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Tunneling of electrons in conventional and half-metallic systems:
Towards very large magnetoresistance
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The tunnel magnetoresistan@MR) is analyzed for ferromagnet-insulator-ferromagnet junctions, including
half-metallic systems. Direct tunneling in a corrected standard model is compared with impurity-assisted and
resonant TMR. Direct tunneling in iron group systems leads to about a 20% change in resistance, as observed
experimentally. Impurity-assisted tunneling decreases the TMR down to 4% with Fe-based electrodes, and
spin-flip scattering from defect states will further reduce this value. A resonant tunneling diode structure would
give a TMR of about 8%. The model applies qualitatively to half-metallics with 100% spin polarization, where
the change in resistance in the absence of spin-flips may be arbitrarily large. Even in the case of imperfect
magnetic configurations the resistance change can be a few 1000 percent. Examples of half-metallic systems
are CrG/TiO, and CrO/Ru0O,, and a brief account of their peculiar band structures is presented.
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Tunnel magnetoresistan¢€MR) in ferromagnetic junc- 16m1m3m§k1k3;<2
tions, first observed more than a decade s, of funda- Toor=
mental interest and potentially applicable to magnetic sen-
sors and memory devicésTo find systems with acceptable wherek;=k;, , ko=1x, ks=ks, are the momenta normal to
performance, it is important to consider the generic properthe barrier for the corresponding spin subbandsis the
ties affecting magnetoresistance and other characteristics. Barrier width, and we have used a limit ©fat kw>1 (see
model for spin tunneling has been formulated by Julfiere Ref. 8. With the use of Eqs(1),(2) and accounting for the
and further developed by Steafrsnd Slonczewsk.This  misalignment of spin moments in ferromagnetic terminals
model is expected to work rather well for iron-, cobalt-, and(given by mutual angle), we obtain the following expres-
nickel-based metals, according to theoretical andlyaisl  sion for the junction conductance, assummg=m:
experimentg. However, it disregards important points such
as an impurity scattering and a reduced effective mass of
carriers inside the barrier. Both issues have important impli-
cations for magnetoresistance and will be considered here,
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along with proposed half-metallic systems which should in e? Ko KO(kT+kl)(KO+ m2k kl)

principle show the ultimate performance. Gpsngﬁ (K2+m kz)(K m k2) 2Kow,
We shall describe electrons in ferromagnet-insulating— 072 0 3)

barrier-ferromagnet KBF) systems by the Schdinger

equatiod (H,—h-o)y=Ey, where Ho=—(#%/2m,)V? ki —k, x2—mak;k,

+U, is the single-particle Hamiltonian witt (r) the poten-
tial energy,h(r) the exchange energy=0 inside the bar-

rier), ando stands for the Pauli matrices; index=1, 2, and  where Pgg is the effective polarization of the electrode
3 marks the quantities for left terminal, barrier, and right x,=[2m,(U,— E)/%#2]¥2 and U, is the top of the barriet.

P
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terminal, respectively. Equations(3) correct an expression derived eardiéor the
We start with the expression for direct tunnel current ofeffective mass of the carriers in the barrier. By taking a typi-
spina,’ cal value ofG/A=4-5 O~ 'cm 2 (Ref. 6 k;=1.09 A7,

k,=0.42 A1 m;~1 (for itinerantd electrons in F¢ and a
typical barrler height for AJO5; (measured from the Fermi
R level u) ¢=Uy—u=3 eV, and the thickness~20 A, one
fﬁ dE[f(E) - f(E+eV)]f (2w )2T,,(E,k||). arrives at the following estimate for the effective mass in the
(1) Dbarrier: m,~0.41° These values giv®r.=0.28, in fair cor-
respondence with the experimental value of (héte that
neglect of the mass correction would give a negative value of
HereA is the contact ared,(x) is the Fermi-Dirac distribu- the effective polarizatio®® In practice barrier parameters
tion function,T,=2,/T,, is the transmission probability, should be extracted from independent experiments, such as
which has a particularly simple form for a square barrier andnternal photoemission, etc., but here we are concerned with
collinear [parallel(P) or antiparallelAP)] moments on elec- the generic behavior, where the present formalism is suffi-
trodes: cient for qualitative and even semiquantitative analysis.
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We define the magnetoresistan@dR) as the relative
change in contact conductance with respect to the change
mutual orientation of spins from paralléP) (GP for 6=0)
to antiparallel(AP) (G”P for #=180°) as

MR=(GP—G"?)/G*P=2PP'/(1-PP"), (4)
which differs by the minus sign in the denominator from the
standard definitiof;? since the present definitia@) reflects
a change in the resistance of the contact.

The most striking feature of Eq§3),(4) is that MR tends
to infinity for vanishingk,, i.e., when the electrodes are
made of a 100% spin-polarized materid?€P’'=1) be-
cause of a gap in the density of stat&0S) for minority
carriers up to their conduction band minimuggg, . Then
G*P vanishes together with the transmission probabilty
since there is a zero DOS Bt= u for both spin directions.
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HALF-METALLIC

Such a half-metallic behavior is rare, but some materials
possess this amazing property, most interestingly the oxidesZe
CrO, and FgO,.!! These oxides are most interesting for ot
future applications in combination with matching materials, =
as we shall illustrate below.

A more accurate analysis of theV curve requires a nu-
merical evaluation of Eq(l) for arbitrary biases and image
forces! and the results are shown in Fig. 1. The top panel in
Fig. 1 showd -V curves for an iron-basdeB F junction with
the above-mentioned parameters. The value of TMR is about
20% at low biases and steadily decreases with increased biz:\l;e.r
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FIG. 1. Conductance and magnetoresistance of tunnel junctions
sus bias. Top panel: conventioBe-basegtunnel junction(for

In a half-metallic casek| =0, Fig. 1, middle panel, where a
thresholdeV,=Ecg, —1=0.3 eV has been assumede
obtain zero conductances”® in the AP configuration at bi-
ases lower thaiv,. . It is easy to see from Eql) that above
this threshold, GAP«(V—V,)%? at temperatures much
smaller thareV,. Thus, for|V|<V, in the AP geometry one

parameters see tgxMiddle panel: half-metallic electrodes. Bottom
panel: magnetoresistance for the half-metallic electrodes. Dashed
line shows schematically a region where a gap in the minority spin
states is controlling the transport. Even for imperfect antiparallel
alignment @=160°, marked| \ ), the magnetoresistance for half-
metallics(bottom panélexceeds 3000% at biases below the thresh-

has MR=<c. In practice there are several effects that reduceld V... All calculations have been performed at 300 K with the use
this MR to some finite value, notably an imperfect AP align-of Eqg. (1) with inclusion of multiple image potential and exact
ment of moments in the electrodes. However, from thetransmission coefficients. Parameters are described in the text.
middle and the bottom panels in Fig. 2 we see that even at

20° deviation from the AP configuration, the value of MR whereI' ,=T',,+T,,, is the total width of a resonance given

exceeds 3000% in the intervidf| <V, and this is indeed a
very large value.

An important aspect of spin tunneling is the effect of tun-
neling through the defect states in tk@morphous oxide
barrier. Since the contacts under consideration are typicall
short, theirl-V curve and MR should be very sensitive to
defect resonant states in the barrier with energies close to t
chemical potential, forming “channels” with the nearly pe-
riodic positions of impuritiegsee Ref. 12, and references
therein. Generally, channels with one impuritgnost likely
to dominate in thin barriejswould result in a monotonous
behavior of thel-V curve, whereas channels with two or
more impurities would produce intervals with negative dif-
ferential conductance, as shown by Larkin and MatV&ev.
We shall estimate the spin conductance in this model
Impurity-assisted spin tunneling at zero temperatftree
general case of nonzero temperature would require integr
tion with the Fermi factors as in E{L)] can be written in the
form*?
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by a sum of the partial width$’, (I",) corresponding to
electron tunneling from the impurity state at the enefgyo
the leffright) terminal. For the tunnel width we have
1ﬁ(l,r),;:2772'<o(ﬁz/f'nz)ZEk(mJ dfk(lyr)a(ri)|25(Ek(|'r)a_ E).
%herezﬂk(l r)(T(ri) is the value of the electrode wave function,

Heé(ponentially decaying into the barrier, at an impurity site

r;. We have for a rectangular barrier

e Ko(W+2z)

r = 2myk 6
7™ 2+ makE kol (LI2DW+7] ©
wherez; is the coordinate of the impurity with respect to the
center of the barrierI{, is obtained from the previous ex-
pression by substituting — — z; and accounting for the final
spin statg ei=h2K(2)/(2m2). The conductance has a sharp

qﬁaximum[=e2/(27-rﬁ)] when u=E; andI'|=T,, i.e., for

the symmetric position of the impurity in the barrier. Follow-
ing Larkin and Matveev, we assume that we havdefect
levels in a unit volume and unit energy interval in a barrier.
Replacing the sum by an integral in E&) and considering

a general configuration of the magnetic moments on termi-
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A ~3eVv1. When resonant transmission dominates, the mag-
netoresistance will be given by

MR, =2I1IT"/(1-TI1"), (9)

which is just 4% in the case of Fe. With standard ferromag-
netic electrodes, the conductance is enhanced but the mag-
netoresistance is reduced in comparison with the clean case
with a low concentration of defect levels.

With further increase of the defect density and/or the bar-
rier width, the channels with two and more impurities will
become more effective than one-impurity channels described
before. The contribution of the many-impurity channels, gen-
erally, will result in the appearance of irregular intervals with
negative differential conductance on th&/ curvel?

One may try to fabricate a resonant tunnel digBd D)
structure to sharply increase the conductance of a system.
We can imagine an RTD structure with an extra thin non-
magnetic layer placed between two oxide barrier layers pro-
ducing a resonant level at some enekEjy The only differ-
ence from the previous discussion is an effectively one-
dimensional (1D) character of the transport in RTD in
comparison with 3D impurity-assisted transport. However,
the transmittance will have the same resonant form as in Eq.
(5) and the widthg6) will contain an extra numerical factor
(47) 1. The estimated magnetoresistance in the RTD geom-
etry is, with the use of Eq<1),(5),

Density of States [e/(eV spin atom)]

Energy (eV) MRrro=[(r?=r?)/(2rr 1%, (10)

FIG. 2. Density of states of CrdTiO, (top panel and which is 8% for Fe electrodes. We see that the presence of
(Cr0,) ,/RuO, (bottom panel half-metallic multilayers calculated random impurity levels or a single resonant level reduces the
with the use of the LMTO method. The partial contributions arevalue of the magnetoresistance as compared with direct tun-
indicated by letters. The zero of energy corresponds to the Fernfieling. On the other hand, it may increase the current
level. A indicates a spin splitting of the Gf band neaEg (sche-  through the structure by many orders of magnitude, that may
matic). Note a strong hybridization of Cd with O 2p states at be useful in some potential applications.

Er and below the hybridization gap. Growth directior{ @91]. It is very important thatin the case of half-metallics
r =0, I[Igg=1, and even with an imperfect barrier magne-
nals, we get the following formula for impurity-assisted con- toresistance can, at least in principle, reach any value limited
ductance in leading order in expgw): by only spin-flip processes in the barrier/interface and/or
misalignment of moments in the half-metallic ferromagnetic
) electrodes. This should combine the best of both worlds:
very large magnetoresistance with enhanced conductance
(and hence a reduced nojse tunnel MR junctions. One
should be aware, however, that defect stdagspecially un-

Gy )
K:gFBF[l"_HFBCOS 0)],

where we have introduced the quantities

o2 paired electronswill increase the spin-flip rate, so the mag-
gFBF:_ﬁNl’ N,= 72T/ kg, netoresistance could vanish with an increasing concentration
™ of defects. In the case of conventional syste@g., FeNi

5 electrodeswe have seen, however, that the resonant tunnel-
e_KOW/ \/ My KoKy \/ MakoK| ing significantly reduces the tunnel MR by itself, so the pos-
koW |V K5+ mgk% Ko+ mékf . (8 sibility of improving the conductance and still having a very
large magnetoresistance resides primarily with half-
Meg=(r;—r )/(r,+r1)), metallics. N _ .
I shall finish with a couple of examples of systems with
N; being the effective number of one-impurity channels petalf-metallic behavior, Crg/TiO , and CrO,/RuO, (Fig. 2).
unit area and one may callrg a “polarization” of the  They are based on half-metallic CsOand all species
impurity channels, defined by have the rutile structure type with almost perfect lattice
ro=[Myrok, /(k5+m3k2)]22 matching, which should yield a good interface and should
Comparing direc(3) and impurity-assisted contributions help in keeping the system at the desired stoichiometry.
to conductancé?),(8), we see that the latter dominates whenTiO, and RuG, are used as the barrier/spacer oxides. The
the impurity density of states'z(xolw):"ei_lexp(— KoW), half-metallic behavior of the corresponding multilayered sys-
and in our example a crossover takes placevatlO~’ tems is demonstrated by the band structures calculated

=€
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within the linear muffin-tin orbitals method.MTO) in a  ductor. Thus, the former system can be used in a tunnel
supercell geometry witf001] growth direction and periodic junction, whereas the latter will form a metallic multilayer.
boundary conditions. The present conclusions should alsin the latter case the physics of conduction is different from
apply to single junctions in FBF geometry. The calculationstunneling but the effect of vanishing phase volume for trans-
show that CrQ/TiO, is a perfect half-metallic, whereas mitted states still works when current is passed through such
(CrO,) »/RUO; is a weak half-metallic, since the density of 5 systemperpendicular to planesFor the P orientation of
states in the Cr layer is practically zero B¢ but there is  moments on electrodes, CsRuO, would have a normal
some small DOS arounBlg, and an exact gap opens up at metallic conduction, whereas in the AP one we expect it to
about 0.58 eV above the Fermi lev&lig. 2). In comparison, haye a semiconducting type of transport, with an interesting
there are only states in the majority spin band at the Fermiossqver between the two regimes. One interesting possibil-
level in CrO,/TiO,. An immediate consequence of the fact iy is 1o form three-terminal devices with these systems, such
that minority spin bands are fully occupied is an exate- as a spin-valve transistdt,and check the effect in a hot-

ger value of the magnetic moment in the unit cell : . .
(=2u5/Cr in Cro,/TiO ). and this remarkable property is a electron region. Cr@ITiO, seems to a be a natural ca_ndl
. : : date to check the present predictions about half-metallic be-
simple check for possible new half-metallics. ; : i
. L N havior and for a possible record tunnel magnetoresistance.
The electronic structure of Cr{lTiO, is truly stunning in . .
: : 2 ; An important advantage of these systems is an almost perfect
that it has a half-metallic gap which is 2.6-eV wide and,_... oo
: ; . lattice match at the oxide interfaces. The absence of such a
extends on both sides of the Fermi level, where there is a ga| ) ! :
: . LT C : atch of the conventional AD; barrier with Heusler half-
either in the minorityor majority spin band. Thus, a huge . ;
. A O metallics (NiMNnSb and PtMnSp may have been among
magnetoresistance should in principle be seen not only for L .
ther reasons for their unimpressive performafice.

electrons at the Fermi level biased up to 0.5 eV, but also foP Bv using all-oxide half-metallic svstems. as described

hot electrons starting at about 0.5 eV above the Fermi level y 9 yS >
. : erein, one may bypass many materials issues. Then, the

We note that states at the Fermi level are a mixture Ofnain concerns for achieving a verv larae value of madne-

Cr(d) and O(%) states, so thap-d interaction within the , ; ing y 1arg 9

; A o toresistance will be spin-flip centers, magnon-assisted

first coordination shell produces a strong hybridization gap

and the Stoner spin splitting moves the Fermi level right intoevems’ and imperfect alignment of moments. As for conven-

the gap for minority carrieréFig. 2. It is worth noting that tional tunnel junctions, the present results show that presence

CrO, and RuG, are very similar in terms of a paramagnetic of defect states in_ the barrier, or a resonant state su_ch asina
band structure but the difference in the number of conductiorﬁesonam tunnel diode type of structure, reduce; the|r_ magne-
i~ : .foresistance by several times but may dramatically increase

electrons and exchange splitting results in a usual metalli e current through the structure
behavior of RuQ as compared to the half-metallic ferro- '
magnet CrQ. | am grateful to my colleagues R. S. Williams, G. S. Lee,
Important difference between two spacer oxides is thaC. Morehouse, J. Brug, T. Anthony, and J. Nickel for inter-

TiO, is an insulator whereas RyQs a good metallic con- esting discussions.
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