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Atomic, electronic, and magnetic properties of magnetic tunnel junctions

I. 1. Oleynik®
Department of Physics, University of South Florida, Tampa, Florida 33620-5700

E. Yu. Tsymbal
Department of Physics and Astronomy, University of Nebraska-Lincoln, Lincoln, Nebraska 68588

(Presented on 12 November 2002

We report results of first-principles density-functional studies of the atomic and electronic structure
of Co/Al,O5/Co and Co/SrTiQ/Co magnetic tunnel junctiondTJs). The atomic structure has

been studied for different interface terminations and the interfacial energetics was quantified based
on the work of separation. Based on energetics of cohesion, the O-terminated arérfated
interfaces were identified as the most stable structures for go4ACo and Co/SrTiQ/Co MTJs,
respectively. The electronic structure was analyzed using local densities of states. We found that the
electronic structure of the O-terminated Cog/@4/Co tunnel junction exhibits negative spin
polarization at the Fermi energy within the first few monolayers of alumina but it eventually
becomes positive for distances beyond 10 A. Calculated electronic structure of theeTi@nated
Co/SrTi0;/Co MTJ shows an exchange coupling between the interface Co and Ti atoms mediated
by oxygen. This coupling induces a magnetic moment of .g%n the interface Ti atom, which

is aligned antiparallel to the magnetic moment of the Co layer. This is a possible cause of inversion
of the spin polarization of tunneling across the Srl@rrier that was found in recent experiments.

© 2003 American Institute of Physic§DOI: 10.1063/1.1558631

Recent experiments have suggested that the spin degree®tal—oxide interfaces. In the present article, we report re-
of freedom of the electron can be utilized to enhance theults of first-principle density-functional calculations of the
performance of existing semiconductor devitddagnetic — atomic and electronic structure of Coj®;/Co and
tunnel junctions(MTJs) consisting of spin-polarized ferro- Co/SrTiO;/Co MTJs aimed at providing the theoretical input
magnetic electrodes sandwiching an insulating barrier aréor interpreting the results of the experimental studies of
such promising candidates of spintronic devices for applicaspin-dependent tunneling.
tions as magnetic random access mem®nRAM).22 The The calculations are based on the spin-polarized density-
underlying principle of functioning of these MRAMs ex- functional theory within the generalized gradient approxima-
ploits the physics of spin-dependent tunneling. The tunnelingion in a plane-wave pseudopotential implementation. Due to
magnetoresistance, i.e., the relative difference in the resighe lack of detailed experimental information for the atomic
tance between parallel and antiparallel magnetizations of thétructure of the MTJs, we constructed models which incor-
electrodes is related to the spin polarizati@® of the tun-  Porate the growth conditions. Since Co/@8k/Co MTJs are
neling conductancélt was believed that the magnitude of Produced by depositing a few tens of monolayers of alumi-
the TMR is determined solely by the spin polarization of thenum film on top of the crystalline face-centered-cufdic)
density of states of bulk ferromagnets at the Fermi enrgy.CO layer, followed by thermal or plasma assisted oxidation,
However, recent experimental and theoretical investigation{/€ have considered crystalline Al,O; with the[0001] ori-
show that the SP of the conductance in MTJs is not an in€ntation on top of fcc(11l) Co. For the case of a
trinsic property of the ferromagnet alone but depends on th&/STiGs/Co MTJ, a fcc Coelayer is grown on top of the
electronic properties of the insulator and the ferromagnet—s’trontlum titanat¢001) surfaceftherefore, itis reasonable to
insulator interface. assume that .the C@doo layer is expanded tp accommodate

This idea was investigated in greater detail in a series oglsr#?ét'gsugfg???hgem%eg cci::tearmm?nitrjg—iggztiﬁliifs all
recent experimentswhere a positive SP was found for the the internal coordinates of the atoms as well as the height of

Al,O5 barrier, but a negative SP was measured for th : . : ;
. . ) he unit cell under constraint of the fixed lateral cell dimen-
SrTiO; barrier for the tunneling current from the Co elec- sions

trode. It was also shown that this negative SP is actually We have considered different interface terminations of

.cotntzolled bt{‘ atlhfevg: mlo nc;ra_?_/ﬁ.rs of SrTg();djac?né toh.thﬁ the MTJs and, in order to determine the most stable structure
Interface wi € Lo fayer.This comparafive study high- among different terminations, we calculated the work of

lights the |mporta}nce of several factorg Contm”'ng_?‘p'n'separation that quantifies the energetics of adhesion between
dependent tunneling, such as the chemical composition 9he ferromagnet and insulafr.For the case of a

the barrier and the atomic structure and bonding at th%o/AI203/CO MTJ, the O-terminated interface is the most
stable one with the work of separation of 6.35 J[see Fig.
dElectronic mail: oleynik@chuma.cas.usf.edu 1(a)] whereas the most stable Ti@erminated interface in a

0021-8979/2003/93(10)/6429/3/$20.00 6429 © 2003 American Institute of Physics
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FIG. 1. Atomic (a
Co/Al,05/Co MTJ.
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and electronic (b) structures of O-terminated

I. 1. Oleynik and E. Y. Tsymbal

eV at thel'-point. This value is less than the experimental
band gap of 8.8 eV as a result of using the local density
approximation(LDA). In the presence of the interface with
the Co metal, the LDOS within the band gap of alumina is
not exactly zero showing the presence of electronic states of
the Co metal that propagate into the insulator barrier, decay-
ing exponentially with the distance in oxide layer. These
metal-induced states are spin polarized and are responsible
for the spin-dependent tunnelifig.

The electronic structure of the Co/SrECCo MTJ is
shown in Fig. 2b). In the bulk SrTiQ, the valence and
conduction bands are separated by a band gap, which is,
according to our results, equal to 2.1 eV at theoint.
Again, this value is less than the experimental band gap of
3.3 eV as a result of using the LDA. The electronic interac-
tions at the Co/TiQinterface are dominated by strong cova-
lent bonding between thep2orbitals of oxygen and thed
orbitals of cobalt. This strong GeO covalent bonding
pushes down the bonding states at the interface O atom,
which appear in the region of 6—7 eV below the Fermi en-
ergy[see Fig. &)]. Interestingly, there is almost no induced
exchange splitting of these stat@d least within the 0.1 eV
energy scalg which is different to what we found for the
O-terminated Co/AlO; interface, see Fig.(bb).

Similar to the Co/AJO; interface, one can see some evi-
dence of the exchange splitting of these states in the 2 eV

3.39 J/nj [see Fig. 2a)]. ) :
The resulting spin- and layer-dependent density of State|5E1terval below the Fermi level. However, contrary to the

(DOS) for the O-terminated interface are shown in Figo)1 cobalt—alumina case, the density of these exchange-split an-

The top panel displays the local DGEDOS) in the middle tibonding states is much less and, in addition, they lie below

of the oxidea-Al,O5;. We found that these LDOS are very the Fe_rml_energ)(Le., are occup|e)dfor b.Ot.h the majo_rlty
similar to those obtained for the buti-Al,Os. In the bulk and minority spins. This results in a negligible magnetic mo-

a-Al,0; the valence and the conduction bands are separatéHent on the interface O atoms. The interface—chemical in-

by a band gap which is, according to our results, equal to 6.

ractions substantially affect the LDOS of the interface Ti
ayer, as can be seen from Figb2 Although we find that
there is no direct bonding between the interfacial Ti and Co

-8 4 0 4 8 atoms, the indirect coupling mediated by the O atoms has a
i a E, Ti-"bulk” 1 sizable affect on the electronic structure of Ti at the interface.
o I The most important consequence of this coupling is the for-
' e W mation of the exchange-split states in the interval of energies
2 ' ' ] [—1, +1] eV. As is seen from the bottom panel in Figbg
e Gk the minority stategthe two peaks at-1 eV and—0.5 eV)
v % are occupied, whereas the majority states lie above the Fermi
o energy and are overlapped with the states in the conduction

0O

| Interface Ti |

r ¢ Ti-interface

Local DCE

band(the two peaks at-0.5 eV and+1 eV). This leads to an
induced magnetic moment of 0.2bg on the interfacial Ti
atoms, which is aligned antiparallel to the magnetic moment
of the Co layer.

Although we have not calculated the tunneling conduc-

J R j:"'\w\)\ 40 e ta_mce yet, we can make some _conclusions about the mecha-

W= — nism of spin-dependent tunneling based on the LDOS con-

2 | siderations. Obviously, the LDOS of the left- and right-hand
2. it TIEE side electrodes explicitly enters the expression for the tun-

g neling current and, in the limit of large barrier thicknesses,

¢ T’—* the tunneling current is simply proportional to the products

2 _ _ ] of the LDOS at the Fermi level for the left- and right-hand

-8 4 0 4 8 side electrodes in the middle of the tunneling barrier. This is

(a) (b) Energy (eV)

FIG. 2. Atomic (@) and electronic (b) structures of O-terminated

Co/SrTiG;/Co MTJ.

relationship is analogous to the famous Tersoff—-Hamman
principl€’ in the theory of scanning tunneling microscopy
(STM) that states the proportionality of the STM current to
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0| ' ' ] is known from experiment® by modifying the electronic
a | structure of the interfacial layers, it is possible to change the
'\ spin polarization of the conductance. The presence of the

.:\ E antiparallel-aligned magnetic moment of the Ti atoms may
s ]

107 F

cause the same effect as changing the direction of the mag-

N netic moment of the ferromagnetic layer at the interface to

X \0\ ] the opposite. This may result in the inversion of the SP,

By E which was found in experimefitThe negative SP is also
. l\ ] indicated by the fact that the Ti LDOS at the Fermi energy is
~ larger by a factor of 3 for the minority spins than for the

\ ] majority spins[see Fig. 2b)].

O In conclusion, we have studied the atomic and electronic

] structure of the Co/Al0;/Co and Co/SrTiQ/Co MTJs us-

031k J ing first-principles density-functional theory. The most stable

structures are the O-terminated interface in the CgbalCo

9 MTJ and the TiQ-terminated interface in the case of the

0.0 0\0/ ] Co/SrTiG;/Co MTJ. We found that the electronic structure

o / ] of the O-terminated Co/AD5;/Co MTJ exhibits negative SP

63k 0\0/0/ | at the Fermi energy within the first few monolayers of alu-
/ ] mina but it eventually becomes positive for distances beyond

o—° ] 10 A. The Co/SrTiQ/Co MTJ shows an exchange coupling

0.6 b | between the interface Co and Ti atoms mediated by oxygen,

P T T which results in an induced magnetic moment of O:25.

This magnetic moment is aligned antiparallel to the magnetic
moment of the Co layer, which may lead to a negative SP of
FIG. 3. LDOS for minority(squarey and majority(circles spin electrons tunneling across the SrTiCbarrier from the Co electrode.
(a), and SP at the Fermi energy as a function of distance from interfacéThe results of our calculations provide necessary information
toward insulator for Co/AO3/Co MTJ (b). for more detailed theoretical investigation of the spin-

dependent transport in MTJs. Our results illustrate the impor-

the LDOS of the sample at the position of the STM tip. In tant fact that spin-polarized tunneling in MTJs is not deter-
case of O-terminated Co/fD;/Co, Fig. 3a) illustrates the mined entirely py bulk DOS of ferromagngt elecf[rodes, buf[ is
distribution of the LDOS at the Fermi energy for the majority also very sensitive to the nature of the insulating tunneling

and minority spin electrons inside the isulator, i.e., as a funcb@rier, as well as the atomic structure and bonding at
tion of the distance from the interfacial Co layer to the ferromagnet/insulator interface. This conclusion is in reso-
middle of the tunneling barrier. Evidently, the LDOS de- nance with recent theoreti¢hbind experiment&f works that

creases exponentially with distance. Although the minorityStre€ss the importance of interface effects in spin-polarized

DOS is larger at distances near the interface, it decays mof&nneling.
rapidly as compared to the majority LDOS. Eventually, the
majority LDOS starts to dominate the minority LDOS result-
ing in the positive SP. This can be Seer.] from Fi@)’aNhiCh !S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. von
Shows the SP of th_e DOS at the Fermi level as_a fun_Ctlon of Molnar, M.’ L. Roukes, A. Y. (’:htchelkanova, a’md D. M. Treger,’Science
distance from the interface Co layer. The SP is defined by 294 488 (2003).
(D;,—=D))/(D;+D)), whereD; andD, are the LDOS for 2J. S. Moodera, J. Nassar, and G. Mathon, Annu. Rev. Mater28c881
the majority and minority spins, respectively. It is clear from 3319'\39-% her E. Y. Chen R. Whia B. N. Engel. J. Janesky. and S
Fig. 3(b), the layer-averaged SP increases gradually without Tehrani, JuogM-eéz, 6(2000. g, B T Engel, Y '
showing a tendency for saturation. Therefore, the LDOS 0f4R. Meservey and P. M. Tedrow, Phys. R&88, 173 (1994.
the O-terminated Co/AD;/Co MTJ becomes 100% positive 2M- Julliere, Phys. Lett. /4, 225(1975.
spin-polarized in the limit of large insulator thickness. This &o'\r?{ai[;ieTe;essznéerzrggtaAleT/gh féngrrf'st'Fsévc%g?ﬂéga;@nnet’ F.
reflects the fact that the states of cobalt decay faster in the 7p ;. Monsma and S. S. P. Parkin, Appl. Phys. L&R, 883 (2000.
insulator barrier that the—p states. 8M. W. Finnis, J. Phys.: Condens. Matt&r5811(1996.

In case of the Co/SrTiQCo MTJ, the induced 121 Tersof_f and D. R. Hamman, Phys. Rev3B 805 (1985.
antiparallel-aligned magnetic moment on the interfacial Ti Ee';/ef'ei'tré‘é Tl'o'EZlehoeop]?' H. J. M. Swagten, and W. J. M. de Jonge, Phys.
atoms might have an important consequence for spinsc yiberacker and P. M. Levy, Phys. Rev.68, 193404(2001.

dependent tunneling across SrgiCompared to AIO;. As  2M. G. Muenzenberg and J. S. Mooddtapublished

DOS (eV‘l/atom)

SP

Distance from Co layer (nm)
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