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MagnetoresistancéMR) ratio up to 230% at room temperatu294% at 20 K has been observed

in spin-valve-type magnetic tunnel junctiofdTJs) using MgO tunnel barrier layer fabricated on
thermally oxidized Si substrates. We found that such a high MR ratio can be obtained when the
MgO barrier layer was sandwiched with amorphous CoFeB ferromagnetic electrodes.
Microstructure analysis revealed that the MgO layer w@@1l) fiber texture was realized when the

MgO layer was grown on amorphous CoFeB rather than on polycrystalline CoFe. Since there have
been no theoretical studies on the MTJs with a crystalline tunnel barrier and amorphous electrodes,
the detailed mechanism of the huge tunneling MR effect observed in this study is not clear at the
present stage. Nevertheless, the present work is of paramount importance in realizing high-density
magnetoresistive random access memory and read head for ultra high-density hard-disk drives into
practical use. €005 American Institute of PhysidDOI: 10.1063/1.1871344

Tunneling magnetoresistan€EMR) effect in magnetic  trons of all symmetries approach the Fe/MgO interface with
tunnel junctiongMTJs) has been extensively studied in the unity density of states, evanescent wave function coupling
last decade due to the large potential applications of MTJs iintroduces discrimination, as the density/of states is much
magnetoresistive random-access memdMRAM) and less affected within the barrier. This results irRg, much
magnetic sensors> MTJs using amorphous Al-oxide tunnel higher thanR,, leading to a huge MR ratidSeveral experi-
barrier layer have been the most frequently studied. Usingnental studies have been performed in epitaxial
this barrier material, a magnetoresistarfiR) ratio up to  Fe(001)/MgO(001)/Fe(001) MTJs®** The MR ratio was
about 70% has been achieved at room temperg(mrqxf"“ found to surpass the value obtained by the conventional
Here, the MR ratio is defined dR,;R,)/R,, whereR,,and ~ MTJs (Ref. 11) and has reached up to 188% at ﬁT_‘-'OW"

R, are the tunneling resistance when the magnetizations @iver, all of these studies have been performed using single-
the two electrodes are aligned in antiparallel and parallelCrystal substrates, which limits its feasibility into practical
respectively. The MR ratio in such conventional MTJs with Use. Recently, 220% of MR ratio at RT has been preselr13ted in
an Al-O tunnel barrier can be relatively well explained by MTJs of the form FeC®01)/MgO(001)/ (Fe;oCo30)g0B20-

the Julliere’s modélwhen experimentally observed spin po- In this case, the FeCo layer is a polycrystalline body centered
larizations are used. cubic with a(001) texture. In this letter, we report an even

Recently,ab initio calculations predicted an extremely higher MR ratio of 230% at room temperature achieved in
large MR ratio in F€001)/MgO(001)/Fe(001) single- spm—valve type magnetl_c tunnel junctions using a MgO bar-
crystalline MTJs, due to coherent tunnelfhgWhen the co-  M€r layer sandwiched with amorphous CoFeB ferromagnetic

herency of electron wave functions is conserved during tun€l€ctrodes. The amorphous CoFeB electrodes are of great

neling, only conduction electrons whose wave functions ar@dvantage to the polycrystalline FeCo electrodes in achiev-
totally symmetrical with respect to the barrier normal axis9 & high homogeneity in 100 nm-sized small MTJs.
are connected to the electronic states in the barrier region an Th|n.f|lms for MTJs were deposited onto thgrmally oxI-
have significant tunneling probability. In the case of0gs), ized Si wafer(100) using magnetron sputtering system
the A; band in the FE01) electrode has totally symmetrical (ANEIQ‘VA C7100 .W'th base pressure better than 5
characteristics with the majority spif; subband crossing x10° To_rr. To obta|n flat surface morphology, the gas pres-
the Fermi energ¥g, whereas the minority spif; band has sure_during sputtering was kept low at about 1.5-2.3

. X104 Torr. The MTJ stack fundamental structure
no states at thEg. Furthermore, barriers, such as M@01),
promote efficient bonding and tunneling transmissiomef was substrate/Ta0)/PIMn(15)/ CorgFes(2.5/Ru(0.85/

states, compared to other electronic symmetries. While elecrfeferepce layer/Mg(QL.g)/free Iayer/TélO)/Ru(?l)(ln. nm.

wo kinds of reference and free layer combinations were
examined; CoFeB reference and free layérach 3 nmj
dElectronic mail: djayaprawira@mbhc.anelva.jp and CQOF930(2-5 nm reference and Ci@F930(1-5 nm/

b) . ;
Also at: PRESTO, Japan Science and Technology AgefiST), - - -
Kawaguchi, Saitama 332-0012, Japan. NigsFe (3 nm) free layers. CoFeB was deposited using

®Also at: Graduate School of Engineering Science, Osaka University,CO(soF(?zoBzo (at. % 3”0)( target_- All the metal films were
1-3 Machikaneyama, Toyonaka, Osaka 560-8531, Japan. deposited by dc sputtering, while the MgO layer was depos-
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FIG. 1. MR curves of CoFeB/MgO/CoFeB MTJs evaluated at RT andCOFeB layer, showed a good crystalline structure with a
20 K. (001 fiber texture. The lattice image of Md@01) can be
clearly identified from the lower interface to the upper inter-

ited using a rf sputtering method. The MTJs were annealeffic; indicating that the Mg(O02) texture developed from
in a high vacuum furnace chamber at 360 °G %oh in a the initial stage of growth, i.e., the nucleation stage. Note

magnetic field of 8 kOe. Cross-sectional high-resolutionth@t MgO layer grown on amorphous;j, substrates by ion
transmission electron microscopfiRTEM) analysis was beam assisted deposition is al€@®1) textured right at the

. . .. 14
done to observe the film microstructure. The magnetotrandnception of the depositiot.

port properties were evaluated by a dc four-point probe  Figure 3 shows a typical cross-sectional HRTEM of
method in patterned MTJ with a junction size ofuin CoFe/MgO/CoFe/NiFe MTJs. Contrary to the MTJs with

X1 um fabricated by photolithography and ion-milling CoFeB electrodes, the interfaces between the MgO and CoFe
method. layers looks rough. The CoFe layers showed a polycrystal-

Figure 1 shows the MR curves of CoFeB/MgO/CoFeB"“e structure, although the lattice image was not clearly ob-
MTJs at RT and 20 K. The MR ratio and resistance are€"ved in some parts of the layers. The MgO layer grown on
productR A were, respectively, 230% and 42ium? at RT CoFe showed indistinct crystal structure. The poor epitaxial
and 294% and 440um? at 20 K. This is a rather high growth of MgO on CoFe may have been due to the differ-
room-temperature TMR effect. On the other hand, thefNCe of fiber texture for both layers. On the other hand, the

CoFe/MgO/CoFe/NiFe MTJs showed only a low MR ratio fact that MgO with good crystallinity ando01) preferred
of about 62% at RT. orientation can be grown on amorphous CoFeB is considered

To understand the origin of the difference of MR ratio in {0 P& due to the amorphous nature of the CoFeB layer, which

those MTJs, structural analysis has been performed. Figur@2y eliminate the lattice mismatch issue, af@®1 fiber

2(a) shows a HRTEM image of the MTJs using CoFeB as thdexture is thelgreferred orientation growth for M@®rock-
ferromagnetic electrodes. From Figa® we can see that the Salt structure _ . _ _
morphology of the MTJs was very smooth and that the in- AIthough previous theoretlca_l stud!es only cons@er.co—
terfaces between the CoFeB and MgO layer were very sharg€rent  spin-polarized ~ tunneling in fully  epitaxial
The enlarged HRTEM image of the CoFeB/MgO/CoFeBFG(OOD/MQO_(OOD/FG(OQD MTJs, our current result shows
layers is shown in Fig.(®). We found that the CoFeB layers that a very hlgh MR ratio could al'so be achieved when the
were essentially amorphous, although some parts of thMgO(100 barrier layer was sandwiched between amorphous
CoFeB layers were crystallized. The partial crystallizationélectrodes. This implies that the correct symmetry of the
may have been caused by the high annealing temperaturM.gO(OOD barrier may be an essential factor to obtain a high

Surprisingly, the MgO layer, grown on the amorphousMR ratio. However, there is also a probability that the high
MR ratio is attributed to the smooth and sharp interfaces

between the CoFeB and MgO. It should also be noted that at
the present stage, we can not exclude a possibility of local
crystallization of a few monolayers of CoFeB at the
electrode/barrier interfaces, which could not be detected in
the HRTEM observation. The crystalline Mg@1) layer
might act as a template to locally crystallize the CoFeB elec-
trodes. Note also that when the amorphous CoFeB electrodes
were combined with an amorphous Al-O tunnel barrier, the
MTJs exhibited the MR ratio of 108% at 20%%howing that

the spin polarization of CoFeB was about 0.6, if we apply the
Julliere’s modeP. The CoFeB electrodes combined with the
MgO(00)) tunnel barrier exhibited the MR ratio of 300%,
indicating the spin polarization of about 0.8. The
CoFeB/Mgdo001)) interface seems to enhance the spin po-
larization of evanescent electronic states. Since there have
been no theoretical studies on the MTJs with a crystalline
tunnel barrier and amorphous electrodes, the detailed mecha-
nism of the huge TMR effect observed in this study is not

FIG. 2. (a) Cross-section HRTEM image of CoFeB/MgO/CoFeB MTbs. clear at_the preser_1t stage. .
Enlarged cross-section HRTEM image of the MTJs showtainOnly the In Fig. 4, the bias voltage dependence of normalized MR

CoFeB/MgO/CoFeB layers are shown. ratio at RT in CoFeB/MgO/CoFeB MTJs is shown. Slightly
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1.0 /\ RT. The detailed mechanism of the huge TMR effect ob-

served in this study is not clear at the present stage. The
/ present work is of paramount importance in realizing high-
05 ~ density MRAM and read-head for ultra high-density hard-
disk drives into practical use.

Normalized MR ratio

0.0 T, Miyazaki and N. Tezuka, J. Magn. Magn. Matdi39, L231 (1995.
1.2 -08 -04 0 04 08 12 2). S. Moodera, L. R. Kinder, T. M. Wong, and R. Meservey, Phys. Rev.

Bias voltage (V) Lett. 74, 3273(1995.
°D. Wang, C. Nordman, J. Daughton, Z. Qian, and J. Fink, IEEE Trans.

FIG. 4. Bias voltage dependence of normalized MR ratio evaluated at RT inAMag”- 40, 2269(2004. ) . )
CoFeB/MgO/CoFeB MTJs. K. Tsunekawa, D. D. Djayaprawira, H. Maehara, Y. Nagamine, M. Nagai,

and N. Watanabe?roceedings of the Ninth Joint MMM-Intermag Confer-
ence Anaheim, CA, January 6, 2004, Abstract BD-03.
asymmetric bias-dependence curve was observed, despite tkig/- Julliere, Phys. Lett.54A, 225(1975.
symmetric CoFeB/MgO/CoFeB films structure. This is RévH'Bngec;'sﬁfé(zzggjgg’ T. C. Schulthess, and J. M. MacLaren, Phys.
probably due to a slight difference of the reference and freer; \iaihon and A. Umersky, Phys. Rev. &, 220403R(2001.
CoFeB/MgO interfaces. Note that the asymmetric bias de-%. wuthenkel, M. Klaua, D. Ullmann, F. Zavaliche, J. Kirschner, R. Ur-
pendence in our sample was much less than the fully epitax-ban, T. Monchesky, and B. Heinrich, Appl. Phys. Le8, 509 (2001).
ol F&001/MGO(00D)/F(00D MTJS reported eatlet The . Souer. . Gros = petol b Fer € 10 Bobete 3 L Cosie
bias Vpltage at which the MR ratio reaches One'half of the Morello,n, M. R. Ibzgarra, ’F. Guell, F. Peir’o, and A. Co’rnet, Appl. Phys. L,ett.
zero-bias value/,,y was 680 and 590 mV for negative and 79 1655(2001.
positive bias voltage, respectively. Frovy, we can deter- %, Faure-Vincent, C. Tiusan, E. Jouguelet, F. Canet, M. Sajieddine, C.
mine the output voltag®, {( =V X (Rap— Rp)/Rap), which Bellouard, E. Popova, M. Hehn, F. Montaigne, and A. Schuhl, Appl. Phys.
was about 380 mV and 330 mV for the negative and positiveﬂ'-ets iﬁ’a 45AO7|=(3(k)833)Him © Nevahama. K. Ando. and Y. Susuki. Jon. 1
bias, respectively. This value is comparable with the fully Abp|L,J Phys., Part 243_43’ L'588(%004;. A ' (e
epitaxial F€001)/MgO(001)/Feg001) MTJs (Ref. 1)) and  '’s. vuasa, T. Nagahama, A. Fukushima, Y. Suzuki, and K. Ando, Nat.
high enough to realize high-density MRAM. Mater. 3, 868(2004. _
In conclusion, we have fabricated polycrystalline spin- S. S. P. Parkin, C. Kaiser, A. Panchula, P. M. Rice, B. Hughes, M. Samant,
valve-type MTJs using the MgO barrier layer sandwichedl%'?%sv'\',;;gYaEgé.NDag ',\\/'Afatsgésssgog%_ Geballe. and R. H. Hammond
with amorphous CoFeB ferromagnetic electrodes which appi phys. Lett. 71, 2955(1997. ’ ’

shows a very high MR ratio of 230% ang,,; of 380 mV at . A. Colbourn, Surf. Sci. Repl5, 281(1992.

Downloaded 06 Dec 2010 to 150.29.215.79. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



