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Tunnel magnetoresistance in ferromagnetic junctions: Tunneling through a single discrete level
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Tunnel magnetoresistance in a double-barrier junction with ferromagnetic electrodes, and a quaritum dot

a single atornas the central part, is analyzed theoretically in the sequential-tunneling regime. The magnetore-
sistance is due to the rotation of magnetic moments of external electrodes from antiparallel to parallel align-
ment. The considerations are restricted to the case of a single discrete level, with Coulomb correlations and
spin-flip transitions included. The tunneling current and occupation numbers are calculated for both magnetic
configurations. It is shown that electron correlations at the dot can enhance the magnetoresistance effect, and
give rise to a diodelike behavior. Spin-flip processes, on the other hand, suppress the magnetoresistance, and
reduce the magnetically induced asymmetry in the current-voltage characteristics with respect to the bias
reversal.
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[. INTRODUCTION take into account spin relaxation processes in the dot, which
were neglected in Ref. 16. Such processes are very impor-

Electron tunneling in magnetic junctions is of current in- tant, not only for the tunnel magnetoresistance, but also for
terest, due to expected applications of the tunnel magnetoréhe symmetry of the current-voltage characteristics and di-
sistance(TMR) effect. The key point of the phenomenon is odelike behavior. More specifically, we show that spin-flip
the dependence of the tunnel resistance of ferromagnetigrocesses at the dot can suppress the TMR effect, and also
junctions on the relative orientation of the magnetic mo-diminish or suppress the asymmetry of the current-voltage
ments of external electrodésThe effect is similar to the characteristics.
giant magnetoresistance effect in magnetic multilayers, In Sec. Il we describe the model and analyze the general
where the resistance depends on the relative orientation @ituation, when the correlation parameter is arbitrary. Nu-
the magnetic moments of ferromagnetic films separated bynerical results on the tunneling current and magnetoresis-
nonmagnetic metallic layefsThe TMR effect exists in tance in the general case are shown and discussed in Sec. lIl.
simple planar junctions as well as in more complex onesAnalytical and numerical results in the largelimit are dis-
such as, for instance, plafaor mesoscopft® double- cussed in Sec. IV. Final conclusions and summary appear in
barrier junctions, and junctions including granular systéms.Sec. V.

When the central electrode in mesoscopic double-barrier
junctions is smallismall capacitanc€), then the charging Il. DESCRIPTION OF THE MODEL
energy E.=e?/2C can be larger than the thermal energy
kgT, and can lead to Coulomb blockade of electric current We consider a junction in which a small central part is
below a certain threshold voltage. Apart from this, charactercoupled to two ferromagnetic leadslectrodesby tunneling
istic Coulomb steps in the current-voltage characteristics caRarriers. The central part is so small that only a single dis-
then occur above the threshold voltdgeFor sufficiently — crete level is active in the tunneling processes. One may thus
small central electrodes, the effects due to quantization othink of the central part as a semiconducting quantum dot
energy levels becomes visible as well. In this case, electrondith a single atomiclike level, or simply as an impurity lo-
tunnel through discrete level&'2In the case of ferromag- cated inside the barrier in the case of simple planar junctions.
netic junctions, the limit of small level separatiddE<E, For simplicity, the central part will be referred to in the fol-
was studied theoretically in the sequential tunnelinglowing as a dot. The tunneling current depends on the rela-
regimeX*~**The opposite casAE>E, was not analyzed— tive orientation pf the magnetic moments_ of the_ external
except in a simplified situation when electrons could tunneflectrodes. To simplify the problem, we will consider only
through a single level in the strong correlation limit, when Parallel and antiparallel configurations. .
states with double occupancy were not invol¥edhere, it To describe the tunneling processes, we use the following
was shown that the tunneling current in a nonsymmetridnodel Hamiltonian of the junction:
junction is highly asymmetric with respect to the bias rever-
sal, and in a certain bias range the junction can work as a H=H+H +Hy+H,. (1)
diode.

In this paper we consider electron tunneling throug
single discrete atomiclike levébuantum dat for an arbi-
trary value of the correlation parameter In this case the
double occupancy of the Ieve_l is aIIow_ed. 'I_'h_e considerations H,= 2 € A @)
are restricted to the sequential tunneling limit. However, we nko

h gereH, andH, describe the left and right electrodes in the
noninteracting particle limit,
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for v=1 andr, Wheree;k{,. is thg single-electron energy in f§:f§+fr:05”f|:;w+"fr:~yw, (6b)
the electrode’ for a one-dimensional wave vectkra trans-
verse channeh, and spino (¢=1,]), whereasa),,, and  where
a,nks are the corresponding creation and destruction opera-
tors. The Hamiltoniatd 4 in Eq. (1) describes the central part 2 » 12 ,
(impurity or a do}, and is of the form Yoo~ 3" % | Thkel“8(€a— €nis) (73
Hy=es>, cic,+Un;n +Rc ¢ +Rcic,, (3) o
’ TR V=5 > TholoetU=enp) (7D

where U is the electron correlation parameter for the dot;

n,=C,C, is the occupation operator, whereBsdescribes  angf* and¥; are the Fermi distribution functions
the spin-flip relaxation processes. Finally, in Eq. (1)

stands for the tunneling part of the Hamiltonian, and can be 1
. + _
written as fr= T+ ext (eq— ) kgT]’ (8a
Ht:r% TLkaaﬁ]kUC(r—’_% T::1k0'ar+nku-crr+ H'C'v (4) - 1
f C1+exd(egtU—p, )/ kegT]’ (8b)

whereT!, andT",  are the tunneling parameters, and it was
assumed that electron spin is conserved in the tunneling prghereasf>=1—f* and ¥, =1-T. In the above equa-
cesses. _ o _ _ tions, u,, stands for the electrochemical potential of the lead
Our considerations are limited to the sequential tunneling,
regime. In thi_s regime, the_ tunneling of an elect_ron from Equations5a) and(5h) determine the time dependence of
source to drain electrodes is a sequence of two incoheregtq average occupation numbers. However, here we are in-
processes. To find the tunneling current in this regime, Ongyrested in a stationary solution only, so these equations can
can use the master equation method. It is worth noting thale requced further. In the following we change the notation
such a decription is valid whekgT>1", wherel' is the (n))=n;, (n)=n, and(n, )=n, . Thus, in the station-
width of the discrete level, and barrier resistances are Iargeegry state, one may write
than the quantum resistance.
Following the method developed by Glazman and

d N B _MZO (93)
a(no'):Fa—[l_<n0'>_<n*0>+<nTnl>]_Fa[<no’> Ts ,
—(nn)]+TE(n_ )y —(nn)1-T,(nin)) If(1=n)—(C +T))(n—n )+ n =T +T)ny,
_<n0>_<n*a'> (56) _nl_nT:O, (gb)
Ts Ts

for co=7 ando=|, and ~. ~ o~ ~. ~ o~
~ ~_ ~ C
&(nTnO:F?Knﬁ_(m”i)]_ﬂ (nin)+T(ny)
5 From Egs(9a—(9c), one can find all the occupation num-
—(n;n)]1-T (nn)). (5b)  bers. These numbers allow us to calculate the tunneling cur-
_ ) ) i rent flowing through the system. Due to the charge conser-
Here 7= 275, where g is the spin-relaxation time due 10 \ation, the current flowing in the stationary state through the
spin-flip transitions described by the parame®eof Hamil- jeft barrier is equal to that flowing through the right barrier.
tonian (1), wheread™ (I'.)) describes the tunneling rate of gpe may thus write

electrons with spino, which tunnel to(from) the discrete

level, when this level is not occupied. Similarly, (I",) _ N

describes the tunneling rate of electrons with spjrwhich | :e; [ro(ng=ny)=Trp(1=n=n_g+n; )]
tunnel to(from) the discrete level, when the level is already

occupied by an electron with spino. These tunneling rates

T T+
include tunneling through both barriers, and can be written +e§;, [Feony = Trg(n—g=ny ). (10
as
L . Taking into account Eqg6a and (6b), this formula may be
L=+ =t v+t v, (63 rewritten as
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I1=eX {y,[n,—n;, —f (1-n_,)]

+yp(ny =T N )} (11)

PHYSICAL REVIEW B 64 085318

Q

(16)

YoTs

Physically,Q} is related to the ratio of the spin-flip and tun-

When the effects due to band structure can be neglectetkling rates. Thu§) =0 corresponds to the limit of no spin
by assuming a constant density of states and constant tunneelaxation, while large values é1, 1>1, correspond to the

ing matrix elements, then one may write

Yoo=Vvo (12)

for v=1 andv=r. In this case, formul&ll) for the tunnel-
ing current can be rewritten as

1= yr[n,—f (1-n_,)-T/n_,]. (13

Using Eq.(13), one can calculate tunneling current for

case of fast spin relaxation.

We assume that the positive bias corresponds to the case
when electrons flow from the left to right reservoires. An
important question now is how the discrete leeglvaries
with the bias voltagé/. If we measure the energy from the
Fermi level of the left electrodei;=0), thenu,=—eV,
and we assume that;=e}—xeV, where 0<x<1, and 3
denotes the energy of the discrete level in equilibriuvh (
=0). In real situations the value of the parametelepends
on the barriers on both sides of the dot, and also on the
charge accumulated on the dot. If we assume a linear drop of

both magnetic configurations, and consequently also the tunhe electrostatic potential between the electrodes, then one
nel magnetoresistance. Below we describe some numericgday writex=d, /(d,+d,), whered, andd, denote the thick-

results.

Ill. NUMERICAL RESULTS

nesses of the left and right barriers, respectively. Such a sim-

plified description, however, neglects the shift of the level

position due to electrostatic potential of the charged'@ot.
From Eqgs.(9a9—(90¢), it follows that the occupation num-

The effects considered in this paper follow from the spinpgrg n;, n,, andn;, depend on the tunneling ratg,
dependence of the tunneling processes described by the pgng relaxation time only via the paramete®. The electric

rametersl'}; , T, T|,, andT, . For simplicity, we will

current, on the other hand, depends gnand 75 through

neglect all effects following from the band structure, andthe occupation numbers, and also through a factor linear
assumey,,=v,,. To describe the spin dependence morein 7yo. Therefore, it is convenient to normalize current to

guantitatively, we introduce the spin asymmetry factpys
andp, for the left and right barriers, respectively,

Y+=vo(1Ep)), (1439

Yr+=ayo(l£p,), (14b)

where the uppeflower) sign is for the spin-majority ¢
=+) and spin-minority = —) electrons, andy, is a pa-
rameter. In the following we assume thgi is independent
of the bias voltage. In Eq14b), we additionally introduced
the factor @, which describes the asymmetry between th
right and left barriers. Equationd44a and(14b) are written
in the local quantization axgglong the local magnetization
direction. According to our notation, the spin orientations in
the global quantization axis are describedibgnd | .

We will consider two magnetic configurations—parallel

and antiparallel configurations. We also assume that in th

antiparallel configuration the magnetization of the right elec
trode is reversed. Thus one can write

Yer(y=avo(1Ep,) (1539
for the parallel configuration, and
Yer(y = avo(1+py) (15b)

for the antiparallel one.

e’}/o.

A. Symmetrical junctions

First consider a symmetrical junction, i.e., the case when
both barriers are identicay=p,, a=1, andx=1/2. Let us
neglect, for a while, spin-flip relaxation processes on the dot.
Since nowl (— V) =—1(V), the analysis will be restricted to
positive bias onlyy>0. Figure 1a) shows typical variations
of the occupation numbers. andn, with the bias voltage/,
calculated for both parallell and antiparallel configurations.

€n both cases, the first step m andn; occurs at the bias,

when the discrete leved; crosses the Fermi level of the left
(source electrode. On the other hand, the step at a higher
voltage corresponds to the case whept-U crosses this
Fermi level. Figure (b) showsn, for both magnetic con-
figurations. Note that there is only one stepnipy, which
ccurs at a voltage corresponding to the second step in
andn, . Itis also interesting to note that in the parallel con-
figurationn;=n, whereas in the antiparallel configuration
n;#n, . The situation is similar to that in the case of sym-
metrical junctions with large central electrodéslands,
where difference in spin asymmetry for tunneling rates
across the left and right barriefg/hich takes place in the
antiparallel configuration on)ygives rise to a spin split of
the island Fermi level, and consequently leads to spin
accumulatior:*® No such effect occurs when the spin asym-

Another parameter introduced to describe numerical remetry for both barriers is the same, which for symmetrical

sults is the dimensionless frequen@y defined as

junctions occurs only in the parallel configuration.

085318-3



W. RUDZINSKI AND J. BARNAS PHYSICAL REVIEW B 64 085318

“PTa) oy antparalle) 078
- .
0.6 .
g : . 080
®© c
% hy =ny (paraliel) / 0.25
o ——
O n, (antiparallel)_/ 0.00
0.45
- - 0.30
LC) 0.2 nty (paralle) — [~ c
8 0.15
3 .
8 0.1 nty (antiparallel) 0.00
O
0.21
0.0
1.0 {c) < 014
- s c
>‘ .
© 08 parallel /..o 0.07
S— .
= 0.6 . N
GC) antiparallel . 0.00
E 04 ) > 0.9
=1 (O]
O 021 -~ 06
o .
0.0 1 S
0.44 d) = 03
. 7 3 .
&)
0§f 0.40 1 0.0
= 0.4
0.36 1 o .
S 03f...-
|_
0.32 T T T T T 0.2
0.00 025 050 075 1.00 125 150
. 0.1
Bias Voltage [V] 0.00 025 050 075 1.00 125 1.50
FIG. 1. Occupation numbers, andn, (a), n;, (b), electric Bias Voltage [V]

current(c), and TMR(d) in a symmetrical junction, calculated for
no spin-flip processes. The other parameters agreo.l eV, p
=p,=05,U=04 eV,a=1, T=100 K, andx=0.5.

FIG. 2. Occupation numbers; (a), n; (b), n;; (c), electric
current (d), and TMR (e) calculated for different spin-flip rates,
described by the indicated values of the param@teParts(a)—(d)
are calculated for the antiparallel configuration. The other param-

Figure Xc) shows the tunneling current calculated for eters are as in Fig. 1.

both magnetic configurations and normalizedetg,. There

are two steps in the current, which correspond to the steps imay expect that spin-flip transitions reduce the difference
the occupation numbers; andn , whereas between the betweenn, andn,. Sincen,=n, for =0 (no spin-flip
steps the current is constant. At each step a new channel fprocessesin the parallel configuration, the spin-flip pro-
tunneling becomes open. FigurédlLshows the correspond- cesses have no influence on the occupation numbers in this

ing tunnel magnetoresistance, defined quantatively as geometry. Moreover, because electric current depends on the
spin-flip transitions implicitly through the occupation num-

bers, the electric current in the parallel configuration is also
_ insensitive to the parameté€r. The situation is different in
T= =P (17)  the antiparallel configuration, wherg #n, for =0 [see
Fig. 1(@)]. Thus the difference betweem, and n; should
i . _ _ decrease with increasin@. Indeed, this is the case as shown
whereR,, andR;, denote the total junction resistance in the j, Figs. 4a) and 2b), where the occupation numbers and
antiparallel and parallel configurations, respectively. Them are presented for different values of the param@te®ne
magnetoresistance is significantly enhanced in the bias ranggn note than, andn, tend to the same value with increas-
bounded by the voltages corresponding to the two steps ifhg (), which coincides witm,=n, in the parallel configu-
the occupation numbergs well as in the current ration. Also, the value ofi; | in the antiparallel configuration
Let us now consider the influence of spin-flip transitionsvaries with increasin@) [see Fig. 2c)] approaching the cor-
at the dot on the tunneling characteristics. Generally, oneesponding value in the parallel configuration.
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FIG. 3. TMR as a function of the paramet@r, calculated for
V=1 V. The other parameters are as in Fig. 1.

Figure 2d) shows the influence of the spin-relaxation pro-

PHYSICAL REVIEW B 64 085318

0.44 - T \
\<— U=0.1 \
0.42 | '
~—U=0.4
o 040 ?—‘—U=0.05
= :
F 038 -
\ U=0.6
0.3 1 0.03 :
0.34 \ \
000 025 050 075 100 125  1.50

Bias Voltage [V]

FIG. 4. TMR as a function of the bias voltage, calculated for
indicated values of the correlation parameterThe other param-
eters are as in Fig. 1.

cesses on the tunneling current in the antiparallel configuradifference also gives rise to the difference in the occupation

tion. With increasing(), the current tends to the current
flowing in the parallel configuratiofjcompare with Fig.
1(c)].

The TMR effect is shown in Fig.(2) for a few values of
Q. Generally, TMR decreases with increasiflg i.e., with
decreasing spin-relaxation time. This is clearly visible in Fig.
2(e), where the curves describing TMR move down wifgn
increases. Apart from this, the broad and flat maximum i
TMR disappears above a certain valughfTo see how fast
TMR disappears with increasing, in Fig. 3 we show ex-
plicitly the ) dependence of TMR for a particular voltage
One can see that the main drop of TMR is farranging
from =0 to Q~1. ForQ>1, TMR is rather small, and
decreases further with increasith

As follows from Fig. 1d), the TMR effect atQ)=0 is

n

numbers in the parallel configuration;#n,. The factor
a=0.1, on the other hand, indicates that on average electrons
can tunnel much easier to the dot than out of it. Thus elec-
trons which have tunneled to the dot prevent other electrons
of the source electrode from tunneling onto it. The situation
is different for negative bias, when electrons flow from the
right to the left. Now the larger spin asymmetry in tunneling
matrix elements is for electrons tunneling to the dot. This
should also give rise to a difference in the occupation num-
bers in the parallel configuration, but of opposite sign. More-
over, it is now much easier on average for electrons to tunnel
out of the dot than to the dot. This means that electrons
which have tunneled onto the dot through the right barrier
leave the dot rather quickly through the left barrier, and

enhanced by Coulomb correlations, when the voltage is iﬁherefqre have no significant influence on the subsequent
the range limited by the voltages corresponding to the twdunneling processes.

steps in the current-voltage characteristics. An interestin
guestion is what happens when the correlation paranméter

The asymmetry between the left and right electrodes and

%arriers gives rise to asymmetrical characteristics of the junc-

decreases and finally disappears. This is shown in Fig. 4ions with respect to the change of the bias sign. Figure 5
where TMR is presented for different values of the correla-shows a variation of the occupation numbers in the parallel

tion parametet. The broad and flat maximum in TMR be-
comes narrower with decreasing value Wf but its height
remains unchanged when the paramétes not too small.
At sufficiently small values obJ, height of the peak in TMR
decreases, vanishing finally whdh—0. Thus, one may

configuration with the bias voltagé calculated for different
values of the parameté€l, which range from the slow to fast
spin relaxation limits. Consider, first, the case of positive
bias and no spin relaxatiofi} =0. The number of tunneling
processes significantly increases at a voltage corresponding

state that Coulomb correlations on the dot can lead to ag the first step. Thus the occupation numbersand n,

enhanced TMR in a certain bias range.

B. Asymmetrical junction

Consider now an asymmetrical situatiom7#1 and p,
#p,. For numerical calculations we assurpe=0.4, p,

begin to increase at this voltage as well. Whenbecomes
larger than 0.5, then a further increasenn results in a
decrease im; , as one can conclude from Fig¢aband §b).
This gives rise to the peak im, at voltages in the vicinity of
the first step. Since now, #p,, thenn;#n;, not only in

=0.9, anda=0.1. For positive bias, the assumed parameterghe antiparallel confuration but also in the parallel one, as

correspond to the situation when the matrix elements fo

glready discussed above. For the parameters assumed in Fig.

tunneling from the dot to the drain electrode are strongly5, electrons with spino0=1 tunnel easier to the dot than
spin dependent, much more strongly than the matrix eleelectrons with spirr= | . A similar situation also takes place
ments for tunneling from the source electrode to the dot. Thigor electrons tunneling from the dot to the drain electrode,
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as Voltage [V] FIG. 6. Electric current in the paralléh) and antiparallekb)
configurations, and TMRc) calculated for different spin-flip rates,

FIG. 5. Occupation numbers; (a), n; (b), andn;, (c) in an  described by the indicated values of the paraméterThe other
asymmetrical junction in the parallel configuration and for differentparameters are as in Fig. 5.

spin-flip rates, described by the indicated values of the parameter
Q). The other parameters aregzo.l eV, pj=04, p,=0.9, U

=0.4 eV,a=0.1, T=100 K, andx=0.5. positive bias. Another consequence of this is a very small

value ofn; .

) _ If we include spin-relaxation processes, then the peak in
but now the spin a_symmetry is much larger. Conseq_uentlym in the vicinity of the first step and the dip im, in the
n,;>n; and the flowing current produces a net magnetic MOvy;icinity of the second step slowly disappear with increasing
ment on the dot. When the bias approaches a yalue COI®y  as'is clearly evident in Figs(& and b). Moreover, the
sponding to the second step, then a new tunneling channgltference in the occupation numbens andn, also disap-
becomes open—mainly for electrons with spis 1. This pears.
results in a fast increase in;, and consequently in a  Figure 6 shows tunneling current in both magnetic con-
decrease(dip) in n; for voltages close to the second figurations and TMR for different values of the parameder
step. Finally, at higher voltages, two electrons with oppositeConsider, first, the situation whe&d=0, i.e., for no spin-flip
spin orientations can reside on the dot, amd~n,. The processes. An important property of the current-voltage
numbern, , shown in Fig. &), behaves similarly to what curves is their strong asymmetry with respect to the bias
occurs in the symmetrical case discussed above. The situeeversal. For positive bias the electric current first increases
tion is significantly different for negative bias. Now the in- with increasing bias, and then drops to a certain small value,
duced magnetic moment on the dot has an opposite sigavhich is almost independent of the bias, uMiteaches the
n,<n,, as already mentioned above. Apart from this, elecvalue corresponding to the second step, where the current
trons now spend a much shorter time on the dot, so thécreases relatively quickly and saturates at a certain level.
values ofn, andn, are rather small, much smaller than for The decrease of electric current at the voltage slightly above
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the first step is caused by less conducting electrons with spin 2.0

o= residing on the dot, which block tunneling of the more 1.8

conducting spint electrons, as already discussed above. In o 161

the extreme limit of the half-metallic right electrode, GP; 1.4

p=1,the current above the maximum drops to zero, being — 12 |

totally blocked by an electron with spim= | residing on the T 10

dot, and then rapidly increases when the bias reaches avalue @ ;5 |

corresponding to the second step. For negative bias, on 5 06 |

the other hand, the electric current reaches a maximum value © 04 ]

right above the bias corresponding to the first step, 0.2 |

and is roughly constant at higher voltages. Now electrons 0.0 , ,

spend a much shorter time on the dot, and consequently 1'6 [b) antiparallel

electrons with a particular spin orientation have only a ' —

small influence on the tunneling of electrons with opposite o 14 |y U=0 F /

spins. o 121 l U=04 :
When the spin-relaxation processes occur, then the situa- 75 1.0 | -~ U=0.03 F l

tion changes significantly. For positive bias, the plateau < ] -‘I -

- o 08 :,<—I—U=o.05

between the peak in current and the second step moves &£ 06 N U=0 6‘J

up, and finally the peak at the first step disappears. For 8 ' U=0.1 ' -

negative bias, on the other hand, the spin-flip processes 041 } /

have only a small influence on the electric current in both 0.2 o J .

magnetic configurations. It is interesting to note that, even in 0.0

the limit of fast spin relaxation on the dot, a certain asym- C) N

metry of the current-voltage characteristics survives. For 1.0 { '

positive bias there are then two clear steps, whereas for nega- L _ i \

tive bias the first step is large while the second step is rather 0.8 1 \ u=0.1 \%U=O.4

small. 14 06 | : \
The situation in the antiparallel configuration is qualita- E ' _ | u=00s \

tively similar, but with the electron spins interchanged. 04 :/ - U=0.6

Therefore, we will not discuss this configuration in more i U=0.03 \ 4)\

detail. The difference between currents flowing in both mag- 0.2 1 - \

netic configurations gives rise to the TMR shown in Fig. 0.

6(c). ForQ)=0 and for positive bias, there is a broad and flat
maximum in TMR for voltages between the two steps. The
behavior of this maximum, with an increasing value of the Bias Voltage [V]
parametef), is similar to that in the symmerical case, so we
will not discuss it further here. However, it is very intergsting FIG. 7. Electric current in the paralléh) and antiparalielb)
to note that the enhancement Of TMR by the Correl.atlon.ef'configurations and TMRGc), plotted as a function of the bias volt-
fects takes_ place only for positive bias. For negatl_ve' b'asage for indicated values of the correlation paraméteirhe other
TMR remains almost constant and rather small. This is _d”%arameters are as in Fig. 5.
to the fact that for negative bias the correlations play a minor
role, since nown, is very small. When the paramet€r i i
increases, then the difference between the occupation nurfd" @Pove the Fermi level. In this case the level cannot be
bers and electric currents in both magnetic configurationgloubly occupiedn; =0, sof,; =0 andf, =1 for Us>kgT
becomes smaller, and finally disappears in the limit of fasendU>eV. Only empty and singly occupied states are now
spin relaxation. So does the TMR effect. involved in tunneling processes.

The influence of the parametdd on electric current Equations(9a—(9¢) now reduce to the following:
and TMR is shown in Fig. 7 for the case of no spin relax-
ation, =0, and for positive bias only. Whebd —0, the
second step in the current moves toward lower voltages, n—n
leaving the magnitude of the current above and below this I (1=n)—(T;+I)n— L -0, (189
step unchanged. In this limit the suppression of electric cur- Ts
rent above the first stef@quivalent to the second sjegis-
appears and TMR is constant, i.e., independent of the bias
voltage.

000 025 050 075 1.00 125 1.50

n—n
I (1—n)—(f+T)n———L=0. (180
IV. EMPTY LEVEL IN THE LARGE- U LIMIT Ts

Now consider the case when, in equilibrium, the discrete
level e is slightly above the Fermi level, whereag+U is A solution of these equations gives
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- + +
[T rg+ T +T]

[(Tf+T ) (T} +T ) =T T ]re+20  +2T +T; +T ]

ny

+— + +

_ , (19b
[T+ ) (D +T ) =T T g+ 207 +2T [+, 41

n

The electric current can be then calculated from the formula V. DEEP LEVEL IN THE LARGE- U LIMIT

Now consider the situation when the discrete legglis
far below the Fermi level, whiley+ U is slightly above the
_ _gteq_ . d
I—e}(r: Yrol M= 1 (1-N-5)]. (20 Fermi level in equilibrium. In this case the level is always
occupied with a single electron fau>kgT andU>eV, so

L , _ ) . =1 andf, =0. Only singly or doubly occupied states are
Such a situation was considered in Ref. 16, in the limit of

no spin-flip transitions. It was shown there that, when one of
the electrodes is half-metallid¢ull spin polarization of elec- 1.0 1a) parallel 0=1
trons at the Fermi levilthe junction may act as a diode. The
current can flow, say, for negative bias, while for positive
bias it can flow only in a certain region of the applied volt-
age. Here we consider the same parameters as in Ref. 16, and
analyze in detail how the spin-flip transitions modify the
junction characteristics. In Figs(a8 and 8b) we show cur-

rent in both magnetic configurations and for positive bias
only. ForQ)=0 the current flows only in a small bias range 0.2 1
around the voltage corresponding to the first step in the gen-

eral casdsee Fig. 1 This corresponds to the situation when ?-8 ] -

the discrete level crosses the Fermi level of the source elec- 01b) antiparalel
trode. At higher voltages the current is suppressed. For one
spin orientation, the electron which has tunneled to the dis-
crete level cannot tunnel further, because there are no states
available for it in the half-metallic drain electrode. This elec-
tron blocks the tunneling of other electrons. When the dis-
crete level is close to the Fermi level of the source electrode,
the current can flow, because the thermal distribution allows
tunneling back to the source electrode, so that the discrete
level becomes accessible for those electrons of the source
electrode, which can tunnel to the drain electrode. For higher
voltages, an individual electron, with a spin orientation for
which the density of states in the drain electrode vanishes, is
trapped in the level, and thus suppresses electric current.
This takes place in both magnetic configurations. It is easy to
conclude that this mechanism does not work for negative
bias. In this case the current is not blocked.

The efficiency of the mechanism described above relies
on the fact that the spin orientation of the trapped electron is
conserved for a long time. Any spin-flip scattering will free
the electron trapped in the dot, and allow it to tunnel further. 0.0+ : : :
Thus the diodelike behavior should strongly depend on the 0.00 0.25 0.50 0.75 1.00
spin-flip transitions in the discrete level. Indeed this is the ;
case, as shown in Figs(é3 and 8&b), where forQQ~1 the Bias Voltage [V]
suppression of electric current disappears. FIG. 8. Electric current in the paralléh) and antiparallelb)

Differences in the current for parallel and antiparallel con-configurations, and TMRc) as a function of the bias voltage, cal-
figurations give rise to TMR, shown in Fig(@. The behav-  cuylated for larged limit with empty state in equilibrium. Different
ior of TMR with increasing() is qualitatively similar to that curves correspond to different spin-flip rates, described by the indi-
described for symmetrical junctions, so we will not discusscated values of the parametér. The other parameters are)
this point in more detalil. =0.25 eV,p;=0.4,p,=1, «=0.1, T=100 K, andx=0.5.

0.8 1

=
()
~
—-—
C
£
>3
O

Current/ ey,

TMR
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involved in the tunneling processes. In this situation the ex- 0.20 =
pected value of zero occupancy vanishes, 0.15 _a) paralle
((1=ny)(1-n)))=0, (21) 5 oo Q=002
or, equivalently, - Q=001
S 005 a0
ny+n,—n; =1 (22 = J
S 000 / -
Equations(9a—(9¢) now reduce to the following: © 005 F— ] Q=01
— — Q=1
~ -~ o~ n.-n_ [ .. =
T — (T +T;)n, - ——+=0, 23 -0.10 : : :
=T+ Ts (233 b) antiparallel ...
0.15 - 7
P n—n_ 0.10 1 Q=0.02

These two equations, together with conditi@2), allow one 0.05 1

to calculaten;, n;, andn;, . The results are 0.00 v

Current / ey,
e
L
0
L

=~ ~, o~ ~. o~ — — —1_o-01
(T +Ur (T +T )7+ (T +T7) 0051 cf
nT: S+ =+ nTl’ (243 ./QZI
(I'{ + 17 (L[ + Urs) 75— L7 -0.10 - -
C) a0
(P +Ur (T +T )7+ (D[ +T ) 1.2
n=—-= = Ny, (24b Q=001
(Ff-ﬁ—l/TS)(F;r-i‘l/Ts) 15— 17y . —
0=0.02
with = 08 ——
. (T 7+ (T +T ) +(T+T)) 04|  omos
H Tt DT 4T L
. e B oo L L ' ) ‘. ' |
+(FT Ts+1)(1“¢+1“l)+(1}+1“¢)_1 15 40 05 00 05 10 15
(Ml 7+ DT +T] Bias Voltage [V]

(29 FIG. 9. Electric current in the paralléh) and antiparallekb)

configurations, and TMRc) as a function of the bias voltage, cal-

culated for largdd limit with discrete level occupied by a single

~ ~ electron in equilibrium. Different curves correspond to different

I:ez ym(n”— fr*n,(,). (26) spin-flip rates, described by the indicated values of the parameter
v Q. The other parameters aed+U=0.25 eV, p;=0.4, p,=e€3,

The mechanism leading to the suppression of electric cur® = 02+ 1100 K, andx=0.5.

rent and diodelike behavior, described in Sec. 1V, does nopnly electrons of a particular spin orientation can be injected
apply to the present situation. However, it is still possible tointo the dot—provided that the electron residing at the dot
have a diodelike behavior. Consider the same asymmetry dfas the opposite spin orientation. If the electron on the dot
the junction as in Fig. 8. The only difference is that now thehas the same spin orientation as the electrons in the source
discrete levekg is far below the Fermi level, whiley+U is  electrode, then no tunneling processes can occur. Suppose
slightly above it in equilibrium. Figures(8) and 9b) show that, after switching the bias voltage, the electron at the dot
electric current flowing in both magnetic configurations. has the opposite spin to that of electrons in the half-metallic
Consider the cas@ =0 (no spin-flip processes on the dlot source electrode. Thus one electron from the source elec-
For positive bias, the current begins to flow whept+U  trode can tunnel to the dot, and then one of the two electrons
crosses the Fermi level of the source electrode. At higheon the dot(of arbitrary spin orientationcan tunnel further
voltages the current is constant, and independent of the biaiito the drain electrode. When the electron that remains on
The situation is significantly different for negative bias. Now the dot has the same spin orientation as the electrons in the
the current vanishes for arbitrary voltage. Thus the diodelikesource electrode, no more tunneling processes can occur, and
behavior is even much more pronounced than that shown ithe current is blocked. Thus, in a stationary state, no current
Fig. 8 and discussed in Ref. 16. The reason for such behavidlows for negative bias. As before, spin-flip processes sup-
is as follows. For negative bias, the source electrode is thpress the diodelike behavior, as is also clearly evident from
half-metallic one(for the parameters assumed in Fig, 0  Figs. 9a) and 9b).

The current is then given by the formula
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Differences in the current flowing in both magnetic con-by the Coulomb correlations on the dot. The enhancement
figuration gives rise to the TMR shown in Fig(cd. It is  takes place when the bias is within the range limited by the

interesting to note that now the enhancement of the TMR du¥oltages corresponding to the situations where either the dis-
to electron correlations on the dot is for negative bias. crete leveley or e4+ U crosses the Fermi level of the source

electrode.
In asymmetrical junctions the Coulomb correlations on
the dot may lead to a suppression of electric current for a
particular sign of the bias. The resulting asymmetry in
VI. SUMMARY AND CONCLUSIONS current-voltage characteristics gives rise to a diodelike be-
havior. This behavior, however, occurs only in the case when
We have considered tunneling through an impurity or aspin-flip processes on the dot are sufficiently slow, i.e., when
quantum dot with a single discrete level in the presence ofhe spin-relaxation time is much longer than the injection
Coulomb interaction. Both external electrodes were assumeldme. For faster spin relaxation, diodelike bahavior is gener-
to be ferromagnetic, and two magnetic configurations werélly suppressed by the spin-flip transitions.

discussed—the parallel and antiparallel configurations. Con- The work was supported by The Polish State Committee
siderations were limited to the sequential tunneling regimefor Scientific Research through the Research Project No. 5
so quantum interference effects in tunnelfig® such as, P03B 091 20.

e.g., Kondo resonances, were neglected. It was shown that Note added in proofDiodelike behavior was recently
tunneling magnetoresistance, due to rotation of the magnetiound also in asymmetric planar junctioh€hshievet al,
moments from antiparallel to parallel alignment, is enhanced¢ond-mat/0105264
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