PHYSICAL REVIEW B, VOLUME 65, 165103

Ab initio Green-function formulation of the transfer matrix: Application to complex band
structures

D. Wortmann®* H. Ishida? and S. BligeP
Ynstitut fir Festkaperforschung, Forschungszentrurilidh, 52425 Jiich, Germany
2College of Humanities and Sciences, Nihon University, Sakura-josui, Tokyo 156, Japan
3Fachbereich Physik, UniversitaDsnabrick, 49069 Osnabiek, Germany
(Received 8 October 2001; published 29 March 2002

A method for the first-principles calculation of the transfer matrix is presented. The method is based on a
Green-function formulation and allows one to relate the wave functions and their derivatives on boundaries at
opposite sides of a film or junction of finite thickness. Both the underlying theory and an actual implementation
in the full-potential linearized augmented plane wave method are described. Currently the embedding method
is used to evaluate the Green-function matrix elements and in turn we show that the transfer matrix can be used
to construct the embedding potential. Some possible applications of the transfer-matrix method such as the
calculations of the complex band structure or the calculation of the transmission and reflection coefficients for
ballistic transport are discussed. As a first example, complex band structures of Cu, Fe, and Si are presented.
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[. INTRODUCTION lated molecule located between two semi-infinite jellium
electrodes recently applied by Di Venteaal 1% van Hoof
An electron propagating through a crystal towards an in-et al'? employed the embedding method of Inglesftélw
terface can either reflect or transmit. This rather simple statezalculate the transmission matrices in magnetic interfaces.
ment is at the heart of fields such as nanoelectronics, magther schemes reformulated the LandauéttiBer'* formula
netoelectronics, spin electronics, or molecular electronics—ef ballistic transport in terms of a description based on
areas of great importance for future technology.single-electron Green functions. They are further classified
Understanding the transport properties on the basis of thmto simple phenomenological modéfstight-binding (TB)
underlying electronic structure is a key issue. On the othemodels!®~?° and those using the more realistic TB-LMTO
hand, over the past decades, the core of methods developéRefs. 21,22 or KKR methods>?* Currently also
to performab initio electronic structure calculations based method$é>?® are being explored which derive the ballistic
on density functional theory focussed on finding eigenstatesonductance from calculations in supercell geometry.
for electrons in increasingly more complex material systems. In the present work, we will present a general method
These eigenstates are usually calculated within some slab @arhich can be applied to a wide variety of problems. For
supercell geometry with periodic boundary conditions, areexample it can be used to calculate the complex bandstruc-
used to calculate the total energy of the system or forceture of bulk crystals, ballistic transport properties of inter-
exerted on the atoms. In the field of transport, however, irfaces, and the electronic structure of semi-infinite surfaces. It
particular ballistic transport, one has to consider a scatterings based on a transfer matrix for one-electron wave functions
problem. In the asymptotic region, i.e., in the interior of thewhich is calculated using a Green function in the linearized
electrodes on both sides of the interface, transmitted and reugmented plane wave APW) basis. The method should
flected electron waves are expressed as the superposition thierefore inherit from the full-potential LAPWFLAPW)
generalized Bloch states. The generalized Bloch states inmnethod the generality in the choice of systems and the accu-
clude the propagating Bloch waves as well as evanescemacy in the description of the underlying electronic structure
states that decay exponentially. The amplitudes of thesehich was often missing in previous approaches. As a proof
waves are determined such that the total wavefunction coref principle, we calculate in this paper the complex band
nects smoothly to the solutions of the Sdfirmer equation  structures of bulk Cu, ferromagnetic Fe, and Si. The complex
in the interface region. band structure is a concept which is fundamental for the
In the past a number of methods have been developedescription of the scattering at interfaces. It has recently re-
which address the problem of calculating the transmission ofeived much attention as Mavropoules al?’ has shown
ballistic electrons through interfaces. Among these are mettthat it provides a very good understanding of the spin-
ods which directly integrate the Schiinger equation across dependent tunneling in magnetic tunnel junctions. The
the interface and construct a solution of the entire problenthoice of systems was motivated in order to compare our
by matching the solutions at some boundary surface to theesults with those available in the literature as well as to
bulk solutionst= To avoid numerical instabilities in integrat- demonstrate the wide variety of systems which can be stud-
ing the Schrdinger equation, Wachutkaand Stiles and ied ranging from semiconductors to ferromagnets. The good
Hamanri® developed methods in which the initial value agreement with previous results opens the perspective to
problem is translated into a boundary value problem. Pangtreat complex multicomponent systems in the near future.
invented a method to calculate the conductance for an iso- The paper is organized as follows. In Sec. Il we will give

0163-1829/2002/68.6)/16510310)/$20.00 65 165103-1 ©2002 The American Physical Society



D. WORTMANN, H. ISHIDA, AND S. BLUGEL PHYSICAL REVIEW B 65 165103

The key quantity of the method presented in this paper is the
transfer matrixT, called theT matrix hereafter. It maps the
left boundary values of a solution of the Sctiimger equa-
tion onto the right ones:

‘PRZT’\PL. (2)

FIG. 1. Setup used to calculate the transfer matrix. The region of Now, we will show that the T matrix can be expressed in
interest is a slalf) between the two boundari& andSg. Q is  terms of the Green function defined §h
infinite in two dimensions and of finite size normal to the bound-
aries. The surface normals indicated by arrows are assumed to point (H=2)G(r,r ;Z2)==8(r—r"), 3
outwards. R
whereH is the usual Hamiltonian consisting of the potential
and kinetic energy terms. Applying Green’s theorem to the

a g_eneral outline of_our approach_. The transfer_ ma_trix iﬁwomogeneous and inhomogeneous Sdimger equation, the
defined and the relation to a specific Green function is pre- , - . ) . '
sented leaving a more general expression to the Appendix. Ifave functiony(r) in region( including the boundary sur-

Sec. IIl we discuss two possible applications in more detailface S can be expressed by the Green funct®(r,r ’;2)
the calculation of the complex bandstructure and of transmistsee, for example, Ref. 13
sion coefficients. In Sec. IV we show how the embedding

method is employed to construct the adequate Green func- Fl=— Ef G(FF) - th(F

tion. Details specific to the actual implementation in the wnN=-3 SL+SR[ (1Fo) dn (1)

FLAPW method is discussed in Sec. V. Section VI contains . . .

first numerical results. Finally, we summarize the main re- —dnG(1, 1) (1) 1d%ry,, (4)

sults Of. this paper and give a short O.UthOk on possible fUtur?/vhere the energy dependence of the Green function has been
extensions. Unless stated otherwise we use the Hartree

atomic units withe=m=7%=1 throughout this paper. omitted for simplicity. It should be noted thgii(r) may ful-
fill a different boundary condition o than the Green func-
tion G(r,r ). By placingr in Eq. (4) either onS, or onSg,
Il. TRANSFER MATRIX one obtains a set of linear equations relatiggand d, i, .
) o , . Comparing these linear equations with the definition ofthe
We start with defining a region of spa€ewhich has the  yayix in Eq.(2), one obtains an expression for thenatrix
shape of a slafsee Fig. 1, i.e., we assume th&l is infinite 5 terms of the Green function and its surface derivative. A
in two dimensions and of finite size in the third d'mens'on-particularly simple form is obtained by choosing a Green

To get an idea we have in mind, the slab could consist of qnction which satisfies the von Neumann boundary condi-
single layer of atoms of bulk material with two-dimensional tjon of vanishing normal derivative o&

translation symmetry, called a monolayer, or of a few mono-

layers, forming a heterostructure or describing an interface 9 . .o

between two semi-infinite crystals. The boundary surface of S5 G(rry,;2)=0 for r#ry. (5

the slab volume is divided into two parts: the left bound-

ary S, and the right oneSg. Throughout the paper we will In this case one can derive a simple matrix expression for the
use the indiced andR to denote quantities defined @& T matrix in terms of surface Green functions,

andSg, respectively, and indelx to refer to eithelL or R. S

without any index refers to bots, andSg. Given a local GouGl _ 1 l -1
and spin independent potential energy defineftiand onS, T=| RRTLR T2 CGrut 5 GrAGLRGLL G
V(r), we consider solutions of the Schilinger equation cor- —2G ¢ -GG,

responding to this potential. Since the Salinger equation

is a second order differential equation, its solutigqr) in @~ Where the surface Green functio® , G r, GrL, and
with complex energyZ = e+i & is completely determined by Ggg are defined by placing andr ’ onto the bomindf\riesb
specifying the valuey(r,,) and its local normal derivative and S, respectively. For exampl€ g(Z)=G(r  ,rg;Z),
3n¢b=5nlﬂ(Fb)Z(ﬁlﬂn)llf(Fb), on one of the boundary sur- with the first argument of the Gree_n_f_unction_ placed$n
facesS,. As indicated in Fig. 1, the positive surface normal @1d the second 08 . Systems exhibiting collinear magne-
is chosen to point outwards with respect to the regirifo ~ tiSm are diagonal in spin space and the formalism above

simplify the notation, we define a vector of the boundary@PPlies to both spin-up and -down states independently.
values Let us consider a one-dimensional free-electron system as

a simplest application of Ed6). Assuming thaf) occupies

the interval G=z=d, the Green function satisfying E(p) is

( w(;b) ) given by G(z,z') =2 coskz)cogl(d—z)]/[ksinkd)], where
= - (1) k=+2Z, and z, and z, denote the smaller and larger of

Int(rp) z and Zz', respectively. Thus, we haveG  =Ggrgr
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=2 coskd)/[ksinkd)] and G, g=Gg =2k sin(kd)]. Substi- A. Complex band structure
tuting these in Eq(6), one obtains a well-known expression  \ost fundamental is the calculation of the complex band
found in elementary text books structure as it is the basis of further applications of the
theory. Generally, the term complex band strucitiférefers
cogkd) ~ sin(kd)/k to the so-called “real bands” consisting of the solutimiﬁz
T= (7)  with real energye and in general complex Bloch vectoks

—ksin(kd)  —cogkd) =q+ix. In the bulk of a crystal, the translation symmetry

requires that the Bloch vectors are purely real. But near a

Even though the formulation of tiEmatrix in terms of a  crystal surface or interface the wave function of compiex
Green function with vanishing normal derivative &his  vector can match with wavefunctions in the crystal, and thus
simple, it is not compulsory to impose this boundary condi-are describing evanescent surface, interface, or metal in-
tion. The full expression fofl taking also nonzero normal duced gap states. Although these states with comf)lee(c—
derivatives of the Green function into account can be foundors occur only in systems with broken translation symmetry,
in the Appendix. To avoid misunderstandings, we would liketheir general properties can be derived from the bulk band

to stress that the Green function with the von Neumannycyre of the material, if one formally allows compliex
boundary cqr_1d|t|on is not necessarily swtable to calcu'latQ/(:"ctors to characterize the solutions of the $dhmger equa-
other quantities. For example the density of states giveRn, for the bulk potential. This can be understood from the
by the imaginary part of the Green function(r;e)  observation that the modification of the charge density and
=—2/7Im G(F,F; e+id) [where § is an infinitesimal the potential due to the interface is confined in the vicinity of
imaginary energy corresponds to a density of states of anthe interface and stretches at most over a few atomic layers.
isolated slab with von Neumann boundary condition im-An evanescent wave, on the other hand, can extend over
posed, which is of little use. In particular, § is part of a many layers far into the bulk crygtal, and is therefore repre-
bulk system, the density of states of this system can only beented by solutions of the bulk Schlinger equation, but for
calculated from a Green function which fulfills boundary complex wave vectors.
conditions consistent with the bulk periodicity. We now assume that the regiéhis a principle layer of a
Before describing possible applications of the theory, webulk crystal with three-dimensional translation symmetry.
shortly want to compare our approach with existing methodsThe principle layer is a bulk unit that can generate the infi-
At first glance our method may appear similar to real-spacdiite three-dimensional bulk material upon application of
methods such as those in Refs. 1,2. However, one importaiitanslation-symmetry operations normal to the layer. For ex-
difference is that we do not obtain the transfer matrix byample, for a lattice with bcc or fcc crystal symmetry the
solving an initial value problem in which one choosesprinciple layer is just a monolayer, or a plane of atoms. Thus,

boundary values only at one surface and integrates thghere exists a translation vectbbetweenS, andSg, which
Schralinger equation on a real space grid to obtain the valis a lattice vector and one can exploit this translation sym-
ues on the opposite side. Because of the existence of theetry by the generalized Bloch theorem. In contrast to the
exponentially increasing solutions of the Sdftirger equa-  usual(propagating Bloch states, in applying the generalized
tion such an approach is intrinsically unstable. Furthermoreloch theorem one does not require the states to be normal-
so far the application of such methods has been restricted §gable in the whole space, i.e., one also allows solutions of
local pseudopotentials and extensions to the nonlocahe Schrdinger equation which decay exponentially. Since
pseudopotentials or an all-electron description is very diffi-these decaying states grow exponentially in the opposite di-
cult. In our calculation of theT matrix by Eq.(6) both  rection of the crystal, these solutions are not solutions of an
boundaries are treated on the same footing. A further poinfinite crystal. For any generalized Bloch state the following
we want to mention is the difference between our definitioncondition will hold between?, and¥:

of the transfer matrix and the one used for example by van

Hoof et al'? While van Hoofet al. use an additional plane- W(r, +d)
wave basis outside regidn, i.e., to the left ofS_ and to the P :( i . ) =exp(il2&)~l\lf|_, (8)
right of Sg, to define a transfer matrix which operates on Anp(r +d)

states given in this basis at the boundaries, our method treats _

the regionQ) only and does not depend on any outside re-where the matrix =((1) ,01) was introduced to take the defi-

gion. As an advantage, E@6) can be applicable to any nition of the positive surface normal into consideration,

curved surface. which reverses its direction as, changes fronS, to Sg.
Together with Eq(2) one obtains an eigenvalue problem

I1l. APPLICATIONS 7F\PL= A 9)
Having obtained thél matrix one can calculate various o

quantities of which we will present two in more detail: the whereT=IT. TheT matrix is a general complex matrix with

complex bandstructure and the calculation of transport propeomplex eigenvalues = exp(kd) which determine the com-

erties. plex bandstructure of the system. We obtain the real bands
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sume that the scattering potential is confined witQini.e.,

the potential in the leads is assumed to be the bulk crystal
potential. The wave function corresponding to this scattering
process is written as

A
YN+ 2 (), T leftof Q,
Lead L Q Lead R R n mo
(r)= o (10)
FIG. 2. Setup of the transport problem. The regdris sand- > taw (1), r right of Q,
n’

wiched between two leads and contains all scattering potential. The

potential in the leads to the left and the right is assumed to b?/vhere N denotes an incomind Bloch stateoronagating to
bulklike. In the leads one incoming wavk, and the reflected, Yin 9 gropagating

and transmitted); generalized Bloch states of the complex bandthe right, the Sum ovem IS C?mEd out ovgr all reflected
structure are sketched. statesy, propagating or decaying to the left into the left lead

and the sum oven’ is carried out over all transmitted states

Lo _ . ] ¥, propagating or decaying to the right into the right lead.
e(k) in terms ofk(e) by determining thel matrix T(€) for  According to the formulation of Landauer and Bker™ for
a set of real energies and solving Eq(9) for A (e). ballistic transport, the conductanGeis obtained as

At this point we would like to stress some important prop-
erties of theT matrix. As the solution of the Schdmger e? )
equation is uniquely determined by the vector of the bound- G= h ; E [tane|*. 1D
ary valuesV, (or V), the eigenvectors of th€ matrix are "
linearly independent and thE matrix can be inverted. The The first and second sums in E41) are carried out over all
inverseT matrix maps¥ i ontoV . For a real band, i.e., for the incoming and transmitted propagating states at the Fermi
an energyZ=e, it is easy to prove that(k) = e(—K) if the ~ energy, respectively, and it is understood that they are nor-

potentiaIV(F) is real and periodié® Thus, the eigenvalues of mal|zeq t(.) have a gmt current density. The reﬂectpn and
the T matrix appear in pairs,\’ with \\'=1. In other transmission coefficients,,, and t,,, can be determined

words, for each eigenvalueof the eigenvalue spectrum of matching the wave function across, i.e., by the require-

. . . . ment that the total wave function is continuous and has con-
corresponding to the generalized Bloch vedtpthere exists tinuous normal derivative at both boundariestbf

an inverse eigenvalug " corresponding to- k. Therefore, The actual evaluation of the transmission coefficients for
the inverseT matrix T~* has the same eigenvalue spectrumeach incoming Bloch wave is generally a nontrivial problem.
asT. This opens up an interesting aspect of the theory. Thejowever, it can quite naturally be related to the transfer ma-
eigenvectors off can be grouped into two sets. One set oftrix, which gives the transfer-matrix method a high potential
eigenvectors corresponds to states which propagate to ther later applications in areas of transport. The derivation of
left if [\[=1 or decay to the left if\|>1. The other set the transmission coefficient from the transfer matrix is
contains eigenvectors describing states propagating to thgaignt forward. Placing either onS, or Sg one can rewrite
right ([A|=1) or decaying to the righty|<1. This classifi- Eq. (10) in terms of boundary value®, =¥, + =1 ¥ "
cation of the eigenstates is important for the second applica- N )
tion of the theory, which we discuss below: the calculation of2nd ¥r=2ntay Wy . Relating the boundary values by the
transport properties. T matrix in region{} according to Eq(2), we obtain the
In many applications one considers the scattering an§duation
transport of electrons at surfaces and interfaces. In this case,
the corresponding surface or interface planes of the bulk 2 tnn/‘l’?’:?q’?ﬁz rnmﬁ"l’{“, (12)
crystal exhibits two-dimensional periodicity in the plane, and ' m
it is convenient to choose the planar comporié‘nt)f k as
real. As the Hamiltonian, the Green function, and Thma-

trix of the bulk crystal are diagonal iﬁ‘, one can calculate
the perpendicular component lof kZ(IZ” ,€), as functions of IV. THE EMBEDDING METHOD

IZ” and e. For magnetic systems all quantities have an addi-
tional spin index.

whose solution gives the transmission and reflection coeffi-
cientst,,, andr .

In the following we discuss the embedding method devel-
oped by Inglesfielf from the viewpoint of the present
transfer-matrix method. At two different points one can make
B. Reflection and transmission coefficients contact between the embedding method and the transfer-
To define the problem, we will consider a ballistic elec- matrix method:(i) the embedding method can be used to
tron approaching the left boundary surface from the left an®btain a Green function with the proper von Neumann
being reflected i) or being transmitted into a lead to the boundary condition andii) the transfer-matrix method can
right. As shown in Fig. 2 the total setup now consists of three?€ used to calculate the embedding potential.
regions, the left and right leads, and the regidnWe as- In the embedding method, the Hamiltoniahk contains
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an additional term, which acts only at the boundary surface Region 1 Region 2
S, leading to the following form of the Schdnger equation: ? g
s L\ ~ R

(Fs—2)u(f)=0, (13 \

1]

where {

1Y

A

> 1Y

A p) =R+ S Lamnongx| 220 y

— _ _ ]

\

.. I !

_ZJ VE(r:rb;Z)‘//(rb)dzrb)y (14 !

So

wheren is the surface normal coordinate amglspecifies the F--Ds-

position ofS,, alongn. In Eq.(14) the one-dimensional delta

function ensures that the extra term acts only whes on FIG. 3. Setup used to generate planar boundary surfaces. Two
S,. The extra ternVs is called the embedding potential and additional volumes are added ( andAg) to () to obtain region 1.
can be thought of as a generalized logarithmic derivative of he second region consists only of the these additional volumes.
the solutionys at the boundang, of Q:
former approach suffers from the muffin-tin approximation
.. . . in the potential whereas the latter converges poorly when the
=2J V(.M Z)g(r'y)d?r,. (15  imaginary part of the energy is too small. However, the
o boundary values obtained in a complex band structure calcu-
In our scheme we use the embedding method only to obtailftion may be used to overcome this. The boundary values,
a Green function satisfying the von Neumann boundary conk-€., the eigenvectors df, do include both the valueg(ry)
dition on S,. One realizes directly from Eq15) that this  and the derivatives?,(r,) of the wave function at the
boundary condition is imposed if the embedding potential ishoundary surfacs, . Thus, by writing down Eq(15) for all
set to zero,\/z(Fb ,Fb/):o. If one furthermore solves in Eq. the generalized Bloch states propagating/decaying away

IP(ry)
an

(13) the Green function from the surface and then inverting a matrix that comprises
R . Lo all of (r,) as its column vectors, one can obtain the em-
(Hy=2)G(r,r ;2)==8(r—r"), (16)  bedding potential.
instead of the wave function, one obtains the desired Green
function with the von Neumann boundary condition E5). V. IMPLEMENTATION

As pointed out in Ref. 30 the embedding method has the
additional advantage of producing an accurate Green funcm

tion especially when the arguments of the Green function arg|| APW based methods the space of the unit cell is parti-

Flaceo! at the l;oundag surzﬁce, Wh'crt' ('35 of cfrumatl_l IMPOioned into muffin-tin(MT) spheres around the atoms and an
ance In our scheme. since e present Lreéen TUNCUon Correga it (int) region. Generally it is not possible to define a
sponds to that of a finite slab, it has discrete poles on the reg|

energy axis. Theoretically, the singularities related to thos
poles should be canceled such that Theatrix itself exhib-

The calculations in this paper are based on the FLAPW
ethod, thus the Green function is expanded in LAPW’s. In

lanar surface between adjacent monolayers which does not
ut through muffin-tin spheres. Cutting through muffin-tin

! . . pheres introduces limitations in the numerical accuracy of
its no singularity even on those energy values. It has turne

t that this stat t hold Il al icallv. S e final results and should preferably be avoided. Using a
out that this statement holds very well also numerically. S0, surface, however, would make the formulation of the

"Ycheme extremely complicated. One option to overcome this
difficulty may be the application of the augmented Fourier
components method developed by Krasovsidial®” in

applications to electronic structure calculatidhs> it was which the LAPW basis is substituted by a plane wave basis
shown that the correct boundary condition of a small reglonexcept for relatively small spheres surrounding the nuclei.

embgdded into a Iz;rger one can be incorporated by imPOSinlt-Jlowever, his method cannot be applied, for example, to vici-
a suitable embedding potentid} . Formally, the embedding nal surfaces. In the present work, we use a setup as intro-

potential Vy is defined as a surface inverse of the Greery qqoq in Refs. 36,38. As illustrated in Fig. 3 we add first
function of the larger region, which has vanishing normalauxiliary volumesA, and Ag to the left and right of the

derivative onS,, and which fulfills the outward boundary ~ ~
condition at the outer boundary of the larger region. HOW_curved boundary surfaces and S of the slab(}, respec-

ever, this prescription is not suitable for practical calcula-iVely, until planar surfacesy; can be constructed. In addi-
tions. In previous applications the embedding potential wadion, we use a second volume between the su_rfsﬁn-
generated either from a reflection matrix as obtained from &ining no muffin-tin spheres but only the regioAs and
layer-KKR method®? or by iterative scheme¥:®> The Ag. They can be joined together at the curved surfages

function in our numerical calculations of tAematrix.
In the original paper by Inglesfietdiand in subsequent
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andSs, which are simply shifted by the lattice vectdrWe  Where in the case of the sin bagisis a half-integer number

calculate thel matrix in both regions 1 and 2: ranging from 0.5 t0 Nyt 0.5 (N=0.51,1.5. .. Npax
+0.5), and in the case of the exp basigs an integer with
T1i=Ta TaTa, ~NmaxSN<Nmax. The widthD is larger than the width of
the region 1. This ensures that the basis set has sufficient
To=Ty Ty . (17) variational freedom to describe the Green function at the
RTL boundaries of region 1. Usinly; two-dimensional vectors
From thesel matrices we determine g” y this basis consists CMHX (2nmax+ 1) functions. The ba-
sis functions in region 2 containing no muffin-tin spheres are
T=T,T, =T, TaT:1. (18)  constructed in the same way without any augmenting func-
R R

tions T in muffin-tin spheres and wit® larger than the
The eigenvalues of the so-definddmatrix T and T, are  width of A| + Ag. Using the basis set, E¢L6) turns into a

identical. The eigenvectors dfare given onS3 and can be  matrix equation for the Green-function matt(g,g'). The
transfered byT, * to S? which can be identified witl§{ . In T matrix in Eq.(6) can be written in terms of the matrices of
principle, the potential energy in auxiliary volumas and  the surface Green functions

AR can be chosen arbitrarily. In the present work, we use the

continuous extension of the FLAPW-interstitial potential. Its - - 1 -

advantage is that the resultant potential becomes smooth ~ Cbv (91,97 =7 2 fo,(20)G(9.9 )y (2z0). (22
throughout the entire regions 1 and 2, and that, as a result, 929;

one does not need to define the curved surf&explicitly.  One should note that these matrices of the boundary surface
We expand the Green function with complex eneZg@nd  Green functionsG,,,, are contractions of the total Green-
the two-dimensional wave vect&ﬁ as function matrix over the basis functions describing the varia-
tional degrees of freedom normal to the surf&&eThese
- - > s " >, matricesGy,, are defined only in the two-dimensional basis
Gi(rir52)= 2 bi,.6(r) Gk (9,9 ;Z)¢|2H 5, and therefore are only of siz\(XN;). The T matrix is a
9.9 (199  (2Njx2N)) matrix and the boundary valuels, are vectors
of dimension N;. Some extra care has to be taken when the

Wheregzs,;H ,d(F) are defined in region 1 as lattice vechra is not normal to the surfac§ i.e., when the
o projectiond; onto the surfac& does not vanish. In this case
1 fgz(z)ei(k\\+g\|)f\|' fe int, an additional phg_se factor ha§ to be inqluded _in the general-
¢'Z\| GO="=1 ur - ) (20) ized Bloch condition and the final E€Q) is rewritten as
VA Izuyé(f), re MT,

idc'i'"")-.”/-/ i) — R
where A denotes a normalization area. In the muffin-tin - > el ITCgy,1;9),1)WL(g), i) =AY (g),i),

N g’.i'=1.2
spheres, the function$E""T’§(r) are linear combinations of ” (23)

Ladlal r:un_ctulnnhaj,(r) gn:/ thei'r eljergy_ derl\I/atlvles mu(;t_lpllted wherei =1 denotes the value ane 2 the normal derivative
Y spherical harmonic |m(r). given In a local coordinate component ofl and¥, . Equation(23) is then solved for a
system. They match the basis functions in the interstitial re- ~ , ) ) i
gion at the muffin-tin spheres in value and slope. They could€t Of kj points and energies, and in case of magnetic
also be supplemented by local orbifdi¢? or alternatively ~ SYStems also for spin up and down states.

an APWALO basis set could have been chosen as suggested 10 ensure sufficiently accurate two-dimensional surface
by Sjtstedtet al2 The vectorsf:(FH 7) andéz(é“ g,) are Green-function matriceGy,, , the basis functions have been

. ’ 192 - .

split into a vector parallel to the surfaces and @mponent ~ chosen such that thg vectors are taken out of a cylinder

perpendicular to the surface or interface, whereare two- ~ With radiusg"™, {gl[k;+g|=<g["”,9,=(27/D)n}, and not
dimensional reciprocal lattice vectors corresponding to thérom the standard sphefg||k+g|<g35’}. Typical cutoffs

lattice structure in the plane. in our calculations wereN;=25 [(gﬁ”ax)zmg—lG Ryl
We implemented the formalism into two different two-dimensional plane waves and for each of thesg.2
FLAPW codes (e.g., see URL http://www.flapw.dle in  ~30 basis functions in the direction. This includes some

which two forms of the zdependent functionsfy (z)  ynysually largeg vectors in the plane wave basis set, which

have been used:fy(2)=(2/D)"?sing2) and fy(z)  requires additional attention. Largevectors correspond to
high kinetic energy contributions to the interstitial part of the
Hamiltonian matrix. To obtain a sphere representation of the
basis function which is well matched at the sphere boundary
to the plane waves and represents the kinetic energy contri-
g,=—n, (21)  bution in the muffin-tin sphere with the same accuracy as in
D the interstitial region, we work with a high angular momen-

=(1/D)Y?exp(g,2). Both implementations do lead to the
same resultsy, is chosen to be
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tum | ay cutoff for the sphere representation. In our calcula- _f ' '!
tions values ofl ,,,~20-30 had to be taken into account. -

However, as the basis functions with Iar@eiescribe nearly gl
free electrons, the high,s cutoff is only necessary for the = |
calculation of the overlap matrix and the matrix elements of 2 4|
the kinetic energy part of the Hamiltonian but not for the i~
potential. Since these parts are diagondlamd independent <

of the orbital numbem, no significant additional computer &
time is consumed calculating these matrix elements to higkZ |
cutoffs. Alternatively, the higH 5 cutoff can be avoided ™
using the modified basis set introduced by Soler and

Cu(001)-M

Williams.** However, this modification does not lead to any |,/
significant difference of the results while being computation- L L L L I ; ]
ally more demanding. 5 0.3 X W 0.3 5
k =g +iK
Z £ Z
VI. RESULTS FIG. 4. (Color) Complex band structure of bulk Cu fﬁﬁ cho-

sen at theM point of the two-dimensional Brillouin zone of an

As a first application of the method yve present Complex(OO],) oriented interface plane. States for complex wave vectors
band structures of bulk Cu, Fe, and Si. For Cu and Fe th?K#O) are shown in the left ,=0) and right @,=1/2

band structures include states along [tD@l] directions, i.e.,  x 7/a. ) panel, the center panel shows bands with real wave vec-

states propagating or decaying perpendicular {64 ori-  tors k,=0. «, is given in absolute units of at*=1.89 A% For
ented interface or surface, and for Si states in[tt] di-  an explanation of the line colors, see text.

rection relevant for #111) interface. The systems have been

selected on grounds to show the flexibility of the method tog ). o high-symmetry point in the two-dimensional Bril-
cover semiconductors to ferromagnets, any interface or SUisuin zone corresponding to the surface orientation under

face prienta_tion, and to compare the results with eXis_ﬂnQ:onsideration.Thépropagating Bloch states, i.e., real bands
ones in the literature. With respect to the latter, Cuand Siarg v, _ 5 are plotted as black dots in the center panel of
Z 1

parucularly gooq cases as they havg _been stud!ed extensively, -, figure. The complex bandstructure includes all propa-
in the past. Fe is shown, because it is magnetic, and a ma

netic complex band structure does not exist in the IiteraturgatIng Bloch statesk(,q,) along a line in a first bulk Bril-
so far, although it is of increasing importance due to appli-ouin zone which are projected onto the sakpgoint of the
cations in the magnetoelectronics. In general our results af@o-dimensional Brillouin zone. For the examples selected
in excellent agreement with those published in the literaturehere,g, are solutions along a high-symmetry line connecting
All calculations employ the density functional theory in two high-symmetry points witly,=0 andq,#0, to which
the (spin-polarizedi local density approximatiofS)LDA. At~ we refer to as the left and right high-symmetry point, respec-
first we determined a self-consistent bulk charge-density antively. The imaginary partc, of the wave vectors of the
potential at the experimental lattice constant of G ( complex bands are plotted in the right- and left-hand panels
=3.61 A), Fe @r.=2.87 A), and Si &5;=5.43 A). Ina of the figures in units of a.ul. Red and green dots denote
second step, we apply for the given potential the metho@tates corresponding to a wave veaggrat the left @,=0)
described in the preceding sections which leads finally to th@nd right @,#0) high-symmetry point, respectively. Com-
diagonalization of thd matrix for a selected point of the  plex bands with generdd,-values are indicated in the figures
two-dimensional Brillouin zone on a grid of real energies by two yellow dots corresponding to a projectionkgfonto
The figures are produced using an equidistant energy grid ghe real and the imaginary plane. The real compongris
approximately 200 points. plotted in the center panel together with the Bloch states with
In general, there is an infinite number of complex bands ak,=0 and the imaginary componery is shown in the left-
any energy, but we only calculate a finite subset and showand panel together with the evanescent states qyith0.
only the smallest wave vectorsc{<2 a.u:!). Complex
bands depart at right angle from tfrea) g, axis whenever
there is a local minimum or maximum of the real band struc-
ture with respect ta, and they can either extend in energy  Figure 4 shows the complex bandstructure of bulk Cu in
to — o, forming free-electron-like parabolic solutions or con- the [001] direction at theM point 'ZH: (1,1)X 7/ag, of the
nect back to other extrema of the real band structure, formingyo-dimensional Brillouin zone. The, values follow the Z
closed loops. One can show analytic&ll§ that actually at |ine in the bulk Brillouin zone, connecting thé point and
all points th:re bands have zero slope, i.e., where bands afge W point, left and right high-symmetry points, respec-
parabolic ink around a minimum or maximum, one finds tively. Figure 4 shows all features expected from the general
another band crossing at right angle, which also has an exconsiderations discussed above. At the high-symmetry points
tremum and opposite curvature. complex bands leave the rea}=0 plane. These bands ei-
In Figs. 4—6 we present the complex band structures, eadher form loops connecting two of these maxima or they

A. Cu(00D)-M
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50 ' / | : .
FeiDl)- T & \/ j/h:mi}il— I
Majority ol % Minority

5 & /g o4 = =

& 2 5

% - Vi

- I.I - | ! & I- r!_ | I.I | .

k =q +iK k =q +ix
5 o 2 . rd r 4

FIG. 5. (Color) Spin-dependent complex band structure of bcc Fé?n‘(nrhosen at thé" point of the two-dimensional Brillouin zone of
an(001) oriented interface plane. Lefitight) figure shows the majorityminority) states. States for complex wave vectats+# 0) are shown
in the left (q,=0) and right ¢,= m/ar.) panel, the center panel shows bands with real wave veeter®. «, is given in absolute units
of a.u-t=1.89 A~ For an explanation of the line colors, see text.

form open parabolas. Some general complex bands plottgaart of the band structure. In particular, differences can be
with pairs of yellow dots can be spotted, for example, thefound for the flat band at about 2.3 eV. In Fig. 3 of Ref.
bands leaving the extrema of the complex bands wjth 45 this band has a minimum in the right panel while the
=0 (red and connecting them with a small oval shaped ringpresent results as well as in the ones of WacHugkew a
(green at q,=1/2X w/ac, . Due to the finite energy mesh, very flat band up tok,~1.2 a.u:’. For the same band a
very flat bands are hard to obtain as one can see for the bar@cond difference is found in the left panel. While we and
crossing the real bands at abeu.3 eV as indicated by the \wachutk find three bands intersecting at~1.2 a.u-?,
dashed line. Comparing the complex band structure with thgis accidental degeneracy is not obtained by Krasovskii and
results obtained in Refs. 6,45 one finds a good overall agregs pattkes As stated by these authors, the differences might

m_err:t.hHowevler, z?cKloser inlf_pect(ijog rﬁvggl_s sr?me diffelrenceée due to the overestimation of the dispersion of flat bands
with the results of Krasovskii and SchattRén the complex by thekp method used.

Si(111)-T B. Fe(001)-I"

As second example we present in Fig. 5 the complex band
structure of ferromagnetic bulk Fe in tié01] direction, at

theI" point IZHZ(O,O) of the two-dimensional Brillouin zone.
The g, values follow theA line in the bulk Brillouin zone,
connecting thd™ point and theH point, left and right high-
symmetry points, respectively. Since Fe is a ferromagnet, the
two spins are no longer degenerate and both a complex band
structure for the majority and minority spin are displayed.
| The topology of the minority and majority bands is the same,
1 ey | L but the energy positions of the bands are shifted by the ex-

- K =q +K ) - change splitting. This affects largely thed 3bands and

g e amounts to about 2.2 eV. The relatively flat redl Bands in

the energy range between3 and 0 eV in the case of the
majority spin are shifted to higher energy in the minority

oriented interface plane. States for complex wave vectess Q) splg. A.t .thel“ ar&dx pqlnts tdhe ban.ds have elthgr mar>1(|ma
are shown in the leftq,=0) and right ,= 3x m/as) panel and minima and continue dispersing on new branches as

(ag =5.43 A), the center panel shows bands with real wave vecCOMPlex bands. A peculiarity can be seen at the complex
tors x,=0. k, is given in absolute units of att=1.89 A . Dot- band marked by the arrows. At aroundl.2 eV (0.5 eV)

ted lines indicate the indirect band gap along Fhé line. For an  for the majority (minority) spin this band shows a rapid
explanation of the line colors, see text. change in slope in both, its real and complex part. This might

FIG. 6. (Color) Complex band structure of bulk Si f&n chosen
at thel" point of the two-dimensional Brillouin zone of aill)
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be due to some interaction between the states of this bandethod, applicable to almost any system with two-
and the very flat real and complex bands nearlthmint of  dimensional translation symmetry including magnetic mate-

the Brillouin zone at the same energy. rials and systems with open structures.
The applicability of this new method has been demon-
C. Si(11D)-T" strated determining the complex band structures of bulk Cu,

Fe, and Si. The results are in excellent agreement with the
‘ones existing in the literature. Future applications of more

o : SRtrinsic interest for the magneto-electronics may include
as a system containing more than one atom in a bulk unit;

. half-metallics and oxide barrier materials for tunnel magne-
cell. Differently from the former two examples, we calculate : .
. S : toresistance devices.

the complex bands in theL11] direction. Perpendicular to So far the calculation of the transfer matrix relies on the
this direction, the Si atomic planes are stacked with two al- : . . .
ternating interlayer spacings, where the larger distance cofASsumption Fhat the potential of the region of interest can be
responds to the nearest-neighbor Si-Si bond length. If ondetermined in some slab and supercell geometry. The trans-
chooses the boundary surfacBs and Sy at the center of fer matrix opens thg pe.rspectlveT to study seml—lnf!nlte sys-
those neighboring Si planes bonded in fi&1] direction, S, j[er_ng or systems with mtgrna} interfaces separatlng semi-
and S, do not cut any muffin-tin spheres of Si atoms. This infinite half spaces, by t'aklng into account self-conss?ently
signifies that the present system belongs to one of the exceHﬁe surface or interface induced changes of the potential and
tional cases where one does not need to introduce extra aukbarge density. As we have shown this may become possible
i|iary regionsAL andAR_ It may be studied eas”y also by either using the transfer matrix to obtain the embedding po-
previous LAPW-based methadbaving no prescription for tential necessary to embed a surface or interface region by a
treating the overlap of muffin-tin spheres in the surface norGreen-function method or use wave function matching. The
mal direction. wave function matching introduced for the calculation of

In Fig. 6 we show the calculated complex band structurdransmission coefficients also enables the calculation of the
of Siin the[111] direction at thd” point (IZH:O), where the  corresponding boundary values of the states extended
energy is measured relative to the valence-band maximunihroughout all space. The boundary values together with Eq.
The g, values follow theA line in the bulk Brillouin zone, (4) govern the wave function of the embedded system and
connecting thd™ point and the L point, left and right high- consequently also the charge density and potential. In the
symmetry points, respectively. The calculated minimum enfuture we may also invoke the linear scaling algorithm inher-
ergy difference between the conduction and valence bandsntly available in thél-matrix method. Regiof) would be
along thel’-L line amounts to 1.4 eV, which reproduces asplit up into smaller subregior3; , the transfer matrix; is
typical LDA value for Si. Our calculation reproduces the calculated for each subregion, and the total transfer matrix is
well-known real energy-band dispersions of Si alonglthe  obtained by successive application of tfigs, T=II,T,.
line. At both ends of this Iine, these bands take either ma.Xi'Such a method W0u|d Scale |inear in the number Of |ayers in

mum or minimum values and evolve as new branches thaty and thus could make the treatment of large systems acces-
disperse within thex,-e plane. There also appear general gjp|e.

complex bands with nonvanishirg and «,, which connect
minima and maxima of the real and imaginary energy bands.
Stiles and Hamarirstudied the complex band structure of Si
in the[111] direction using a wave-function method that re-
lies upon the LAPW basis functions and a bivariational prin- We thank G. Bihlmayer for valuable help. D.W. thanks
ciple. Their complex band structure is in excellent agreementhe DAAD and the HGF-Strategiefonds “Magnetoelectron-
with ours in Fig. 6. ics” for financial support. H.l. thanks the Alexander von
Humboldt foundation for support during his stay irlidh.

As the last example we consider Si in a diamond struc
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VIl. SUMMARY

We presented a new flexible and widely applicable APPENDIX
method to calculate the transfer matrix from first principles. ) ) ) .
The transfer matrix is expressed in terms of a single-electron AS described in Sec. Il the calculation of tiematrix
Green function that fulfills an arbitrary boundary condition d0€s not require the use of a special Green function. In gen-
on both sides of the slab. We have shown that a particularlfgral theT matrix is given by
simple form can be obtained by imposing the von Neumann
boundary condition. The Green function satisfying this con-
dition is constructed by making use of the embedding theory B T Ti
of Inglesfield. The formulation allows us to describe systems ATy To)
with arbitrary boundary conditions making the formulation
of wavefunction matching possible. We expanded the Green
function and the transfer matrix in the LAPW basis of the The submatrice§;;, T15, T2, and Ty, are given by the
FLAPW method. This guarantees a precise and flexibldollowing set of equations:

(A1)
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-1 -1
Tllzi(_GljéanGLL+2Gljé+G|;é(9nGRL)v (A2) T2~ ~GLRGLL T GLrdnGLaTaz, (AS)
1 1 with
TlZ_K(GLRGLL_GRRGRL)v (A3)
Ty1= —2G a+GrdnGLL+ G G LrT11, (Ad) A= —GgrdnGrr+2Grr+ GLRInGLR- (A6)
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