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Spin-valve effect in a carbon atomic wire
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We report a theoretical investigation of the spin-valve effect in an atomic scale system, a carbon chain,
generated by the presence of a magnetic field in the device leads. We found that there exists a cutoff energy
beyond which the conductance of the device vanishes. This cutoff energy can be critically controlled by the
relative orientation of the magnetic fields applied to the leads, so that an atomic scale spin valve can be
achieved that switches off electric current when magnetic fields of left and right leads are anti-parallel. The
physical origin of this transport behavior is found to be related to the wave-function overlap between the leads
and the device scattering region.
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Spin polarized charge transport in giant magnetoresisthe two leads are either parallel or anti-parallel, very differ-
tance(GMR) and tunnel magnetoresistanCBVIR) systems  ent transport features are obtained leading to the TMR. Ex-
provides an exciting arena for investigating various spinperimentally, the local fields in the leads are typically pro-
related phenomenaThese systems have also found very im-quced by using magnetic materials with different
portant practical applications in information technold@nd  coercivities! although the physics of the spin-valve effect is

provided a working example of spintronics. A basic TMR e samé. While the theoretical formalism can be applied to
system consists of a tunnel barrier sandwiched between tW|91any different molecular devices in the form of metal-

ferromagnetiqFM) metal leads, and the TMR efféatrises  5jecyle-metal, as an example, we investigate transport fea-

as a result of energy level mismatch in the two FM leads dug o5 of 4 system in which the molecule is a short carbon

to the change of relative orientation of their magnetic mo-.p, i as studied befor®:2! a carbon chain in contact with

ments. When this orientation is varied, the tunnel current i . . .
tuned accordingly, producing the so called spin-valv§W0 metal leads have many interesting transport features in-

effect® which has now been achieved at room tempera‘ture.c!#dmg tan gvten-oécidl tcondl_J dctance .behla?\ﬁcar}d nlegatlvel
So far, many investigations have contributed to help estab?!"¢'€Nt resistance. it provides a simpie molecuiar scale

lishing the understanding on quantum transport througﬁzonductor for revealing the influence of molecular chemistry
TMR device<-18 to quantum transport physics.

When the tunnel barrier is a molecule, it is possible to_ ASsuming that the magnetic field on the left lead is point-
achieve TMR at the molecular scale: an example is the caild to thez direction, the transport direction is in thedi-
bon nanotube based TMR devices fabricated recéﬁ'ﬂleo_ rection, while the magnetic field on the rlght lead is at an
retically such a nanotube TMR, has been investigated using@ngle 6 to the z axis in thexz plane. For quantum transport
simple tight binding mode¥?17 but in general there is cur- through atomic scale junctions, the overlap of the Bloch scat-
rently no theory for spin-molecular electronics because théering states in the leads and the wave function of the device
conventional magnetic tunnel junction thebigoes not di-  scattering region plays an important role in determining the
rectly incorporate atomistic properties of the constituent matransport properties. When the wave functions of the lead
terial. At the molecular scale, the atomistic details and chemand device region are orthogonal to each other, the conduc-
istry play very important roles in determining the transporttance vanishes. For the device made of a short carbon chain
outcome!® and this should still be true for molecular scale connected by two Al electrodes, we find that there is a cutoff
TMR systems. Although tight binding models can capture, toenergy beyond which the transmission coefficient is zero. In
some degree, the microscopic details of a device, a fullthe presence of a magnetic field, an electron with different
self-consistent density functional theo(®FT) analysis is  spin experiences different potential landscape resulting to a
very desirable to reveal the full transport physics of molecu-shift of the Fermi level. This in turn shifts the cutoff energy
lar scale TMR. It is the purpose of this paper to report adepending on the relative orientation of the magnetic fields
theory and its numerical results for a model molecular TMRof left and right leads. As a result, electric current can be
junction. switched off near the cutoff energy when the magnetic fields

In particular, we have developed a theoretical formalismare anti-parallel. This gives rise to a large TMR ratio of order
suitable for use in first principles DFT calculations including 1. The TMR due to other mechanisms are also studied and
all atomic degrees of freedom. In this theory, the spin-valveboth positive and negative TMR ratios are observed.
or TMR effect is generated by applying uniform magnetic We model the atomic device by the following Hamil-
fields B to the two metal leads. When the magnetic fields ortonian:
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FIG. 1. Transmission coefficierisolid line) and the number of
conducting channelgdotted ling in the Al lead vs energy for FIG. 2. The conductanc&g (solid line), G, (dotted ling, and
Al-C4-Al junction. Inset: schematic plot of the AT»-Al junction. TMR ratio (dotted-dash linevs energy. The external magnetic field

is 5T andu=pug. Right inset: the transmission coefficiefsolid

line) and its eigen-channels vs energy in the absence of magnetic
field. Left inset: the conductanc&s; (solid line), G| (dotted ling,

G, (dashed ling andG; (dash-dotted lingvs energy. The unit of
the left and conductance used in this figure, Fig. 3, and Fig. %ih.

H=H_+Hg+Ho+Hr, (e

where H, and Hg describe, respectively,
right leads H ==, (e, +oM) ¢} G, and Hg=3,(&r
+0M c0s6) ¢l CerstZkoM SiN 0 [Clg,Crz].  The Hamil- G'(E,U) =1/(E-Hy—qU-qV,c—2"), 2
tonianH; andHg describe a more general situation in which where the self-eneray’=3' (E— = ;

97 I - oY =2 (E-qV)+2R(E-qVR) is also
both leads can be ferromagnetic with magnetizabnor a 2X 2 matrix in spin space, which describes the coupling of

nonmagnetic leads in an external magnetic field, we replacg, o e, ice scattering region to the two atomic leads and is
M by uB, where u is the orbital magnetic moment whose written as

value depends on the material. For an electron in an atom,

is just the Bohr magnetopg. In Eg. (1), Hy describes the ) - raT ~

device scattering regiortlo==,,€.d! dy,, Hr models the 2 (E) =R, 0 s R, 3
coupling between electrodes and the device scattering region ol

with hopping matrixTy,,. To simplify the analysis, we as- with the rotational matrixR, for electrodea defined as
sume the hopping matrix to be independent of spin index, )

hence Hy=Zyunol TkanCraodno+C.CJ. In these expressions, ~ _( cosf,/2  sin 90/2)
€=€+qV, with a=L,R; ¢/ (with 0=1,] or £1 ando -sing,/2 cosb,/2)

=-0) is the creation operator of electrons with spin index . . .
o) P P Here angled, is defined a®y, =0 and6z=60. The spin-valve

inside thea-electrode. Similarlyd! is the creation operator ' e
of electrons with spino at energy leveln for the device 2ﬁ2$§;§? Ioasgly related to the magnetic field-dependent self-

scattering region. Finally, due to electron-electron interac-
tions, the H:_':lrtree potentidl[p], whlch_ is a function of S = T T (E - € — oM +i0Y), (5)
charge densityp, as well as the potential due to exchange k
and correlation effect¥,{ p] must be considered. Hence, the
actual Hamiltonian of the device scattering regionHg
+qU+q Ve

For this system, the electric current can be obtained using
the Keldysh nonequilibrium Green’'s functiodNEGPH el

(4)

(2%

which must be calculated for the semi-infinite atomic elec-
trodes within a first-principles technique.

In Eq. (2) the Hartree potentidl(r) is determined by the
f-consistent Poisson equation

approack® (A=1), as
V2U = - 4mp = 2iq f dEY, (G<(E,U)),0. (6)
I = 2q f dETHIME) G IMERGA(f, - fr), where the lesser Green'’s functi@f in Eq.(6) is calculated
T through the Keldysh equation. Equatio(®) and (6) are

equivalent to the Kohn-ShaiS) equation in the scattering
case and they completely determine the nonlineaf char-
where f,=f(E-qV,) and the trace is over both the state acteristics of any multiprobe atomic TMR junctions.
index and spin index. Her&'(E,U) is the 2<2 matrix in We solve Eqs(2) and(6) using theab initio technique of
spin space for the retarded Green's function Witfr) the  Ref. 22 where DFT is carried out within the NEGF formal-
Hartree potential inside the device scattering regionism. Inthe NEGF-DFT analysis, we use sup, d real space
G'(E,U) is given by? linear combination of atomic orbitald CAO) basis sef?3
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FIG. 3. The conductanc€g (solid line), G, (dotted ling, and FIG. 4. The TMR ratio vs energy. The external magnetic field is
TMR ratio (dotted-dash lingvs energy. The external magnetic field 5 T andu=5ug. Inset: the conductancés;; (solid line), G, (dot-
is 5T andu=5ug. ted ling), G (dashed ling andG; (dash-dotted lingvs energy.

and define atomic cores by standard nonlocal norm consenincreases. It then drops to zero at arolEw550 meV, and
ing pseudopotentidf! The density matrix of the device is exhibits a sharp peak &=556 meV and a broad peak near
constructed via NEGF and the semi-infinite leads providee=720 meV. Upon further increasing the energy, the trans-
real space potential boundary conditions for the KS potentiahission finally cuts off wherE>728 meV.

of the device scattering region: this region consists of the \We now examine the behavior of the transmission near
molecule plus several layers of the metal leads. The KS pothe cutoff energysee the right inset of Fig.)2We observe

tential includes contributions from Hartree, exchange, correthat there are two dominating transmission eigen-channels
lation, the atomic core, and any other external potentials. Thehat go to zero near the cutoff one by ofi§,=0 at E

Poisson equation is solved using multigrid method in which=727.7 meV (dotted ling and T,=0 at E=728.3 meV

the boundary condition is not periodic when the external biagdashed ling resulting to the total transmission coefficient

is present. To do that one has to transform from the LCAGshown in the right inset of Fig. &solid line). The origin of
basis set used in SOlVing Green’s function to a threethe cutoff energ}Ec is that wheng > EC! the Scattering wave
dimensional grid. This is the most time-consuming part offynction in the lead is orthogonal to the wave function of the
theab initio calculation. The NEGF-DFT iteration is numeri- carbon atoms in the device Scattering region; i.e., all three
cally converged to 10 eV which we determine to be rea- conducting channels are therefore closed. When the magnetic

sonable for our purpose. For analyzing the spin-valve effectjeld is switched or(see Fig. 2, conductanc&g shows three
the NEGF-DFT formalism produces all the NEGF neededplateau-like structures, whil&, has two. As a result, the

The NEGF-DFT formalisrff->*is now a standard tool fab  TMR ratio exhibits a step-like structure with the largest ratio
initio atomistic calculations of transport and we refer inter-,=1. The physics can be understood as follows. For an elec-
ested readers to the existing literatéfé® For this work,  tron with a given Fermi energy, the potential landscape of the
because the field can be different in the two leads, a fieldteft (or right) lead seen by the spin-up electronlis- 1B,
dependent self-energy of the leads &), needs to be cal- while for the spin-down electron it i§ + uB. Therefore, due
culated using a transfer matrix numerical mefifddr each o the change of the potential landscape of a particular lead,
value of the field strength. the cutoff energyE, will be shifted by B depending on the

In this work, we focus on the spin-valve effect in the spin of the electron. As a result, when magnetic fields of the
small bias limit.Gg and G, denote the conductances of the two |eads are parallel, the cutoff energy for the transmission
system when the two magnetic fields!=uB) are parallel  coefficient is shifted by an amountuB depending on the
and anti-parallel, respectively. The TMR ratio can be definedjirection of the spin. If the magnetic fields of two leads are
ask=(Gg—Gp)/Gg." The system we now consider is a four- anti-parallel, however, the cutoff energy is shifted down by
atom carbon chain connected by two Al atomic I€adsee  uB. In the left inset of Fig. 2, we plot the conductane®s,
inset of Fig. 3 that has been subjected to study withoutand G,;; i.e., when the magnetic fields of two leads are
magnetic fields befor&.?6 In the calculation, we set=ug  parallel and anti-parallel, respectively. The numerical data
and the magnetic field to b8=5 T. We have neglected the are consistent with the above physical argument that the cut-
effect of magnetic field on the band structure of the systemoff energy is shifted down by the anti-parallel field. Finally,
The transmission coefficieM(E) (including spin factoras a  becauseGg and G, have different cutoff energies, they be-
function of energy is plotted in Fig. 1. We have also shownhave differently. In Fig. 3, we depictg, G,, and the TMR
the number of conducting channdll, in the Al lead as a ratio for u=5ug?8 close to the cutoff energy. Similar results
function of energy. The variation di, reflects the band are observed except that the energy windowserl is now
structure of the Al lead. We observe that at the Fermi energynuch larger. Indeed, we found that the spin valve effect is
E=0, the system is fairly transmissive wiffE)=1.5. As  rather generic for the system A&l;-Al, it occurs at a wide
one increases the energy, the transmission coefficient alsange of parameters.
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Figure 4 shows another interesting behavior of the moists a cutoff energ¥, for the conductance beyond which the
lecular scale TMR. NeaE=556 meV, the transmission co- conductance vanishes. In the presence of a magnetic field,
efficient has a large resonant peak as shown in the inset. Nealectrons with different spins experience different potential
this resonance, we found that both a positive and a negatiiandscapes due to the Zeeman effect, which leads to the
TMR ratios can be observed. This is because when the maghitting of the cutoff energy. As a result, the reversal of the
netic field is turned on, positions of the resonant peakéfor magnetic field of one lead can completely switch off the

== remain unchanged, but fa#=0 the peak shifts upward gjectric current, giving rise to a large TMR ratio of order 1.
for spin up electron and downward for spin down electron

(see inset of Fig. ¥} giving rise to a negative TMR ratio.
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