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Effect of interface bonding on spin-dependent tunneling from the oxidized Co surface
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4Department of Physics, University of South Florida, Tampa, Florida 33620, USA
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We demonstrate that the factorization of the tunneling transmission into the product of two surface trans-
mission functions and a vacuum decay factor allows one to generalizerdslifermula and explain the
meaning of the “tunneling density of states” in some limiting cases. Using this factorization we calculate
spin-dependent tunneling from clean and oxidized fcc Co surfaces through vacuum into Al using the principal-
layer Green's-function approach. We demonstrate that a monolayer of oxygen on(iid)Garface creates a
spin-filter effect due to the Co-O bonding which produces an additional tunneling barrier in the minority-spin
channel. This changes the minority-spin dominated conductance for the clean Co surface into a majority-spin
dominated conductance for the oxidized Co surface.

DOI: 10.1103/PhysRevB.69.174408 PACS nuni®er72.25.Mk, 73.23-b, 73.40.Gk, 73.40.Rw

[. INTRODUCTION neling magnetoresistance depending on the applied voltage
in MTJ's with Ta,0s and TaOs/Al,0; barrier§ and to

Spin-dependent tunnelindSDT) in magnetic tunnel elucidate the inversion of the SP in Co/SrEiO
junctions (MTJ'’s) is a dynamically developing area of re- Lag gSlh 3dMnO; MTJ's® So far there are no theoretical
search that attracted a lot of attention due to promising apstudies explaining the microscopic origin of this phenom-
plications in nonvolatile random access memories and nex€non.
generation magnetic field sensoffer a recent review of In this paper we report the results of first-principles cal-
SDT see Ref. )1 The experimental efforts have succeeded inculations of SDT from clean and oxidized Co surfaces
achieving large reproducible tunneling magnetoresistance iffirough vacuum into Al and demonstrate the crucial role of

MTJ's? but also raised fundamental questions regarding thd'e Ponding between Co and O atoms at the surface. This
system was chosen for investigation because the MTJ's

nature of SDT. One such question is the role of theb q urni h dominantly  O-terminated
ferromagnet/insulator interfaces in controlling the spin polar- ased on aumina have predominantly ©-terminate

ization (SP of the tunneling conductance defined Rs Co/Al,0s intehrfacesl.o I?y _replafcir;}g alumina by vacuumfw?]
—(G,—G )/(G,+G,), whereG, = (e2/h)S, T, (k) is the can ignore the complexity of the atomic structure of the

=l Tl v ky t o\ amorphous alumina and focus on effects of surface oxida-
conductance for spin channe| T, is the transmission func- tion. Moreover, this system can be directly studied using
tion, andk; is the transverse component of the wave vectorspin-polarized STM?

Commonly the expected spin dependence of the tunneling We show that a monolayer of oxygen on the Co surface
current is deduced by considering the symmetry of the Blocltreates a spin-filter effect due to the Co-O bonding by pro-
states in the bulk ferromagnetic electrodes and the compleducing an additional tunneling barrier in the minority-spin
band structure of the insulatdf. By identifying those bands channel. This reverses the sign of the SP from negative for
in the electrodes that are allowed by symmetry to coupléhe clean Co surface to positive for the oxidized Co surface
efficiently to the evanescent states decaying most slowly ifievealing the decisive role of interface bonding in SDT.
the barrier one can predict the SP of the conductance. How-

ever, this approach has two deficiencies. First, it assumes that Il. SURFACE TRANSMISSION FUNCTIONS
the barrier is sufficiently thick so that only a small focused _ _ .
region of the surface Brillouin zongB2) contributes to the We approach the tunneling problem in the spirit of pertur-

tunneling current. For realistic MTJ's with a barrier thicknessbation theory®> We consider the system consisting of “left”
of about 1 nm this assumption is usually unjustified. Secondand “right” leads separated by a relatively thick barrier and
symmetry considerations alone applied to bulk materials ar@ssume that two-dimensional translational periodicity in
not always sufficient to predict the SP. It is critical to take transverse directions is preserved for both electrodes includ-
into account the electronic structure of the ferromagneting their surfacesalthough it may be different for each elec-
barrier interfaces which, as it was shown bothtrode. Each Bloch wave with a transverse wave vedtfpr
experimentally and theoreticall§, controls SDT. coming from the left lead has a decay tail in the vacuum
An important mechanism by which the interfaces affectcomposed of the waves with transverse wave veckf;rs
the SP of the tunneling current is the bonding between the- G; whereG; are the reciprocal-lattice vectors of the SBZ
ferromagnetic electrodes and the insuldtdhis effect was of the left lead'® At sufficient distances from the surface
put forward to explain positive and negative values of tun-(typically just a few lattice parameters for low-index sur-
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P T, (k) =t7 (kpexd — 2x(k))d]tg(k)). (2
A, |Bd B4 Cq
‘p — —»i E—> — 2 . . . .
P Here we replacedS;, | by its explicit exponential form
A with
d
2m¢ , 1/2
$6 S5 $43 82 S1 K(ky)= 7+kH , 3)

where ¢ is the work function,d is the distance between

reference planes assigned to the electrodes as shown in

Fig. 1. All information about the properties of individual
FIG. 1. Geometry of a tunnel junction with a vacuum barrier. surfaces is described by thlsirface transmission functions

o

The top graph schematically shows the potential barrier for electSTF9 t[, t&:

trons at the Fermi level. Dashed lines show the positions of the

reference planes assigned to the electrodes for the calculation of the B,
surface transmission functions. Each scattering state is described by t,_(kH) = E A
four amplitudes:A, of the incoming Bloch waveB,, B/ of the P p

surviving evanescent wave at the reference planes assigned to the . . .
left and right electrodes; and, of the transmitted Bloch wave in where the four amplitudes characterize the behavior of tun-

the right electrodéthere may be several transmitted wavekhe ~ Neling eigenstates at the two surfadsee Fig. 1 The dif-
bottom scheme depicts atomic layers in the electrodes and theferent definitions oft, andtg are due to the fact that they
labeling used in the text. pertain to different boundary conditions. Specificallyand
tgr stem from the matching of Bloch wave functions with the

faces all waves withG;#0 vanish and may be neglected. Vacuum eigenstates, decaying and growing into the vacuum,
On the other hand, the wave vecﬂq‘? is conserved at the respecpvely. The definition _oifL |m_pl|es the so_lut|on of_ a
right lead surface. This means thatis conserved across the scattering problem for the incoming wave with amplitude
entire system even if there is no common in-plane periodicity p» @NdB; is the amplitude of this scattering eigenstate at
andkj, ki are defined with respect to different SBZ’s. In the reference plane in the vacuum. On the other haad,
this case, each tunneling eigenstate is almost identical to &#ESCrbes an inverse scattering problem in which the expo-
evanescent plane wave in the central region of the barrier. "€ntially decaying wave in the vacuum with amplitugie at

For a givenk; the transmission function is the sum of the the reference plane is scattered on the right surface; Ggre
transmission coefficients for all tunneling eigenstates correlS the amplitude of the outgoing Bloch stagein the right -
sponding to all incoming Bloch waves with this in the left electrode for this “eigenstate.” Note that physically, this
electrode. At the same time, each transmission coefficient f

2

: 4

2

tR(k”):%

Cq
B,

otate is forbidden because it grows to infinity in the vacuum,

a given eigenstate contains a sum over outgoing states in gt it is still a formal solution of the Schdinger equation

right electrode with the samle . Let us choose a reference witE thﬁ sp?ciﬁed boubndary c_c()jndit(ijon aft infinity. he left or th
plane in the vacuum region at a sufficient distance from the E=8ch surface may be considered as forming the left or the

surface of an electrode, so that the eigenstates fd¢alre right ?nterfacg of the junction. It is sFrai.ghtforwa.lrd to shovy
already indistinguishable from the barrier eigenstates at thig:at' Just as tl'n thet Cfse_c’ftﬁ tr?nsmllss?négatrlx connecting
plane(see Fig. 1 For each tunneling eigenstate the ampli- € propagaling states in thé two electrot ﬁ)e_ require-
tude of the barrier eigenstate between the reference planesrgent of flux conservation results in the reciprocity condition

the only parameter coupling the left and right electrodes!L (k) = tr(k) =t(k)) for any (laterally periodi¢ surface, as
Then, theSmatrix element coupling the states in the two ongasan ap_p_roprlate normalization .Of the wave functions is
electrodes may be written as chosen. Specifically, all Bloch waves in the electrodes should

be normalized for unit flux, while the vacuum eigenstates
sgq:sgrs”,sf,q, ) should be normalized for unit “imaginary fluxik/m. The

easiest way to establish this reciprocity condition is to prove
wherep is the incoming and, the outgoing Bloch state in the it for free electrons in a semi-infinite potential well, and then
left and right lead, respectively, andr’ denote the same to use this free-electron system as a second electrode in a
vacuum eigenstate at the left and right reference planes, arjdnction. Since the total transmission function for a two-
we omitted the dependence &n for all the Smatrices for  electrode system is reciprocélthis proves the above reci-
brevity. The vacuun&matrix S;;. simply describes the ex- procity condition for the STF. Note that this proof does not
ponential decay of the wave function in the vacuum. Noterely on time-reversal symmetry, because time reversal also
that no summation is implied in E¢l), because the statds  replaces by —k;. However, this symmetry gives another
uniquely defined b, . The simple product o&matrices in  useful relationt(k; ,H) =t(—kj,—H) whereH is the exter-
Eqg. (1) without any multiple-scattering terms is a conse-nal magnetic field.
quence of our assumption that the barrier is sufficiently It is easy to see from Eq4) with the chosen unit flux
thick. Thus, we see that the transmission funcfidik)) of ~ normalization that the STF is proportional to the Fermi-level
the MTJ is factorized: value of thek - and energy-resolved charge density for the
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given spin, which is generated by the incoming Bloch states Ill. GENERALIZATION OF JULLIE 'RE’'S FORMULA
and taken at the reference plai@y localized surface states

are excludefl Indeed, the energy-resolved charge density Tun_ljeI!ng magnef)toresstanﬁhs often discussed in terms
, of Julliere’s formuld
may be written as

2P, Pg
PoTE) = 2 po(r.k.E), (5) LR
Ik where P, Py are the “spin polarizations” of the left and

right electrodes. EquatiofY) may be derived assuming that
GYxp/pg, Wherep, pg are the “tunneling densities of
states” of the electrodes, and the spin polarization is defined
asP=(p'—p"HI(p'+p'). The popularity of this formula is
po(r K| ,E):E |'//,F;ka(r)|2a (6) due to the fact that it usually agrees reasonably well with

P experiment, as long as the spin polarizations, which are di-

where thek|- and energy-resolved charge density is

ectly related to the tunneling densities of states, are taken

. . . T
where the summation is over the incoming Bloch states Wltf}rom Meservey-Tedrow experimenfanith the same barrier

the giv.enk” gndE, and the superscruﬁ emphasizes that the as that used in the given MTJ. However, the validity of Jul-
scattering elgenstateﬁ{”p are normalized so that the incom- |iaras formula has been debated for a long time, and the

ing Bloch waves carry unit flux normal to the interface. Set-reasons for its apparent agreement with experiment are un-
ting A,=1 in Eq. (4), we see that(k)) is given by Eq.(6)  clear. The physical meaning of the tunneling density of states
wherer is taken at the reference plafgince we neglect all is also unclear, but it is obvious both from elementary quan-
components withG;#0 at the reference plang(r,k;,E)  tum mechanic¥ and from experiments that the tunneling
does not depend or), the location within this plane properties of a magnetic heterostructure are determined not
Although we considered a vacuum tunneling barrier, theby the ferromagnet alone, but rather by the ferromagnet/
analysis can be extended to other physically important casdsarrier combination and by the structure of the interface. A
of insulating barriers. Indeed, the main requirement for thenumber of explicit first-principles calculations for idealized
validity of Egs.(1) and(2) is that the complex band structure MTJ's without disorder confirmed this facsee, e.g., Ref.
be predominantly carried by a single evanescent wave fot8). However, it was suggest&tthat phase decoherence due
eachk; . At a minimum, this premise must hold for the “ac- to disorder which is always present in realistic MTJ's may
tive” regions of the SBZ that contribute appreciably to the recover the factorization of the tunneling conductance in a
tunneling current. This means that other tunneling stateproduct of transport densities of states, which are essentially
must have a notably larger imaginary part of the wave vectoequal to the regular densities of states at the surfaces of the
compared to the dominant one. In the case of a vacuurslectrodes if there are no resonant localized states in the bar-
barrier, this amounts to the neglect of all vacuum eigenstateser. Moreover, it was showfl within a single-band tight
with G;#0. In practice this criterion is well satisfied for binding-model that in the limit of strong disorder one recov-
sufficiently thick wide-gap tunnel barriers, such asers Julliee’s formula (7) by identifying P, , Pr with the
sp-bonded oxides. However, for any particular barrier, thismeasurable spin polarizations of the tunneling current for the
assumption has to be carefully verified by checking the comsame electrode/barrier systems. Therefore, it seems that there
plex band structure of the barrier for the presence of addiare good reasons for the widespread use of Jalidormula,
tional slowly decaying states in the active regions of theand it is highly desirable to elucidate these reasons.
SBZ. It is important to note that the area of the active region Let us explore the connection between E2). and Jul-
quickly shrinks as the barrier thickness is increabsidiicat-  liere’s formula(7). In Eq. (2) the simple product of the tun-
ing that the single evanescent state criterion will often lead tmeling densities of states is replaced by a convolution of
an additional requirement of “sufficient thickness” of the STF's, which explicitly include the effects of bulk densities
barrier. Note that this requirement is not related to a similaiof states and of the surface structure. Thus we can consider
one stemming from the neglect of backscattering. Eqg. (2) as a generalization of Jullie’s formula for an ideal
The factorization(2) allows us to study tunneling between MTJ with no disorder.
completely different electrodes. For practical purposes, the However, we may go further and identify limiting cases
STF can be calculated usifig(k;) obtained for a symmetric where Eq.(2) can be directly related to Jullie's formula,
MTJ by factoring out the vacuum decay factor for the givenproviding formal definitions of the tunneling densities of
choice of reference planes, and then taking the square rodttates of the electrodes appropriate for these cases. First, con-
The resulting STF’s for different surfaces may then be consider the case of a disordered insulating barrier. Such a bar-
volved with an appropriate vacuum decay factor, exprier may be characterized by its eigenstates, half of which are
(—2«d), to obtain the transmission functions for asymmetricdecaying from left to right, and the other half from right to
MTJ's. In particular, T (k) for the antiparallel magnetiza- left. Although these eigenstates do not have a consekyed
tion of the two electrodegand the tunneling magnetoresis- anymore, it is still clear that tunneling will be dominated by
tance can be found from the up- and down-spin STF’s cal-Feynman paths that do not “loop back,” because each path
culated from the transmission function for the parallelcarries a weight decaying exponentially with its lengske
magnetization. below). Therefore, we may still write an expression similar
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to Eq.(1) neglecting backscattering, but now we should sumsome speciak; points in the SBZe.g., thel' poini). In this

up over all barrier eigenstatéaow defined in real spage case, the tunneling density of states is simply equal to the

Within this formulationS;; . is still diagonal because it de- value of T(k)) at thisk;.

scribes the decay of a single eigenstate. It is not cleara priori whether any one of these three
The weight of a Feynman path in the imaginary-timelimiting cases is directly applicable to realistic MTJ’s, al-

functional integral often used for tunneling probléthavith  though it seems that disorder in the insulator together with

Euclidean action written in its reduced Maupertuis form; seethe “channelization” of the tunneling current are both likely

e.g., Ref. 22 is given by exD—fK(|)d|] up to a prefactor’ to play a major role. However, the emergence of Judle

where the integral is taken along the path=[2m(v  formula in these different scenarios suggests that it may ac-

—E)]¥2 and V(r) is the potential. In an ordered insulator tually have a rather wide range of applicability. In general,

many paths with similar weights contribute to the path inte-the tunneling density of states should be identified with some
appropriately averaged energy-resolved charge density taken

gral resulting in the formation of the complex band structure. t the Fermi level at a sufficient distance from the interface
However, in a disordered insulator the tunnelin rrentmay . . X . . .
owever, in a disordered insulator the tunneling cu ithin the barrier. Unlike the bulk density of states, this

be dominated by Feynman paths running close to a relativel : . !

p " . . unction fully takes into account the relevant properties of
small number of “easy” paths with locally maximum

. ) : ) . ) 2 the surface.

weights, i.e., by imaginary-time classical pathé? If there
is only one such channel or one class of channels with simi-
lar properties(e.g., due to surface roughngsgg. (2) will IV. TUNNELING FROM CLEAN AND OXIDIZED Co (111
produce Julliee’s formula wherep? is simply the Fermi- SURFACES THROUGH VACUUM INTO Al

level ve_llue of the energy-resolved charge density given_ by We calculated the transmission functions using the
Eq. (6) integrated ovek; and taken at some reference point principal-layer Green’s-function approdchbased on the
within the channel(Now each term describes the scatteringtight-binding linear muffin-tin orbital metho@B-LMTO) in
eigenstate corresponding to the single incoming Bloch wavene atomic sphere approximati¢ASA) and the transmission
with the givenk;.) Like STF, this quantity does not depend matrix formulation of Ref. 24. Local density approximation
on the properties of the other side of the barrier. This con{ pA) was used in all calculations. All atomic potentials
ClUS|0n agreeS W|th the reSUItS Of Ref 20 Sh0W|ng that thQNere determined Se'f-consistent'y using the Superce” ap_
tunneling current through a strongly disordered barrier iSproach within the TB-LMTO-ASA method. The vacuum bar-
dominatgd by a small number of random configurations, angier was modeled using empty spheres in the positions cor-
that Jullige’s formula is also recovered in this limit. responding to the continuation of the crystal lattice of the
Now consider the case when disorder is weak close to thgjectrodes. We have also performed full-potential LMTO
interfaces, but remains strong in the insulator. Obviously, th@ a|culationé® which confirmed all main features of the band
Smatrix of the disordered insulator ky representat_ion will  structure of the oxidized Q11 surface discussed below.
be essentially a random matrix, and after averaging (Ey. We checked the validity of factorizatia@) by calculating
thus yields Julliee’s formula withp?cZ t?(k)). This case T (k) for (100- and (11D-oriented fcc Co electrodes with
is the easiest from the computational point of view, becausearallel magnetizations, taking the square root, and convolv-
the STF's may be directly calculated forlg-conserving ing t;(k;) with t, (k). Then, the result was compared with
MTJ. the independent calculation for the antiparallel configuration
It is instructive to compare this result with the conclusionsin a range of energies. The agreement was always excellent
of Mathon and Umersk? on the applicability of Julliee’s  (better than 1% except for a couple of specific energies for
formula obtained using the transfer Hamiltonian formalism.a (100 MTJ with four vacuum “monolayers{ML) where
Our approach shares in common with Ref. 19 the neglect ofiarrow resonances appear in the minority chafhéfl.the
multiple reflections across the junction. However, the asvacuum barrier is extended to 8 ML, excellent agreement is
sumption of constant matrix elemerttopping integralsfor  restored.
all Bloch waves made in Ref. 19 completely removes all Using the factorizatiof2) we investigated the SP of the
physical effects connected with orbital- and spin-dependentonductance from ferromagnetic electrodes to a nonmagnetic
bonding at interfaces. This obviously contradicts the experimaterial, A{111), which served as a detector of the tunneling
mental findings showing that the spin polarization of the tun-SP in the spirit of the Meservey-Tedrow experimelités
neling current and magnetoresistance strongly depend on tlexpected, the calculated STF of Al is free-electron-like, hav-
type of barrier used.In our approach, the STF's for the ing almost perfect Gaussian shape originating from the
electrodes allow us to encapsulate the effects of the interfaceacuum decay factor up to the reference plane. Therefore,
structure and provide the proper dependence of the tunnelingis surface may be considered as equally transparent for all
current on barrier type. Jullie’s formula obtained in the Bloch waves, and the total transmission function for a MTJ
limiting case of full decoherence inside the insulator is ex-with Al spin-detector electrode is essentially a product of the
pressed in terms of the spin polarization actually measured iother electrode’s STF and the vacuum decay factor.
the Meservey-Tedrow experimefdassuming that the super- First, we discuss the properties of a Co/vacuum/Al MTJ
conductor acts as an ideal, nonbiased spin detector with a clean C@111) surface. Figures(@) and Zb) show the
Finally, for very thickk -conserving barriers the tunneling kj-resolved transmission for the majority- and minority-spin
current may be carried predominantly by a close vicinity ofelectrons within the SBZ of Ga@l11). The Fermi surface of
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FIG. 2. kj-resolved transmissioflogarithmic scalgfrom clean FIG. 3. Band dispersions along thEM direction for (a)

and oxidized C@l11) surfaces through vacuum into Ala) Clean  majority- and(b) minority-spin electrons. Energy is referenced from
surface, majority spin(b) Clean surface, minority spir(c) Oxi- Er. The bonding Co-O surface bands are marBeénd the pure

dized surface, majority spir(d) Oxidized surface, minority spin. antibonding surface band is markéd
The vacuum layer thickness is 2 nm for clean and 1.7 nm for oxi-
dized Co surface. The first surface Brillouin zone is shown. Units

are 10 ™ for (a), (b) and 10 % for (c), (d). be very close to each other. All results of interest in the

present context are quite similar for these two stackings. Be-
_low all specific data are given for th&BCB stacking. The
Co viewed along th¢111] direction has holes close to the  equilibrium interlayer distances were found to be 2.14 A
point with no bulk states in both spin channels, which resultghetween layers S3 and S2, 2.18 A between S2 and S1, and
in zero conductance in this area. The majority-spin transmisi.08 A between S1 and O layers, compared to 2.07 A be-
sion [Fig. 2a)] varies rather smoothly and is appreciabletween the adjacent Co layers in the bulk. The Co-O bond
over a relatively large area of the SBZ. On the other handjength is thus 1.82 A.
the minority-spin transmissiofiFig. 2(b)] has a narrow Presence of oxygen at the surface of cobalt raises the
crown-shaped “hot ring” around the edge of the Fermi- question of whether electron correlations similar to those
surface hole. The analysis of layer agresolved density of characteristic for transition-metal oxides may be strong
states(DOS) shows that it is not associated with surface enough to induce significant changes in the band structure at
states?” but is related to the enhancement of bkjkresolved  the surface. However, the enhancement of correlations in ox-
DOS near the Fermi-surface edpgmmpare Fig. &) with  ides is due to much weaker screening of Coulomb interaction
Fig. 4(c)]. compared to the metallic state. On the other hand, cobalt

As seen from Figs.(@) and 2Zb) the Fermi-surface hole is atoms below the oxygen monolayer preserve the close-
smaller for majority spins. Therefore, the conductancepacked configuration of bulk cobalt except that the three
should become fully majority-spin polarized in the limit of nearest neighbors out of 12 are absent. Therefore, it is rea-
very thick barriers. However, since the Fermi-surface hole isonable to expect that screening of Coulomb interaction in
also quite narrow for minority spins, positive SP is only the 3d shell is not much weaker compared to the bulk. For
achieved at very large barrier thicknesses10 nm, while  this reason, we believe that LDA electronic structure of the
for typical values ofd~2 nm the SP is about 60% and oxidized Co surface is correct as far as the main features are
depends weakly od. concerned.

The oxidized Co surface was modeled by an O monolayer The oxygen monolayer dramatically changes the elec-
placed on top of the Q&ll) electrode. The equilibrium tronic structure of the underlying Co layer making this layer
atomic structure of this surface was found using the pseudalmost magnetically dead. This change can be understood
potential plane-wave meth&dwithin the generalized gradi- from band dispersion plots shown in Fig. 3. For each spin,
ent approximation. We used both types of stackingCA  the free-standing oxygen monolayer would have three energy
andABCB, where the last symbol designates the position ofoands deriving from @ states, each doubly degenerate due
the O monolayer. The O atoms were assumed to lie in symto o, reflection symmetry(z is the axis normal to the sur-
metric positions above the secof®?) or first (S1) subsur- face. When the monolayer is deposited onto the Co surface,
face Co layer, respectivelghese layers are shown in Fig. 1 the degeneracy is lifted, and two sets of three bands each are
in the absence of the O monolayeWe allowed the O layer formed corresponding to bonding and antibonding mixing of
and two Co layergS1 and S2to relax in the direction nor- oxygen and cobalt orbitals. The three bonding banusrked
mal to the surface, while the positions of atoms in deepeB in Fig. 3 lie well below the bulk Co 8 band, whereas the
layers(S3, . . .) were kept fixed. The energies of both equi- antibonding states are close to the Fermi endfgy As a
librium configurations of oxygen monolayers were found toresult of this bonding the local DOS for the S1 layeEatis
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bulk majority-spin states extend to the very surface of the
electrode and therefore can readily tunnel through the barrier.

The situation is very different for minority-spin states.
Although the odd surface band is again almost flat and lies
aboveEg, the even surface band crossing the Fermi level
does not mix with the odd minority-spin band. As a conse-
quence, thek-resolved DOS for C&1) layer[Fig. 4d)] is
large only along the curve lying at the periphery of the SBZ
where the Co-O antibonding surface band crosses the Fermi
level (oxygen DOS looks very similarAs a result, the bulk
minority-spin states responsible for most tunneling transmis-
sion from the clean surface only extend up to the S2 layer,
encountering a band gap in the S1 and oxygen layers. Thus,
an additional tunneling barrier is introduced in the minority-
spin channel, and the total SP of the tunneling transmission
becomes almost 100% positive, which is evident from Figs.
2(c) and Zd).

The predicted effect of interface bonding is not limited
only to the C@111) surface. We have also calculated the
transmission from clean and oxidized @60 and Ni111)
electrodes and found that surface oxidation reverses the SP

strongly reduced, so that, according to the Stoner criteriondue to the bonding between Co or Ni and O. As it was shown

magnetism in this layer is almost completely suppressed. Th%ar“erézghe reversal of the SP also occurs for thel6@
magnetic moment of Co atoms in the S1 layer is Onlysurfac )
0.17ug.

Transmission of propagating bulk states from the elec- V. CONCLUSION
trode through the barrier is very sensitive to the degree of
mixing of these states with the antibonding surface states. We have shown that the problem of calculating the trans-
This mixing is controlled by a selection rule which follows mission function for a sufficiently thick insulating barrier is
from the fact that all bands can be classified as “even” orfeduced to the solution of three separate problems, namely

“odd” according to their symmetry with respect 1M re- the penetration of the bulk wave functions into the barrier
flection. Although this classification is exact only along thefrom both sides, and the behavior of the evanescent barrier

I'M direction, it is approximately valid throughout the entire elgenggat(?s. This separation p_rowdes a _na_tl.JraI generalization
SBZ. of Jthgr_es formyla. We |dent|f!ed three limiting cases w_hen
According to this classification, two of the three surfacethe quglnal Jullle'es fprmula IS _rec':over'e'd. The tunneling
bands are even, and one is odd. On the other hand, the fre((j;(-:’.nSIty of states in this formula is identified W'th. an appro-
' ' priately averaged energy-resolved charge density generated

electron-like band of bulk Co which forms the only Fermi- o ;
surface sheet for majority-spin electrons is even, while th érﬁ?lgyg Bloch states within the barrier and taken at the

minority-spin n the Fermi-surf h I h . o - .
minority-spin states on the Fermi-surface sheet closest to the Using the factorization of the transmission function into a

r p0|r;t are odd. Even and odd bands are orthogonal angroduct of surface transmission functions and a barrier decay
carjl_r;]q ml)l(. i | its in th incinal diff b factor we calculated the spin polarization of the tunneling
IS selection rule resulls in the principal difterence De-. . ot from clean and oxidized Cd1) surfaces through

twe_en_t the _majorl(;y- and hmlnor!ty-épm trgnsmlssmn. -ghevacuum into Al. We showed that the bonding between Co
majority-spin bands are shown in Fig(& One even an and O atoms at the oxidized surface controls the spin-

one odd aﬂtlbqndlng surface ban@sarked A are degener- dependent tunneling by creating an additional barrier for
ate at thel' point (at about 0.8 eV abov&g). At a short  mingrity-spin electrons, which results in a reversal of the
distance from thd’ point both bands enter the continuum of spin polarization.

bulk states. The odd band does not mix with the bulk states Experimentally, the reversal of the SP associated with sur-
along thel'M line and remains almost flat due to repulsionface oxidation may be detected using spin-polarized STM
from a lower-lying band. On the other hand, the even bandneasurements. Since the ferromagnetic tip is sensitive to
readily mixes with the free-electron-like majority-spin bandthe SP of the total local DOS above the surfdsee, e.g.,
crossing the Fermi level and completely loses its surface loRef. 29, the tunneling magnetoresistance in the system
calization. This is evident from Figs.(@ and 4b) which  surface/vacuum/tip should change sign when the Co surface
show thek;-resolved DOS of majority-spin electrons for the is oxidized. In other words, for the clean @41) surface the
bulklike S6 and surface S1 Co layers. The DOS for the Stunneling current should be higher when the magnetizations
layer [Fig. 4(b)] is appreciable in the entire area of the SBZ of the tip and the surface are aligned paraltbeé dominating
where bulk states are available and has no sharp features thratnority channel is then opegrbut for the oxidized surface it
might indicate localized surface states. This implies that theshould be higher for the antiparallel configuration.

FIG. 4. k“-resolved local DOS aEg (arbitrary unitg for the
oxidized Co surface{a) S6 layer, majority spinfb) S1 layer, ma-
jority spin; (c) S6 layer, minority spin{d) S1 layer, minority spin.
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