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Giant magnetoresistand&MR) and spin-dependent tunneling may be used to make magnetic
random access memory devices. We have applied first-principles based electronic structure
techniques to understand these effects and in the case of GMR to model the transport properties of
the devices. ©1999 American Institute of Physids$S0021-8979)77608-3

I. GMR MRAM on the iron is approximately 2.6;, which means that the
number of valence electrons per atom in the majority spin
Two approaches are currently under investigation for usg¢hannel is approximately 5.3 for all three atoms. This value
as magnetic random access mem@RAM) devices. One matches closely the 5.5 electrons per atom of copper. This
is based on the giant magnetoresistaf@®IR) effect->with  near matching means that the potential scattering seen by the
current flowing parallel to the layers. The other is based orFermi energy electrons is much lower in the majority chan-
the spin-dependent tunneli§DT) effecf with the tunnel-  nel than in the minority channel where the number of va-
ing current perpendicular to the layers. Both approachefence electrons per atom is 5.5, 4.7, 3.7 and 2.7 for copper,
should lead to devices that are nonvolatile and resistant tpickel, cobalt, and iron, respectively. The moments change
ionizing radiation. In this article we will discuss the applica- only slightly near well ordered interfaces as is shown in Fig-
tion of theoretical techniques based on first-principles elecures 2 and 3. These figures show the number of valence
tronic structure calculations to understand and improve thesglectrons per atom and spin channel as calcutaisihg the
devices. layer Korringa—Kohn—RostokefLKKR) technique’. The
Figure 1 is a schematic diagram of the magnetic part oCPA was used to calculate the electronic structure of the
a GMR based MRAM device. Each of the layers plays anpermalloy (NiygiFey19. In these calculations the moments
important role in the fabrication or operation of the devicewere assumed to be collinear in the alloy, but other calcula-
and each has its own set of very interesting problems. Théons that we have perform&ihdicate that deviations from
substrate is typically an amorphous layer that has been deollinearity in permalloy are small. The “potential match-
posited over semiconductor devices and planarized. The Tiag” effect indicated here by the small changes in the num-
seed layer helps to prevent damage to the semiconductier of electrons per atom in the majority spin channel is
devices during the patterning of the memory cells and is alsimportant for obtaining a large GMR.
thought to promote better growth of the GMR layers. The  The cobalt layer at the interface between the copper
magnetic layers should have relatively low coercivity be-layer and the permalloy layer is beneficial in at least three
cause the “write” and “sense” currents that supply the ways? It increases the contragtompared to nickélbetween
magnetic fields that are used to switch the direction of the
magnetic moments need to be kept as small as possible for

efficient device operation. This need for low coercivity re-

ires that the magnetic layers consist primarily of a material
quires that the magnetic layers consist primarily of a materia Tantalter|Passivation|Layer
such as permalloy. The copper spacer layer is needed to
break the exchange coupling between the two magnetic lay- -

ivati i idati 2 Nig.g1Fep.19
ers and the passivation layer is needed to prevent oxidation 40A Magmelic Layar
or corrosion of the magnetic layers. 0
. : A . 10A Co
We first consider the “active” part of the GMR device, 208 Cu Spacer Layer

the two magnetic layers and the spacer layer. The electronic 104 Co
structures of the nickel based alloys containing iron and co- . Nig_g1Feq.19
balt as calculated within the local spin density approximation 50A Magnetic Layer
using the coherent potential approximati@@PA) have a
very interesting and important featutahere is very little Tantalum Seed Layer
scattering in the majority spin channel. The magnetic mo-
ment on the nickel atoms is approximately 04 the mo-
ment on the cobalt is approximately L.§ and the moment Substrate
3E|ectronic mail: BHB@ORNL.GOV FIG. 1. Schematic of magnetic layers of an MRAM device.
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FIG. 4. Two layers of permalloy in a copper matrix. The copper and per-
malloy have been allowed to interdiffuse. Copper atoms are small solid
circles, nickel atoms are larger solid circles, iron atoms are large open
FIG. 2. Number of valence electrons per atom. circles and have large moments indicated by arrows. The three sets of clus-
ters of arrows to the side of the figure indicate the size of the moments and
their directions for the Fe, Ni, and Cu atoms, respectively.

II. TRANSPORT MODELING

the magnetic and spacer layers in the minority channel as can i the moments are collinear, or at least collinear within
be seen in Figure 4. It acts as a diffusion barrier since cobalhgividual atomic layers, one can use specialized electronic
and copper are _immiscible. FinaII)_/, it assists _in _mai”tainingstructure techniques such as the LKKR technique to effi-
exchange coupling in the magnetic layer as is illustrated insiently calculate the electronic structure and Green function
Figs. 4ands. . . for relatively large systems. Once the Green function is
Some of the difficulties that arise when the interfacesynown one can calculate the nonlocal site dependent conduc-
interdiffuse are illustrated in Fig. 4 which shows the Zerotjvity using quantum mechanical linear response th&oty.
temperature ground state magnetic configuration of two |ayAIthough the quantum mechanical linear response approach
ers of permalloy in a copper matrix after interdiffusion hasig very helpful in understanding the origins of the GMR, the
occurred. The large arrows indicate the Fe moments from thgy|cylations are computationally very intensive and a faster
permalloy. These moments are about the same size as in PUgproach is needed for design and optimization of GMR
permalloy, but their directions have become disorderedpased devices. It is critically important, however, to retain a
These misoriented and “loose” moments will contribute 10 reasonably accurate description of the electronic structure.
spin mixing and spin-flip scattering. Furthermore, the nickelye have, therefore, developed a first-principles based semi-
moments are much smaller than for pure bulk permalloy s@|assical approach to transport in magnetic multilaifers
the majority channel does not match nearly so well to copyhich captures most of the physics of the quantum linear
per. When cobalt is added at the interfag@gy. 5 the pros-  response approach, but is several orders of magnitude less
pects for GMR are improved significantly; the iron momentscomputationally demanding.
are in much better alignment and the nickel moments are | this approach the effects of the electronic structure are
closer to their bulk values. These calculations were perincjuded by using the band structure, Bloch wave velocities,
formed using the local scalable multiple scattering approacling the scattering matrices characterizing the reflection and
to local spin density calculatioris. transmission of Bloch electrons at interfaces, obtained from
ab initio electronic structure calculations using the LKKR
method. These are then used in the semiclassical Boltzmann
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FIG. 5. Two layers of permalloy in a copper matrix with cobalt at the
. \ ) ) ) ) interface. In this case cobdkmaller open circles with arrowsas replaced
2 3 4 5 6 7 8 9 approximately one half of the copper atoms on the layers above and below
Layer Number the two “permalloy” layers. In both this and the previous figure the layer
stacking used in the calculation was h@®0J) rather than fc(l11). This
FIG. 3. Number of valence electrons per atom. should have little effect on the calculated moments.
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equation to calculate the electron current and the magnetore- 1 ' ——r—

sistance. | Transmission
The semiclassical Boltzmann transport equatiBmE) 08| i

treats the electrons as classical particles that have local mo- 2 Gopper FS

mentum and group velocities which are obtained from the £ 0.6}

guantum mechanical dispersion relation and which obey g

quantum statistics. The BTE obtains a steady state solution 04l Cobalt FS

for the electron distribution function by considering drift, M

collisions, and the acceleration by the applied electric field. = 02 |

Since the layered system is assumed to have two- '

dimensional periodicity, the distribution function can be

solved for each allowed parallel momentuqm The distri- 00 o1 o2 03 o2 05 o5 o7

bution function is assumed to be perturbed by the presence kx

of the applled electric field in the foIIowmg manner FIG. 6. Transmission probability for Bloch waves in copper incident on fcc

fio(kj,2)= 2 (e)+ 3 gﬁa( Kj2)+3,0; ,(Kj2), (1)  cobalt majority as a function df alongT" to X.

wherei refers to the layerg the electron spin, and the
direction is taken to be perpendicular to the layerifYjis
the distribution function in the absence of the electric field
(the Fermi—Dirac distributionwhich depends upon the en-
ergy of the electrore. The superscript oy indicates the
direction of travel along, or the sign of the component of

sively (1—S) is assumed to be lost from the current carrying
distribution. For the current in the plane geometry, the in-
plane current density, is given by

e
the Bloch wave group velocity,. Since there may be more in(,:—gz J’ k[ V1405 o(2) + VxijoTij (D) 1. 5
than one Bloch state at a givénin Eg. (1), the distribution (2m)*]
function is also labeled by a state lajel A. Bloch wave transmission probabilities
Using the relaxation time approximation, the steady state o . _
BTE is The Bloch wave transmission and reflection matrices
. . Tﬁf(kH) depend strongly upon the electronic structure. We
39 ,(Kj,2) . " 9ijo(kj.2)  afy . £ . have devised a technique based on the Landauer fotfnula
9z Vzijo(Kp)+ T Eevijv' ' (2) for calculating them within the layer KKE Figure 6 shows

the transmission probability,T(" *) for Bloch waves in cop-

per incident on majority cobalt. For values lgfgreater than

) . ! approximately 0.57 a.u! along this direction, the transmis-
andv_ls the group velacity of the Bloch wave._Sm_ce each sion goes to zero because there are no states in the cobalt into
equation is labeled by the parallel wave vedipthis will be which the electron waves can refract. This total internal re-

assumed in all subsequent formulae. The solution to thl?Iection can lead to a waveguide effect that increases the

whereE is the electric fieldge is the electronic charge; is
the relaxation timdéwhich also is layer and spin dependent

equation is GMR significantly for flat parallel interfaces. Figure 7 shows
. . fo et ) the transmission probability for Cu Bloch waves incident on
9ijo(2) =eTigVijo B (14 Fjj 07 SHnoaiol). (3 minority cobalt. For both cases the interfaces are (fct)

o . . ~ planes. One interesting feature of these transmission prob-
The coefficients;;, are found from matching the dis- apjlities is the fact that the transmission probability goes to

tribution function at each interface and at the two eXternakero if the group Ve|ocity perpendicu|ar to the |ayers of the
surfaces. At the edge=0, of the first layer we havgfa

=P,0;,, and at the edge at=d of the last layerg,,
=P,g,,. P, andP, are the fractions of specularly scattered . '
electrons at the left and right boundaries, respectively. De- Cobalt FS e
fining T;,~ as transmission and reflection matrices for an Transmission -
electron of sping at the interface between layersand i '
+1, we have

gi_o: Sia'Ti_o'+ gitr—’_ Si(TTi_(T_ g|_+ lo
gi++ lo— Si(rTitrigi:— l(r+ Si(rTiJ:r+gi+(r . (4)

In the above the distribution functioms" are assumed to be
vectors whose number of components equals the number of
Bloch states traveling in the plysr minug z direction, and . . , . .
the terms on the right hand sides involve a matrix multipli- 01 02 03 04 05 068 07
cation. The prefactorS, introduced by Hood and Falicdv, ke

allow for the possibility of diffusive scattering at each inter- FIG. 7. Total transmission probability for Bloch waves in copper incident
face. The fraction of the electrons that are scattered diffuen fcc cobalt minority as a function df alongT to X.

kz or Probability
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FIG. 8. Conductivity or current as a function of position in the film for the FIG. 9. Change in conductivity for each spin channel when the boundary
two spin channels for alignetiu,dd and antialignedud,dy moments in  conditions are changed from diffus®0) to specular P=1).
the two cobalt layers.

If the mean free path for the majority channel is reduced
receiving band vanishes. This result can be derived from thiy a factor of 2, the GMR can actually increase slightly when
fact that the electron flux must be conserved at the interfaceshe boundary scattering is changed from diffuse to specular.

Qualitatively, this result, that the effect of specular scattering
increases the GMR when the majority mean free path is long
B. Effects of specular boundary scattering and decreases it slightly when it is sufficiently short, is

We have used this approach to model spin valves usedrossly independent of the diffuseness of the scattering at the

for magnetic memory applications and to evaluate the effectftérmal CdCu interfaces. The result also holds if tRe=0
of changing geometry and scattering rates in the differenpoundary condition is replacedyla a very thin strongly
layers. Recently we have used this approach to investigaFattering layer.

the effects of specular scattering at the boundaries of the spin

yalves on the GMR_. One might expe_ct that specular scattel;; sp|N-DEPENDENT TUNNELING
ing at the boundaries would always increase the GMR. We

find that when specular boundary scattering is compared to The spin-dependent tunneling devices that are currently
diffuse boundary scattering, the conductance is alwaysinder consideration for magnetic memory devices utilize an
higher for specular scattering, for both parallel and antiparinsulating layer of oxidized aluminum. This oxide is usually
allel alignment of the moments of the two magnetic layers.described as “amorphous” and is difficult to treat using
Only when the majority mean free pathssuming potential first-principles techniques. Therefore our initial efforts are
matching in the majority channels long compared to the aimed at understanding the spin-dependent tunneling process
thickness of the magnetic layer, however, does speculan systems that are more amenable to first-principles tech-
boundary scattering significantly increase the GMR. nigues.

Figure 8 shows the calculated conductivity as a function  Recently we have investigated spin-dependent tunneling
of position through a €ucCo film for the case of com- in systems of the form F§|Fe whereS represents an insu-
pletely diffuse boundary scattering. The scattering rate fofator or semiconductor. In particular, we have studied the
the copper layer is such that bulk copper would have a resissemiconductors Ge, GaAs, and ZnSe which have lattices that
tivity of 3 w{) cm. The scattering rates for the cobalt spinmatch almost perfectly to Fe usij00 interfaces for both
channels are chosen such that bulk cobalt would have a renaterials’®?!We find that these systems show a remarkably
sistivity of 15 u{) cm with the scattering rate 20 times higher large magnetoresistance the microscopic origins of which
in the minority channel than the majority channel. Specularcan be analyzed in detail.
scattering is assumed for the internal interfaces between the As the semiconducting layer is made thicker, the tunnel-
cobalt and copper layers. The calculated GMR is 14.3% foing conductance decreases exponentially for all valuds ,of
diffuse boundary scattering and increases to 16.6% fobut this decrease is slowest for=0, i.e., for those electrons
specular boundary scattering. The change in conductivitywvhose momentum in the iron is perpendicular to the inter-
that occurs on changing the boundary scattering from diffuséace with the semiconductor. Figure 10 shows the density of
(P=0) to specular P=1) is shown in Fig. 9 where it can stategDOS) for each of the bands in Fe at the Fermi energy
be seen that the contributions to this change are positive ifor k=0. It also shows how the DOS decays within the
the cobalt layers but negative in the copper layer. It is negasemiconductor which in this case is ZnSe. This density of
tive in the copper layer because the change fl®m0 to  states is calculated for a particular incident Bloch state on the
P=1 increases the conductivity in the copper layer for bothleft, all possible reflected Bloch states on the left and all
of the spin channels for the antiparallel alignment whereagossible transmitted Bloch states on the right. It can be seen
only the majority channel conductivity is increased signifi-that the incident Bloch states differ in how well they are
cantly in the copper for parallel alignment. injectedinto the semiconductor, themate of decaywithin
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FIG. 11. DOS for each of the Fe Fermi energy Bloch statekfer0. The
1t magnetic moments on the two Fe layers are aligned parallel. The Fe major-
ity Bloch states are incident from the left.
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cause of this poor extraction efficiency, the conductance for
antiparallel alignment is much lower than for parallel align-
ment.

These results give insight into a very deep mystery con-
cerning spin-dependent tunneling. Every time that it has been
possible to determine which of the spin channels has the

highest tunneling rate, it has been the majority chafhel.
This is true even for systems such as nickel for which the
minority DOS atEg exceeds the majority by an order of
magnitude. One possible reason for this is that not all elec-
trons tunnel equally well. For the particular states shown
here it is those bands which have sos@haracter that seem
to be most efficient at tunneling. Many of the magnetic sys-
tems, e.g., nickel and cobalt have filled majoridybands.
These “strong” magnets will clearly have more states véith
character in the majority channel than in the minority chan-
nel. Fe does not have a filled majorityband, but, at least in
the 100 direction, the band withcharacter dominates.

FIG. 10. Majority(upper paneland minority(lower panel density of states
for each of the Fe Fermi energy Bloch statesKpr0. The magnetic mo-
ments on the two Fe layers are aligned parallel.

the semiconductor and how well they atractedfrom the
semiconductor to form the transmitted wave on the right.
For both majority and minority Fe fok =(0,0) atEg
there are four bands. A doubly degenerateband(compat-
ible with p andd DOS), aA,, band(compatible withd DOS)
are found for both majority and minority. In addition, there is
a majority A; band(compatible withs,p andd DOS) and a
minority A, band(compatible withd DOS). ACKNOWLEDGMENTS
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