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The spin-dependent scanning tunneling spectrum generated by a ferromagnetic tip on a metallic host
with a Kondo adatom is discussed. The combined effects of the Kondo screening, quantum interference,
and tip magnetism are studied. For short tip-adatom separations, the askew lineshape characteristic of
quantum interference in Kondo systems is split into two spin components. For the majority-spin
component, the Fano antiresonance is strongly enhanced. With the tip atop the adatom, a window of
bias voltages is found in which the tunneling current is nearly 100% spin polarized. In the vicinity of a

PACS: Kondo adatom, the ferromagnetic scanning tunneling microscope constitutes a powerful spin polarizer.
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1. Introduction

The Kondo effect is one of the most fascinating manifestations
of strong correlations in electronic systems [1]. First observed as
an enhancement of the resistance of dilute magnetic alloys below
a characteristic temperature Tk, the effect found a more controlled
environment in the early 1990s, following the development of
nanoscale miniaturization techniques. Kondo effects in quantum
dots (QDs) and QD arrays coupled to metallic or semiconductor
electrodes were reported [2]. A variety of mesoscopic phenomena
associated with the narrow resonance in the density of states of a
QD coupled to conduction-electron reservoirs were reported
[3-5]. In particular, the Kondo resonance was shown to an
enhance the conductance at low temperatures (T <T).

The mismatch between the electrode Fermi levels resulting
from the application of an external bias splits the Kondo peak into
two resonances [6-13]. If the electrodes are ferromagnetic, the
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large local exchange field splits further the resonances. The
separation between the peaks now depends on the relative
directions of the electrode magnetizations, and on the external
magnetic field [14-18]. Current technology allows the construc-
tion of single QD devices and routine observation of all such
phenomena [19,20].

In an alternative nanoscale setup, a magnetic atom is adsorbed
on a metallic host and probed by a scanning tunneling microscope
(STM) tip, either normal or ferromagnetic. The quantum inter-
ference between currents flowing from the tip to the host directly
or by the way of the adatom gives rise to a rich variety of transport
regimes. In particular, at temperatures below Tk, in analogy with
the distortion of a Lorentzian into an antiresonance in conven-
tional Fano systems [21], the interference distorts the contribution
of the Kondo resonance to the adatom spectral function.
Antiresonances with such characteristics have been widely
reported in experiments with nonmagnetic tips [22-26] and
discussed theoretically [27-30].

The development of FM tips [31] makes adatom systems
potentially important actors in the rapidly developing field of
spintronics [32]. Recently, following a report by Patton et al. of a
theoretical study of the conductance for a ferromagnetic tip in the
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Kondo regime [33], the present authors investigated the depen-
dence of the conductance on the tip—adatom separation in a full
range of the Fano parameters, defined as the ratio between
tip—adatom and tip-host couplings [34].

Here, we analyze a spin-resolved conductance for FM tip-a-
datom-host metal system in the weak-coupling regime, in which
tunneling amplitudes can be treated as perturbations. To account
for the Kondo effect, we refer to the Doniach-Sunjic-like
expression for the adatom spectral function [35-38]. We find
that very weakly magnetized tips can generate strongly spin-
polarized currents [39,40]. For certain configurations, in an
appropriate bias interval, the current can be fully spin-polarized,
an effect due to the suppression of one spin component by the
spin splitting of the Fano-Kondo resonance. The influence of the
tip-adatom separation on this spin-polarizing device is also
investigated.

2. Theoretical model

We consider the following model Hamiltonian:
H = Hsam + an‘p + AT, (1)

where (#,) represents the ferromagnetic tip, the #7r, the
host-tip coupling, and (#'s4y) is the spin degenerate Anderson
Hamiltonian representing the host and the magnetic impurity
coupled to it [41]:

Hosam =Y, sﬁaggaﬁg +80 Y ChyCoo + Unosng,
po o
+ 0> (fhyCos + H.C), 2)
g

where a;, is a fermionic operator for a conduction electron with
momentum p and spin o; co, is a fermionic operator for an
electron localized on adatom state; and &, and U are the energy of
the adatom level and Coulomb repulsion between two electrons
with opposite spins at the adatom site, respectively (Fig. 1).

For simplicity, we consider a structureless conduction band
with density of states p,. The half bandwidth is denoted by D. To
describe the hybridization between the band and the impurity, we
introduced the shorthand

1
fOG:W;ap'U' (3)

where N is the number of conduction states.

We focus the Kondo regime, which favors the formation of a
localized magnetic moment at the adatom, i.e., the conditions
E0<é&r, & + U>¢ep and I' <|&|, &g + U. At temperatures T < T, the

s> FM tip

Adatom site
o tox
/ t )
(4]

%
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Fig. 1. Scanning tunneling microscope (STM) device with a ferromagnetic (FM) tip
with an adsorbed magnetic atom (Kondo adatom) on the surface of a normal metal
(host surface). In the host surface, the adatom site (co) is hybridized with the metal
conduction band (fy) through the hopping v. The interference between the
hopping elements tog and t leads to the Fano-Kondo profile in the conductance.

antiferromagnetic correlations introduced by the coupling to the
host electrons screen the impurity moment and add a narrow
resonance, of half-width kgTg, centered at the Fermi level, to the
adatom spectral density. The Kondo temperature is approximately
given by the expression [42]

kgTx = \/%exp[nso(so +U)/2ruj. (4)

We neglect the electron-electron interactions in the FM tip and
write

. i

Hip=> (e + eV)b; by, (5)
ko

where the by s are the tip conduction states and V is the tip bias

voltage. For a ferromagnetic tip, the spin-dependent density of

states is

Plip = Po(1 + ap), (6)

where p is the magnetization. The tip-host-adatom tunneling
Hamiltonian reads

Hr = Z bgg (tz PRz, + tORCOJ) +H.C, (7)
ko p

where t and tog = tge ®R are the tip-host and tip-adatom
hopping amplitudes, respectively. Following Ref. [29], we let tog
decay exponentially with the tip—adatom lateral distance R. The
amplitude t (Eepends on the conduction wave function (pﬁ(f?) at the
tip position R.

3. The conductance formula

To derive an expression for the conductance, we treat the
tunneling Hamiltonian (7) to linear order in perturbation theory
[27-30] under typical experimental conditions eV <D. The low-
temperature conductance is then

Pl [PEr
GeV,T<Tx,R=>» G {7} [— (8)
« zg': 0 Po 1 LPo
where
2 (€
Go = (27tpg) (F) (9)
is the background conductance and
TR\’ | PoreV
pgR(eV)po{l - <ﬂ> +M} (10)
Po Po

is the density of states of the host-adatom-tip system. The
function

Fr =Y 0B — &) = polokeR), (11)
k

where ], is the Bessel function of order zero, accounts for the
dependence of the conductance on the tip—adatom separation R.
The last term within curly brackets on the right-hand side of Eq.
(10) is

~ F
PorEV) = > |<m|< p"”‘)foﬂ + TP VaRCos|Q)1* x (Em — Eq — V),
m 0

(12)

where |Q2) (jm)) is the ground state (an eigenstate) of the Anderson
Hamiltonian (2). To highlight the interference between the
tunneling paths tog and t built in Eq. (10), we have defined the
Fano parameter [29]
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ar = (”pov)q <tOTR> = qrege k. (13)

With gz>1 (gg<1) the tip-adatom (tip-host) current is domi-
nant. With g ~ 1, the current results from a competition between
the two conduction paths. As explained in detail in Ref. [34], Eq.
(10) can be rewritten as

F 2
Por(eV) = Po{l - {(ﬁ) — (qp)* | xml pGy(eV)
F
+ 2r( p’:")qRﬂa{c‘;g;(eV)}}, (14)
where
F
dr=qr+ (ﬁ)q (15)
is an effective Fano parameter,
1
_Zﬁ‘ev—eﬁ_l eV+D (16)
9= np, ©® |eV-D

is the Fano parameter for the Anderson Hamiltonian (2)
decoupled from the tip [27-30] and

PaaeV)

] 53
- E\s{c';;f,(ev»

_ 1y [ ik ]1/2
T nl 7 |(eV +0d)+ilk
= nl—rsinzégv (17)
is the adatom spectral density, here expressed in three alternative
ways: as the imaginary part of the interacting adatom Green’s
function Gﬁgf‘(eV); by an analytical Doniach-Sunjic-like expression
[35-38]; or by the conduction-state phase shift 55, respectively.
The ferromagnetic exchange interaction between the tip and
the magnetic adatom [14,17] lifts the spin degeneracy of the
adatom level & and hence splits the Kondo resonance into two
peaks separated by an energy J. A “poor man’s” scaling analysis

[14,33] yields an estimate of §:
o= oy — €op
Vip +

7
ip
= 57 P In(D/U)

P%ln(D/U)} pexp(—2keR), (18)

where
Vp = PGy ItorI?
= Viip(1 + o) €Xp(—2keR). (19)
Since eV <D, the right-hand side of Eq. (16) is very small, which

shows that it is safe to neglect the last term on the right-hand side
of Eq. (15). The spin-resolved conductance is therefore

- Pg’p} {P”(EV)}
G’ /Gmax = |—— s 20
/ { Po Po (20)
where
max = (1 + Q§)Go (21)
and
pe(eV) = pGreV)/(1 + qp). (22)

To simplify Eq. (20), we now let the equivalence tandg, = qg
define a Fano-parameter phase shift d4, and note that

~Ret

tan o7, = — tCate@V), (23)
‘R{Gad(;(eV)}

For R = 0 we then find that

G’ /Gmax = (1 + ap)cos? (8%, — Sq,_,), (24)

which gives access to the spin polarization of the tunneling
current:

G' -G
Y eren (29)
4. Results

To illustrate our discussion we have chosen the following set of
model parameters: qro=1, & =-09¢eV, yg, =5711 =0.2eV,
U=29eV, D=55eV, Tx =50K, and kr=0.189A = [28,33].
The Kondo temperature was estimated using Eq. (4).

Fig. 2 shows the spin polarization ¢ as a function of the bias
voltage for differing tip magnetization parameter p. As expected,
¢ vanishes for p = 0. For p#0, two features of g stand out: (i) a
plateau p ~ +1, with p-dependent width, centered at eV = 0 and
(ii) a narrow dip, which sinks to —1, centered at a negative, p-
dependent bias. As p is increased, the plateau broadens, while the
dip is shifted toward negative biases. For p =1 (fully polarized
tip), again as expected, the spin polarization curve saturates at
% = 1. Remarkably, the 100% polarization plateau persists even at
weak tip magnetizations, e.g., p=0.2. For sufficiently high
voltages, the spin polarization becomes constant, ¢ = p.

The tip voltage V controls the spin polarization of the current,
which can be tuned from —1 to +1. The literature contains a
number of proposed spin filters [43-46] and spin diodes [47], a
few of which have been constructed in the laboratory [48];
dynamic control of the current polarization by time-dependent
bias voltages has also been proposed [49,50]. To the best of our
knowledge, however, ours is the first demonstration that the
interplay between the Kondo effect and quantum interference can
control and amplify the spin polarization of the current.

Fig. 3 shows the spin-resolved conductances G' and G'. For
p=0 we find G'=G'. The interference between the two
tunneling paths accounts for the asymmetric Kondo resonance,
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Fig. 2. Spin polarization (¢ ) at R = 0 as a function of the bias voltage eV in units of
the Kondo half-width Ik for gz_o = 1 and tip magnetizations ranging from p = 0 to
1. For nonzero p’s, ¢ reaches a unitary plateau in a magnetic polarization
dependent range centered at eV = 0. At negative voltages, the spin polarization
dips to g =-1. Following Refs. [2833], we have set &= —-0.9eV,
Vip =T =02eV,U=29eV,D=55¢eV, Ty = 50K, and kr = 0.189A .
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Fig. 3. Spin-resolved conductances (24) for tip atop the adatom (R =0), as
functions of the bias voltage eV in units of the Kondo half-width I'k for qz_o = 1.
For a nonmagnetic tip (p = 0) the identical spin resolved conductances G' and G*
display the Fano-Kondo line shape. A ferromagnetic tip (p+0) displaces the spin-
resolved antiresonances to different energies. A window of energies in which G* ~
0 while G' is maximum results. In this region, the spin polarization g is unitary.
Model parameters as in Fig. 2.
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Fig. 4. (a) Spin polarization () as a function of bias voltage eV in units of the
Kondo half-width I'y for fixed tip magnetization p = 0.4, gs_o = 1 and differing
tip—adatom lateral displacements R. Large separations R wash out the marked
structure of the spin polarization visible at R = 0, and force the polarization into
coincidence with the ferromagnetic polarization p. Panels (b)-(d) show the
evolution of the spin resolved conductances, G' and G*, with the distance. As R
increases, the energy splitting between the G' and G' antiresonances and the
prominence of each antiresonance is reduced. A sketch of the experimental setup
appears in the inset. Model parameters as in Fig. 2.

a line shape frequently found with nonmagnetic metallic tips
[22-26]. As p grows, the conductances become increasingly
distinct: G' (G%) shifts to the left (right) and opens a window of
completely spin polarized conductance with G'~0, which
corresponds to the g =1 plateau in Fig. 2. The narrow o = —1
dip in Fig. 2 stems from the vanishing of G' at a negative voltage in
each panel of Fig. 3. As the ferromagnetic polarization p increases,
while the amplitude of G' increases, G' is suppressed. This
contrast is due to the density of states at the tip: for 6 = —1 the
prefactor on the right-hand side vanishes as p — 1, which forces
G' - 0.

Finally, Fig. 4 shows the spin polarization g as a function of the
tip-adatom separation R. For large R, the minimum and the

maximum g are reduced, the current polarization g is governed
by the tip polarization p, and the polarization curve becomes flat.
To explain the behavior at the polarization at smaller separations,
the (b)-(d) on the right-side of the figure show the spin-resolved
conductances as functions of the bias voltage at three different
separations R. The two strongly asymmetric Fano-Kondo
resonances in panel (b) (R=0) become less pronounced as R
increases; moreover, the splitting between G' and G' is reduced.
As R increases, therefore, the resulting polarization loses its
structure and approaches a constant. We note that Ref. [22], which
studied an unpolarized tip, reported a similar R dependence of the
Fano-Kondo line shape: a Fano antiresonance for R~ 0, a less
pronounced antiresonance for intermediate R and an
approximately flat profile (background) for large R, a trend
analogous to the evolution of the solid and dashed curves in
panels (b)-(d). Due to the ferromagnetism of the tip, however, G'
is dominant over G'; the resulting polarization g thus approaches
the background polarization p.

5. Conclusions

We studied theoretically the spin-resolved conductance for a
ferromagnetic STM tip coupled to an adatom on a nonmagnetic
metallic host. For each spin component, the spin-resolved
conductance displays a Fano antiresonance. The ferromagnetic
polarization nonetheless tends to shift the two antiresonances to
different energies. A window of bias voltages arises in which
G'~0, while G' is maximum. In that window, the spin
polarization g remains close to unity. The application of an
appropriately tuned bias voltage can therefore produce fully spin
polarized currents. A ferromagnetic STM tip therefore constitutes
a tunable spin polarizer.
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