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Mechanically assisted spin-dependent transport of electrons
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Spin-dependent tunneling of electrons through magnetic nanostructures containing a mechanically movable
guantum dot is considered. It is shown that the mechanically assisted current can be made strongly sensitive to
an external magnetic field, leading to a giant magnetotransmittance effect for weak external fields of order
1-10 Oe.
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[. INTRODUCTION tilever may shuttle electrons between metallic leads as has
Metal-organic nanocomposite materials are interestindecently been demonstratéurther experiments with mag-
from the point of view of the “bottom-up” approach to build- N€tic and superconducting externally driven shuttles, as sug-
ing future electronic devices. The ability of the organic partsgeSted in Ref. 9, seem to be a natural extension of this work.
of the composite materials to identify and latch onto other”Ullerene-based nanomechanical structiraee also of con-
organic molecules is the basis for the possible self-assembfj/derable interest. g o
of nanoscale devices, while the metallic components provide, 1€ Possibility to place transition-metal atoms or ions in-

mechanical robustness and improve the electrical condU(,S-'de organic molecules introduces an additional *magnetic

tance degree of freedom that allows the electronic spins to be

Such composite materials are heteroelastic in the sen coupled to mechanical and charge degrees of freeddy.

that the mechanical rigidity of the organic and metallic Comﬁﬁampulatlng the interaction between the spin and external

. . : agnetic fields and/or the internal interaction in magnetic
ponents are very different. This allows for a special type otm g 9

) . 'materials, spin-controlled nanoelectromechanics may be
deformation, where hard metallic components embedded in 3.hieved. An inverse phenomenon—nanomechanical ma-

soft organic matrix can be rearranged in space at a loipylation of nanomagnets—was suggested earlier in Ref.
deformation-energy cost associated with stretching and comj A magnetic field, by inducing the spin of electrons to
pressing the soft matrix. Strong Coulomb forces, due to acrotate (precesy at a certain frequency, provides a clock for
cumulation of electronic charge in embedded nanoscale me&tudying the shuttle dynamics and a basis for a dc spectros-
tallic particles, can be a source of such mechanicatopy of the corresponding nanomechanical vibrations.
deformations. This leads to a scenario where the transport of A particularly interesting situation arises when electrons
electric charge, possibly due to tunneling of electrons beare shuttled between electrodes that are half-metals. A half-
tween metal particles, becomes a complex nanoelectromenetal is a material that not only has a net magnetization as
chanical phenomenon, involving an interplay of electronicdo ferromagnets, but all the electrons are in the same spin
and mechanical degrees of freedbri8uch an interplay can state; the material is fully spin-polarized. Examples of such
lead to new physics, as was recently demonstrated theoretinaterials can be found among the perovskite maganese ox-
cally for the simplest possible structure—a nanoelectromeides, a class of materials that shows an intrinsic, so-called
chanical single-electron transistor. The electromechanical incolossal magnetoresistance effect at high magnetic fields
stability predicted to occur in this device at large enough biasrder 10—100 kOg'®
voltage was shown to provide a new mechanism of charge A large magnetoresistance effect at lower magnetic fields
transport This mechanism can be viewed as a “shuttling” of has been observed in layered tunnel structures where two
single electrons by a metallic island—a Coulomb dot—thin perovskite manganese oxide films are separated by a
suspended between two metal electrodes. The predicted itunnel barriet3-” Here the spin polarization of electronic
stabilily leads to a periodic motion of the island between thestates crucially affects the tunneling between the magnetic
electrodes shuttling charge from one to the other. electrodes. This is because electrons that can be extracted
The shuttle instability appears to be a rather general phdrom the source electrode have their spins aligned in a defi-
nomenon. It has, e.g., been shown to occur even for exnite direction, while electrons that can be injected into the
tremely small suspended metallic particles moleculegfor drain electrode must also have their spins aligned, possibly
which the coherent quantum dynamics of the tunnelingn a different direction. Clearly the tunneling probability and,
electrond or even the quantum dynamics of the mechanicahence, the resistance must be strongly dependent on the rela-
vibratiorf—’ becomes essential. Nanomechanical transport dfive orientation of the magnetization of the two electrodes.
electronic charge can, however, occur without any such inAn external magnetic field aligns the magnetization direction
stability, e.g., in an externally driven device containing aof the two films at different field strengths, so that the rela-
cantilever vibrating at frequencies of order 100 MHz. A tive magnetization can be changed between high- and low-
small metallic island attached to the tip of the vibrating can-resistance configurations. A change in the resistance of
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FIG. 1. Schematic view of the nanomechanical GMR device: a
movable dot with a single-electron level couples to the leads due to VI i t
tunneling of eIectrons,gdescribed by the tunpneling probability am- Hint = T,_(t)}a: o 8 F TR(t)% 2,r8 T H.C.,
plitudesT_g(t), and to the exchange interaction whose strength is
denoted byJ_g(t). An external magnetic fielti is oriented perpen- Wherea;K,(aaYK) ,k=L,R, are the creatioannihilation op-
dicular to the direction of the magnetization in the Ieéaisowé. erators of electrons with energy, in the |eft(r|ght) |ead(We

have suppressed the spin indices for the electronic states in

trilayer devices by factors of order 2-5 have in this way beerihe leads based on the assumption of full spin polarization
induced by magnetic fields of order 200 86 The re- a'(a,),o=1,], are the creatiorfannihilation) operators on
quired field strength is determined by the coercivities of thethe dot, &, is the energy of the on-dot level) g(t)
magnetic layers. This makes it difficult to use a tunnelingEJL(R)(x(t)) are the exchange interactions between the on-
device of the described type for sensing very low magneticyrain electron and the lefright) lead, T, (1) = TR (X(1)

fields. Im this é)aperdwe prr]op?se af dlifferent fufnctilonalare the tunnel coupling amplitudeg, is the gyromagnetic
principle—spin-dependent shutting of electrons—for low- raiioanq is the Bohr magneton.

magnetic-field sensing purposes. We will show that this prin- 14 gingle-electron density matrix describing electronic

ciple can lead to a giant magnetoresistance effect in eXtemﬂ]ansport between the leads may be expressed as
fields as low as 1-10 Oe.

The idea that we propose to pursue is to use the external n_ @, K\ N[k
magnetic field to manipulate thepin of shuttled electrons p—zwwhlf Koo, @
rather than the magnetization of the leads. The possibility to
“trap” electrons on a nanomechanical shuttiecoupled Here [¥*~) are single-electron states that obey the time-
from the magnetic leadsduring quite a long time on the dependent Shrédingéfi=1) equation with the Hamiltonian
scale of the time it takes an electron to tunnel on/off the(1). The initial condition has the form
shuttle makes it possible for even a weak external field to
rotate the electron’s spin to a significant degree. Such a ro- [Pt — = 0)) = |a, )exp(— ig,t),
tation allows the spin of an electron, loaded onto the shuttle . . .
from the spin-polarized source electrode, to be reoriented iwhere |a,x) is a single-electron state on the leadwith

order to allow the electron finally to tunnel from the shuttle energye,. . L .
to the spin-polarized drain lead. As we will show below, the We will assume that internal relaxation in the leads is fast

magnetic field-induced spin-rotation of shuttled electrons is §nough to lead to equilibrium distributions of the electrons.

very sensitive nanomechanical mechanism for a giant ma Referring t9 Eq.(2) th|§ megns.thawa,L(F.{):f(saI.\/IZ),
netoresistancéGMR) effect. where f(g) is the Fermi distribution function an¥l is the

applied voltage.
The problem at hand is greatly simplified if one considers
Il. FORMULATION OF THE PROBLEM: GENERAL the large bias-voltage limit
EXPRESSION FOR THE CURRENT

a,K

V-gg> T2, (3)
A schematic view of the nanomechanical GMR device to

be considered is presented in Fig. 1. Two fully spin-polarizedvhere v is the density of states in the leads afigy

magnets with fully spin-polarized electrons serve as source maxT_g(t). The restriction(3) does not allow us to con-

and drain electrodes in a tunneling device. In this paper wesider a narrov(~VT2max) transition region, where the voltage-

will consider the situation when the electrodes have exactlghifted Fermi level in one of the leads crosses the resonant

opposite polarization. A mechanically movable quantum dotevel on the dot. However, it does cover the case most im-

[described by a time-dependent displacemét)], where a  portant in reality, i.e., when the fully transmissive junction is

single energy level is available for electrons, performs forcesgtrongly affected by electronic spin polarization. Therefore,

harmonic oscillations with period=27/w between the in our further considerations we will take, =1, w,r=0,

leads. The external magnetic field is perpendicular to th@ndey=0.

orientation of the magnetization in both leads. We now calculate the average currérthrough the sys-
The Hamiltonian that governs the dynamical evolution oftem from the standard relation

the system is

1(7
.- ~ - I:—f dtTr{pj}, 4
H =Hieadst Haot* Hint; (1) T 0
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e T t
| = = f dtl'R(t) J dt'T (") |Lyy(t, )2, (12
0 —o0

whereNg=3,a -a, r is the electron number operator for the WhereLa(t,t') is a matrix element of the operatbxt,t');

right lead.
In general, the statpP®t) can be expressed as

[wek() = X cib)o) + X cP(b)|B, ). (5)
o B.x

LZl(t!t’):(eZiL(t!t’)el)'

Since the probability amplitude for tunneling is exponen-
tially sensitive to the position of the dot, the maximum of the
tunnel exchange interaction between an electron on the dot
and an electron in one lead occurs when the tunneling cou-

Thus the problem is reduced to determining the coefficient®!ing to the other lead is negligible. This is why we will

cfj'ﬁ(t) andcg(t). At this point it is convenient to introduce

the bivectors
- Cla l 1= O l 2 1 I

so that the coefficients®” can be expressed ésee Appen-
dix A)

t
caP=—j f dt’ €esTH(t) (e, c(t))),

—00

t
P =eha, - f dt s T (1) (er,c(t). (6)

Here(a,b) is the inner product of two bivectors. As shown
in Appendix A, by using the wide-band approximatitre.,
by taking the electron density of states in the leads be
constanf the equation for the bivectoxs' takes the form

i‘% = R(t)c” + f(1). )
Herefe(t) =T, (t)e *'e, and the matrixR(t) is
L (=IO -T2 —guH/2

RO= ( - guH/2 J(t) - iFR(t)IZ)’ ®

where J(1)=J, () -Jx(t) and ' (t)=2mT4(t) is the level
width.
The formal solution of Eq(7) can be written in the form

t
c(t) = —i J dt'L(t,t)f(t’), (9)

where the “evolution” operatdl(t,t’), with IA_(t,t)=f, is de-
fined as the solution of the equation

=RL(L,),

ALt
I—o'?t (10

and obeys the multiplication and periodicity rules

Ltt) =Lt t), Lit+T.t'+T)=L(tt). (11)

Using Eq.(9) together with Eq.(4), one can write the
average current on the form

assume the following property of the tunneling amplitude
T,(t) to be fulfilled:

TLHTR() =0, T.(1),Tg(t) # 0. (13

This assumption allows us to divide the time inter¢@|T)

into the intervals (0,7)+(7,T/2)+(T/2,T/2+7)+(T/2
+7,T). We suppose thak, (t) # 0 (but H=0) only in the time
interval (0,7) [and, analogouslyTx(t)=T, (t+T/2)#0 in
the time interval(T/2,T/2+7)]. Using this approximation
together with the propertied1) of the operatol(t,t’), we
arrive at the following expression for the average current
(Appendix B:

| = $(1 —e)2 (e, L(T12, 7)) 2. (14)

n=0

HerelL= I:(T+ 7,7 and

r= 2’7va dtT(t)
0

(15

is the probability for an electron to be transferred to the
shuttle during the contact time Consequently, in order to
calculate the average current it is necessary to investigate the

properties of the evolution operattﬁx It follows from its
definition and our approximatiofEq. (13)] that

[ = e—(1+a'3)1"/4+i03d>0|:(-|—’-|—/2 n T)e—(l—zrg)l"/4—itr3¢>0|:(-|-/2’ 7,
(16)

where ®,=[idtJ(t). During the time intervall/2+7<t<T
(when under our approximatidi (g, =0) the operatoR(t) is

Hermitian and possesses the symmetry propetids* o,

=—-R. As a consequence, the operatde= ﬂ(T,T/2+r) is
unitary and completely determined by the probability ampli-
tude ye'¢ for a spin-flip transition. It can be written as

—s i .

~ \r’l—’yz |'yel‘p )

U= o, 17
(iye_.q, i (17)

where the modulugy and phasep depend on both the ex-
change interactiod(t) and the magnetic fielti. In addition,
the symmetry properties;R(T—t)o3=—R(t) gives the rela-
tion
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|:(T/2,7') = O'1|:(T,T/2 -7)07. (18) E ’

T L WJO NS l R

/N x(®)
|‘_ — e—F/Z(e—U3F/4+i<I>Oo'30 01)2_ (19) ‘ \

Proceeding with the analysis wig calculate the eigenval-
ues \; and eigenvector®; of the operatorL of Eqg. (19), FIG. 2. On-dot energy levels for spin-up and spin-down electron
I:b-:)\-b- and(ii) substitute the expansia=a,b; into Eq states as a function of the position of the dot. The level crossing in
i i~y | I '

: the middle of the device is removed by an external magnetic field,
(14) and calculate the average current. The result is so that a gap is formed in the energy spectratashed lines
coshl'/2 + cos 29

1+ cos 29 coshl'/2 + psintf I'/2°

As a result, with the help of Eq$16) and(18), the operator
L can be expressed as

| = $ sinhT/2 (20)

magnetic fieldin this case a Landau—Zener transition across

B B ) the gap is a mechanism for backscattering of the electron, as
where §=¢+d, and ’7‘(1*'?’2)/272- Equation(20) for the  this'is the channel where the electronic spin is preserved
average current is our main result, which now has to b

analyzed further, The matrix operatot), parametrized by and ¢ in Eq. (17),

can readily be expressed in terms of the Landau—Zener scat-
tering amplitudes. The phase=¢py+®d,, where ¢, is the
I1l. CALCULATION OF THE CURRENT IN THE LIMITS Landau—-Zener phase shift amlzfl’zdtJ(t), while yZ is

OF STRONG AND WEAK EXCHANGE COUPLING given by the probability of Landau-Zener backscattering,

Although the result20) for the tunnel current is compact, m(guH)?
it is, in general, a rather complicated problem to find the Y=1-exqg - FETCERE
magnetic-field dependence of the coefficieptwhich de- V' (t2)]
pends on the probability amplitudefor flipping the spin of  The magnetic-field dependence of the current, calculated
shuttled electrons. Three different timescales are involved ifrom Eq. (20) using these results, is shown in Fig. 3. The
the spin dynamics of a shuttled electron. They correspond t@idth sH of the dip at small fields in the functidr=1(H) can
three characteristic frequenciés: the frequency of spin ro-  pe found directly from Eqs(20) and(21). Restoring dimen-
tation, determined by the tunnel exchange interaction withsjons one finds that

the magnetic leadsdji) the frequency of spin rotation in the

external magnetic field, an@i) the frequency of shuttle vi- SH = l\srm (22)
brations. Different regimes occur depending on the relation o

between these time scales. Here we will consider two limit-

ing cases, where a simple solution of the problem can be B. Weak exchange interaction

found. Those are the limits of weally<<uH, and strong,

Jo> pH, exchange interactions between the dot and the N the limit Jo<uH one may neglect the influence of the.
leads. Herely=maxJ(t). magnetic leads on the on-dot electron-spin dynamics. In this

(21)

1

A. Strong exchange interaction between dot and leads
09}

A strong magnetic coupling to the lead¥> uH, pre-
serves the electron-spin polarization, preventing spin-flips of
shuttled electrons due to an external magnetic field. How- o7}
ever, if the magnetization of the two leads are in opposite
directions, the exchange coupling to the leads have a differ-
ent sign. Therefore, the exchange couplings to the two leads/ly ost
tend to cancel out when the dot is in the middle of the junc-
tion. Hence the strong exchange interaction affecting a dot
electron depends on time and periodically changes sign, be-  osf
ing arbitrary small close to the time of sign reversal. In Fig.
2 the on-dot electronic energy levels for spins parallel and
antiparallel to the lead magnetization are presented as a func  *'f
tion of time. The effect of an external magnetic field is in the o . s . . . .
limit Jo>uH negligible almost everywhere, except in the coMmowomow H/ogH e oo e
vicinity of the level crossing. At this “time point,” which we
denotet, 5, the external magnetic field removes the degen- FIG. 3. The current in units of = e[’/ 2T plotted as a function
eracy and a gap is formed in the spectrum. The probability 0bf normalized magnetic fieltt/ 5H for the limiting case of a strong
electronic spin-flip in this case is determined by the probabil-exchange coupling between dot and leads. The vdliw=8.3 and
ity of a Landau—Zener reflection from the gap formed by thefJdtJ(t)==/6 were used for this plowH is defined by Eq(22).
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' ' “spin-blockade” of tunneling between spin polarized leads
osf 1 having their magnetization in opposite directions.
08 -
| IV. CONCLUSIONS

07

The analysis presented above demonstrates the possibility
of a giant magnetotransmittance effect caused by shuttling of
0 o5 spin-polarized electrons between magnetic source and drain
0a electrodes. The sensitivity of the shuttle current to an exter-
nal magnetic field is determined, according to E2¢), by
the transparency of the tunnel barriers. By diminishing the
02 tunneling transmittance one can increase the sensitivity of
the device to an external magnetic field. The necessity to
have a measurable current determines the limit of this sensi-
5 = . - 2 ~ . tivity. In the low transparency limitI'<1, the current

H/AH through the device can be estimatedlasel'w. If one de-
notes the critical field that determines the sensitivity of the
FIG. 4. The current in units ofl=el'/2T plotted as a function  device byH,, one finds from Eq(24) that H,,= éH. The

of normalized magnetic fielth/AH for the limiting case of a weak critical field can now be expressed in terms of the current
exchange coupling between dot and leafisl is defined by Eq. transmitted through the device as
(25) and the valud"=0.3 was used.

06H

7]

03

01

Al
N Hcr(oe) = = 102(90/g)| (nA), (26)
case the matrixJ given by Eq.(17) can easily be calculated eug
and Eq.(20) reduces to wheregy(=2) is the gyromagnetic ratio for the free electrons.
2e sir? 9/2 tanhl'/4 For 1=10'-102 nA and go/g=1, this gives a rangél,
_<€ ’ 23 . _ ; . S .
T S 0/2 + tanR T/4 (23 1-10 Oe. A further increase in sensitivity would follow if

one could use a shuttle with sevei@) electronic levels
where ﬂ:ngI/ZdtH is the rotation angle of the spin in the involved in the tunneling process. The critical magnetic field
external field. would then be inversely proportional to the number of levels,
Two different scales for the external magnetic field deter-Hc(N)=H.(N=1)/N.
mine the magnetotransmittance in this limit. One scale is
associated with the width in magnetic field of the resonant

behavior of the transmittandesee the denominator in Eq. ACKNOWLEDGMENTS
(23)]. This scale is This work was supported in part by the European Com-
ho mission through project FP6—003673 CANEL of the IST
H=T—, (24) Priority. The views expressed in this publication are those of
gu the authors and do not necessarily reflect the official Euro-
where w=27/T is the shuttle vibration frequency. The sec- Pean Commission’s view on the subject. Additional support
ond scale, from the Royal Swedish Academy of Sciences, the Swedish
Research Council, the Swedish Foundation for Strategic Re-
AH = ﬁ_"’ (25) searchiNanomag, Nanodev, S)Gand from the U.S. Depart-
gu ment of Energy(Basic Energy Science, Contract No. W-31-

comes from the periodic function $i/2 that enters Eq. 109-ENG-38 is also gratefully acknowledged.

(23) (the estimations of botl#H and AH were done under
the natural asumption that<T). The magnetic-field depen- APPENDIX A
dence of the current is presented in Fig. 4. Dips in the trans-
mittance of widthéH appear periodically as the magnetic
field is varied, the period beingH. This amounts to a giant
magnetotransmittance effect. It is interesting to notice that by g

measuring the period of the variations lit(H) one can in i—t =—J(t)c?—(g,uHIZ)cf+T|_(t)E c‘L’B, (A1)
principle determine the shuttle vibration frequency. This A B

amounts to a dc method for spectroscopy of the nanome-
chanical vibrations. Equatio25) gives a simple relation
between the vibration frequency and the period of the current
variations. The physical meaning of this relation is very
simple: every time whew/Q=n+1/2,where(} is the spin
precession frequency in the applied magnetic field, the
shuttled electron is able to fully flip its spin to remove the

The Shrédinger equation results in equations for the coef-
ficients c2¥,c”

oct « a a
IEL = J(t)CT - (g/J,H/Z)Cl + TR(t)E CRB’
B

ach
=P + T (t)C],
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acek
R = g geif + TR(t)CT

As it follows from the last two equationdogether with
the initial conditions:

t
dt' g OTR(t)e(t),

‘iJ_

t
ctP(t) = e7°A 5, - if dt’ s OT () ().

c2A(1) (A2)

o0

Therefore, for theZBcg'B(t) one gets

t
> cePt)=—i J dt/ TR(t)e(t') X a0,
B —o B

In the wide-band approximation we suppose thdt)
=const, therefores ;¢*st V=2mvé(t' -t) and

> cfP(t) = - imuTRDCH (). (A3)
B

Analogously,
> Bt = e — i T (e (1). (A4)
B

Substituting the expressions E¢83) and(A4) into the first
two equationgAl), one gets Eq(7) for the bivectorc®.

APPENDIX B

PHYSICAL REVIEW B 71, 035327(2005

T2+7

ej
T/2

T dtCR(t) f dvT () Lyt t))2  (B1)

Beside this, in the time momentg2<t<T/2+r7, I:(t,T/Z)
is a diagonal matrix and therefore Ly (t,t")

:I:22(t,T/2)I:21(T/2,t’). As a consequence, the integral in
the expression for the average currgiq. (B1)] is factorized
T/2+7

|
T

diTR(t)|Loolt, T/2)|2 f dt' T (t)|Loy(T/2,t") 2.

(B2)
The first integral in Eq(B2) is easy to calculate,
T/2+7
f dtCR(D)|Los(t, T/2)?=1 €™, (B3)
T/2

where quantityl” is defined in Eq(15). The second integral
in Eqg. (B2) can be transformed in the following manner:

f G O/ EaTI2.0

=> Tdtl“L(t)|(e2, L(T/2,7L(r,t-nDeyl|?
n=0J0

(B4)
For the quan'[ityIA_(T,t—n'I')E |:(7'+ nT,t) one has
L(7+nT,t) = [H L(r+KT, 7+ (k- DT) [L(r1)
k=1
=L"(r+ T,7L(11). (B5)

Substituting this expression in E¢B4) and calculating the

Under our approximation we can change the integratiorintegral in the same manner, as in EB3), one gets the Eq.

limits in Eq. (12

(14) for the average current.
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