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Abstract

First-principles based electronic structure calculations provide important
insight into spin-dependent transport in tunnelling junctions with magnetic
electrodes. They have shown that Bloch electrons are qualitatively
different from free electrons in determining the tunnelling probability and
magnetoresistance of tunnelling junctions, and that tunnelling wavefunctions
within the barrier region are usually different from those modelled by a simple
barrier potential. Several factors are important in determining the tunnelling
current and magnetoresistance of a tunnelling junction. These include the
symmetry of the Bloch wavefunctions, the presence or absence of interface
resonance states, the nature of the chemical bond between the electrode atoms
and the atoms in the barrier layer, and the complex bands (evanescent states)
within the barrier layer.
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1. Introduction

Ithas long been known that the electronic structure of materials really consists of two electronic
structures, corresponding to the two different spin states of the electrons. In most materials,
i.e. those that are not magnetic, these electronic structures are equivalent. In these materials, the
effect of the two ‘parallel’ electronic structures is trivial; materials properties such as specific
heat or electrical conductivity are simply multiplied by a factor of two. In magnetic materials,
the electronic structures corresponding to the two spin states will be different so that one may
imagine two different materials coexisting in the same object. This picture is most appropriate
when the effects of spin—orbit coupling can be neglected and the magnetic moments in the
material are collinear.

Until relatively recently, it has been difficult to observe these two different electronic
structures. The discovery of the giant-magnetoresistance (GMR) effect[1]in 1988 and its rapid
development and application dramatically changed this situation. The GMR effect is observed
experimentally as a change in the electrical resistivity of a magnetically inhomogeneous
metallic material that occurs when an applied magnetic field aligns the magnetic moments
in different regions. The discovery of GMR focused the attention of the scientific community
on the importance of the spin degree of freedom in electron transport problems which in turn
led to the discovery or rediscovery of other spin related transport phenomena. One of these
phenomena is the so-called ‘colossal magnetoresistance’ [2], a large change in resistance with
magnetic field that can occur in certain oxide materials such as Lag7A033MnO3 where A
represents an alkaline earth element. The large magnetoresistance seems to be associated with
a metal to insulator transition that occurs with increasing temperature and is affected by an
applied magnetic field.

The phenomenon of spin-dependent tunnelling is another spin-dependent transport
effect that may soon become technologically important and is the subject of this paper.
Spin-dependent tunnelling, sometimes called tunnelling magnetoresistance or TMR, is the
dependence of the tunnelling current between ferromagnetic electrodes separated by a
nonconducting barrier on the relative orientation of the magnetic moments of the two electrodes.
The first published report of spin-dependent tunnelling was by Julliere [3] in 1975 who
measured the resistance of a Fe|Ge|Co sandwich at a temperature of 4.2 K. He observed
a decrease in resistance of 14% when the magnetic moments in the Fe and Co electrodes
were switched from antiparallel to parallel. Julliere’s work may have been inspired in part
by the work of Tedrow and Meservey [4] who had earlier measured the spin dependence of
tunnelling currents through an amorphous aluminium oxide tunnel barrier separating various
ferromagnetic electrodes from superconducting aluminium.
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Figure 1. Two electron reservoirs connected by a sample.

Work continued on TMR in the decades following Julliere’s paper [5—7] with the pace
increasing after the discovery of GMR. Interest became quite intense after papers in 1995 that
demonstrated changes in resistance of more than 10% at room temperature [8, 9]. TMR based
devices are at present considered the most likely candidates for the next major applications
of spin-dependent transport. Magnetic random access memory and logic devices based on
TMR are currently under development [10, 11]. TMR devices have also been proposed for
next-generation read sensors in magnetic disk drives [12].

Most of the interest for applications currently centres on systems with amorphous
aluminium oxide tunnelling barriers because of the relative ease of growing adherent aluminium
oxide without pinholes. Unfortunately, these systems are difficult to characterize and model
because of the noncrystalline or amorphous nature of the oxide and the lack of any known
epitaxial relationship between the oxide and the ferromagnetic electrodes. Much larger
magnetoresistances have been predicted in recent calculations on epitaxial spin tunnelling
systems [13-18].

In this review we shall concentrate on the developments of the theory of spin-dependent
tunnelling, emphasizing spin-dependent tunnelling through interfaces that are sufficiently well
characterized that their detailed electronic structure can be understood and calculated. We
shall begin, however, with a survey of simple models that have been applied to spin-dependent
tunnelling, including the much used Julliere model [3]. We shall show that the notion of the
polarization of the Fermi energy density of states (DOS) of the electrodes on which this model
is based should be replaced by the concept of the polarization of the transmission probability of
the electrode—barrier interface. We shall then describe more detailed approaches that are able
to treat the underlying electronic structure of spin tunnelling junctions more realistically and
show how this electronic structure determines the TMR. This will be illustrated primarily with
examples from our own work. We conclude with a summary of our current understanding of
spin-dependent tunnelling and of the many important aspects that are still not fully understood.

1.1. Landauer formula

In this subsection we introduce the Landauer formalism for electron transport which relates
the conductance of a sample to the probabilities of electron transmission and reflection [19,
20]. To understand the Landauer conductance formula it is helpful to consider two reservoirs
of electrons connected by a sample as shown in figure 1. For our application, the sample would
consist of the tunnelling barrier surrounded by the two electrodes. If we imagine the left-hand
reservoir, with chemical potential 1¢; and distribution function f (u), to be an emitter of right
going electrons, we can write the current density of those electrons that leave the reservoir on
the left and enter the reservoir on the right in terms of the transmission probability 7**(k, k’)
as

_ e
- (2n)?

+

/d3k vIK) f(p1) Y T (k. K), (1
=
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where +z is the direction from reservoir 1 to reservoir 2, and the superscripts + indicate that
the electrons are travelling in the +z direction. The parallel and perpendicular components of
k are k| and k., respectively. Performing the integral over k. yields

——Zzﬂf hakf(u)T (k, k'), )

IR S

which yields an expression for the current,

M1
It = %/ de > Tk, ji K. D), 3)

kH’j;k\/ri

where we have assumed that the scattering by the sample is elastic or nearly so in order that
k and k' are at approximately the same energy €. Here, K (kil) are the components of k (k')
in the xy plane, and the band indices i, j are needed because there is generally more than one
Bloch state for a given value of k. A line of reasoning similar to the one that led to equation (3)
leads to an expression for the current of electrons emitted in the —z direction by the reservoir
on the right which enter the reservoir on the left,

W
/ de Y T (ky, j; K i). 4)

k” Js kH i

At this point, one usually equates 7** and 7~ by invoking a symmetry argument such as time
reversal symmetry. However, we note here that the transmission probabilities 7" (ky, j; k|, i)
and 77~ (k]l, i; K, j) are generally not equal when the electrode Fermi surfaces do not have
mirror symmetry. This is most easily seen for the case of specular transmission for Which k
is conserved. In this case, time reversal states that 7" (ky, k_, Z) = T " (—ky, =k, ', —k),
but this is not the same as 7~ (k, —k;, —k,) unless the Fermi surfaces of the electrodes have
mirror symmetry. This was emphasized in [21] for tunnelling through a molecule. Another
very common example is transport perpendicular to the (111) planes of an fcc material such
as copper. Instead of using time reversal symmetry, a correct and equally effective argument
can be constructed based on the requirement that in equilibrium there should be no net current

at each energy level summed over all bands, thus,
Yo Tk ik )= Y T (kg ji K d). )

k. j:ki.i Ky, jiK|.i

This allows us to write the net current for a sufficiently small voltage as

_ H2
I=1"~1 Z T (., s K)o D ©)
k” Js kH i
which yields the Landauer conductance formula,
2
e . .
G=— > Tk, j;kji). (7
K. Jj; k\/|vi

This can be further simplified if the electrode and tunnelling barrier system has translational
symmetry in the plane parallel to the interface so that the transmission conserves k. In this
case, the transmission probability has the form

T(k“, j; ki|’ l) = T(k”, j, l.)ak“k"‘, (8)
and the conductance is given by
2
e ..
G=—2 Tk, jD. ©)

Ky, j.i
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Figure 2. Free electrons incident on a simple barrier.

The original Landauer formula has the ratio of transmission probability divided by
reflection probability (7' /R) where we have only the transmission probability in equation (9).
It is argued that this additional factor of 1/R arises from the reflected electrons changing the
chemical potential of the reservoirs. It is now usually accepted that this additional factor of
1/R is present or not depending on exactly how the measurement is performed, that is, on
whether or not one measures current and voltage using the same leads, as is assumed in the
derivation here, or whether a separate set of probes is used to determine the voltage across
the sample. When applied to tunnelling, the difference between the two formulae will usually
be negligible because tunnelling transmission probabilities are usually very small and the
reflection probabilities are near unity.

2. Free electron model

The Landauer formula is often discussed in terms of a model in which free electrons are incident
on a simple repulsive step potential (figure 2). For a single spin channel, the potentials in the
three regions are Vj, Vg, and V,, respectively, where V| < Ep, Vo < Ef, and Vg > Ef.
Depending on the spin alignment, V; and V;, are taken to be either V; or V. In this model,
the exchange splitting is given simply by V4 — V. The z component of the wavevector for

an electron at the Fermi level on the left of the barrier is k; = \/(2m/h2)(Ep -V, - kﬁ),

and that on the right of the barrier is k, = \/(2m/h2)(Ep -V, - kﬁ). Inside the barrier the
wavefunction is a linear combination of exponentially growing and decaying wavefunctions

with wavevector, k = \/ 2m /hz)(VB — Ep+ kﬁ). The unitary transmission coefficient for this
barrier is given by

16k, k2 kaexp(2dk)
{ic (k1 + ko) [1 +exp(Rdi) )2 + {(k? — k1k2)[1 — exp(2dk)]}?

where d is the barrier thickness. The reflection coefficient, R, is 1 — 7. For most tunnelling
situations, 7 is small, and R is close to unity. In this limit, we find that T is given by

16k 2ks exp(—2dic)
[k (ki + ko) ? + (k2 — kik2)?

The tunnelling conductance per spin channel is given by equation (9), assuming that there is
no diffuse scattering in the barrier region and consequently k; is conserved so that each k| is
an independent conduction channel.

In order to apply the free electron model to spin-dependent tunnelling, we assume that the
two spin channels are displaced in energy by V; — V| and thus have different wavevectors,

T(ky) = (10)

T (k) =

(1)
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ky = /Er — Vi — kﬁ andky = ,/Er -V, — kﬁ, at the Fermi level. Thus, for example, if we

assume the same ferromagnetic material on both sides of the barrier, the majority conductance
for parallel alignment of the moments on opposite sides of the barrier is found from equations (3)
and (5) using k; = ko = k4, and for the minority conductance k; = k> = k;, while the
conductance for anti-parallel alignment of the moments is obtained by setting k| = k4, k, = k.

2.1. Julliere model

A model that has been widely used to describe spin-dependent tunnelling was proposed by
Julliere in his very short but much cited 1975 paper [3]. Julliere’s model for spin-dependent
tunnelling has been applied quite generally, not just to free electron systems, but it is instructive
to discuss his model first in the context of this simple model.

The Julliere expression for the TMR follows immediately from the often-used assumption
that the tunnelling probability is proportional to the product of the Fermi energy densities of
states in the electrodes on either side of the barrier. Thus if the electrode polarization, P, is
defined in terms of the majority (n") and minority (n+) Fermi energy densities of states as

nt —nt n't 1+ P
T ont4nd’ nt 1—P’

then the TMR, i.e. the ratio of the change in conductance (when the moments are moved from
antiparallel to parallel) to the conductance for anti-parallel moments can be written as

12)

Gp — Ga _ (nIn; +nfn%) — (nIn% +nfn§) B 2P P,

Ga nlnd +ninl C1—PP

13)

This formula has been widely used for rationalizing experiments.

The values of electrode polarization, P, are often obtained from the analysis of
superconducting tunnelling experiments. It is clear, however, that P obtained in this way
does not measure the relative density of majority and minority states at the Fermi energy. The
values of P measured experimentally [22, 23] for Fe, Co, and Ni, for example, indicate that
the tunnelling in all three cases is dominated by majority electrons. If one believes the Julliere
model, equation (13), this would contradict what is known about the electronic structure of
these materials, particularly of Ni and Co for which electronic structure calculations indicate
an order of magnitude larger minority Fermi energy DOS than majority. There have also been
attempts to correlate P with the difference in the numbers of majority and minority electrons,
i.e. the number of Bohr magnetons per atom. We believe that any experimental correlation of
this type must be coincidental because tunnelling, at least for low bias, involves electrons near
the Fermi energy.

If we apply the Julliere model to the simple barrier model for free electrons depicted in
figure 2, the polarizations, P; and P», that enter equation (13) are given simply as

oK, Kok
Kkl + Kk} Il + k)

| (14)

where kiT v represent the majority and minority Fermi momenta for the two electrodes. Figure 3
shows the calculated TMR as a function of the polarization of the electrons at the Fermi energy
in the simple barrier model [24]. The calculations assume a barrier height of 0.25 eV and
thicknesses ranging from 5 to 200 A. The curve marked J is the Julliere result, equation (13).
It is clear that the Julliere model is not a good representation of the TMR when applied in this
way.
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Figure 3. Conductance ratio for the spin-dependent tunnelling of a free electron at energy
Erp = 6.8 eV and for a barrier height at 0.25 eV above Eg. Barrier widths of 5, 10, 20, 100,
and 200 A are shown along with the Julliere and Slonczewski results labelled by (J) and (S)
respectively.

The curve labelled ‘S’ in figure 3 shows the result of an alternative expression for the TMR
due to Slonczewski [25] who noted that the expression for the free electron model calculated in
the limit of thick barriers using equations (11) and (9) could be expressed in the Julliere form,
equation (13) if he used, not the true polarization at the Fermi energy DOS, but an effective
polarization defined by

Kg — kKt

Py = PO "~
eff K2+ kTkd

5)

where k¢ = \/ 2m /hz)(VB — Ef) describes the rate of decay of the wavefunction for kj = 0
in the barrier region. It can be seen that Slonczewski’s result represents the TMR fairly well
for sufficiently thick barriers.

2.2. Generalized Julliere model

Since Slonczewski showed that the Julliere expression for TMR is valid for thick barriers if
one uses a different definition of the polarization, it is interesting to ask the question of whether
this result is more general. Is there a definition of the ‘polarization’ that makes the Julliere
expression valid? In order to answer that question, let us explore what Slonczewski’s effective
polarization really means.

To do that, let us consider one-half of the transmission through a simple barrier problem
as shown in figure 4, i.e. electrons incident on a step function barrier. The wavefunctions for
unit incident flux are given by

Vix <0) = exp(ikx) + r exp(—ikx)

t exp(—KxS/E (16)
G
The reflection probability in this case is unity for all values of kj, and the transmission
probability must be zero if one uses the usual definition of the transmission probability based

Yx > 0) =
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Figure 4. Transmission probability for an evanescent wave at an interface.

on the transmitted flux. However, the wavefunction is not zero within the barrier. Thus the
probability for finding an electron on the right-hand side of the interface is T exp(—2«x), with
4kk 17
k24K a7
Thus T can be considered to be a generalized transmission probability through a electrode—
barrier interface at x = 0.

Returning to the expression for the tunnelling probability for a barrier sufficiently thick
that exp(—2kd) < 1 (given by equation (11)), we find that the probability for transmission
through the barrier can be written as the product of the probability for transmission across each
of the interfaces times a factor that describes the exponential decay of the electron probability
in the barrier,

Te(ky) = To.(k)) Tr(ky) exp(—2«d). (18)

Here Tg is the transmission probability through the barrier. 71, and Tx are the probabilities for
an electron to be transmitted across the left and right electrode—barrier interfaces respectively,
as given by equation (17). Because k> = %(VB — Erp + kﬁ), it will primarily be the k; = 0
states that contribute to the conductance. Slonczewski’s effective polarization (equation (15))
is simply related to this single interface transmission probability through

Th— TV kg — kTkY

Peip = =P , 19
=Ty K3+ kT 19

where Pug, T1, and TV refer to either the right or left interface. Note that this yields a Julliere-
like result for the TMR of a simple barrier, but the meaning of the polarization that enters
is completely different from the usual interpretation. The ‘polarization’ really refers to the
relative probability of an up- or down-spin electron being transmitted from an electrode into
the barrier as an evanescent wave. It depends both on the electrode and on the barrier.
Currently, most applications of TMR involve amorphous aluminium oxide barriers. For
this type of barrier, it is clear that k; will not be conserved because the disorder breaks the
two-dimensional translational invariance parallel to the plane of the interfaces. The amorphous
barrier is difficult to treat, but we can understand an only slightly less complicated problem,
one in which the interfaces are strongly disordered, but the barrier itself is ordered. In this case
it is likely that the probability for transmission through the barrier can still be approximately
factorized in the case where 7' < 1. In this case, however, the important quantity is the diffuse
transmission probability for an electron to scatter at the left-hand interface from (k, i) on the
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left to (0, j) in the barrier (and the reverse at the other interface), where (0, j) is the slowest
decaying state in the barrier.

Thus the conductance will be given by equation (7) where the transmission probability
can be written in a factorized form,

T(ky, i5 K, 1) = Tu(ky, i5 0, HTR(O, j, K), 1) exp[—2« (0, j)d]. (20)

Thus a Julliere-like formula for the conductance may apply where the concept of electrode
polarization is replaced by an averaged interfacial transmission polarization defined by
(T") —(T")

b=y @b

where, for example,

(1) =Y (T, 850, ). (22)

ki

When considering the validity and utility of the Julliere model, it is important to take into
account the system to which it is applied. Julliere was quite aware of the work of Meservey and
Tedrow [4, 22] who had investigated the spin dependence of tunnelling between Al and various
ferromagnetic electrodes. The barrier layer in these tunnelling experiments was typically an
aluminium oxide that formed on the aluminium layer before deposition of the ferromagnetic
layer. The superconducting tunnelling experiments were interpreted in terms of a model in
which the tunnelling conductance in each spin channel was assumed to be proportional to the
product of the densities of states in the ferromagnet and in the superconducting Al. Based on this
assumption, the ‘polarizations’ of the electrons at the Fermi energy in the ferromagnet would
be obtained by fitting to the tunnelling current—voltage curve. In actuality, we speculate that
what was being determined as a DOS polarization was actually much closer to the averaged
transmission probability polarization of equation (22). Indeed, it was clear to Tedrow and
Meservey as well as to Julliere that the measured quantity they called P had the opposite
sign from what would have been expected for the polarization of the Fermi energy DOS of
cobalt or nickel. This may have led to the unfortunate identification of P with the magnetic
moment [22].

The conditions for the application of the Julliere expression for the TMR then are the
following.

(a) The tunnelling barrier must be sufficiently thick that the transmission probability is very
small.

(b) The averaged interfacial transmission polarization must be determined for the electrode—
barrier combination under consideration.

Since many TMR experiments involve tunnelling barriers made of oxidized aluminium, and
since the values of P are also usually determined using an oxidized aluminium barrier, it may
be possible to carefully check the version of the Julliere model described here by carefully
preparing the electrode barrier interfaces so that they have identical structures in the TMR
devices and in the superconducting tunnel junctions. The polarization values quoted in
the literature vary significantly depending on the precise conditions of sample preparation
and data analysis. It is interesting to note that the Tedrow—Meservey polarizations derived
from aluminium oxide barriers would not have been appropriate for the Fe-Ge—Co junctions
discussed in Julliere’s paper.
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2.3. Effects of lateral symmetry

One characteristic of the free electron model is that it predicts a single decay rate for given
values of k| and energy. That s, the tunnelling current should decay with the barrier thickness,

d, as exp(—2«kd) where k = \/(Zm/hz)(VB —E)+ kﬁ It was recently pointed out [26] that

this is incorrect for realistic leads. Even if the potential in the barrier region is constant, the
wavefunctions in the barrier region must still match the wavefunctions in the electrodes and
these will typically have various symmetries. If the boundary conditions at the edge of the
barrier can be matched with the separable form ¥ (x, y,z) = ¢(x,y) exp(—«z) where the
variation of the lateral part of the wavefunction ¢ is assumed to be oscillatory, then the decay
perpendicular to the barrier (k; = 0) will be given by

o (I(2 + 2)1e)
K™= — — -
wer )

The second term is positive and correlates with the number of nodes of ¢ (x, y). It contributes
to an additional increase in the rate of decay perpendicular to the interface (just as a non-zero
value of kj would). In this picture, the role of symmetry is to determine the number of nodes
of the wavefunction in the plane of the interface. This translates into curvature in this plane
which affects the decay rate. States that are primarily s-like will have little of this curvature,
p-like states will have more and d-like states will typically have even more. For this reason,
we argue that the result that the nature of the state in the electrode influences its decay rate in
the barrier is quite general. Most of the d-derived states, in particular, will be disadvantaged
in penetrating the barrier because of their higher curvature due to additional nodes in the plane
parallel to the barrier.

The actual decay rates have been calculated [26] directly from the layer Korringa—Kohn—
Rostoker (LKKR) code [27]. In figure 5 we show one such calculation for the tunnelling
probability of electrons from Fe(100) leads into a vacuum barrier at the Fermi energy of bulk
Fe. Vacuum is approximated here by a spatially homogeneous barrier. In order to see the
decay rates within the barrier layer, we calculate the charge density on each lattice site, i.e.,
the modular square of the wavefunction integrated over the atomic sphere, due to a single
wavefunction at the Fermi energy, with the boundary condition that there is a unit flux of
incident electrons in a single Bloch state on one side (left-hand side in this case) plus reflected
electrons on the same side (left) and transmitted electrons on the opposite side (right). These
boundary conditions yield a partial DOS that decays in the barrier from left to right which we
call the ‘tunnelling density of states’ (TDOS).

The results displayed in figure 5 show three decay rates. The majority A state (which
contains s, p, and d components with 1, z, and 27> — x> — y? symmetries respectively) decays
as k = +/(2m/h*)(V — E), exactly as expected for the simple barrier model. The other
states, however, decay more rapidly. The minority A, (d character, x> — y?> symmetry)
and all of the As states (p and d components with x, y, xz and yz symmetries) decay

(23)

as Kk = \/(Zm/hz)(V —E) +gf where g1 = 2m/a for a square lattice of lattice constant
a. The majority and minority A, states that have d character and xy symmetry decay as

K= \/(Zm/hz) (V-E)+ g% with g, = ﬁ(er/a). g1 and g, are simply the magnitudes of the
first two reciprocal lattice vectors of the two-dimensional lattice parallel to the interfaces. These
decay rates match perfectly with the number of nodes and the periodicity of the corresponding
wavefunctions in the xy plane.

For the case of k # 0, the symmetry of the Bloch states and of the decaying evanescent
states that they couple to becomes more complicated. The wavefunction in the barrier region
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Figure 5. Tunnelling DOS for kj = 0 for Fe(100)|vacuum|Fe(100) calculated using scattering
boundary conditions with Bloch waves incident from the left. The straight lines have slopes given

by —2\/(2m/h2)(VB — Ef) + g2 as described in the text. The A, minority, As majority and
minority states are numerically indistinguishable, and likewise for the A, states of both majority
and minority spins. The moments of the two iron electrodes are assumed to be aligned.

that joins to the incident plus reflected Bloch wave on the left usually becomes a mixture of
different symmetry states, and can be expanded in terms of reciprocal lattice vectors in the
form [13]

Yip.2) = Y cpeibrero/Omm Vst ere 24)
g

Here p is a vector in the xy plane and we have taken the limit of a thick barrier so that
growing evanescent waves are excluded. The transmission coefficient for thick barriers will
then depend on the magnitude of the g = 0 coefficient of the wavefunction expansion in
equation (24). Note that this component of the wavefunction corresponds to a probability
density, P(p,z) = |¥(p,2)|?, that is constant in the xy plane. Coefficients for the
wavefunction in the barrier with g # 0 will be necessary for the probability density to join
continuously to that of the metal.

Most d-components of the wavefunction will have nodes in the xy plane and will therefore
generate only very small contributions to the g = 0 expansion coefficients. This means that
the d component of the TDOS will decay very rapidly in the first few layers of the barrier and
that the contribution to the transmission of Bloch states that have d-derived oscillations in the
xy plane will typically be several orders of magnitude smaller than that of Bloch states that do
not have such oscillations. Even for bands that do not contain the A component at k; = 0,
the wavefunctions will have some A; component at k; # 0. Thus, after some initial rapid
decay, all wavefunctions will eventually decay at the same rate (but at a much lower level) if
the barrier is sufficiently thick. This is illustrated in figures 6 and 7 which show the TDOS
for the same boundary conditions as figure 5. In this case, however, k; = (0.036, 0.018)
and we show the angular momentum decomposition of the TDOS. In the barrier, the angular
momentum decomposition is performed around fictitious sites that would form a continuation
of the bce Fe(100) lattice. Figure 6 shows the TDOS for the continuation of the majority A
band at k; = (0, 0) to (0.036, 0.018). The calculated TDOS is essentially unchanged for this
Bloch state which does not have rapid oscillations in the xy plane. The TDOS for the other
Bloch states is, however, affected by the loss of symmetry as is shown in figure 7. There is an
initial rapid decay of the TDOS as the parts of the wavefunction that have in-plane oscillations
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Figure 6. Tunnelling DOS for k; # 0 for Fe(100)|vacuum|Fe(100) for the Bloch state that has
Ay symmetry at kj = 0. The total (+) and the s (x) and d () partial DOSs are plotted. These
calculations employ the same boundary conditions as figure 5.
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Figure 7. Tunnelling DOS for k| # 0 for Fe(100)|vacuum|Fe(100) for a Bloch state that has no
g = 0 component at kj = 0. The total (+) and the s (x) and d () partial DOS are plotted. These
calculations employ the same boundary conditions as figures 5 and 6.

decay according to equation (24) with g # 0. After those terms are gone there is a small
residual component that decays at the rate given by equation (24) with g = 0.

2.4. Simple models not adequate for spin dependent tunnelling

Although the simple models that we have presented in the present section are instructive, we
shall show in later sections that they are insufficient for understanding some of the important
phenomena that are predicted to occur in realistic systems. Despite common assumptions we
shall see that neither the bulk DOS of the electrodes nor the interfacial DOS is the critical
factor in determining the tunnelling rate or the TMR.

As we will see from the first-principles calculations described in later sections, each band
couples to the barrier evanescent states differently, hence their contributions to tunnelling
current differ by orders of magnitude. In addition, the free electron model fails to account for
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Figure 8. The system consists of a barrier layer sandwiched between two semi-infinite leads. The
system is assumed to be periodic in the directions parallel to the interfaces.

the difference in the lateral symmetry of the Bloch wavefunctions at the same k; which can
lead to different decay rates in the barrier. We will also demonstrate other aspects of spin-
dependent tunnelling that are generally missed by simple models. These include the complex
bands in the barrier layer, the interface resonance states, and a strong chemical bond effect.

The simple models of electron tunnelling had their origins in semiconductor physics. For
most semiconductors, the free electron model works very well. One often only needs to provide
effective masses and band offsets to reasonably describe a semiconductor junction. In spin
transport systems, because of the critical role of the d-band electrons, one cannot rely on the
simple model. Instead, first-principles studies have become a crucial part of the theoretical
understanding.

3. Self-consistent band structure for interfaces

The first step in calculating the tunnelling conductance must be the calculation of the proper
self-consistent DOS of the metal-insulator—metal system. There are many first-principles
methods for treating interface structures. However, approaches which treat the semi-infinite
leads with the correct boundary conditions are most useful because they allow the computation
of transmission and reflection amplitudes of Bloch waves for tunnelling junctions [13-16, 28,
29]. Although supercell calculations of the electronic structure of spin tunnelling junctions
have been performed, it is difficult to use them to calculate transport coefficients. In our
discussion in this paper we will focus on our own results using the LKKR technique [27].
Results obtained by other first-principles methods are generally similar to ours. The LKKR
method is a self-consistent electronic structure method, based upon the local spin-density
approximation, or some other approximation to density functional theory, which can evaluate
the electronic structure of a three-dimensional solid without requiring the usual constraint of
three-dimensional translational symmetry. The extended solid is viewed as one composed of an
infinite stack of planes of atoms, each of which has two-dimensional translational symmetry.
Thus the method is ideally suited to the problem at hand, namely a system formed of two
semi-infinite stacks of layers, which form the leads, on either side of the tunnel barrier (as
shown schematically in figure 8).

Magnetism is treated within the local spin-density approximation, in which the spin
up and spin down densities are allowed to converge independently. In this work the
Perdew—Zunger [30] parametrized form of exchange—correlation potential was used. This
approximation fits the energy for paramagnetic and fully polarized limits of Monte Carlo
simulations of the homogeneous electron gas performed by Ceperley and Alder [31]. Values
for intermediate polarizations were obtained from an interpolation formula derived by Vosko
et al [32].

The calculation for an interface proceeds as follows. First a bulk calculation is performed
to find the self-consistent potentials for the two leads on layers far from the barrier layer. Since,
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in a metallic system, screening ensures that the electronic perturbations in the leads, due to
the tunnel junction, will be localized spatially at the interface, atoms far from the barrier are
assumed to have bulklike potentials whose values are those obtained from the corresponding
bulk calculation. Then an interface containing the barrier layer is set up (figure 8). The Green
function is used to embed barrier layers and additional atomic layers of the electrode (several
on each side of the barrier layer) in the bulk electrode. The Fermi energy is maintained equal
to that of the bulk lead as the self-consistent electronic structure is calculated for the entire
system consisting of bulk lead plus the embedded layers. The spin up and spin down potentials
on atomic layers within the barrier and within the leads near the interface are allowed to relax
through the iterative procedure described above until electrostatic self-consistency is achieved
throughout the system. The self-consistent calculation allows for a rearrangement of charge
between the layers necessary to correctly offset the bands of the barrier layer relative to those
of the electrode. Due to good screening in the metal leads, the self-consistently calculated
potentials seldom differ significantly from those of the bulk if they are more than three or four
layers from the interface; typically only three atomic layers of the electrodes on either side are
included in the interface region for which the electron potential is relaxed.

In the remainder of this section, we will summarize the calculations of the electronic
structure of several spin-dependent tunnelling systems. In these calculations, the electrodes
were Fe[100] with various barrier layers. The lattice constant of each system was fixed to
that for the experimental value of bulk bcc Fe, 2.866 A, and no relaxation of the lattice was
included unless otherwise noted.

3.1. Electronic structure of symmetric junctions

Most published calculations [13-18, 34-36] considered symmetric junctions, where both
interfaces of the junction are the same. These calculations obtained very similar electronic
structures for different barrier materials. Common features in the electronic structure that are
seen from these calculations include a reduction of DOS at the Fermi energy in the majority
spin channel, a sharp peak in the DOS and strong interface resonances near the Fermi energy in
the minority spin channel, and sensitivity of the interface magnetic moment to the structure and
the electronic structure at the interfaces. The calculations covered a range of barriers, including
semiconductors Si, Ge, GaAs, and ZnSe, and insulator MgO, but were mostly limited to Fe
leads. Only one study [34] considered the commonly used Al,O3 as barrier material (treated as
an ordered phase); another [35] considered SrTOs3, but neither gave any conductance results.

Here we summarize the results for two junctions, Fe|ZnSe|Fe with a Zn terminated barrier
layer, and Fe|MgO|Fe, with a focus on the latter, to highlight the role of electronic structure in
determining tunnelling conductance and TMR. The tunnel junction formed from several [100]
layers of ZnSe sandwiched between two semi-infinite stacks of Fe[100] layers is one of the
first systems calculated by first-principles electronic structure approaches [13, 17, 36]. The
lattice match between Fe[100] and several diamond and zinc-blende semiconductors is quite
good. The lattice constant for bee Fe is 2.87 A, while those of Ge, GaAs, and ZnSe are 5.66,
5.65,and 5.67 A, respectively. The lattice constants of the semiconductors are almost exactly
twice that of Fe, leading to modest lattice mismatches of only about 1.4%. For Fe|ZnSe|Fe,
fixing the lattice constant to that for bulk bce Fe causes a slight isotropic expansion of all the
ZnSe layers. In the case of the Fe|MgO|Fe junction, the lattice mismatch between Fe(100) and
MgO(100) is slightly larger than for the semiconductors. In our calculations, the MgO lattice
constant, both in plane and out of plane, was taken to be exactly a factor of /2 of that of the
Fe, with the exception that the Fe—O distance was taken to be 2.16 A. Detailed descriptions of
these systems are found in [13] for Fe|ZnSe|Fe and [14] for Fe|MgO|Fe.
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Figure 9. Charge redistribution near the barrier layer embedded in Fe for ZnSe [13] and MgO [14].
The redistribution of charge near the interface is necessary to correctly position (in energy) the
barrier potentials relative to those of the Fe. Here it is assumed that the Zn layers are adjacent to
the Fe.

The redistribution of net charges on each layer is shown in figure 9. A dipole layer
forms at the interface as electrons are transferred from the Fe to the barrier layer in order to
correctly position the Fermi energies of Fe and barrier layer. In the Fe|ZnSe|Fe case, there
is also charge transfer within the ZnSe as electrons are transferred from Se to Zn layers.
Reference [17] obtained a slightly different charge redistribution for this system. In particular,
their result did not show the small oscillation of the charge in the first two Fe layers next to the
interface. The origin of this small disagreement of about 0.1 electrons per atom is not clear.
For the Fe|MgO|Fe junction we have counted the approximately 0.5 electrons in the empty
sphere near the interface as residing on the last Fe layer. We find, in general agreement with the
FLAPW calculations, that there is much smaller charge transfer between the Fe and the MgO.
The total moment calculated for the iron atoms of the interfacial layer was approximately 3 up
which agrees with the FLAPW calculations cited previously [37].

The electronic DOS for Fe[MgO|Fe is shown in figures 10 and 11. The DOS near the
interface is quite different from that of the bulk and the difference is opposite for the two
spin channels. Near the interface, the majority DOS is strongly reduced in the vicinity of the
Fermi energy, whereas for the minority spin channel the Fermi energy falls near a sharp peak
in the DOS. The FLAPW calculations previously cited [37] also show a very sharp peak in the
minority DOS for the case of a single Fe layer on MgO. The large peak in the minority DOS
near the Fermi energy is localized on the atoms close to the interface and corresponds to an
interface resonance which couples only weakly to the bulk Bloch states in the Fe leads. Also
common to both the Fe|ZnSe|Fe and the Fe|MgO|Fe junctions, a significant DOS persists in
the interior atomic layers of the barrier at the Fermi energy, especially for the minority channel.

Although it is tempting to explain the dramatic change in the DOS at the interface in terms
of bonding between the interface Fe atoms and the atoms in the barrier layer, this is probably
not the reason for the change. We have also observed similar changes in the DOS of the surface
Fe layer in our calculation of the Fe(100)|vacuum interface [26]. The exchange splitting is
different on the interfaces than in the bulk Fe, and is similar to the Fe surface. Thus the majority
d levels at the interface are lower than in the bulk, leading to a reduction in the majority DOS
at the interface. The magnetic moment at the interface is also significantly higher than the
bulk, and is close to the value for the Fe surface. The large peak in the minority DOS near the
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Figure 10. Density of states each atomic layer of Fe(100) near an interface with MgO. 1 hartree
equals 27.2 eV.

Fermi level is probably due to the interface resonance states which will be discussed in later
sections.

The small DOS in the gap of MgO on the interfacial MgO layer is due to the evanescent
Fe states which decay exponentially into the MgO. The bandgap in ZnSe is much smaller than
MgO. Using the potentials calculated for the central Zn and Se atomic layers to calculate the
electronic structure of bulk ZnSe, it was found that it has a direct gap at the zone centre of
1.34 eV. This contrasts with the corresponding calculation for MgO, yielding a gap of 5.5 eV
in [14], which agrees with previous DFT-LDA calculations [38] but is somewhat less than the
experimental value of 7.8 eV [39]. The large difference in the bandgap will lead to orders of
magnitude difference in the tunnelling conductance at the same layer thickness.

3.2. Electronic structure of Fe|FeO|MgO/|Fe junctions

Because of the order of deposition, the two interfaces in a spin tunnel junction are usually
asymmetric. This is typified by the Fe|MgO|Fe system, which was shown to actually contain
an atomic layer of FeO on the bottom interface [40, 41]. Calculations of symmetric junctions
tend to give very large TMR ratios. This contrasts sharply with the moderate TMR ratios
measured experimentally. We have found [42] that part of this discrepancy may be due to the
presence of the FeO layer on one of the interfaces.

The only difference in the structure of the Fe|[FeO|MgO|Fe junction from that of the
Fe|MgO|Fe junction is in the bottom interface which contains a single atomic layer of FeO.
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Figure 11. DOS for each of the atomic layers of MgO near an interface with Fe(100).

The Fe atom of this layer sits at the bcc site of the substrate Fe lattice. There is experimental
evidence [41] that the oxygen sites are only about 60% occupied. The detail of the structure used
in the calculation is explained in [42]. The self-consistent calculation is carried out in the same
manner as in [14]. We limited our calculations within magnetic configuration space in the sense
that all electron spins are assumed to be collinear. We also assumed that the magnetic order
has the same periodicity as the two-dimensional lattice, thus disallowing antiferromagnetic
ordering within the same atomic layer. Antiferromagnetic coupling between layers is allowed,
however. In this section we show the electronic structure with 100% oxygen occupation on
the FeO layer. In section 6.5 we will discuss the effect of partial oxygen occupancy in the FeO
layer which is treated by the coherent potential approximation (CPA) [43]. We find, despite
the large charge transfer between the Fe atom and the oxygen atom within the FeO layer, that
the charge rearrangement necessary to correctly offset the bands of the MgO relative to those
of Fe leads to very little charge transfer between layers, similar to the result we obtained for
the Fe|MgO interface.

The calculated electronic DOS near the interface is very different from that of an Fe|MgO
interface. Figure 12 shows the DOS for the Fe ASA spheres near the interface in the presence
of the FeO layer. The most significant change is the almost complete disappearance of the
d-band peak just below the Fermi energy for the Fe spheres on the FeO layer. The same peak
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Figure 12. DOS for each Fe ASA sphere on the FeO layer and the Fe(100) layers near the interface.
1 Hartree equals 27.2eV.

is still present on the Fe layer at the Fe|MgO interface, though its height is greatly reduced.
The sharp antibonding peak near the Fermi energy in the minority DOS of the Fe atom at
the Fe|MgO interface is moved well above the Fermi energy when the interface is FeO. The
oxygen DOS (figure 13) at the FeO layer shows a significant exchange splitting due to the
strong hybridization with the Fe d electrons. In fact, the moment on the oxygen site is a
significant 0.19 up, and is parallel to the Fe moment.

The DOSs for the MgO atomic layers are shown in figure 14. A feature that was absent
from the symmetric junctions is the relative shift of the MgO DOS between the layer next to
the FeO layer and the interior layers. This is especially noticeable near the lower band edge
around 0.1 hartree, where the effects of the hybridization with Fe d electrons is much less.
This shift is not present when both sides of the MgO are Fe|MgO interfaces. The shift is
due to the fact that the dipole due to the charge rearrangement on the interface is different for
the Fe|FeO|MgO interface than for the Fe|MgO interface and can be viewed as a shift in the
effective barrier potential from one side of the barrier to the other. This creates a difference in
the offset of the barrier potential of about 0.055 hartree (or almost 1.5 eV) across the barrier
layer, and it remains relatively unchanged as the barrier thickness is increased.

Both the strong hybridization of the Fe and O orbitals on the FeO layer, and the change
in the effective barrier potential due to the dipole charge on the interfaces, can be expected to
affect the tunnelling conductance. The former affects the coupling of d electrons from the Fe
lead into the barrier; the latter affects the decay rate of the tunnelling current within the barrier.



Topical Review R1621

O DOS on FeO Layer
T T

(&)
o

T

IS
&
T
1

N
o
T
1

(o))
a1
T

Majority —_— A
Minority ~ -------

DOS (States/Hartree)
N N w
o o &

—ry
o
T

0 ‘- 1 1
0.05 . . . 0.25 0.3
Energy (Hartree)

Figure 13. DOS for the oxygen ASA sphere on the FeO layer.
4. Transmission and reflection matrices for Bloch electrons

The calculation of the transmission and reflection matrices for Bloch electrons involves two
steps. First one needs to calculate the bulk Bloch eigenstates within the left- and right-hand
leads respectively. They can be obtained, for example, using the layer KKR code with the
standard transfer matrix formulation [13]. Then a wavefunction matching scheme is used to
solve the scattering problem of the Bloch electrons in the interface region [13, 28, 29]. Since
the two leads may be different, calculations of the Bloch states are done for both the left- and the
right-hand sides of the barrier. Each Bloch state at the Fermi energy corresponds to a channel
in the Landauer—Biittiker formalism. Those states travelling towards the barrier correspond
to incident channels while those travelling away from the barrier correspond to the scattered
(transmitted or reflected) channels. These two subspaces will be used to define the scattering
S matrix.

In addition to the band structure, it is necessary to compute the z component of the group
velocity, v,, so that the direction of travel of each eigenstate can be determined. This is found
by noting that the eigenvalue E (k) is an analytic function of the wavevector k. Thus if a small
imaginary part AE is given to the energy, the calculated value of k, will also have a small
imaginary part, Ak,. The two are related by the velocity,

10E 1 AE
T hok. hAk.
The real part of k, will be left unaltered, hence both k, and v, can be found simultaneously
without having to resort to numerical differentiation of E (k).

Because E is a periodic function of k_, it follows that for a given value of k there will
be exactly as many states with positive v, as with negative. The z component of the Bloch
state’s group velocity determines its direction of travel. Note that this is quite different from
hik./m. It is quite common to have a Fermi surface for which (for given k) there are two or
four values of k. that are greater than zero and none that are less than zero. If k, were used to
determine the direction of the Bloch wave’s travel one would have the unphysical result that
electrons with that value of kK could only propagate in one direction.

(25)

U
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Figure 14. DOS for each of the atomic layers of MgO.

The scattering solution of Bloch electrons in the interface region described below
follows [13]. It is similar to the techniques developed by Stiles and Hamann [28, 29] to
calculate the transmission of Bloch waves through interfaces, that used a variational procedure
of Wachutka and Bross [44, 45] to join wavefunctions on opposite sides of an interface.

Because we only consider k|| conserving scattering at the interface, we will omit the label
k) for Bloch states in all subsequent equations. The Bloch states for the bulk material that
makes up the leads are labelled by k. and the sign of the group velocity, v.. Between each
layer the Bloch wave is expanded in terms of plane waves.

+ iKfr } : — LK T
¢k;t = E Ckfge g + ckjige LI (26)
g g
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where the sum runs over the N, reciprocal lattice vectors that are needed to accurately represent
the wavefunction. The wavevectors Két, in the plane waves exp(iKét - T), are given by

[2
K, = {k“+g,:|: h—rZE—(k“+g)2}, (27)

where the vectors g are two-dimensional reciprocal lattice vectors. Conversely, a plane wave
can be expanded in terms of the Bloch wavefunctions, ¢ (r),

Mo =3 g (0 + Y 1 g (). (28)
Kt I

The expansion coefficients, i, can be found from the inverse of the matrix of eigenvector
coefficients c.

We can expand the total wavefunction on the left-hand side of the barrier due to an incident
wave plane wave with wavevector Kg+ in terms of Bloch waves and obtain

=) At + ) AL ¢ () =T+ Zt+_ iKr 29
k K
where
Ag gkt = gki * Ztgg s (30)
The same wavefunction on the right-hand side of the barrier is
g = Z A;k*d’}; (I') + Z A;k; (/J)/ljf (I') Z t++ ‘K r’ (31)
kz K
with
g = D tag Mg (32)
o

The scattering matrices, g, and tg+g7 , are the transmission and reflection amplitudes of plane
waves onto the slab of interface layers, as described in [27]. The superscripts + refer to the
direction of travel of incident and outgoing plane waves respectively.

A similar calculation can be performed for an incident plane wave from the right. The
formulae for the coefﬁments AR i AL gt can be simply obtained by swapping the superscripts
L and R and ‘+’ and ‘-’ on the plane wave labels. We have used superscripts L and R to
allow for the possibility that the leads on the left and on the right may have different Bloch
states. This superscript is also used to imply appropriate values of kzi, since these too may be
different in each lead.

If we now view the whole process as scattering of the Bloch waves, then the amplitude
of the outgoing Bloch wave on the left-hand side of the barrier, A;, will be the sum of the

transmitted Bloch waves from the right, AR T~ and the reflected part of Bloch waves incident

from the left, A}; T+ . Thus AL, _is glven by

ik*
ZA o e +ZA e T (33)

where T ok and T” are the reflection coefficients for Bloch waves incident from the left,

and the transmlssmn coefﬁments for Bloch waves incident from the right respectively. The



R1624 Topical Review

4 MgO Layers Majority Majority Conductance for 8 MgO Layers
Transmission Transmission X 104

Majority Conductance for 12 MgO Layers

Transmission X 107
6.0
5.0

Figure 15. Majority conductance for four, eight, and 12 layers of MgO. Units for k, and k, are
inverse bohr radii.

right travelling Bloch waves on the right side of the barrier are also a sum of reflected and
transmitted Bloch waves:

R L ++ R -+
‘%%?_Z:Afw’w@+Z:Aﬁwqt@ oY
K+ ke

Tk’/’fk+ and kafw are the transmission coefficients for Bloch waves incident from the left-hand
side of the Bar}ier, and reflection coefficients for Bloch waves incident from the right-hand
side of the barrier.

The four equations represented by (equations (33) and (34)) can be combined into a matrix

form,

L R R L
Agre Agic Agre Agc
L R = R L ’ (35)
A Agic A Agic
where the S matrix is defined as
T+ T+
s_(T* T_), (36)

which can then be solved for 7**, T7*~, T~*, and T~ in terms of the coefficients A;ii. An
S matrix formed in the subspace of travelling Bloch waves, i.e. those that have a real value of
k., 1s needed to evaluate the Landauer—Biittiker conductance. This formalism is not equivalent
to a simple unitary transformation of the § matrix in a plane wave basis since each Bloch state
contains waves travelling in both senses, or, equivalently a single plane wave is composed of
Bloch states travelling in both senses.

The S matrix of equation (35) has dimensions 2N, x 2N,. The submatrix of S formed on
the subspace of travelling Bloch states is unitary provided those Bloch states carry unit flux,
ie.

Stravelling Sttavelling =1 (37)
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Figure 16. Minority conductance for four, eight, and 12 layers of MgO.

In computing the flux of each Bloch state, the plane wave basis set is used, and care must
be taken to count correctly the contribution from both travelling and evanescent plane waves,
since the expansion coefficients of the Bloch states are in general complex.

5. Tunnelling conductance at zero bias

The tunnelling conductances at zero bias have been calculated for a number of spin tunnelling
junctions [13-18]. Although the absolute conductance depends on a number of factors,
including the thickness of the barrier layer, the width of the barrier layer bandgap, and the
geometry of the interfaces, the qualitative features of these systems are very similar. These
features are that, for parallel alignment of the moments, the tunnelling conductance is typically
dominated by the majority spin channel contribution which in turn is dominated by the
contribution from K = 0; the minority spin channel conductance is dominated by tunnelling
through interface resonance states, especially at small barrier thicknesses; TMR increases with
the barrier layer thickness due to the diminishing influence of interface resonance states; and
the decay rate of the tunnelling current in the barrier region is determined by the symmetry
of the incident Bloch state and the complex bands (evanescent states) in the barrier. In this
section we summarize these results using Fe|MgO|Fe and Fe|FeO|MgO|Fe as examples.

5.1. Ky-resolved tunnelling current

The calculated transmission probability as a function of k| for the majority spin channel is
shown in figure 15 for four, eight, and 12 layers of MgO. Because of the two-dimensional
periodicity, the crystal momentum parallel to the layers is conserved. For the majority
channel, the conductance has a rather broad peak centred at k; = 0. A somewhat similar
peak is predicted for the tunnelling of free electrons through a simple square barrier [3]. The
conductance observed here, however, differs significantly as is shown in figure 24 which shows



R1626 Topical Review

the transmission probability as a function of k, for k, = 0. The oscillations in transmission
as a function of k; will be discussed later.

The tunnelling currents as a function of k; vary considerably with spin channel and moment
alignment. For all thicknesses the majority spin current is peaked near the centre of the two-
dimensional zone, while for thin barrier layers the minority spin current has peaks that seem
to form part of a circle centred at the origin of the zone. This structure corresponds precisely
to the localized resonance states seen at the interface in the minority spin channel. As the
barrier layer becomes thicker, the currents at larger values of kK are suppressed and the current
near k; = 0 becomes relatively larger, but the point k; = 0 remains a local minimum. The
localized states which dominate the conductance in the minority channel at small thicknesses
do not contribute as the barrier layer thickness is increased. The current for the anti-aligned
case has features of both the majority and minority currents for the aligned case.

One important feature that is clear from comparing the three panels of figure 15 is the
increasing concentration of the transmission in the region near k| = 0 as the insulating barrier
layer is made thicker. This general feature would be expected from the simple model of a free
electron incident on a square barrier of height Vg and thickness d for which the transmission
probability contains a factor exp(—2dk) where k2 = (2m /h*) (Vg — Eg) + kﬁ In real systems,
the variation of the transmission is much more complicated as we shall discuss below. However,
the strong concentration of majority transmission near kj = 0 and the fact that this region of
the two-dimensional zone dominates the transmission for simple model barriers indicates that
it is important to understand the tunnelling in detail for k; = 0.

Although the k|, dependence of the majority channel conductance has at least superficial
similarity to that of free electrons incident on a simple barrier, the minority channel conductance
(figure 16) is completely different. The complicated, sharply peaked structure arises from the
interplay of interfacial resonance states, the k| dependence of the wavefunction decay in the
MgO (including interference effects), and the symmetry of the minority Fe Bloch states relative
to that of the complex energy bands of MgO.

The transmission as a function of k|| for anti-parallel alignment of the moments (figure 17)
shows a combination of the features observed in the majority and minority channels. For thinner
layers, the highest transmission is near the line k, = 0 in the two-dimensional zone where
there is an interfacial resonance state. As the layers become thicker, the highest transmission
occurs closer to the origin of the two-dimensional zone due to the slow decay in the MgO of
states derived from the Fe majority A band.

5.2. Thickness dependence of conductance and magnetoconductance

The tunnelling conductance was calculated for the Fe|ZnSe|Fe sandwich composed of (100)
planes as a function of the thickness of the ZnSe interlayer for majority and minority channels
and for parallel and anti-parallel alignment of the moments in the two Fe layers [13]. The
conductance is calculated from equation (9) by summing the transmission probability over the
two-dimensional zone. The results, which are plotted in figure 18, show that the conductance is
approximately an exponential function,e /¢, of the barrier thickness, d, with a length of decay,
¢, that varies from approximately 4.6 A for the majority electrons to approximately 3.7 A for
the minority electrons. The decay length for the majority electrons, can be estimated in terms
of the conduction band minimum, E_, the valence band maximum, E,, and the effective mass,
m*, as

1 \/Zm* (E — E\)(E. — E) 8)

0= ﬂ - h2 (Ec - Ev)
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Figure 17. Conductance for anti-parallel alignment of the moments in the electrodes.

which is consistent with the estimate from the free electron model using the effective mass
at the bottom of the conduction band of ZnSe. The thickness dependences of the majority
channel conductance, of the minority channel conductance, and of the tunnelling conductance
for either spin channel for the case of anti-parallel alignment are significantly different. The
decay rates of the parallel alignment minority spin channel and the anti-parallel alignment are
not uniform, and they are much closer to each other at thin barrier thicknesses. This is due to
the conductance from the interfacial resonance states which is particularly important for very
thin barriers. The more rapid decrease in the minority and anti-parallel conductance compared
to the majority leads to a tunnelling conductance at large thicknesses that is dominated by
the majority electrons. This yields a magnetoresistance ratio that approaches unity as shown
in figure 19. This behaviour is quite different from that observed in calculations that were
performed in which the barrier was a constant potential [24].

A similar plot of conductance as a function of thickness for the Fe|MgO|Fe sandwich is
shown in figure 20. In this case, for all thicknesses, the majority conductance overwhelms
the minority or the anti-parallel. Again, the magnetoconductance (not plotted here) should
increase with thickness, with the conductance becoming dominated by the majority channel.

6. Role of electronic structure in tunnelling

First-principles calculations allow one to analyse in detail the effects of the electronic structure
on tunnelling conductance and TMR. Although it is widely believed that the effective barrier
height determines the decay rate of the tunnelling electrons, actual calculations show that this
picture misses a large part of the physics. In particular, the lateral symmetry of the Bloch
wavefunction plays a critical role in determining which complex band in the barrier matches to
an incident Bloch wave. These complex bands in turn determine the decay rate in the barrier.
Other factors that are important in determining tunnelling probability include the interface
resonance states and the chemical bond effect. In this section we summarize these results.
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Figure 18. Tunnelling conductance as a function of the thickness of the barrier layer. The
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Figure 19. Magnetoresistance as a function of ZnSe thickness for an Fe|ZnSe|Fe sandwich. Here
the ratio AG/ G, is used instead of the common AG /G to highlight the approach of the ratio to
unity for large insulator layer thickness.

6.1. Effect of symmetry at k; = 0

The differences in the barrier thickness dependence of the conductance for majority and
minority electrons as well that for the antiparallel magnetic alignment, as shown in figures 19
and 20, are due to the different symmetry of the Bloch states at the Fermi energy. The decays
of the various Fe(100) Bloch states into the barrier are quite similar for Fe|ZnSe|Fe, figure 21,
and Fe|[MgO|Fe, figure 22. Similar to the discussion of tunnelling through a vacuum barrier in
section 2.3, there are three decay rates associated with different angular momentum characters
of the four Bloch states for each spin channel. The rate of decay is slowest for bands with s
character and most rapid for those with only d character. In addition to the different decay
rates, the ease of injection and extraction is also band dependent. Because of the s character of
the A; band in the majority spin channel, it couples efficiently with a decaying sp state in the
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Figure 21. Tunnelling DOS for each of the Bloch states at k; = 0 for an Fe|ZnSe|Fe tunnelling
junction. The top two panels are for parallel alignment of the Fe moments; the bottom panel is
for anti-parallel alignment of the Fe moments, where the left-hand side of the junction is spin up,
while the right-hand side is spin down.

barrier, and thus this band dominates the conductance. The A, bands for both spins are pure
d-bands in the bulk, so they cannot couple with the sp state in the barrier layer. The small sp
component in the Ay bands seen in figure 21 for Fe|ZnSe|Fe and absent in the similar plots
in both figure 22 for Fe|MgO|Fe and figure 5 for Fe|vacuum|Fe, is probably due to the lack
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Figure 22. Tunnelling DOS for kj = 0 for Fe(100)|8MgO|Fe(100). The four panels show the
TDOS for majority (upper left), minority (upper right), and anti-parallel alignment of the moments
in the two electrodes (lower panels). Additional Fe layers are included in the lower panels to show
the TDOS variation in the Fe. Each curve is labelled by the symmetry of the incident Bloch state
in the left Fe electrode.

of convergence in the plane wave basis for the Fe|ZnSe|Fe calculation, which needed a larger
two-dimensional unit cell than the other calculations, and was at the limit of the numerical
capability of the layer-KKR code. Therefore we believe that the actual decay rate of the Ay
bands in figure 21 should be much faster, although this should have little effect on the total
tunnelling conductance and the TMR. The doubly degenerate As band couples to a pd decaying
state in the barrier and as a consequence decays more rapidly. Similar arguments apply to the
minority spin channel, and the much smaller tunnelling conductance is a direct result of the
absence of the A band at the Fermi energy.

The absence of the A; band in the minority spin channel is also the reason that the
maximum conductance for anti-parallel alignment does not occur exactly at k; = 0, as
illustrated from the bottom panels of figures 21 and 22 which show the TDOS for anti-parallel
alignment at k = 0. On the left-hand side of the barrier the majority band A; electrons readily
enter the barrier where they decay slowly with distance as discussed in section 6.1. On the
right-hand side of the barrier, however, these states continue to decay within the minority spin
channel of bulk Fe, resulting in the total reflection of the A; Bloch state. Consequently the
tunnelling conductance is dominated by the As electrons which decay relatively rapidly in
the barrier, but are able to enter the minority spin channel of bulk Fe relatively easily because
there are states to receive them. The Ay electrons decay extremely rapidly as discussed for
the cases of majority and minority conductance. A similar total reflection also occurs to the
minority A, state incident from the left, as shown in the lower right panel of figure 22.
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Figure 23. Dispersion k%(E) for MgO in the vicinity of the gap along A (100). Negative values
of k? determine the exponential decay rates for various Bloch states. E, is the top of the valence
band. E. is the bottom of the conduction band.

6.2. Decay rates determined by complex bands in barrier

One convenient way to understand the relationship of the decay rates in the barrier layer and the
electronic structure of the barrier, in place of the simplistic description of an ‘effective barrier
height’, is to consider the complex bands within the bandgap of the barrier material [14, 33].
The complex bands for energies in the vicinity of the gap for bulk MgO are plotted in figure 23.
In this figure, we plot K (E)Az along the [100] (A) direction for the three symmetries (A, As,
and Ay/), where Az is the interplanar spacing for MgO(001) and k(E) is in the (001) direction.
For each symmetry only the complex band with the smallest values of |k?| in the vicinity of
the Fermi energy is plotted. The nearest complex band with symmetry A, would cross the
Fermi energy with a value of —(kAz)? of approximately 31.5. The energy range for which
all values of k2 are less than zero is the energy gap. The remaining symmetry in the (001)
direction, Ay, which is not represented in Fe or MgO near the Fermi energy, has a minimum
angular momentum of ¢ = 4 and presumably only yields a real band at very high energy. It
would correspond to a state that decays extremely rapidly.

The slowest decay rate is for states with A; symmetry which are predicted to decay at
the rate exp(—2k Az) where k Az = \/—(ka,A2)?> ~ 1.47. Band states in MgO with A
symmetry occur at both the bottom and the top of the energy gap. The next slowest decay rate
is for states with As symmetry. There is a high mass As band at the top of the valence band.
The A, state becomes a band state about 2.7 eV above the bottom of the conduction band.
However, it becomes real at the X point (kAz = m); thus 7 has been subtracted from kAz for
the Ay state for the purposes of plotting the decay rates in figure 23.

Majority Bloch states with A; symmetry in the Fe electrodes decay as evanescent states
with A; symmetry in MgO. Similarly, As Bloch states which occur for both majority and
minority Fe(100) decay as evanescent states with the same symmetry in the MgO. The Ay
Bloch states which have xy symmetry and which occur in both the majority and minority
Fe(100) channels, however, decay as A, states in the MgO. Similarly, the A, states decay as
A, states in the MgO. The reason for this is not a mysterious change in the symmetry of the
wavefunctions, but is due to the fact that the MgO cubic cell is rotated by 7 /4 with respect to
that of the Fe thus states with x’y’ symmetry in Fe have x? — y? symmetry in MgO where (x, y)
and (x’, y") are related by a 7 /4 rotation. The results of these symmetries and the predictions
of the decay rates from the complex bands are in perfect agreement with figure 22.
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Figure 24. Majority transmission probability as a function of k for k, = 0 for four and eight
layers of MgO. The curves end before the zone boundary is reached because there are no states for
ke > 0.55 au~!. Smooth curves show the expected behaviour of the transmission probability from
equation (39).

6.3. Interference of tunnelling states

The first-principles results summarized in the preceding subsections showed that states with
different symmetry decay at different rates as they tunnel through the barrier. Another important
result from first-principles calculations that is contrary to the simple barrier model is the
variation of the tunnelling current with k. Figure 15 gives an overall representation of
the majority tunnelling current throughout the two-dimensional Brillouin zone. However,
additional detail and structure can be seen if the transmission is presented on a logarithmic
scale as is shown in figure 24. The smooth curves in the figure labelled ‘Simple Barrier’ are
functions exp(—2d«k) where d is the thickness of the barrier and « is given by [3]

K=" (Vg — E) +kj = k5 +kj. (39)

Evidently the simple barrier model represented by this equation cannot describe the actual
dependence of k. In particular, the initial decrease of transmission is much faster than that
given by equation (39), and it also appears that the k| dependence is oscillatory, as if there
were wave interference within the barrier!

Ithas recently been noted [ 18] that oscillations of the conductance in Fe|semiconductor|Fe
sandwiches may arise from a quantum well resonance within the barrier layer when
transmission occurs through propagating states in the semiconductor. This is a very well
known result that is expected from simple models. Figure 15 shows, however, a much more
surprising result. The analysis of [14] showed that the oscillations in the transmission that
occur as a function of k| result from the complex band structure of MgO in the energy gap.
The complex values of k, at the Fermi energy are plotted as a function of k| in figure 25. The
two states shown have the lowest value of the imaginary part of k., and are therefore the most
important for determining the transmission probability. The states are plotted as a function of
k along I to X. The smooth curves which provide a good fit to the complex values of k. are
the given by the formula

0, — iy = % +ay/@ — Mm@ ). (40)



Topical Review R1633

0 0.5 1 1.5 2
k,Az

X

Figure 25. Real and imaginary parts of k. plotted as a function of k, for MgO. The two values of
k. with the smallest imaginary parts are shown. Plus symbols (squares) denote values of the real
(imaginary) part of k, calculated with the LKKR code. The solid and dotted curves are the real
and imaginary parts, respectively, of the fit to complex k. described in the text.

where 0, = k;Az and 6, = k,Az. The constants, 9_0, a, n, and & are determined in the
following way: Oy = (GZA‘ + QZAS) is the average of the two imaginary roots for 6, = 0. 7
is the value of 6, for which the curves in figure 25 bifurcate. a and & are determined by the
difference of the two imaginary roots at 6, = 0 and by the requirement that 6, = 7 or O at
0, = /2.

The behaviour of the complex values of k, shown in figure 25 explains the interesting
interference effects shown in figure 24. For k, Az less than 0.59, the point of bifurcation, the
transmission is predicted to decay as [v|? where Y = exp(ik1d) + exp(ikad) with k; and k»
representing the two complex k,-dependent values of k.. Thus for k, Az < 0.59,

|,¢_|2 — e—ZKId +e—2sz + ze—Kld—sz (41)

where k1) = Im[ki(2(k,)], and the transmission decreases much faster with k; than would
be expected from equation (39). On the other hand, for k,Az > 0.59, the imaginary parts
of k and k, are equal so that

[y|? = 2e 2 ® 9] 4 cos[kE (k) — kb (ky)]1d) (42)

where k) and k; are the real parts of the two values of k.. Thus the transmission is a damped
oscillatory function of thickness and is a purely oscillatory function of k, since « is essentially
independent of k, for k, Az > 0.59.

The interference effect arising from equation (40) can be understood heuristically from the
dispersion relation in the vicinity of the gap described within a tight binding model, expressed
as a polynomial in cos(6,) with real coefficients that depend on ... The roots of this polynomial
must be either real or they must occur as pairs that are complex conjugates. If the roots with
the smallest imaginary part are complex conjugates, r, r* then the values of 6, can be found
from

22 =2rz+1=0 2 =2"z+1=0 (43)

where z = e%. Each of these equations has two roots, z?t = r £ r2—1, zjt =
r* £ /(r*)2 — 1. Because Zizy = 232, = 1, we know that only two of these roots will
represent decaying waves. Thus if |z]| < 1, it follows that the two decaying roots, z} and z3,
have equal modulus, |z7| = |z3|. Thus the imaginary parts of 6, for these two solutions will
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Figure 27. DOS on each layer for value of k|| equal to that of the peak in minority interfacial DOS
(higher values) and for the value of k| equal to the peak in the transmission (lower values).

be equal. This would lead to the observed interference effect. Note that this does not explain
why the imaginary part of 6, is almost independent of 6,. Similar oscillatory behaviour for
transmission through ZnSe tunnelling barriers was also seen so this may be a general feature
of tunnelling through real materials.

6.4. Tunnelling through interface resonance states

The tunnelling conductance of the minority spin channel has a very different character from
the majority spin channel. The sharp peaks in figure 16 are mainly due to interface resonance
states [14, 16]. To see this, we first compare the k| resolved DOS on the interfacial iron layer
with the transmission, shown as contour plots for the four-MgO-layer system in figure 26. The
interfacial DOS is large in a ring surrounding the I" point in the two-dimensional zone, with
sharp peaks along the symmetry directions k, = 0 and k, = 0. These peaks correspond to
the states strongly localized at the Fe-MgO interface. Figure 27 is a plot of the DOS on each
layer at the peaks in the interfacial DOS (k, = 0.299, k, = 0.000) and in the transmission
(ky = 0.308, k, = 0.018). The localization of the resonant states on the interface layer is
evident for both values of k.

The presence of the interfacial resonance states leads to a huge wavefunction amplitude
at the interface which, all other factors being equal, would in turn lead to a strong coupling to
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Figure 28. Tunnelling DOS at two neighbouring points in the two-dimensional zone. One point is
at the peak in the transmission (k, = 0.308, k, = 0.018). The other is at the peak in the interfacial
DOS (ky = 0.299, ky, = 0.000).

the evanescent states in the barrier and a large transmission probability. However, this is only
part of the story because the transmission is actually quite low for the value of k| for which
the DOS of the interfacial resonance is highest. The decay rate in the barrier is also important,
which for a given value of k| is determined by the wavefunction symmetry as we discussed
in section 2.3. Figure 28 shows the TDOS both at the peak in the interfacial DOS and at the
peak in the transmission. There is a large difference in the rate of decay of the TDOS in the
two cases. Because the Bloch state at k, = 0.299, k, = 0 (the peak in the interfacial DOS)
has no s character, it can only couple to an evanescent state in the MgO that decays rapidly.
Very slightly out of the k, = 0 plane, however, the wavefunction has significant s character
and can couple to an evanescent state that decays slowly.

6.5. Chemical bond effect

Interface resonance states have a dramatic impact on the minority spin conductance but have
very little influence on the majority spin conductance. Recently, we have discovered a different
mechanism [42], a chemical bond effect in the Fe|FeOx|MgO|Fe tunnel junction, that can
change the majority spin conductance by more than an order of magnitude, while having
minimal impact on the minority spin conductance. To investigate the role of oxygen in the FeO
layer, which is often unavoidable during the growth of the film [40, 41], we used the coherent
potential approximation [43] to study the TMR as a function of oxygen concentration in the
FeO layer. The result plotted in figure 29 shows that, after initial small changes for low oxygen
concentration, the ratio of parallel and anti-parallel conductances drops exponentially as the
oxygen percentage increases above 50%. The first clue that this is a chemical bond effect is the
change of the dipole moment on the Fe ASA sphere in the FeO layer as a function of oxygen
content, plotted in the same figure. This moment drops from about 0.19 electrons x Bohr
(au) at zero per cent oxygen to 0.05 electrons x au at 100% oxygen. For reference, the
corresponding Fe dipole moment on a clean Fe surface is about 0.22 electronsx au. The
dipole moment on the oxygen ASA sphere in the FeO layer stays in the range between 0.06
and 0.08 electronsx au as a function of oxygen concentration. [42] showed through the
examination of the charge distribution at the Fermi energy and the net charge on the oxygen
atoms that the Fe—O bonds remove a sheet of electrons from the interface region, which causes
the reduction of the tunnelling conductance.
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Figure 30. Tunnelling DOS for ky = 0 for Fe(100)|8MgO|Fe(100) and Fe(100)|FeO|
8MgO|Fe(100). The diamonds connected with lines are the TDOS summed over each atomic
layer. The crosses are the TDOS on the oxygen spheres. The squares are the TDOS on the Mg
spheres in the MgO layer or on the Fe spheres in the Fe(100) layers or the FeO layer.

The TDOSs at k; = 0, with and without the FeO layer, are compared in figure 30. The
change in the TMR ratio is dominated by the change in the parallel majority spin conductance,
which in turn is dominated by the contribution from k; = 0 Bloch electrons. Comparing the
TDOS in figure 30 for the A; state between the Fe|FeO|MgO|Fe stack and the Fe|MgO|Fe
stack, we can see that the tunnelling state decay rate is about the same within the MgO layer,
and the coupling between the tunnelling state in MgO and the outgoing Bloch state in the
right-hand Fe lead is also about the same. The big difference that causes the more than one
order of magnitude drop in the tunnelling conductance comes from the reduced coupling of
the incident Bloch state from the left-hand Fe lead though the FeO layer into MgO.

We also plotted in figure 30 the TDOS on individual atomic spheres in these layers. It is
obvious from the plot that on layers where oxygen atoms are present they dominate the TDOS.
Consequently, most of the tunnelling current flows through the oxygen sites. However, the
symmetry of the wavefunction on the oxygen site in the FeO layer is very different from that of
the oxygen site in the MgO layer. This is evident from the different ratios between the partial
DOS in s and p components. According to our calculation, the A; state in MgO has about
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the same order of magnitude s and p components on the oxygen site, with the p component
somewhat larger than s. On the FeO oxygen site, the p component is more than an order of
magnitude larger than the s component. Thus, in order for the wavefunctions to match across
the layers, a much smaller fraction can be transmitted through the FeO layer compared to when
there is no FeO present.

The reduction of TMR when there is an FeO layer present is clearly due to the formation
of intralayer Fe—O bonds. Without the FeO layer, a sheet of electron density similar to that
on a clear iron surface exists between the interface iron atom and the first MgO layer and
provides a path of low resistance for the tunnelling current. With the FeO layer, as a function
of increasing oxygen concentration, the electron density becomes more and more concentrated
within the FeO plane and confined within the Fe—O bond thus greatly reducing the tunnelling
current through the iron atoms. At 100% oxygen the tunnelling current flows almost entirely
through the oxygen atom. Due to the mismatch of the wavefunctions between the oxygen
orbitals within the FeO layer and those within MgO, the tunnelling current for the parallel
configuration is greatly reduced. The antiparallel current, dominated by the contribution from
interface resonance states, is actually increased slightly by the oxidization of the interface
iron layer. This is probably due to the rearrangement of the interface resonance states which
coincidentally match much better for one of the (anti-aligned) spin channels. This leads to a
much smaller TMR ratio.

In [35] the possible effect of chemical impurities on the interface was discussed based on
a change of the interface magnetic moment caused by the introduction of impurities. It was
argued that if the chemical bond effect reduced the magnetic moment on the interface, then
a reduced spin polarization of the interfacial DOS would lead to a corresponding reduction
in the spin polarization of the tunnelling current. Our calculation shows that if there is any
connection between the magnetic moment and the spin polarization of the tunnelling current,
such connection is not consistent with the above argument. In the case of Fe|FeO|MgO|Fe,
the magnetic moment of the iron atom in the FeO layer is 3.33 ug, about 10% higher than the
value of 2.97 up at the interface of Fe|[MgO.

7. Conclusions

A number of common themes have emerged from the first-principles studies of spin-dependent
tunnelling junctions. We believe that the following results apply rather generally to tunnelling
in epitaxial systems and to be contrary to the simple barrier model that is typically used to
describe electron tunnelling.

(1) The symmetry of the Bloch states at the Fermi energy and their relationship to the symmetry
of the slowly decaying evanescent states in the barrier layer are crucial to understanding
tunnelling conductance. Note that for electrons with kj = 0, these states and their
symmetries can be obtained from ordinary band structure calculations.

(2) There will typically be more than one evanescent state in the barrier layer at the Fermi
energy. It is possible, even likely, that the tunnelling conductance will be affected by
interference between these states. Itis not yet clear to us whether this interesting prediction
can be observed experimentally.

(3) Interfacial resonance states can, through their effect on the wavefunction matching at the
interface, significantly enhance the tunnelling probability.

Results that are particular to tunnelling through epitaxial insulators on Fe(100) Include
the following.
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(1) Majority channel tunnelling is dominated by the transmission through a A; state at small
values of transverse crystal momentum.

(2) Minority channel tunnelling is smaller and is strongly enhanced for values of k; near
interfacial resonance states.

(3) TMR increases with thickness. Conclusions (2) and (3) are tempered by the caveat that
the interfacial resonance states seem to be very sensitive to the details of the interface.

(4) The nature of the chemical bonding at the interface and its effect on the wavefunctions at
the Fermi energy can greatly influence the tunnelling conductance and the TMR. A single
atomic layer of FeO can cut the conductance by more than an order of magnitude through
the formation of intralayer Fe—O bonds.

Insights that may be relevant to the more general problem of tunnelling through non-
epitaxial barriers include the observation that the state with the slowest decay rate in the
barrier is typically one with significant s or free electron character. Thus the reason that the
tunnelling conductance has been shown to be dominated by majority electrons, in those cases
where the spin dependence of the conductance could be determined by use of a superconducting
electrode, may simply be that, for most of the magnetic transition metals and their alloys, the
majority Fermi energy DOS has more free electron or s-like character than the minority, which
is typically is predominantly d-like. The reason that the d electrons do not tunnel efficiently
is that they have a much higher decay rate in the barrier because of their additional in-plane
oscillations.

An additional general observation is that, all other parameters being equal, tunnelling
rates are higher if there are similar or identical states on both sides of the barrier. Thus the
tunnelling electrons need not only to get through the barrier, but there must be a state of the
correct symmetry on the other side to accept them. The symmetry matching or mismatching
of the wavefunctions on both interfaces should be an important consideration, especially in the
case of a finite voltage bias which would tend to move similar states on both interfaces away
in energy.
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