energy materials for MTJs. Ti-O bar-
rier MTJs show a peculiar characteristic: they
have a very small RA of less than 2 Qum?. We can
obtain a high MR ratio of about 40 to 50% for Mg-
O barrier MTJs with an RA of 2 to 3 Qum? by using
a CoFeB pinned layer and low-coercivity Co,,Fe,/
NiFe free layer. Not only are Mg-O barrier MTJs
the most promising for future TMR heads for over
200 Gbit/in? recording densities, they also could
be used for the read heads of high-end server
HDDs.

FUJITSU Sci. Tech. J., 42,1,(January 2006)

K. Kobayashi et al.: TMR Film and Head Technologies

References

1

2)

3)

4)

5)

6)

7

8)

9)

10)

11)

12)

13)

14)

15)

T. Miyazaki and Tezuka: Giant magnetic tunnel-
ing effect in Fe/Al203/Fe junction. J. Magn.
Magn. Mater., 139, 3, p.L231-L234 (1995).

J. S. Moodera, L. R. Kinder, T. M. Wong, and R.
Meservey: Large Magnetoresistance at Room
Temperature in Ferromagnetic Thin Film Tunnel
Junctions. Phys. Rev. Lett., 74, 16, p.3273-3276
(1995).

M. Sato and K. Kobayashi: Spin-Valve-Like Prop-
erties of Ferromagnetic Tunnel Junctions. Jpn.
J. Appl. Phys., 36, p.L200-L201 (1997).

M. Sato and K. Kobayashi: Spin-Valve-Like Prop-
erties and Annealing Effect in Ferromagnetic
Tunnel Junctions. IEEE Trans. Magn., 33, 5,
p.3553-3555 (1997).

H. Kikuchi, M. Sato, and K. Kobayashi: Effect
of CoFe composition of the spin-valvelike
ferromagnetic tunnel junction. J. Appl. Phys., 87,
9, p.6055-6057 (2000).

M. Juliere: Tunneling Between Ferromagnetic
Films. Physics Letters 54A, 3, p.225 (1975).

J. G. Simmons: Generalized Formula for the Elec-
tric Tunnel Effect between Similar Electrodes
Separated by a Thin Insulating Film. J. Appl.
Phys., 34, 6, p.1793-1803 (1963).

S. S. P. Parkin, C. Kaiser, A. Panchula, P. M. Rice,
B. Hughes, M. Samant, and S. H. Yang: Giant
tunneling magnetoresistance at room tempera-
ture with MgO (100) tunnel barriers. Nat. Mater.,
3, p.862 (2004).

S. Yuasa, T. Nagahama, A. Fukushima, Y.
Suzuki, and K. Ando: Giant room-temperature
magnetoresistance in single-crystal Fe/MgO/Fe
magnetic tunnel junctions. Nat. Mater., 8, p.868
(2004).

D. D. Djayaprawira, K. Tsunekawa, M. Nagai, H.
Maehara, S. Yamagata, and N. Watanabe: 230%
room-temperature magnetoresistance in CoFeB/
MgO/CoFeB magnetic tunnel junctions. Appl.
Phys. Lett., 86, p.092502 (2005).

K. B. Klaassen, X. Xing, and J. C. L. van Peppen:
Signal and noise aspects of magnetic tunnel junc-
tion sensors for data storage. IEEE Trans. Magn.,
40, 1, p.195-202 (2004).

J.-G. Zhu: Thermal magnetic noise and spectra
in spin valve heads. J. Appl. Phys., 91, 10, p.7273-
7275 (2002).

O. Heinonen and H. S. Cho: Thermal magnetic
noise in tunneling readers. IEEE Trans. Magn.,
40, 4, p.2227-2232 (2004).

H. Akimoto, H. Kanai, Y. Uehara, T. Ishizuka, and
S. Kameyama: Analysis of thermal magnetic noise
in spin-valve GMR heads by using micromagnet-
ic simulation. J. Appl. Phys., 97, 10, p.10N705-1
(2005).

W. F. Brown Jr.: Thermal Fluctuation of a Single-
Domain Particle. Phys. Rev., 130, 5, p.1677-1686
(1963).

147



K. Kobayashi et al.: TMR Film and Head Technologies

Kazuo Kobayashi received the B.S.,
M.E., and Dr.E. degrees in Applied
Physics from Tohoku University, Sendai,
Japanin 1968, 1970, and 1995, respec-
tively. He joined Fujitsu Laboratories
Ltd., Atsugi, Japan in 1970, where he
has been engaged in research of
materials and devices for magnetic
heads and media for hard disk drives.
In 2006, he joined the Nagano Factory,
Fujitsu Ltd. He is a member of the
Magnetics Society of Japan and the Applied Physical Society of
Japan. He is the chairperson of the Head & Disk Standard Com-
mittee of Japan IDEMA.

148

Hideyuki Akimoto received the B.E.
and M.E. degrees in Electronics
Engineering from Nihon University,
Tokyo, Japanin 1991 and 1993, respec-
tively. He joined Fujitsu Laboratories
Ltd., Atsugi, Japan in 1993, where he
was engaged in research and develop-
ment of magnetic recording media for
hard disk drives (HDDs). He was a
visiting researcher at the Center of
Micromagnetics and Information Tech-
nology, University of Minnesota, USA from 1995 to 1997. In
2002, he joined the Nagano Factory, Fujitsu Ltd., where he has
been engaged in the design and development of magnetic
recording heads for HDDs. He is a member of the Magnetic
Society of Japan and the Technical Committee of the R/W
Category, Storage Research Consortium.

FUJITSU Sci. Tech. J., 42,1,(January 2006)



