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Ballistic electron transport through magnetic domain walls
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Electron transport limited by the rotating exchange potential of domain walls is calculated in the ballistic
limit for the itinerant ferromagnets Fe, Co, and Ni. When realistic band structures are used, the domain-wall
magnetoresistance is enhanced by orders of magnitude compared to the results for previously studied two-band
models. Increasing the pitch of a domain wall by confinement in a nanostructured point contact is predicted to
give rise to a strongly enhanced magnetoresistqi8#163-18209)02302-4

The application potential of magnetoresistive effects hagan strongly enhance thénegative DW MR. Breaking
rekindled interest in the study of electrical transport in me-of the weak localization quantum correction by the exchange
tallic (Stonej ferromagnets such as Fe, Co, and Ni. Onefield leads to a positive MR at low temperathirétani
complicating factor that is still an open problem is the influ-et al” and Ruediger and co-workérs measured a
ence on the transport properties of the magnetic domaifositive DW MR in thin magnetic wires, but up to high
structure. Domain wall$DW’s) result from minimizing the teémperatures.
sum of the magnetostatic, magnetic anisotropy, and ex- |n the spirit of previous work on the giant magnetoresis-
change energies and they can be driven out of a material Bnce of magnetic multilayetsve study DW scattering in the
applying a magnetic field. This modifies the transport prop_balllst|c limit, i.e., in the limit where the defect scattering

erties but the magnitude and even the sign of the magnetor _r?:snefrrziupl?stmairsesggijcrigg:igt:earf%?rc:tlzzr:] tggi :g/itgr:?aizeWith
sistance(MR) [Rqa— Rol/Ro=[Go— Gsal/Gsar (Where Ry . - .
—1/G, and Ry= 1/G,, are the zero-field and saturation- diametersd sufficiently smaller than. We disregard lateral

' . . : _quantization, assuming>\g, with A\ the Fermi wave-
I/lglr(iyresstances, respectivglyemain a maiter of contro length. For perpendicular transport in multilayers, the ballis-

. . . tic MR is of the same order of magnitude as the MR in
Early experimental studies on very pure iron samplegyirse system&@! When > \p,y,, our calculated transport
showed a large MR of up to 90% at low temperattitst

) ) . coefficients can be used as boundary conditions in the semi-
was attributed to percolation through numerous dom%"ns-classical Boltzmann equatioh’.

Using a free-electron model, Cabrera and Faﬁpimer- The conductancé is given by Landauer’s formula as
preted transport through a single DW as a tunneling process

and the corresponding MR was found to be exponentially e2

small. More recently, Tatara and Fukuydhualculated the G= FE E |tm(kH)|2' (1)
DW conductivity in the clean limit where the mean free path Koovm

| resulting from defect scattering is much larger than theW

wall width )\_DW. For a free-electron model in asemiclassi_cal.l.he transmission amplitude of an incoming stfe to an
apprOX|mat|cE12 they foun<_j an MR_ that SC""'_eS like outgoing statek;v through the DW sandwiched by the two
—Npw/(Apwkg), wherenpy, is the domain-wall density and pounding domains of the ferromagnet is denoted by
EFEﬁZFﬁ/Zm is the Fermi energy. This MR is also very t,,(k)), kju, andk»v labeling flux-normalized states at the
small for DW widths and Fermi energies of transition metals.Fermi energy to the left and right of the DW, respectively,
In room-temperature measurements of transport through Nncluding the spin labels.

and Co films exhibiting stripe domain structures, Gregg A constant modulus for the local magnetization vector is
et al®> measured significant negative MR’s, much larger tharassumed; its direction may be represented by a single rota-
predicted by any of the above theoretical wdikut in a  tion angled since we disregard the spin-orbit interactigh.
regime wherel<\py). Levy and Zhan@ subsequently varies along the direction but is constant in the,y direc-
pointed out that spin-dependent impurity scatteringtions. The exchange field of the DW can be diagonalized by

herek is the conserved Bloch vector parallel to the DW.
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a local gauge transformation at the cost of an additional spin- TABLE I. Parameters for Fe, Ni, and Co, calculated saturation
rotation energy. Instead of treating this term by perturbatior{single-domaih conductances, and magnetoresistarit#) as de-
theor)ﬁ‘s we employ here the WKB approximation, which fined in the text. DW thicknesses are taken from Ref. 24.

has the important advantage of being valid also for vanishing
exchange splittings. Property Fe Ni Co

In order to understand the basic physics, let us firstCrystal structure bee fee fee
consider a simple two-band model in which the Layer direction (100 (100 111)
plane-wave states with parallel wave vectok, G {105 O 1 m 2] 1531 1.923 1529
and energy E; =%2%k?2m*A are modified by the W thicknessh ' ' '
domain wall. In the WKB method the spinor wave (in nm) pw 40 100 15
functions are multiplied byz-dependent phase factors (in monolayers 976 570 79
expfif%dZ \2mE.[q(z')]/#?—k{}. The eigenenergies of Spiral angle/monolayer 0.65° 0.32° 5 5o
the local Hamiltonian in which the gradieg{z) =d6/9z is
taken to be constant are those of a “spin spir&l”: DW-MR

42 two-band model —0.0008% —0.0001% —0.008%
diabatic model —0.13% -0.11% —-0.33%
E.(q)= 5=[k?+q%4= Kig°+ p* 2 A
=(0) 2m[ a*/ 47+, @ Linear model -0.39% —-0.16% —0.46%
Abrupt DW —71% —58% —67%

with A=%2p?/2m and k, determined byE. (q)=Eg. The
WKB factor is imaginary for states propagating through the
whole DW and exponentially damped otherwise. In ouradia—.l.he open character of the leads can be captured by the
batic approximation we disregard all tunneling states, Whicqa

) . L . mbedding Green’s function technidfie® based on
is allowed in the limitApwke>1. The eigenstates are no'g the linearized augmented plane-waveAPW) method

pure spin states: th_e DW/spin sp|rall system acts like a SPIN3nd the muffin-tin-shape approximation for the crystal poten-
orbit scatterer to mix the two spin directions. The DW CON-sial The transport coefficients and the conductance of

ductance is thus limited by the local ba_nd structure V.Vith thesamples with arbitrary stacking of atomic monolayers with
smallest number of modes at the Fermi energy that is at thﬁoncollinear spins can be calculated with this method.

center of the DW, where| is maximal, Qmax= /A ow- FOT  The technical details of the method are given in Refs. 17 and
perpendicular transpdft 18

In the adiabatic limit the DW may be represented by a

2 A E%—q2/4 for ¢2<2p? spin spiral, which can be computed using conventional band-
G(q)= €A — o a2 ) ) structure techniques by the generalized Bloch theorem based
h 27 | ke—p*+p*q® for q=>2p*. on a combined translation and spin-rotation oper&tdfor

narrow DW'’s a “linear” model is more accurate, in which

This equation holds whekg > q?/4+ p?, i.e., when both spin  Wé calculate the transmissiomumerically exactly for a

bands are occupied. Note that transport parallel to the spifi@gnetization that is rotated by a constant mfg, in a
spiral is much less affected by the DWB|(g)=G(0) finite region of width\ pyy b(_etwegn single domain leafs.
+0(q%). The results are summarized in Table | for the two models

In bulk transition metals in whicly?<p?, the DW MR just considered fofi) experimental bulk DW widths angi)

) for DW’s of monolayer width, both for a total spin rotation
_ — 2 ,
ﬁ]%%oprgﬁg;(tqgf"ihe%gg%{;;%) sémﬁ\g?wtljgi)ngfoﬁﬁr@?vl/hse m. Note the large difference between the first-principles
Fermi wave vectors for one conduction electron per atomcalculatlons and the two-band model. Figure 1 displays

and the experimental width of the DW, we obtain the num-the Wldth—depenQent D.W conductance as a function
of the magnetization rotation angle per monolayer for Fe and

bers in Table | for Ni, Co, and Fe. The effect appears to be_. : ; B
very small and likely to be swamped by other magnetoresisi\“’ respectively. We observe linear dependenceMR

tive effects such as the anisotropic or ordinary MR. The rea-_ Omex, N clear contradiction of the two-band model

son is clearly the smallness of the kinetic spin rotation en-[Eq' (3)]-

P We can understand these features using perturbation
ergy as compared to the exchange splitting, gésp?. The . . : .
DW only slightly deforms the Fermi spheres, resulting in atheory. The spin spiral can be represented by an interaction

o ) 1
tiny magnetoconductance. In transition metals, howeverH?ZT'ltozn'an that contains  two operatorsl{;)~q and
many bands at the Fermi energy are much closer than tHdini~d° respectively: The energy-band structure of the
exchange splitting. When spin-up and spin-down states closeulk ferromagnet and thus the conductance is modified by
to the Fermi energy ar@early degenerate, a DW that gives this interaction. In nondegenerate perturbation theory the
fise to a repulsive interaction between them may push thérst-order term corresponding té{ vanishes. The second-
bands away from the Fermi energy and reduce the condu®rder term due ted (L) and first-order term due td{? both
tance. Realistic band structures must be used in order toontribute to the order aj?, which explains the leading term
evaluate the importance of these splittings. To this end wén Eq. (3). However, in the presence of degeneracies simple
carried out first-principles calculations of defect-free DW's perturbation theory breaks down. Instead, the Hamiltonian
in Ni(fcc), Calfcc), and Fe¢bco within the local spin-density must be diagonalized first in the subspacérafarly) degen-
approximation(LSDA) to density-functional theoryDFT). erate states. The splitting of the degenerate states is directly
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should be larger in thin films than the bulk values in Table I,
but still smaller than in Refs. 5 and 6. The present calcula-
tions show unambiguously that the DWitecreasethe resis-
tance. The experimentally observed DW-induced decrease of
the resistancde® can therefore not be an intrinsic effect, but
must be an as yet unidentified defect-related, size-related, or
other extrinsic phenomenon. Previous results obtained by
perturbation theory and a two-band mddeshould be re-
considered in the light of the present findings. Unfortunately,
implementing degenerate perturbation theory for diffuse
system$ with realistic band structures appears to be quite
cumbersomé® In the recent work of Levy and Zhahghe
» Fe adiabatic DW scattering is calculated on the basis of a two-band
I.2F g Fe linear T model. In spite of the small forward spin-flip scattering in
) , . this model they can explain a significant MR due to a
0 10 20 30 strongly spin-dependent bulk-defect scattering. The band
AD —> structure crowding at the Fermi surface enhances not
FIG. 1. Conductance of domain walls in Ni and Fe as afunctiono!’lly the backward scattering that causes the_ ballistic MR
of the magnetization rotaton angle per monolayer,discussed here, but also the forward scattering. The bulk
A 6= mal\py, Wherea is the monolayer width anNlp,, the width ~ defects might therefore be less important than initially
of the domain wall. Results are given for the adiabatic approximaapparent.
tion (spin spiral and the linear approximatiofsee text The bulk The DW scattering increases with= d6/dz, which can
ballistic conductances are indicated by the horizontal lines. be achieved by reducing the DW width or by increasing the
winding number for a given width. Both operations become
proportional to the matrix elements of the interaction Hamil-po.SSIbIe by trapping a DW. in a nanostructured ferroma.gne'uc
tonian, thus in leading order proportionaldoAs the energy point contact_. BQ.”ISIIC point C:gzntacts have peen fabricated
splittings increase, conducting channels are removed frorﬁuc_cessfully |n35|mple metals; bl.n not yet in fer_romag-
the Fermi surface and the conductance is reduced proportion—etIC ma_ter|§1l§. When the magnetization on one side O.f th_e
; I Qontact is pinned by shape anisotropy or exchange biasing,
ally. T_he linear dependence observed in Fig. 2 can Fhus bfﬁe magnetization vector on the other side can be rotated
explained by the occurrence of mangnearly spin-

X independently by rotating the sample in an external magnetic
degenerate states close to the Fermi energy. Naturally, thes|q The maximal effect is expected for an abrupt domain

MR is also much larger for closely spaced states that are NQYall, for which we predict a huge MRsee Table), much
strictly degenerate. This explains the large difference bearger than what has been achieved with tunnel junctions of
tween the results for the two-band model and the fU”'banCihe same materials. The material dependence on the angle
structures in Table 1. between the two magnetizatioriBig. 2) betrays again the

We observe that the relative effect of the DW is still importance of the details of the band structure. In a similar
rather small, smaller than the experiments by Greggl®  fashion amna DW could be created by repeated rotation in
and smaller than the theoretical results by Levy and Zhanghe magnetic field. The conductance is then predicted to de-
for very spin-asymmetric bulk defect scatterfhgBloch  crease linearly with the number of turns as in Fig. 1, up to
DW's in thin films can be significantly narrower than in bulk some value at which phase slips occur, or the spiraling mag-
material'® which means that the bulk DW magnetoresistancenetization spills out of the constriction. We stress that this
somewhat naive picture needs to be supported by micromag-
netic calculationg?

In conclusion, we presented and analyzed model and first-
principles calculations of electron transport through mag-
netic domain walls. The large number of bands close to the
Fermi surface causes a strong enhancement of the DW MR
as compared to two-band calculations. Evidence that degen-
eracies at the Fermi surface of Fe, Co, and Ni can give rise to
relatively large effects is found. DW’s always decrease the
ballistic conductance, causing a negative MR. The ballistic
DW magnetoresistance is found to be somewhat smaller than
measured recently in thin films, which can be partly due to

: the reduction of domain-wall widths in thin films as com-
0 05 Ap | pared to bulk ferromagnets. Trapping a domain wall in nano-
/2 structured constrictions is predicted to give rise to a strongly

. o enhanced magnetoresistance.
FIG. 2. Conductances of abrupt domain walls in Ni, Fe, and Co

as a function of the angla ¢ between the magnetization vectors of ~ We acknowledge helpful discussions with Jaap Caro, Ra-
the bounding domains. mon van Gorkom, Junichiro Inoue, Andrew Kent, and Gen

single domain Ni

v Ni adiabatic
o Ni linear

single domain Fe
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