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Ballistic conductance of magnetic Co and Ni nanowires with ultrasoft pseudopotentials
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The scattering-based approach for calculating the ballistic conductance of open quantum systems is gener-
alized to deal with magnetic transition metals as described by ultrasoft pseudopotentials. As an application we
present quantum-mechanical conductance calculations for monatomic Co and Ni nanowires with a magnetiza-
tion reversal. We find that in both Co and Ni nanowires, at the Fermi energy, the conductaheectfons is
blocked by a magnetization reversal, while f&tategone per spipare perfectly transmittedl electrons have
a nonvanishing transmission in a small energy window below the Fermi level. Here, transmission is larger in

Ni than in Co.
DOI: 10.1103/PhysRevB.70.045417 PACS nuni®er73.63.Nm, 75.75t-a, 73.40--c, 71.15.Ap
I. INTRODUCTION the real-space finite-difference approach has been recently

Understanding electron conduction through atomic and’foPosed and applied to calculate conductance of gold and
molecular wires connecting two macroscopic electrodes igluminum nanowire$? Recently, the KKR method using the
presently a very active research topic. Conductance measurBaranger and Stone formulation of the ballistic transport has
ments for metal nanocontacts display flat plateaus and abrupeen presentef.
drops during the elongation attributed to atomic rearrange- In order to deal with magnetic transition metals nano-
ments. In noble metalCu, Ag, Au) and alkali metalgLi, wires, we need a formulation capable of handling accurately
Na, K) the last conductance step before breaking, most likelythe rather localized @ electrons. The approach to the prob-
corresponding to a monatomic nanocontact or a nanowirdem of d electrons based on Vanderbilt ultrasoft pseudopo-
has a value @,' (Gy=€?/h is the conductance quantum per tentials (US-PP$'” has gained widespread use in recent
spin) which can be rationalized with the free propagation ofyears. These PPs allow the accurate and efficient description
2 valences-electrongone per each spjnFor magnetic tran-  of large-scale systems, while maintaining all the advantages
sition metals such as Co and Ni the experimental data aref a plane wave basis set. We already applied US-PPs to
less consistent. Oshimet al,? who worked in a vacuum, at several electronic structure and nanowire probléiBe-
variable temperature, and with the possibility of an externatently, Choi and Ihii? presented a method based on plane
magnetic field, found conductance steps in Ni nanocontactwaves to solve the tip-nanocontact-tip electron scattering
preferentially near @, and 45, at room temperaturéRT) problem in real atomic contacts and calculate from that the
and zero field, near@, at 770 K and zero field, and near ballistic conductance of open quantum systems via the
3G, (occasionally neaG,) at RT with a field. Oncet al®  Landauer-Biittiker formula. Their approach was originally
reported again @G, for Ni in the zero field, ands, for Ni in formulated with norm-conserving(NC-PP$§ Kleinman-

a field. Recently, Rodriguest al? observed 1 conductance Bylander-type pseudopotentials; but that is not very suitable
quantum at RT and zero field in a Co atomic chain. Untiedffor the localizedd electrons. In the present paper a generali-
et al® finally obtained low temperature zero field data on azation of this method to US-PPs is presented. As we shall
variety of magnetic metals, and reported a dominance oghow, it turns out that the solution of the scattering problem
conductance steps betweeByand 35, in Co and Ni. De- is not more difficult with US-PPs than with NC-PPs, while
spite the poor agreement between these results it is clear thie calculation of the transmission coefficient requires a gen-
the last conductance step is anomalously small with respeeéralization of the expression for the probability current car-
to the number of valence electrons determining the numbetied by a propagating state, which is put forward in this
of conducting channels, since in Co and Ni there are nthny paper. The extra workload introduced by the US-PPs is in
bands crossing the Fermi level. fact negligible. Noting that a method of Thygesenal,®

Several theoretical methods are available to study théormulated with a wavelet basis set, is also able to deal with
transport properties of atomic scale conductors, each of thetdS-PPs, we will in Sec. Ill A compare our results with those
tailored to the underlying electronic structure schémé. of Ref. 9 in the specific example of an infinite monatomic Al
Among these, there are methods based on nonequilibriunwire with a H atom adsorbed on the side.

Green’s functions combined with a localized basi$ $ebr The paper is organized as follows. In Sec. Il we describe
with a system-independent wavelet basis’3€# scattering a scattering-based approach for a conductance calculation
approach for conductance calculation has been applied hyith ultrasoft pseudopotentials extending the Choi and lhm
Lang and co-worker¥, and Tsukada and co-workéfaising  method. In Sec. lll we present some test calculations and
the jellium model for the electrodes. A formulation based onapply our approach to study electron conduction in mon-
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atomic magnetic nanowires. A summary discussion is given _ =
O e (hagnetic nanowires. A summary dISCUssIon 1S OVeN g (r) = [~ V2 + Veg]W(r) + X Diny( B W)t = Ry),

Imn
(4)

_ with D!, =D}, ,~Ed,,, thus recovering a form similar to the
We study electron transport in an open quantum systergase of NC-PPs.

consisting of a scattering regid@<z<L) attached to the  As mentioned above, due to the translational symmetry
left (z<0) and to the right(z>L) to semi-infinite generic the scattering states have the usual Bloch form in xite
electrodes. We assume that the electrons move ballistically iplane:
the self-consistent potential with reflection and transmission _ kR
restricted to the scattering region. The self-consistent poteni areR areq{r(]reil ;teRréiZng%Iréeﬁ\II;[;iééZ)Qectors (5)
tial is obtained performing ground state density functional + '
theory (DFT) calculations with a supercell containing the A. Electode region
scattering region and some portlorj of left and rlght.elec— Deep within the two electrodeg<0, z>L) the scatter-
trodes. In thexy plane the system is repeated periodically. stateW originating from the i htwa;d ropaqating Bloch
and in this plane the scattering states propagating at the el\9 9 9 9 propagating

ergy E have the Bloch form and can be classified with a wave ¢y of the left electrode has an asymptotic form:

IIl. METHOD

index. Differentk ; do not mix and can be treated separately. o+ St

Furthermore we consider sufficiently large supercells in the 1T & v z2<0,

xy plane and limit the calculation to the two-dimensioial v= (6)
point, k, =0. The magnetic properties of the system are > b i, z>L,

treated within the local spin-density approximatit&DA). R

Therefore electrons with different spin polarization move in-where summation overe L (i € R) includes the generalized
dependently in different self-consistent potentials and thesloch states in the lef{right) electrode at the energi§
scattering problem is solved separately for the two spin diwhich propagate or decay to the lgfight). The generalized
rections. Therefore we will from now on solve the problemBloch stategboth propagating and decayingonstitute the

at some fixedk ; and spin index. Our approach and calcula-so-called complex band structure of a sdfid’hey have the
tions will neglect all spin fluctuations, of either quantum or same Bloch forn(5) in the xy plane while along the axis,
thermal origin, assuming a statically spin polarized state ofvhere the translational symmetry is absent, they satisfy a
the nanocontact. condition:

We describe transition metals atoms such as Co and Ni by
ultrasoft pseudopotential@JS-PP3.1” In that scheme the
scattering statél at the energ)E is a solution of a single-
particle Kohn-Sham equatiéh(atomic unitsi=2m=1, €
=2 are usefd

o gi(r | z+d)=y(r,,2), (7
wherek is in general &omplexhumber andl is the length of
the unit cell in thez direction of the corresponding bulk
crystal. The wave functiong; with Imk=0 andIm k# 0
describe propagating and decayi(@ growing states, re-
- - spectively. In the bulk, only the former are of course eigen-
ESW) = [~ V2 + Ve + VW), (1) states.

) , ) Inside the unit cell of the electrodg<z<z,+d the gen-
where Vet is the effective local potentialsee Refs. 17 and  grq solution of the integro-differential equatiod) can be
20) andVy, is the nonlocal part of US-PP: written as a linear combinatiohy:

V=S D! 18y, 2 (1) = 2 G jhn1) + 2 G- (8)
Imn

) . ) ) Here ¢, are linearly independent solutions of the homoge-
constructed using the set of projector functig@jsassociated neous equation:

with atoml. The functionss}, are localized within spheres of )

radiusr,, centered at the atorh The coefficientD], , char- En(r) =[= V= + Verl(r)1n(r), 9)
acterize the US—PE and depend also on the effective pptennghd & is a particular solution of the inhomogeneous equa-
Ver22 The main difference with respect to NC-PPs is thegjgn:

appearance on the lhs of Ed.) of the overlap operator: )
E¢Im(r) = [_ Ve+ Veff(r)]d’lm(r)

, 3) +YeRg r-F-R,)), (10
Ry

S=1+2 dhdBhBh

as a consequence of the relaxation of a norm-conserving comhere7 is the vector-position of thkth atom in the unit cell.
dition. Here the coefficiente]'mn are the integrals of the aug- Both ¢, and ¢,,, are (x,y) periodic as in Eq(5) and the
mentation functions defined in Refs. 17 and 20. Since thgummation oveim in Eq. (8) involves all the projectors in
energyE is a fixed input parameter one can rewrite Eig.as  the unit cell. We calculate the functiogs, and ¢, following
follows: the method described in Ref. 19.
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The function(8) is the solution of Eq(4) if the coeffi- sionT at the Fermi energy by the Landauer-Buttiker formula

cientsc,; are given by G=G,T, where Gy=€?/h is the conductance quantum per
~ spin. The total transmission is given by
Clm,j = 2 Dmn<:8n|l/fj> (11) 2 .
T= E |Tij?=THT*T], (19

n
The allowed values ok for a given energ\e can be deter- ij
mined by imposing E¢(7) alongz to the functiony; and to whereT is the matrix of normalized transmission amplitudes

its z-derivative: Tij:\s"liTIj-tij and|; is the probability current of the Bloch
_ikd statey; in thez direction. Note that only rightward propagat-
U1zt d) =50 1.2), (12) ing states in both left and right electrodes should be consid-
, d s ered so the matrixX is of dimensionsMgX M, where M
P (r 2o+ d) =% (r ,2). (13)  andMg are the number of propagating modes in the left and

Inserting Eq.(8) into Eqgs.(11)«(13) one can show that the jont electrodes, respectively. The sum ovef is over the

last three equations are equivalent to the generalized €igeQgses of hoth spin polarizations present at the chosen energy.

value problem: In our LSDA scheme the two spin channels are decoupled,
AX=ekiBX, (14)  and therefore th@&;; is nonvanishing only if andj have the

same spin. No spin flip is allowed in our calculation.

whereA andB are matrices. We solve this problem to obtain  The eigenvectors of the Hermitian matiix T determine

in general a complek and coefficientX={cy;,Cimj} deter-  the coefficients of a unitary transformation from the set of

mining the generalized Bloch statg at a given energf  Bloch statesy; to the conductance eigenchanréisn the

andk .. eigenchannel basis the matiiXT is diagonal. CallindT; the

eigenvalues, the conductance is a sum of independent contri-

butions from each eigenchannel:

G=GoX Ti, (20)

B. Scattering region

Inside the scattering regidi®<<z<L) the scattering state
¥ can be represented in a form similar to E8):

I
w(r) :2 G be(r) +2 Condhen(1). (15) \(/:vﬁaerﬁ;i gives the transmission probability fath eigen-

" " In order to calculate the total transmissidrone needs to
where the functionsgb, and ¢, are the solutions of Eq$9) know the current; carried by the propagating Bloch stage
and(10) in the region 6<z<L and the summation ovém in thezdirection. They; are actually pseudo-wave functions,
involves all the projectors within the scattering region. Theand coincide with the all-electron wave functions only out-
scattering statel” is completely determined by coefficients side the core regions. Therefore the usual expression for the
{Cn,Cim. 1ij . tij}. The coefficients,, are now determined by  current flowing through a plan® perpendicular to the axis
and located ax:

Cim= 2 Dl B W) (16)
) n _ 0_ * A (r | ,2) 2
There is one more set of equations @g for the nonlocal lj=2Im i//j(rLaZO)_J—a dr | (2D
- - . . . S Z
spheres intersecting the boundaries of the scattering region 7=z

and thus shared with the electrodes. One has is valid only when the plang, does not intersect the nonlo-

Cim,j + 2 FiCim, = > 5Imn<ﬁln|ql> = Cimy (17)  cal spheres. At a general point it must be modified as
I n
for spheres intersecting the plame0 and ~
i s 'i:'?‘zm{i Dinel B ¢5)
| |
E tijCIm,i = E Dmn<,8n|qj> =Cim, (18) Imn
| n 7y
for spheres intersecting the plarel. Equations(16)—(18) Xf_ dz S:B:n(r Ry (f)dzh] (22

together with the usual matching conditions on the wave
function and itsz-derivative on the boundary planes0 and  This expression has been derived by requiring the two fol-
z=L give a set of linear algebraic equations. Solving this setowing properties. First, the term addedlfoguarantees that
one obtains the unknown coefficierdts, cim, rij. tj}. The ac- |, does not depend omy once the wave functiog; satisfies
curacy of the matching procedure described above was testétt). (4) and has the Bloch form in they plane. Second, at all
on various systems having no scattering regey., infinite  z, where the plané& does not intersect the nonlocal spheres
monatomic wires In such systems different propagating this additional term vanishes so tH@tIQ. The accuracy of
modes do not mix and must have unit transmission probabilthe current calculation with Eq22) was tested by checking
ity (t;j=4;). We found this condition to be satisfied with a the unitarity of the scattering matrix which is a consequence
very high accuracylt;; - &;|~107°). of current conservation. For each propagating stgtene
must haveX; Tj; +ZiR;;=1, whereT;; andR;; are the normal-
ized transmission and reflection coefficients, respectively.
The ballistic conductanc& in the linear regime(infi- Again, this condition was found to be satisfied with very
nitely small applied voltageis related to the total transmis- high accuracy for all the systems considered so far.

C. Conductance calculation

045417-3



SMOGUNOV, DAL CORSO, AND TOSATTI PHYSICAL REVIEW Br0, 045417(2004)

We point out that Eq(19) assumes that the current opera- vision onto the bulk-like parfused for complex band struc-
tor is diagonal in the basis of Bloch states. That is not alwaysure calculationsand the scattering region are shown in Fig.
true. A mixing might occur between degenerate states witli. The LDA calculations were performed using the Perdew-
the samek in the z direction (for example, states derived Zunger parametrizati of exchange-correlation energy.
from atomicp,, py or d,,, dy, levels if the system has an axial The hydrogen atom was described by US-PP with the param-
symmetry around the axis). Therefore we must orthogonal- eters given in Ref. 18. Energy cutoffs of 25 and 250 Ry were
ize Bloch states with respect to the current operator beforesed for the wave functions and for the charge density, re-
applying Eq.(19) for the total transmission calculation. The spectively. The BZ was sampled by three spekigoints.
general off-diagonal matrix elemeritg of the current opera- The spacing between Al atoms was 2.39 A while the wires

tor are given by were separated bR, |=7.5 A. As in Ref. 9 the positions of
B 2% the adsorbate and of the two nearest Al atoms were opti-
ik = |J.°k +iY, Dlmn[<:8:1|'vbk>f dz ,B'm(r - f)w;(r)dzh mized V\_/hile the other Al gtoms in the superpe}l were kept at
Imn - Js the positions corresponding to the perfect infinite wire. The

2% relaxed Al-H distance was found to be 1.82 A with the Al-
= (Bulvp)* f dz| [Br =)1* w(n)dr ], (23 H-Alangle of 79.1°.
= Js In Fig. 1 one can see that the calculated transmission
where curve (solid line) is very similar to that of Ref. 9dotted
ot 1.2) line). We recover the main features found in Ref.(&): the
|]Qk =- if l,/,;(rbzo) bl S adsorption of the H atom reduces the transmission coefficient
S

Iz =z, by approximately 0.5 with respect to the transmission coef-
x ficient of the perfect infinite wirgwhich is merely deter-
M it |, Zo) |dPr . (24) mined by the number of propagating states at a given energy
0z 7=z, and is shown by a dashed line in the figu@) the drop of

- . . the transmission to zero at an energy about -2.0 eV. We note
The ballistic conductance is calculated in three steps

Fi ‘ h Il DET ol . Ia small difference in the positions of the edges of transmis-
Irst, we periorm the superce eectzrzonlc structure calgjqn cyryves in two calculationsee, for instance, the low
culation with the plane-wave codewscf)= to obtain the

. : . maximum at about -1.5 eVwhich is a consequence of
self-consistent potentiale and the screened coefficients gjigniy different band structures of the bulk-like Al wires. A
D, For spin-polarized systems bothy; and D, will de-

. o> shift of the energy band leads to a corresponding shift of the
pend on the spin polarization. Second, we calculate the comgzangmission curve. Slight differences of transmission will

plex band structures of the infinite left and right electrodes, s pe related to the optimized atomic positions, presumably
and orthogonalize the propagating Bloch states with respecigpyy different in our calculations and in those of Ref. 9.
to the current operator using E@3). The unit cells of the

electrodes are chosen within the supercell, beyond the scat-
tering region, where the potential is bulk-like. Finally, we B. Carbon chains
calculate the transmission coefficietsfor each rightward

propagating state; of the left electrode and obtain the total L .
transmissionT and eigenchannel transmissiofis as de- to Al electrodes of finite cross-sections. The electron conduc-

scribed above. This procedure now represents a rigorous ern in such systems 'has beef‘ recently calculated gsing meth-
tension of the Choi and Ihm method to US-PPs. o_d_s based on a Iocallzec_j basis $EThe system consists of a
finite length carbon chain placed between two Al electrodes
of finite cross-section oriented along the(200) direction
IIl. TEST CASES AND APPLICATION TO MONATOMIC (see Fig. 2 The carbon atoms are described by US-PPs with
MAGNETIC NANOWIRES the parameters of Ref. 18. As in the previous case, the energy

We apply now the above scheme to calculate the ballisti€utoffs of 25 and 250 Ry were used for the wave functions
conductance for two test systenis) a monatomic Al wire and for the charge de_n5|ty,_ respecnv_ely, and the BZ was
with H impurity; (b) carbon chains between Al electrodes ;ampled by three speciktpoints. The size of the supercell
with a finite cross-section. The conductance of these systeni thexy plane was chosen to hg=L,=12.15 A.The elec-
has been calculated by other methods and we can compaff@de unit cell is composed of two layers and contains nine
our results with the known data. As our main application, weatoms. The carbon atoms in the chain are separated by
study the effect of the magnetization reversal on electror?-> @U. The carbon chain ends are positioned in the hollow
transport in monatomic Co and Ni nanowir@scase of bal- sites of the A{100) electrode sufaces; the electrode-chain

listic magnetoresistange distance denoted ds. _
We considered seven-atogwith D=1.0 A) and four-

atom(with D=1.9 A) carbon chains previously studied with

a localized basis set in Ref. 6 and Ref. 7, respectively. Trans-
We present first the conductance of a monatomic Al wiremission coefficients calculated for these systems are pre-

with a H atom adsorbed on the side and compare our resuftented in Figs. 2 and 3. Our transmission curiaadid lineg

with the wavelet basis set calculations of Ref. 9. The supershow qualitatively the same behavior as the corresponding

cell for an electronic structure calculation along with its di- curves of Refs. 6 and @®ashed lines Broad maxima in the

As a second example we consider carbon chains attached

A. Monatomic Al wire with a H impurity
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. scattering region
unit cell

H

< T T T
this calculation FIG. 1. Transmission coeffi-
_________ wavelet calculation cient for a monatomic Al wire
" N . with a H atom adsorbed on the
------ infinite Al wire . .
side. The corresponding result of
Ref. 9 and the transmission coef-
ficient of the perfect infinite wire
M~ o~ are shown by a dotted and a
dashed line, respectively.
o ) ) ) ’
-8 -6 -4 -

E-Ep (eV)

transmission coefficient are related to the energy position oih the energy window-1.75,-1.9 to be compared with the
the carbonr states while the energy windows with vanishing energy interva]-1.9,-1.7 of Ref. 6. As before, the shifts of
transmission(e.g., energy interval§-1.75,-1.9 and [0.7,  transmission curves appear to be related to slight differences
1.2]) correspond to gap energies where no coupling existi the band structures of the electrodes obtained using two
between carbon chain and electrode states. We note sondéferent basis sets.

small discrepancies between the present plane waves calcu- ) ) )

lation and the localized basis set calculations, mainly con- C. Monatomic magnetic nanowires

cerning the positions of the edges of transmission curves. For We now apply the method to calculate the ballistic con-
example, our calculations give zero transmission coefficientiuctance of monatomic Co and Ni nanowires with a single

scattering region

unit cell
’_2‘

R

———  this calculation

FIG. 2. The transmission coefficient for the
seven-atom carbon chain between two finite
cross-section Al electrodes with the electrode-
chain separationD=1.0 A. The dashed line
shows the corresponding result obtained with a
localized basis sgRef. 6).

............ localized basis set calculation

E-E, (eV)
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" " T " T " distance for the Co wiréabouta=2.11 A) is similar to that
I this calculation ] of the Ni wire?® while the magnetic moment is more than
............ localized basis set calculation ] twice (u=2.16 ug/atom compared to 1.14g/atom for the

Ni wire). Similar to the Ni wiré® magnetic moment of the
Co wire vanishes and the wire turns nonmagnetic in the un-
physical region where the interatomic distance is taken less
than approximately 1.6 A1.9 A for Ni).

For a perfect infinite monatomic wire the number of con-
ducting channels is just the numhdrof bands crossing the
Fermi level. Since in the absence of tip-wire junction each
channel has a unit transmission probability the ballistic con-
ductance as given by the Landauer-Bittiker formulaGis
=GgN. In Fig. 4 we show the complex band structure of a
monatomic Co wire obtained at the equilibrium interatomic
. A ! spacing—an ingredient that will be needed for a further con-
-4 -2 0 ductance calculation. Complex bands for the majof#yin

E-E, (eV) up) and minority (spin down spin polarizations are dis-
played in Figs. éa) and 4b), respectively. Qualitatively, the

FIG. 3. The transmission coefficient for the four-atom carboncomplex bands of the Co wire look quite similar to those for
chain between two finite cross-section Al electrodes as in Fig. 2 bué Ni wire?” though the exchange splitting is twice as large
with an electrode-chain separatiddb=1.9 A. The dashed line (approximately 2 eV versus 1 eV for the Ni wjrevhich is
shows the corresponding result obtained with a localized basis sefirectly related to a stronger Hund’s rule coupling and a
(Ref. 7). higher magnetic moment per atom of the Co wire. As for the

number of conductance channels, from the figure one can
spin reversal. We discuss first the electronic and geometricalount one spin up and six spin dowreal) bands crossing
structure of an infinite monatomic Co wire without spin the Fermi level, giving altogether seven propagating chan-
reversaP* Similar results for the Ni nanowire were reported nels. The same result was previously found for the Ni
in Ref. 26. The total energy and the magnetic moment of thavire 2627 Not surprisingly, this overall number of channels is
Co wire as a function of the interatomic spacing are shown irmuch larger than any of the observed experimental conduc-
the insets of Fig. 4. The ground state of the wire is ferromagtance steps, of both nickel and cobalt nanocontaeéts.
netic with an energy gain of about 0.41 eV/atom with re- We consider now a monatomic nanowire with positive
spect to the nonmagnetic wire. The equilibrium interatomicmagnetization as our left electrode, and another with nega-

4
AL

0 Rek 0.5 0.5 Im#k 0 Rek 0.5
FIG. 4. Complex band structure of a monatomic Co nanowire for the maj@jiiyy up and minority(spin dowr states. Real bands,
complex bands with Re=0, ands/a are plotted in the middle, left, and right panels, respectively. Each band is labeled by its main atomic

character. The total energy and the magnetic moment per atom as a function of interatomic spacing are shown on the left and right insets,
respectively.
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S (see Fig. 5 While this way to build a collinear magnetiza-
] tion reversal would be of course incorrect for a bulk Bloch
wall, it may not be an unreasonable description of magneti-
zation reversal inside a very short nanocontact. Bffino
showed that the width of a nanoconstrained magnetic domain
wall is essentially determined by the size of the constriction
and can thus be much smaller than thencollineay Bloch
wall in 3D crystals or Néel walls in a film. Essentially, in
such an atomically constrained system, the domain wall spin
rotation must take place in such small distance to justify a
spin collinear approximation.
[ | The self-consistent potential for the nanowire with a spin
o 5 10 15 20 25 reversal is subsequently used to solve the scattering problem.
z (&) The scattering region and the unit cell of the left and right
side of the wire are shown in Fig. 6. For symmetry reasons
FIG. 5. The planar average of the magnetization along the Cehe total transmission is the same for electrons of both spin
nanowire. directions (this conclusion has also been checked numeri-
cally). Therefore we choose to consider only electrons with
tive magnetization as our right electrode, the nanocontacipin down polarization incident from the left on the spin
thus consisting of a magnetization reversal. We obtain theeversal region.
optimal shape of magnetization reversal by LSDA calcula- In Fig. 6@ we present the total transmissi¢for one spin
tions, minimizing the total energy of a supercell containingchannel and the contributions from each band as a function
12 atoms. The detailed shape of the optimal magnetizationf energy for the Co wire with a spin reversal. The propagat-
reversal was obtained by allowing magnetization to varying state in the left half of the wire can propagate through the
freely in magnitude and sign, while constraining the overallspin reversal and contribute to the total transmission only if
total magnetic moment to be ze(for computational details it can be matched with an appropriate propagating state to
see Ref. 2B The resulting spin reversal turned out to bethe right. For example, at the Fermi energy there are 6 propa-
quite sharp and the ground state had, roughly speaking, @ating states on the left side. However, oslyd,. and d,2
atoms with positive and 6 atoms with negative magnetization-s states have nonzero transmission since there is only one

scattering region

g e

down T T T T unit cell of the right wire
NN N

P

unit cell of the left wire

<+ T T T T I T T T T T I T
“F [ a2 — r r [
mE | Co Ni | | Co
; Y S N I
Lol | B A I -
| ooy |
ol i
| s iy b |
| v |
.
E—N | | I o | _
| —4 -2 0 2 |
| |
| |
| |
-+ = T — -
N ‘|\s
LN |
(b) da:z.yz ,’ { \A/l’ a2
o ] P! P |
-4 -2 0 2
E— EF (CV)

FIG. 6. Transmission coefficients for the spin down electron incident from the left on a magnetization reversal in a monatomic Co
nanowire:(a) total transmissiorisolid curvg and contributions from each bang) eigenchannel transmissiofis The corresponding data
for a monatomic Ni nanowire are shown on the insets. The bands and conductance channels are labeled by their main atomic character. The
Fermi energy is chosen to be zgdashed vertical lings
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d,—s propagating state in the right side. Tllestates in  two in our result, is only valid for our chosen spin-symmetric
particular can be matched only with decaying states on thgeometry. The investigation of more complex magnetic and
right side and are therefore completely reflected due to thetructural geometries which might have lower conductance
spin reversal. At energy aboti=E--0.4 eV the twod,,,,  values will be the subject of future work. The role of fluc-
states start contributing to the transmission because there agrations should also be considered, as they are likely to be

pear two states of the same symmetry on the right side of thgnportant in a nanomagnetic system, particularly at high
wire. On the contrary, thel,y 2 states cannot get through temperature.

the spin reversal at any energy and never contribute to con-
ductance. Figure(6) shows the eigenchannel transmissions
T,. Thes—d,2 andd,2—s states are combined to form a single
perfectly propagating conductance eigenchargesentially We have generalized to magnetic transition metals the ap-
s like). Another channe{mostly d,2), orthogonal to the first proach of Choi and Ihm for calculating the ballistic conduc-
one, appears at an energy about 0.6 eV below the Fermance of an open quantum system. The method has been
energy. It is quite narrow and has a smaller transmissioimplemented with ultrasoft pseudopotentials and plane wave
probability (about 0.6 at the maximumThe twod,,,, states  basis set in a DFT-LSDAb initio scheme. After checking
form two eigenchannels of the same symmetry. They conthe results against previous calculations based on different
tribute to the total transmission between 0.4 eV and 1.8 e\methods, we applied our method to calculate the ballistic
below the Fermi energy and are partially reflectétee trans-  conductance of monatomic Co and Ni nanowires with a
mission probability is about 0.8 at the maximum single spin reversal. Thelike channel has a unit transmis-

In the left and right insets of Fig. 6 we show the total sion probability at all energies for both Co and Ni nanowires.
transmissionfor one spin channgland eigenchannel trans- On the contrary, the transmission probability of the hedvy
missions, respectively, similarly calculated for a Ni nanowireelectrons is heavily influenced by the spin reversal. For both
with a spin reversal. One can see that again there is a singlgires we found that at the Fermi energy there is only one
conductance channel perfectly propagating at all the energienductance channel per spislike) while all d electron
studied contributing one conductance quanfy®r spin to ballistic conductance is completely blocked by the spin re-
the total conductance at the Fermi energy. However, the conersal, as was previously guessed from band structure
tribution from otherd channels at lower energies is now calculations® In the energy window between 0.4 eV and
much larger(at the maxima these channels have almost unitL.8 eV below the Fermi level the electron conductance is
transmission probabilitigs This seems reasonable since thesmaller for the Co wire, due to an exchange splitting almost
Co atoms in the wire have a larger exchange splitting, andwice as large as that of the Ni wire. No structural distortions
are therefore more reflecting, compared to the Ni at¢ass of linear chainglike zigzag structures or dimerizationsere
discussed aboye considered in this paper, as they are not likely to be relevant

Adding the transmission of the two spin channels at then the short nanocontact connecting the two tips. More ef-
Fermi energy we get the overall value G+G, for the forts to reproduce the realistic geometries of the nanocon-
conductance. This is to be compared Wi+6G, of the tacts will form the subject of future work.
ferromagnetic wire. Such a large difference between conduc-

IV. CONCLUSIONS
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