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Theory of spin filtering through quantum dots
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Using a nonequilibrium diagram technique for Hubbard operator Green functions combined with a gener-
alization of the transfer Hamiltonian formalism, we calculate the transport through a magnetic quantum dot
system with spin-dependent couplings to the contacts. In specific regimes of the parameter space the spin-
dependent tunnel current becomes more than 99.95% spin polarized, suggesting that a device thus constructed
can be used in spin-filter applications. First-principles electronic structure calculations show the existence of
nanostructured systems, such as, e.g., MgO/EéFRdMgO (001), with the desired properties in the direction
of the current.
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[. INTRODUCTION ical model have been extracted from a first-principles calcu-
lation of a Fe/Pd nanolattic@ few atomic layers of Fe and
Lately, there has been a substantial progress concernirfgd stacked on top of each otheFhe choice of a Fe/RdFe
spin-dependent tunnelifg® magnetotranspoft;'! and the nanolattice is made since it is known to provide a large ex-
possibility to apply these findings to devices. For instancechange splitting. Our results suggest that a device con-
many suggestions of spin-filter devi¢&s’ have been re- struqted_ in the described fashion, can be used in spin-filter
ported. In most of these reports, magnetic fields have bee@Pplications.
used to provide a spin current through the device, applied
either directly over the devi8é4'6‘15(_)r_ to polarize the con- . THEORETICAL MODEL
tacts only*>1® In addition, by exploiting a combination of
spin splitting of the resonant level induced by the Rashba The geometry considered here consists of metallic con-
effect and the spin-blockade phenomenon, it was proposed itacts that are tunnel coupled to a magnetic nanolattice, which
Ref. 17 that a more than 99.9% spin-polarized current can bee loosely will refer to as the QD region. One should bear in
achieved in a triple-barrier resonant tunneling diode. Remind that a QD is dquasijzero-dimensional object and our
cently it has also been demonstrated that it is possible tabeling of the here-suggestedquasijtwo-dimensional
fabricate nanodevices from a vast range of materials, witlstructure as a QD is not strictly correct. However, from a
different characteristics, e.g., transport properties. Furthemmodel point of view the transport through this heterostruc-
more, theory has demonstrated the ability to reproduce mantyre is identical to transport in a QD, which motivates our
experimental results. Hence, in the search for novel devicesilomenclature. In between the QD region and the contacts
it becomes fruitful to augment experimental activities with there will be an insulating region that provides a potential
theoretical work, where combinations of materials withbarrier. An example of materials and geometry chosen for
unique properties can be predicted. conducting an experiment relevant to our theoretical predic-
In this paper we suggest a structure that yields a nearlyion is therefore the following: a metallic substrate fol-
100% spin-polarized current. For this purpose, we use a noewed by an insulating layer of Mg@\aCl structure in the
equilibrium many-body approath'®in combination with a 001 direction, lattice constant0.42 nnm or similar insulat-
generalization of the transfer Hamiltonian formalfSif?to  ing materials, the QD region (Fe/PiFe), followed by an-
demonstrate a large spin dependence in the tunnel currenther layer of MgO that is followed by the second metallic
through a magnetic quantum d@®D). Technically this is contact. Adequate elements, that guarantees that the lattice
achieved by letting the QD be coupled to the contacts withmismatch is small, are Al, Ag, and Au as metal contacts.
different tunneling probabilities for the spin channels and byThese elements also have a low resistivity, which is appro-
having nondegenerate spin levels in the quantum dot regiomriate for our assumption of noninteracting metal contacts.
The different tunneling probabilities are provided by tunnelThe lattice mismatch is around 7% or less, which is techni-
barriers of different widths and/or heights for the two spincally manageable. The conductance is studied between the
channels. Moreover, the spin-dependent couplings betwedwo metallic contacts and thus corresponds to a conductivity
the contacts and the QD generate a dramatic change in theerpendicular to the plan€PB.
population numbers of the localized levels. The combination Considering the transport properties of this system when
of these effects leads to a strongly spin-polarized tunnel curbeing attached to external contacts, the investigation is un-
rent through the system. The parameters used in our theoretertaken in two different approaches. In the first approach,

0163-1829/2003/620)/20531@6)/$20.00 67 205310-1 ©2003 The American Physical Society



FRANSSON, HOLMSTR®, ERIKSSON, AND SANDALOV PHYSICAL REVIEW B67, 205310 (2003

librium Green functiongGF) and the overlap between the couplings Fﬁi(w)=2772:01|Vk0,i|25(w—8ka), a=L,R
contacts and the QD taken into account. Here we consideych tha[‘b_i(’w)zl"s (w), andp is the equilibrium chemi-
electrons on the levels closest foelow) Er as weakly in-  ¢g| potential. ’
teracting. In the second approach, the nonequilibrium many-

body GF, we restrict the study to the two levels closest below

Er, taking into account kinematic interactions induced by

we employ the single-electron picture by means of nonequiwhere T, ;(0) =T} (0)T} (0)/[T5 (o) +TH (w)], the

IIl. CALCULATIONS OF PARAMETERS

the presence of the contacts. _ _ Next, we describe briefly how the electronic structure of
When the electrons in the QD are weakly interacting, thghe QD was calculated and discuss the result. From first-
total Hamiltonian for the system can be written principles density functional calculatiorfdescribed beloy

we have found that a two-dimensional layered system in
equilibrium, consisting of vac/Fe/RfFelvac, exhibits de-
H:k(,;m skffclvckari;)D &iddh sired properties in the direction perpendicular to the inter-
face. It should be noted here that an experimental geometry
is not thought to consist of free standing Fe/Heke layers
1% (Uk”viclodi“LH'C')' (1) (an impossible experimental situatjpn but of, e.g.,
MgO/Fe/Pd/Fe/MgO. Due to the large band gap in the
Herec],, (cy,) creates(annihilate$ a conduction electron MgO (or similar material layer, there is very little influence
in the left (L) or the right(R) contact at the energy,,, ©n the electronic structure of the Fe and Pd atoms, and simu-
WhereasdiT (d;) are the corresponding QD operators. Thelat'lng the electronic structure of such a multilayer by consid-
QD levels are calculatedsee below to be &;=-0.21, ©MN9 \_/ac/Ee/F;gJ/Fe/vac has been shown to be a good
—3.20, and—9.87 meV: cf. Fig. 1. The transfer rate of elec- approximatiorf” The electronic structure of the nanolayer
trons between the contacts and the QD is giverfy; . was ca!culated by Teans of the full potgntlal linear m_uffln
Including the nonorthogonality between the states in thdin orbital method® The system consisted of a five-
contacts and the QD alters the anticommutation relations bdnonolayereML-) thick Pd slab sandwiched between 1-ML-
tweenc,, and di*r IOZO_ZZ{CkmdiT}:O[”li, Where(’)k’l,li is an thick Fe layers together with an 1.17-nm-thick vacuum bar-

element of the inverted overlap matrix which is defined byrier (the Fe-Fe distance in t_he repeated_sup_e)rcmhe
Opwi=(Kar|i)=O%. . Here|ke) and|i) denote states in the system was assumed to grow in the {601) direction with

contacts and QD, respectively. The spectral density) for perfect interfaces and without relaxation. The lattice param-
theith level in the QD is thus given by the expression eter was the same as for bulk RH389 nm. Care was taken

to converge the calculations with respect Kepoint sam-

; pling, basis set truncation, and the self-consistency criterion.
1+v,(o) @) In addition, we used the local density approximation in the

0= &=kl ROkeVkei— VI ()’ parametrization of von Barth and Hedin, and all relativistic

effects were included.

1
pi(w)=——Im

where the effective interactions are defined%y As concerns the basic magnetic structure of the Fe/Pd
slab, we find a strong magnetic polarization at the Fe atoms

i*ka(f)lzgli with a magnetic moment inside the muffin tin sphere of

vl (w)= ' (3)  3.08ug. The polarization of the Pd atoms is also not negli-

kETR @~ 8o T10 gible, and we find that the Pd atom closest to the Fe/Pd

interface has a magnetic moment of Qu0parallel to the Fe

; T ko Vioi moment, while the other Pd atoms show only a very small
Vi(w)= > —C— (4 magnetic polarization. The total magnetic moment of the
KeLLR W— &y, T10 i ) !
multilayer is 6.82g/f.u. (formula unij.
Here we have used the nOtatiMT',ka=vkg,i+(9k_gli £, and We proceed by extracting effective parameters from our

electronic structure calculation, used in the expressions for
12 -1 _22 . the conductance through the QD. Thus we need the eigen-
|vkoi|* @s the overlapD,;—0, as expectet ™ Note, in values of the electron states within the Fe/Pd nanolattice, as

Eq._ (2), that the overlap induces a shift of the level which 'S vell as heights and widths of the tunnel barriers between the
of importance whenever the overlap between the contact

g i . aContacts and QOfor the calculations using Eq5)]. The
22%;3\/:%5(;? llg\:\g/;e, €., when the tunnel barriers are eithef, o - ig straightforward, since it is the outcome of our first-
. ' : rinciples calculation. The calculated eigenvalues of the sys-
The QD is assumed to be symmetrically coupled to th em in the energy range 10 to +15 meV arouncEy are
contacts. Thus the equilibrium conductanceG F

_ . . drawn in Fig. 1. Since we consider only bias voltages less
_—(dJ/d(I)_)|¢=0 (whered is the bias voltagethrough the than 20 mV, the three states beld&y in Fig. 1 are the only
ith level is calculated by the formula

ones that significantly contribute to the current through the
QD. It should be noted that the calculation of transport prop-

. . o @T M erties was made assuming a square well model potential, for
f Loi(@)pi(w)cosh <2kBT do, (5 the conducting electron states; see Fig. 2. A sensible way of

Vi i =Vkeit Oriei. The productV; Vi, i reduces to

e2

© Bk Th
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1 v €y, Parallel distance (A)
N FIG. 3. The density for the eigenstate with energ.21 meV
104+ * EST in the zx plane in the fcc(100 direction. The direction labeled

parallel is along the direction of the current. Arrows indicate the

] ) ) ) spin direction. The upper panel shows schematically the positions
FIG. 1. Eigenvalues corresponding to eigenstates with overlapsf the Pd and Fe atoms.

ping spectral density through the vacuum region. The energies of
the states arérom the top 13.61,—0.21,—3.20, and—9.87 meV, schematically is marked as spin)upas both spin-up and
respectively. The arrows indicate the spin direction with the largesspin-down character is that we included the spin-orbit cou-
probability for each state. States abduge are unoccupied. pling in our calculation, which mixes the two spin compo-
nents. Typically an electron state inside the QD has a wave
estimating the barrier height is from the band gap of thefunction admixture such that its charge density has a combi-
insulating layer between the leads and QD. Since the presenation of ~90% for one spin channel and10% for the
work outlines a general methodology, without being materi-other. It is clearly seen in Fig. 3 that the distributions of the
als specific for the insulating layer, we have used a typicatlensities for the two spin channels are very different. For the
band-gap value of-1 eV. spin-up projection the state is evenly distributed over the
It remains to find the widths of the barriers in Fig. 2. To metal region of the system with a large weight on the Fe
extract the width of the barriers we focus our attention to theatom at the interface. For the spin-down projection the
wave functiongor rather electron densitpf the eigenvalues weight is smaller and mostly localized on the atoms and, in
in Fig. 1. In Fig. 3 we show the densitypoth spin up and particular, the distribution around the Fe atom is very differ-
spin down in the zx plane, for the eigenstate just beldsy , ent. By investigating the density around the Fe atom in more
where z is the direction perpendicular to the interface. Wedetail we find that the density for both the spin-up and spin-
remark here that the only reason this statich in Fig. 1 down cases shows an exponential decrease into the vacuum
region, as expected. However, the behavior is very different
i between the two spin channels. This finding is not too sur-
Spin uprchanne| prising, and it holds for all eigenstates shown in Fig. 1. A
consequence drawn from this observation is, however, that
different eigenvalues will experience different tunneling ma-
trix elements. In order to simulate this behavior in our model
potential (Fig. 2 we define the widths of the spin-up and
spin-down barriers by a critical value of the amplitude of the
wave function(or, rather, the electron densjityHence we
define a critical value for the intensity of the electron density
as 7.6<10" 7 electrons/(a.u.¥, corresponding to the orbital
density, which in this region and outwards from the center of
the heterostructure is exponentially decaying, being negli-
gible compared to its maximum. With this criterion, we find
that, e.qg., for the highest occupied state in Fig. 1, the spin-up
channel reaches the critical value a distance 0.97 nm from
the center Pd atom. The spin-down channel reaches the same
value at 0.85 nm, and in this way we estimate different ef-
Spin down channel fective tunnel barriers for each particular state, i.e., 0.7809
nm (0.9009 nm for the sping (-|) channel. Since the spip-
FIG. 2. Model potentials for the spihand | channels, respec- Probability of this eigenvalue is at most 10% and the barrier
tively. The energy levels;; ande,, represent the two levels closest thickness is sufficiently large, we have neglected the $pin-
below Er in Fig. 1. The transition energied;;, (A9,,) and  contribution from this state. The other two states have been
Ajpn (Aglz) correspond to the dressédare transitions discussed treated analogously. The calculated barrier widths are found
in Sec. V. to be quite insensitive with respect to the choice of critical
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03 channel—however, sufficiently small to preserve an observ-
02 GT able conductance in the spinehannel.
@
2 01
E L~ & | V. EFFECTS OF ELECTRON CORRELATIONS
£ 03 G In the second approach considered here, we include cor-
% 0.2 //N relations between the electrons. For simplicity, we restrict the
€ o1 c further discussion to the two levels closest belBw: see
£ l Fig. 1. By treating these levels as the energies of transitions
_Lg’ between many-electron states, we can include kinematic in-
£ 01 Gy teractions of the levels induced by the conduction electrons
S 0.05 G in the contacts. In modeling the QD, we start by disconnect-
0 l ing the contacts and map the results from the first-principles
calculations to the Kanamori modewith four orbitals, i.e.,

-6 0 6
chemical potential (meV) H= z (£4N1+ 8oN0y) + Usny Ny, +Uznging,
ag

FIG. 4. The total conductance for each spin projectitwo

levels with spint and one with spin)) for three different widths of J

the tunnel barriers as a function af In the upper panel the widths + Ulz(an + nll)(nZT + ”21) - E(anHZT + nanZL)'

are[0.7809, 0.9899, 0.792%:m, corresponding to the eigenvalues

[-0.21, —3.20, —9.87] meV: in the middle and lower panels the (6)

widths 0.3174 and 0.5819 nm, respectively, have been added to thgere the second and third terms describe the Coulomb repul-

original widths, thus extending the distance between the contactsjy;, within the same orbital, Whem‘.GZdiTUdi(,, and the

and QD. Calculations are performed with barrier heighth eV, ¢, 1th and fifth terms give the Coulomb and exchange inter-

conduction electrons band widttV2-4.40 eV afT =10 K. actions between the orbitals, respectively. As discussed be-
low, the admixture of the spif-and - orbitals due to the

value of the electron density. Changing the value of the Cm"spin-orbit coupling is small and is, therefore, neglected. It is

cal electron density with 100% gives a negligible modifica- |\ 26 thatU,>U,, and by puttingJ,=U,=U, which is
. . . I 1
tion of the barrier widths. reasonable for the localized orbitals, we find that

ElT:81+2U12_‘]/2! Ell:ElT—'_UZ’
IV. CALCULATIONS OF TRANSPORT PROPERTIES
) . . . E21282+U+U12, EZT:EZL_J/Z’
With the parameters calculated in the previous section, the
total conductance for each spin projectiimo levels with ~ With the constraints that{ny;)=(ny)=(nz;)=1({ny|)
spin 1 and one with spin|) is plotted in Fig. 4 for three =0). Thus, by requiring the spih and states for the first
different widths of the tunnel barriers as a function of theand second orbitals to be far above and belfw respec-
chemical potentiak, which is common in the whole system tively, we can map the other two levels onto the calcula-
since other external fields are absent. Experimenjalan ~ tions on the layered Fe/Pd heterostructure. Helge
be varied, for example, by applying a gate voltage over thes —0.21 meV andg,| = —3.20 meV.
interface structure. In the first case, Fig(upper pane| we In principle, when a bias voltage is applied to the system,
use widths of the tunnel barriers found from the calculationghere will be transitions between the two-, one-, and zero-
on the vac/Fe/Pd/Fe/vac structure. It is seen that the condugarticle states. However, the energy of any transition to the
tance in the spir-channel dominates the transport. Actually, émpty state is large and can be neglected. The treatise is now
calculations of the current show that the spinurrent is less ~ reduced to involve only two transitions and the diagonal
than 11% for bias voltages less than 20 mV. This is cleaHamiltonian for the QD can be writtefi(gp=X,E,XPP,
since the overlap between the spirstates in the contacts Where XP9=|p)(q| is a Hubbard operatdt and p
and QD levele,, (see Fig. 1is much smaller than the cor- €{1.,1.2;. Here [0)=0,|1)1|0)2+ 85[0)1]1), and |2)

responding overlaps te;;, i=1,3, due to the large barrier =[1)1]1l)2. The spectral densityp,(w)=—ImG(w)/m
widths in the spint channel. By increasing the distance be-whereG,(t,t')=(—i)(TX2(t)X? 2(t'))(TS).518:1922
tween the contacts and QD, Fig(siddle and lower panels In the time-independent regime the total spectral density

thus making the overlaps smaller, the conductance of theyr the two transitions involved is given by

spin-| channel is seen to decrease substantially. The corre-

sponding calculations of the currents shows that the contri- 1 P (w)

bution from the spint current is less than 1.5%middle P(w):_;lmz =2V (&) (@) @)
pane) and 0.052%lower panel, respectively. The obvious 7 oz o 7

conclusion, then, is that the layered structure can be used d$e end factor’ (iw)=[1+v,(iw)P,]P, is the dressed
a spin filter if the distance between the contacts and QD ispectral weight wher® ,=N,+ N, is the sum of the popu-
sufficiently large to provide a negligible overlap in the spin- lation numbers for the staté®) and|o), respectively, satis-
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current through the system. In the given interval of the
0 A chemical potential the conductance appears without struc-
T2 tures and is, therefore, not shown here.
S 02
N Au VI. DISCUSSION AND CONCLUSIONS
ol
<04 In our calculation of the current through the QD we have
made several approximations. The calculated eigenvalue
-0.6 spectrum, shown in Fig. 1, is obtained for a uniform mesh of

10X 10X 2 (ky,ky,k;) k points of the QD region. Out of
thesek points only three have eigenvalues in the vicinity of
Er: having a significant contribution to the conductivity,
these eigenvalues are shown in Fig. 1. However, a larger
number ofk points would possibly result in more levels

-6 0 6
chemical potential (meV)

FIG. 5. The transition energie&;, and A, as functions of

the gate voltage. In the given gate voltage interval the transi- - o . > ; .
tion energyA, e {—0.58~0.40f meV. The bare transitions are lying within the energy region given by the considered bias
A?zz ~0.21 meV andAfzz —3.20 meV. Other parameters corre- voltage. Hence, the current must be calculated from a sum of

spond to the case in Fig. @pper panél such states in Eq2). In order to extract a very accurate
number of the current, one must hence perform such a cal-
culation for increasingly dendepoint meshes, until one has
reached convergence. However, our first-principles calcula-
tion shows that a dendepoint sampling does not bring in
any spin-down states close to the Fermi level since there is a
=DP. ; . .

. 0 gap(or at least pseudogam the spin-down density of states

In Eq. (7), thr:zl dressed transition energg(_ﬂ:AU2 at the Fermi level.

+ 685+ Zket ROV ko ,i » Where the bare transition energy  another approximation made here is to simulate the ef-
AJ,=E;,—E, andE,=0. The index denotes the relevant fective potential of the conducting electron state using a
transition with spino. The last term in the expression for square well potential, with effective widths adjusted to the
A,, corresponds to a similar contribution as in BQ), asymptotic part of the self-consistently calculated electron

fying N;+N +N,=1. The population numbersN,
=ImfG, (w)dw/27r, where formally G~=G'V=G?
+D"(P=+P=V3G?®) with the locator D defined by G

wherea3?? density. In addition we have assumed atomistically sharp in-
terfaces between the Fe and Pd layers, which in an experi-

SA = Z VE Vo flew) —f(A%2) ®) mental situation should be replaced with alloy layers, some

02 AR ke kel A, with dominant Fe concentration and other layers with domi-

: _ . . _ nant Pd concentration. Having these approximations in mind
gives a correction from kinematic interactions, due to theone should expect small deviations between experimental

presence of the contacts. It should be noticed that the transing our theoretical data, although we expect that the general
tion energy for the spirs channel strongly depends on the {ang as given by our theory should hold.
conduction properties in the opposite spimr) (channel. The highly spin-polarized current obtained within the two
Therefore, if the overlap in the spinchannel is larger than  yoqels for transport calculations can, of course, happen to be
that of the spino, thenAg, is pushed further below than {54 optimistic. Actually there are two main mechanisms
whatA,,, is. This fact is effectively illustrated in Figs. 5 and \yhjch can change the degree of spin polarization of the cur-
2, whereo=1 ando=|. Actually, for small bias voltages rent: (i) spin-orbit coupling andii) spin waves in the mag-
the transition is pushed out of resonance. Thereto, the widtRetic sublaye(Fe in our casg The spin-orbit coupling is in
of the corresponding transition is a very smahfunction-  jtself acting in three ways: namelf]) it changes the cou-
like peak in the spectral density. _ pling between the metal contacts and the @ jt mixes the
In Fig. 5 it is seen that the transitia,, has a sharp dip  spin components of the QD wave functions, 4Byt causes
when is in the vicinity of the transitiond . Thisis easily 3 magnetocrystalline anisotropy. The latter usually provides a
understood from Eq(8), since when[e,;—A;5—0 the  gap in spin-wave spectrum and, therefore, at sufficiently
renormalizationsA | ,— —<, implying thatA |, becomes in-  small temperature and bias voltage the decrease of polariza-
creasingly shifted beloyk. Similarly, the transitiom;, di-  tion due to these mechanism is exponentially small.
verges asgey| — A ;| —0. However, since the tunneling prob-  The admixture of spin-up and spin-down components of
ability for the spin-down channelreflected in the matrix the wave function is~11%, as found from the first-
elementsV{,| andV,, ;) is substantially smaller than that principles calculations. As discussed above, this admixture
for the spin-up channel, the renormalization becomes lesshould not change our results since the barrier for the spin-
apparent and is not seen in the large scale in Fig. 5. down component is thicksee Fig. 3 and, therefore, this
The conductance for the two spin channels have been catomponent does not contribute to the current. The first
culated within the formulation given in Ed5), however, mechanism, however, remains to be investigated.
modified to suit the present case with many-body transitions To summarize, we have demonstrated that the tunnel cur-
in the local density of states of the QD. Thus the contributiorvent through a layered magnetic nanostructure, e.g., a
from the transitionA |, to the total conductance is less than vac/Fe/P¢g/Fe/vac interface, coupled to external contacts via
0.005%, leading to a very strong spin polarization of thetunnel barriers with spin-dependent widths in some cases
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shows a more than 99.95% spin polarization. Calculations ACKNOWLEDGMENTS
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