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N onequi li bri um K ondo e˜e ct in a quantum dot asymmetricall y coupled

to t wo ferroma gnetic metalli c leads is analy zed theoreticall y . T he nonequi -
libriu m Green function technique is used to calcula te density of states and
electric current. T he lesser and retarded (ad vanced ) Green functions are cal-
culated by the equation of motion metho d w ithin a consistent appro ximation

scheme. The case w here one electro de is half -metalli c is analyzed numerically
in details.
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1. I n t rod uct io n

Ko ndo anomaly in electroni c tra nsport thro ugh quantum dots (QD s) stro ngly
coupl ed to meta ll ic leads was Ùrst predi cted theoreti cal ly [1] and then observed
exp erimenta l ly [2]. The e˜ect is of current interest from both exp erimenta l and
theo reti cal points of vi ew | mainl y due to funda m ental physi cs inv olved. Several
theo reti cal techni ques have been developed in the past decade to describe thi s phe-
nom enon [3{ 6]. The descripti on is sim pl iÙed in the l inear response regim e, where
the equi l ibri um m etho ds can be employed. The Ko ndo peak in density of state
(D OS) develops then at the Ferm i level. However, the situa ti on becomes m ore
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compl ex in the nonl inear regime, when the bias vol ta ge dri ves the system out of
equi l ibri um . The Ko ndo peak becom es then spli t [6, 7]. Addi ti onal spin spli tti ng
of the Ko ndo peak occurs in an externa l magneti c Ùeld [8, 9].

One of the metho ds used in nonequi l ibri um situa ti ons is based on the nonequi -
l ibri um Green functi ons [3, 6]. The reta rded Green functi on is general ly calcu-
lated by the equati on of moti on metho d in the f ram ework of some appro xi mati on
schemes [3, 10]. On the other hand, the correl ati on Green functi on is usual ly cal-
cul ated wi thi n appro xi matio ns whi ch are not consi stent wi th tho se used for the
reta rded Green functi ons. Recently, we have devel oped a form al ism in whi ch both
Green functi ons are calcul ated on equal footi ng, i .e., by appl yi ng the sam eappro x-
im ati on scheme to both cases[11]. Here, we appl y thi s form al ism to QD s coupl ed
asym m etri cal ly to externa l ferrom agneti c metal l ic leads. Two ki nds of asym me-
try are ta ken into account : (i ) asym metry in the coupl ing of the dot to the two
electrodes, and (i i ) spin asym m etry in the coupl ing of the dot to each of the two
electrodes. In parti cul ar, a large spin asym metry of the coupl ing may occur in the
case of hal f-metal l ic electro des, where DOS at the Ferm i level almost vanishes for
one spi n ori entati on. W e show tha t when the electrodes are coupl ed asymm etri -
cal ly, the spli tti ng of the Ko ndo peak in equi l ibri um occurs in both para llel (P)
and anti paral lel (AP) magneti c conÙgurati ons, contra ry to the case of sym m etri c
coupl ing studi ed recentl y, where spl i tti ng only in the para l lel conÙgurati on was
found [12, 13].

2 . Mo del an d m et h od

W e consi der a single-level QD coupl ed to m etal l ic leads (electron reservo irs).
The who le system can be described by the Ham i l to nian H = H L + H R + H D + H T ,
where the term s H Ù (wi th Ù = L ; R ) describe the left and ri ght electrodes in the
non- intera cti ng parti cl e appro xi matio n, H D describes the quantum dot, H D =
P
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wi th " d denoti ng the energy of the di screte dot level and

U the electron correl ati on param eter. The energy " d as wel l as the sing le electron
energies of reservoi rs include the electrostati c energy due to appl ied vol ta ge [14].
The last term , H T , in the Ham i l to nian describes tunnel l ing pro cessesbetween the
dot and electro des, and is of the form H T =

P
k Ù ¥

V Ê

k Ù¥
c+

k Ù ¥
d ¥ + h :c: , where V k Ù ¥

are the com ponents of the tunnel l ing m atri x. The spi n asymm etry as well as the
asym m etry in the coupl ing to the left and right electro des is conta ined just in
these param eters.

El ectri c current I Ûowi ng thro ugh the biased system is determ ined by the
reta rded (adv anced) G

r ( a )
¥ and correl ati on (l esser) G <

¥ Green functi ons [15]. T o
determ ine them on equal footi ng, we used the equati on of m oti on m etho d [16] and
appl ied the sam e appro xi matio n scheme for both Green functi ons. The form ul a for
electri c current I ¥ can be then wri tten in the fol lowing form :
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determ ine the Green f uncti ons we need occupati on num bers, whi ch are given by
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W hen repl acing eÀ Ù
¥

by À Ù
¥

, the above form ul ae reduce to the corresp ondi ng
ones comm only used in the l i tera ture. However, such a repl acement is correct onl y
in the equi l ibri um situa ti on.

3. Nu m er ical r esu l t s

Let us consider the situa ti on when the left electro de is m ade of a 3 d ferro-
m agneti c metal , whereas the ri ght one is hal f-metal l ic. Thi s is reÛected in the spin
asym m etry of the bare coupl ing constants, for whi ch we assume À L

"
= 2:8 and

À L
#

= 1:2 for the left electro de, and À R
"

= 0:4 and À R
#

= 0:002 f or the right one.
Apa rt from thi s, we l imi t considerati ons to the case of stro ng electron correla ti on
on the dot by assuming U = 5 0 0 . It should be pointed here tha t the energy is
m easured in dim ensionl ess uni ts, and as the uni t we assume W =5 0 , where W i s
the electron band wi dth. Num erical calculati ons are perf orm ed f or the therm al
energy k B T = 0 : 0 1 and for the energy of the bare di screte level ¯ 0

d = À 4.
An im porta nt point of our calculati ons is a self-consistent renorm al izati on

of the dot energy level due to spin dependent coupl ing between the dot and elec-
tro des. Thi s coupl ing leads to spin spli tti ng of the renorm al ized dot level, whi ch
is cruci al f or the spl i tti ng of the equi l ibri um Ko ndo peak in DOS and also in
conducta nce [12]. The spin spli tti ng of the renorm al ized dot level also leads to
spi n dependence of the relaxati on ti me of interm ediate states [3]. In num erical
calculati ons we used the low tem perature l imi t of thi s relaxati on ti m e.

In Fi g. 1 we show D OS in the para l lel (l eft colum n) and anti para ll el (ri ght
colum n) m agneti c conÙgurati ons, calcul ated for three di ˜erent values of appl ied
bi as vol ta ge. W edeÙne positi ve bi as V as the one wi th the electro chemical potenti al
of the ri ght electro de equal to zero and of the left electro de shi fted up by eV (f or
sim pl icit y we di sregard negati ve sign of the electron charge e assuming e > 0 ).
Accordi ngly, electro ns Ûow from left to ri ght. The negati ve bias, in turn, is deÙned
as the one wi th the electro chemical potenti al of the left electro de equal to zero
and of the ri ght electro de shi fted up by j eV j . Thus, the electrons Ûow then f rom
ri ght to left.
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Fig. 1. Density of states (D OS) of the dot in the parallel (lef t column) and antipar-

allel (right column) magnetic conÙguratio ns, calculated for indicated values of the bias

voltage and for À L
"

= 2 :8, À L
#

= 1 :2, À R
"

= 0 4, À 0 002, 4, and

.

Let us consider Ùrst the para l lel conÙgurati on. At V the Kondo peak in
D OS is spi n-spli t. The intensi ty of the spi n-down peak is relati vely large, whereas
tha t of the spin-up peak is much smal ler. The asym metry in peak height is a
consequence of the spi n asym metry in the coupl ing of the dot to the m etal l ic
electrodes (thi s coupl ing is larger f or spin-up electro ns and determ ines the height
of the Ko ndo peak for spin-down electrons).

W hen a bi as vol ta ge is appl ied, each of the two Ko ndo peaks general ly be-
comes addi ti onal ly spli t into tw o com ponents. One of them (the one associated
wi th the coupl ing to the source electro de) should m ove up in energy, whereas po-
siti on of the second one (the one associated wi th the dra in electrode) should be
uncha nged. Thi s is because the electro chemical potenti al of the dra in electrode is
independent of the vol ta ge accordi ng to our deÙniti on. For positi ve bi as, eV > ,
the spli tti ng of the large-intensi ty peak is clearl y vi sible, al tho ugh one com po-
nent of the doubl e peak is relati vel y smal l. Thi s is just the com ponent whi ch
is associ ated wi th the coupl ing of the dot to the ri ght electrode in the spin-up
channel . Since thi s coupl ing is relati vely smal l, the intensi ty is smal l, to o. On the
other hand, the second com ponent is much larger because i t is associated wi th the
spi n-up coupl ing to the left electro de, whi ch is the largest coupl ing in the system
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considered. The spli tti ng of the low-in tensi ty peak in DOS is not resolved. Thi s
is a consequence of the fact tha t the intensi ty of the com ponent associ ated wi th
the coupl ing to the ri ght electro de in the spin-down channel practi cal ly vanishes
because thi s coupl ing is very smal l .

For negati ve bi as the situa ti on is changed. No w the electro chemical potenti al
of the left electro de is independent of the bias. Consequentl y, intensi ty of the
components who se positi on is indep endent of energy is much larger tha n intensi ty
of the com ponents tha t shift up in energy (the ones associ ated wi th the ri ght
electrode). As before, the com ponent associated wi th the coupl ing to the ri ght
electrode in the spin-down channel is not vi sible.

In the AP conÙgurati on, the magneti c moment of the right electro de is re-
versed. Thus, the coupl ing param eters to the ri ght electro de are now À R

#
= 0:4

and À R
"

= 0:002, whereas the coupl ing param eters to the left electrode rem ain
uncha nged. As in the P conÙgura ti on, the Ko ndo peak at equi l ibri um is spin-spli t,
contra ry to the case of symm etri c coupl ing to two magneti c electro des, where the
spi n spli tti ng occurs onl y in the P conÙgura ti on [12]. Apa rt from thi s, the situa ti on
is qual i ta ti vely simi lar to the one for P conÙgurati on. The m ain di ˜erence is tha t
now the spli tti ng of the hi gh-intensi t y peak is not resolved, wherea s the spli tti ng
of the low-in tensi t y peak is resolved. Thi s di ˜erence f ollows from the reversed spin
asym m etry of the coupl ing to the ri ght electro de, whi ch in turn is due to reversed
m agneti zati on of the right electrode.

The Ko ndo peaks in D OS give ri se to anom alous behavi or of the tra nsport
characteri sti cs. The di ˜erenti al conducta nce in the Ko ndo regim eis shown in Fi g. 2
for both m agneti c conÙgurati ons. In the P conÙgura ti on the Kondo peak in the
to ta l conducta nce occurs for both positi ve and negati ve bias vol ta ges.On the other
hand, in the AP conÙgurati on the Ko ndo anomaly occurs only for negati ve bi as.

Fig. 2. Di˜erential conductance G d i ˜ of the system in the parallel (P) and antiparallel

(A P) conÙguration s. The other parameters are as in Fig. 1.
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The absence of the Kondo peak in di ˜erenti al conducta nce G di ˜ for positi ve
bi as can be accounted for by ta ki ng into account behavi or of the Ko ndo peaks
shown in Fi g. 1 f or the AP conÙgura ti on. W hen the bias vo l ta ge increases, the
spi n-down Ko ndo peak in DOS shif ts up and does not enter the \ tunnel l ing wi n-
dow" . On the other hand, one of the tw o com ponents of the spi n-up Ko ndo peak
can enter the tunnel l ing wi ndow, but the corresp ondi ng contri buti on is negl igibl e
due to vanishi ngly smal l coupl ing of the spin-up electrons to the right electrode in
the AP conÙgurati on. Consequentl y, there is no Ko ndo peak in the conducta nce
for positi ve bi as in the AP conÙgurati on.
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