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Magnetic and orbital blocking in Ni nanocontacts
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We address the fundamental question of whether magnetoresiskdR¢@f atomic-sized contacts of nickel
is very large because of the formation of a domain WRWV) at the neck. Usingb initio transport calculations
we find that, as in the case of nonmagnetic electrodes, transport in Ni nanocontacts depends very much on the
orbital nature of the electrons. Our results are in agreement with several experiments in the average value of the
conductance. On the other hand, contrary to existing claims, DW scatteringidb@scount for large MR in
Ni nanocontacts.

DOI: 10.1103/PhysRevB.71.220403 PACS nunt®er75.47.Jn, 75.50.Cc, 73.63.Rt

The strong sensitivity of the current flow between two number of available transport chann&Second, is the pres-
ferromagnetic metalé-M’s) separated by a nonmagnetic re- ence of inhomogeneous magnetization profiles, e.g., a DW,
gion to the relative orientation of their magnetization vectorswhich can induce spin scattering and affect current
is a fundammental physical phenomenon with a huge impadtow.'*"-19Third, is theatomic structure(geometry which
in the magnetoelectronics industryhe figure of merit is the  affects both the electronic and magnetic structures, and thus,
ratio between the conductance for antiparalfgP) and par- the transmission of these channels. Previous theoretical
allel (P) relative magnetic orientations of the FM'x  works present mutually conflicting results with methodolo-
=Gpp/ Gp, Which can be selected with an external magneticgies that either used an oversimplified description of Ni elec-
field. Two different conventions are used to characterize théronic structuré®?%2%or idealized geometrie!§:>> Here we
so-called magnetoresistan@dR), MR;=100X (1-x)% and  present transport calculations across Ni nanocontacts de-
MR,=100x% (1/x-1)%. Metallic multilayers with alternated scribing the electronic, magnetic, and atomic structure with
ferromagnetic and nonmagnetic metallic layers display ab initio calculations*=2° Our results lead us to conclude
large MR known as giant MRGMR) (Ref. 2. MR in FM/  thatintrinsic ballistic MR is certainlynot large in atomic-
insulator/FM systems is known as tunnel MRMR) (Ref.  size Ni nanocontacts.

3) and values of MR=30% have been reportéd. Spin-dependent transport formalisiiransport through

More recently, a number of groups have studied MR in Niatomic-size metallic contacts is currently understood in terms
nanocontactgproduced by break junctions or electrodeposi-of elastic transport of noninteracting quasiparticles through a
tion), where two sections of a Ni wire are connected throughone-body potential that describes their interaction with the
single~1% or multiple***2 nanometer-size contacts. In this ar- constriction. In this approach, the conductai&és propor-
rangement the intermediate region connecting the two bulkional to the quantum-mechanical transmissibassociated
FM's has a different geometry but the same chemical comwith the potential. On the other hand, the spontaneous break-
position, in contrast to GMR and TMR systems. Someing of the spin degeneracy in transition-metal ferromagnets,
groups have obtained values of MR going fron? 10 10*  which is due to electron-electron interactions, can also be
(x=10"to x=107%) (Refs. 5-7 and D2while others obtain properly understood in terms of a mean-field description,
moderate or evemegativevalues1? In these systems the where quasiparticles interact with a spin-dependent self-
resistance predominantly comes from the region with theconsistent potential. Once the self-consistent field is deter-
smallest section, where electron transport is coherent analined for a given geometry, the quantum-mechanical spin-
conductance is dominated by the quantum-mechanical trangependent and energy-dependent transmission probability
mission of electrons at the Fermi leVéIMainly, two differ-  7,,(E) can be obtained, and thereby the zero-bias conduc-
ent mechanisms have been proposed so far to account for tt@nce, using Landauer’s formutajs
large values of MR when observed: Domain-wébW)
scattering* and magnetostrictioh!! For the former it has
been argued that in the AP arrangement a DW is pinned at
the nanocontatt and is responsible for strong spin scatter-
ing which gives an extra contribution to the resistance adn the above expression we only make explicit the depen-
compared to the P configuration, resulting in a large “ballis-dence of7,,, on the spin channels, which we assume is
tic” MR (Ref. 19. well-defined in the leads.

The fundamental question of whether MR is dramatically ~Ab initio cluster embedded calculatiank is an experi-
enhanced in atomic-sized ferromagnetic contacts due to thmental fact that the chemical nature of the contact deter-
presence of a DW remains open and is the subject of thigines the conductan¢€As a rule of thumi® the conduc-
paper. Three ingredients are essential to answer this questioiance of single-atom metallic nanocontacts can be as large as
First, as in the case of nonmagnetic nanocontacts, isldee  the number of valence orbitals, but, in practice, is never
tronic structure of the last atof® which determines the larger than the number of valence electrons. A natural de-

e
G= 1 1T(E)+ T (B + T (B + Ty (ER)]. (D)
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scription of the problem is in terms of a localized atomic 3
orbital basis, preferebly starting from first principfsln C
previous publicatior’$~®> we have presented a method to 25}
perfom ab initio calculations of quantum transport through :
atomic constrictions and molecules which is based on the oL
codeGAUSSIAN (Ref. 27. Our approach has been successful ~
in explaining experimental results in paramagnetic ST
nanocontact&*28 Here we take it a step further to study sys- < 19F
tems without spin degeneracy, like ferromagnetic nanocon- @ |
tacts. We solve the problem dividing the system in three It
different parts: left(L) and right(R) electrodes on one side r
and the contact region on the other. The spin-dependent one 0.5}
body Hamiltonian is assumed fixed and homogeneous in the f
bulk electrodes, but it is determined self-consistently in the 0 \2 =
contact region subject to the appropriate magnetic boundan -
conditionsg : PpIop ’ ) Energy. (V)
The den_5|ty-funct|0nal 'FheorgDFT) calcglatlons_ for the . FIG. 1. (a) LSDA conductance per spin channel in the P con-
contact region are done with both local spin density apprOXIﬁ uration for the model nanocontact shown in the indBtSame as
mation (LSDA) and the hybrid functional B3LYPRef. 27). g
The LSDA results are robust against different basis sets an
S0 We_rely here on a m_|n|mal l_3a5|s set with a core pSGUdoét the Fermi energy is significantgmallerthan that for the
potential as described in previous worRg* On the other : , .
hand, the B3LYP functional is more sensitive to the basis sel.. O <" These results are compatible with LSDA first-
’ rinciples calculations for systems with translational

due to its nonlocal exchange contribution. Therefore we eM; variance?? have been properly accounted for in Anderson-
ploy here an all-electron basis $&tThe electrodes are de-

ccribed by means of a semiemoirical tiaht-binding Bethe Iat-"ke model Hamiltoniang® but are in marked contrast to the
i y me =mp 9 9 .~ J.qg model, usually invoked to understand large values of the
tice model. With the appropriate parameters, the Bethe Iattlci%I : o

- ) L R in nanocontact$? In these models the transmission of
can provide a geometry-independent description of the con:

. X o itinerants electrons is perfect in the ferromagnetic case while
tacts with a bulk density pf .staté@OS) which is smoother thed electrons do not contribute to the current since they are
than the real DOS and mimics an average over both disord

o ; Or9Gcalized. The MR depends thus dramatically on the ratio
realizations and the actual electrode crystal Or'emat'onsbetween the spin splitting of the conductisglectrons and
Spin-mixing solutions are not considered, '.‘SZ"S a good the Fermi energy when a DW is present. A large spin split-
quantum number. Thus, the last two terms in Eg.do not

) o . . ting needed to give large MR is, however, at odds with the
give any contribution to the conductance. DW-like configu-, . "N hand structure and this model must be ruled out
rellt.ions are obtained for.the adequate magnetic boundary COHom the outset to account for large MR in Ni nanocontacts.
dItllgre]:ssua}tnsdvcgeregﬂirg&%eIeés to the study of the Idstt) Figure 1 shows the LSDA cqnductance as a functiqn of
plateau of conductance upon stretchifgectrodeposition energy for both up and doyvn spin channels in two situations:

) X 9 ) 6 (a) Parallel(P) and (b) antiparallel(AP) bulk magnetic ar-
as, e.g., in the experiment of Viret al® (Sullivanet al®). A
reference atomic structure of the contact region has beer ;
initially taken like that shown in the inset of Fig. 1. Follow- Y
ing Viret et al.’ we consider the narrowe&ind most impor-
tan) region to consist of two pyramids facing each other,
formed along thg(001) direction, and with the two tip Ni
atoms 2.6-A apart forming a dimer. Bulk atomic distances
and perfect crystalline order are assumed othervwiibenitio B I
simulations of the breaking process as the one shown in Fig ~ 15
2 support this choice. We stress that the section of the nano 5
contacts varies in the direction of the current flow. This is the I
situation in real nanocontacts and differs from perfect one-
dimensional systems, studied in Refs. 22, and from bulk sys- o5
tems studied by van Hoddt al® In this regard, the geom-
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etries proposed by Bagretst al3® are closer to real 0 P R R R O BN
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nanocontacts, but are not backed up by experiments or simu displazEaiEA
lations. ‘
From the LSDA DOS projected on the tip atorfisot FIG. 2. (Color online Conductance of both spin channels for

shown) we see that thep orbitals are spin split by less than the p and AP configuration as a function of the stretching. The lines
1 eV and that the minoritym) electrons are hybridized with connecting the points are just to guide the eye. The insets show the
the d levels, which are present at the Fermi energy. As aelaxed contact geometry at different values of the displacefent
consequence, the LSDA DOS for the majority) electrons 1.5, and 3 A from left to right
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rangements. In both cases the self-consistent solution ha 31('|)'~- "'b' AR S UL I
been forced to respect the high symmetry of the nanocontact (a 1® : 1
In the AP case the self-consistent magnetization reverse  2.5fF + I{

abruptly between tip atoms. The resulting magnetic moment

for the contact atoms is=1.0ug in both situations. This

value is significantly larger than that obtained for bulk or —~
surface atom$~0.6ug) and reflects the low coordination of =
the tip atoms forming the contact. In the P caseNhehan- <13
nel is, for the most part, composed of a single orbital )
channel and conducts perfectly around the Fermi engxgly 1
to zerg while the m channel is composed of three orbital i
channelgonesplike and twod like, which conduct roughly
the samg and exhibits a transmission strongly dependent on
the scattering energy. In the AP case the system is invarian
under the combined transformations that exchangégth R
and 1 with |, resulting in identical values for the conduc-
tance of the two spin channels, which now are composed of
a dominantsp channel and a strongly diminished contribu-
tion of thed channels. The conductance ratio for this particu-
lar case isx=2.8/3.65=0.77. This yields MR23% and
MR,=30%, which is clearly below large MR claim$. the above results qualitatively. In an attempt to explore other

LSDA provides a commonly accepted description of therealizations of the self-consistent potential compatible with
electronic structure of bulk and surface ferromagnetism inthe magnetic boundary conditions and the experimental in-
transition metal€® However, the low coordination of atoms formation, we performab initio structural relaxations as a
in nanocontacts might give rise to a further localization offunction of the displacement between outer planes in the core
the d electrons(compared with bulkand an increase of the cluster. To do so, we consider a cluster like that shown in
magnetic moment. Since LSDA fails to describe properlyFig. 1. The inner atoms in the clustdi0 in tota) are allowed
localized electrons due to the self-interaction problem, varito relax to local minimum energy configurations as we
ous alternatives have been proposed to overcome thisiretch. This results, logically, in lower energy solutions and
problem?! the most popular being the local-density approxi-in the loss of symmetry, so that the transmission in the AP
mation (LDA) plus HubbardJ method(LDA +U) (Ref. 32 case now becomes slightly spin dependent. In Fig. 2 the
and the self-interaction correcté8IC) LDA scheme(Ref.  conductance at the Fermi energy per spin channel for the P
33). We should point out that, while the results for the con-and the AP configurations are shown as a function of the
ductance reflect the DOS and look plausible, the fact thagtretching up to the breakup point, starting from a slightly
reported conductance histograms never show the lowest peaksmpressed nanocontact. From this figure we see that the
around 4?/h at high magnetic field#é makes us suspect that conductance of them channel for the P configuration
either the chosen model for the atomic structure is not realchanges significantly upon small changes. The MR, on the
istic or that the electronic structure given by LSDA, due tocontrary, barely changes as the nanocontact is stretched and
the problems mentioned above, does not provide the bes small, reaching vanishing values for the last points in Fig.
approximation for nanocontacts. We explore below both pos2. The conductance approaches a stable value aroefith 2
sibilities separately. for both P and AP configurations.

An alternative approach to the electronic structure comes Discussion and conclusion#\s mentioned earlier, the
from the use of a hybrid functional like B3LYP which is a maximum number of conducting channels in atomic-size
combination of Hartree-Fock and LSDA. The former is freecontacts is roughly determined by the number of valence
from the self-interaction problem, but fails to include corre-electrons of the contact atés). However, as shown above,
lation, which is provided by the latter. B3LYP happens tothis hypothetical upper limit is never reached, particularly for
give a very good description of the electronic structure andhe m electrons, remaining essentially only ol channel
local magnetic moments in Ni(Ref. 35 and LgCuOQ, (Ref.  and one mchannel transmitting in the P case for stretched
36). With B3LYP the results for the conductan@ee Fig. 3  contacts. This result is impossible to predict without a full
are remarkably different in regard to thechannel. Now the  atomistic self-consistent calculation. Thé channel issp
d channels give a much smaller contribution to the transmistype. Thus, this channel transmits almost perfectly and
sion at the Fermi energy. In this case the MR is negative angvolves smoothly with the stretching of the contact giving a
its absolute value is even smalléR;=-11%) than the one  stable contributior?;; ~ 1 (see Fig. 2 Thesporbitals in the
obtained with LSDA. With B3LYP the bulk and surface mag- m channel are strongly hybridized withorbitals and, there-
netic moments are slightly higher than the LSDA ones whilefore, are more sensitive to the contact geometry. The contri-
the magnetic moment for the tip atoms is roughly the saméution to the conductance of the latter, which form narrower
(=1lug). bands, disappears with the stretching and disorder, as ex-

Since them conductance evaluated at the LSDA level pected(see Fig. 2. On the other hand, in the AP configura-
exhibits a strong dependence on the scattering energy, w@n mostly onesp orbital channel per spin contributes. The
study now whether or not different geometries can changeonductanceper spin channelies thus in the vicinity of
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FIG. 3. (a) B3LYP conductance per spin channel in the P con-

figuration for the model nanocontact shown in the inset of Fig. 1.
(b) Same as ir(a), but for the AP configuration.

220403-3



RAPID COMMUNICATIONS

JACOB, FERNANDEZ-ROSSIER, AND PALACIOS PHYSICAL REVIEW B1, 220403R) (2005

€?/h, giving =2€?/h in total and is fairly stable during the formed calculations for Ni chains using the B3LYP func-
last stage of the breaking of the nanocontact. tional. The number of bands crossing the Fermi energy is
To conclude, the reason behind the very small MR valuesiow reduced to 1+4 compared to the LSDA results. This
is the orbital(or geometrig blocking of most of thea priori  agrees with recent LSDA+U calculations reported by
availablem channels in the P configuration due to the non-jiarzhowskaet al3! where the two degenerate flat minority

ideal geometry of the nanocontacts. The number of bands %tandsdx ,dy2_2 are shifted downwards in energy because of
the Fermi energy in the case of a perfect monostrand mﬂmt?he ox y y

ferromagnetic chaf? is much larger than the number of non- change interagtion canceling.part of the self-interaction
zero eigenvalues of the transmission matrix in a nanoconta@' the strongly localized electrons in these flat bands. How-
(for a given basis and functior)an'his phenomenon aﬁects ever, th|S IS not the reason for the drop In m@onductance
mainly thed bands(no DW involved and, therefore, we call s€en in Fig. 3 since the corresponding channel does not con-
it orbital blocking. On the other handp bands are less tribute to the conductance in the LSDA case either. In addi-
sensitive to geometry. In fact, there can only be a significantion, noncollinear DW's, not considered here, also reduce the
and positive MR in the cases where timechannel in the P MR (Ref. 37. It is our belief that when observed, large val-
configuration conducts appreciably. This is the case for theies of the MR in Ni nanocontact might be due to magneto-
highly symmetric nanocontact presented in Fig. 1 withinstriction effects and the corresponding formation of wider
LSDA and, e.g., for the Ni chains studied in Refs. 22. In thesection contacts or to the presence of adsorbates, which
P case, the number & andm bands at the Fermi energy is modify the local electronic structufé.

1 and 6, respectively. When a DW is formed in the chain, 5

out of 6 m channels are blocked, remaining 1 per spin, al- We acknowledge E. Louis, C. Untiedt, J. A. Vergés, and
most fully transmitting. As a result, one expects a ratio G. Chiappe for fruitful discussions. J.J.P. acknowledges fi-
=2/7 resulting in MB=250% for the ideal chai?®* The nancial support from Grants No. 1FD97-13%38EDER
blocking of a number of channels is due to the fact thattthe funds and MAT2002-04429-CO3MCyT). D.J. acknowl-
electrons, and not thep electrons, are spin split. This could edges financial support from MECD under Grant No. UAC-
explain some early resulésbut not recent ones.Further-  2004-0052. J.F.R. acknowledges financial support from
more, to date, no evidence of chain formation in Ni has beeiGrants No. MAT2003-08109-C02-01 (MCyT), UA/
reported. Even so, scattering at the electrode-chain conta@REO03-15(Universidad de Alicante and Ramon y Cajal

will always be present. For completeness, we have also peRrogram(MCyT).
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