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Giant magnetoresistance due to a domain wall in FeAb initio study
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The magnetoresistance due to a domain wall in pure Fe was studied theoretically by mednmitid
electronic structure calculations based on a linear muffin-tin orbital method modified for noncollinear magnets.
The Bloch walls were modeled by a superlattice structure in (€84 direction of the bcc lattice with
alternating regions of collinear and spiral-like magnetizations. The conductivity was calculated by means of the
linearized Boltzmann equation in a relaxation time approximation. The magnetoresistance due to a domain wall
(DW) is presented as a function of the angle between the magnetizations, domain-wall thickness, and domain
size. The orientation dependence of the magnetoresistance due to a DW in pure Fe has cos-like behavior in
contrary to the giant magnetoresistance in Fe/Cr superlattices. It was also shown that the presence of Cr
increases the GMR amplitude in comparison with pure Fe separated by a noncollinear domain wall of equal
size. The Kronig-Penney model was used in order to show that the oscillations of GMR as a function of
domain size stem from quantum well states crossing the Fermi level.
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I. INTRODUCTION was reported by Vireet al* The same authors also reported
direct measurements of the GMR due to a DW in a single-
The discovery of giant magnetoresistafi@MR) in mag-  crystal thin film of Co with a striped domain magnetic
netic multilayer$ renewed the interest in the magnetoresis-structure> Levy and Zhan suggested a theoretical treat-
tive properties of domain walls in ferromagnetic systemsment of these measurements using the model approach de-
The presence of a 180° domain wabW) between two veloped previously by these authors for the explanation of
regions of opposite magnetization is of particular interesthe GMR in Fe/Cr multilayeré. The Hamiltonian of the
since it reveals GMR. The difference to a standard GMRmodel includes the Kronig-Penney potential for the ferro-
system is that the interlayer consists of the same material aragnetic regions of opposite magnetization, the potential
the regions of collinear magnetic order but is characterizedliue to the noncollinear magnetic order in the DW, as well as
by a noncollinear magnetic order. the spin-dependent scattering potential. For the typical val-
The dependence of the resistance of iron on the domaines of the Fermi wave vector, the exchange splitting, and the
structure was measured experimentally already in the 1950&symmetry of the different spin channels in Co, Ni, and Fe
and 1960¢.But the conditions of these early experiments didthe additional resistance due to a 150-A-thick DW varied
not allow a pure contribution due to a DW to be distin- from 0.3% to 1.8% for the current parallel to the wall and
guished from other phenomena like galvanomagnetic anérom 2% to 11% for the current perpendicular to the wall.
size effects. The early theoretical work of Cabrera andThese values are of the same order as the measured ones.
Falicov? intended to explain these measurements, was based Further experimental studies in thin films and nanowires
on a free-electron model. The resistivity of a DW was mod-of Co, Ni, and F€ 1% as well as in a zigzag wire of Co,
eled by spin-dependent tunneling through the barrier createconfirmed the presence of the effect. But, in contrast to the
by the noncollinear magnetization inside the wall. In thisprevious result§;’ these measurements revealed a decrease
approach the influence of a DW on the electron transport i®f the resistivity in the presence of a DW. The possible the-
attributed to the shortening of a mean free path due to reflemretical explanation of this phenomenon was suggested by
tion from the barrier. For the typical values of the exchangeTatara and Fukuyam&.On the basis of the single-band Hub-
splitting and the DW thickness in ferromagnetic transitionbard model with the effect of a DW included by a gauge
metals the increase of the resistivity caused by a DW pretransformation these authors calculated the second-order
dicted by this model does not exceed 0.01% conductivity corrections in a weak localized regime by
The first indirect, i.e., extracted from the anisotropic mag-means of the Kubo formula. They have shown that the pres-
netoresistanc€AMR), experimental observation of the con- ence of a DW contributes to the dephasing of electrons
tribution of a DW in a granular epitaxial film of Co and Ni which causes a reduction of the impurity scattering. How-
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ever, as discussed by Rigeret al,*® in the experiments the __domain Bloch wall

effect survives to much higher temperatures as predicted by = ‘

this theory. The possible origin of the observed enhancemen

of the conductance was attributed to the AMR due to the

reorientation of the flux closure caps which arise in a zero-

field state near the surface of a specimen.
Ab initio studies of the magnetoresistance due to a DW in |- : N

pure Fe, Co, and Ni were reported by van Heofl* These aniteel

authors used the embedding Green-function technique based FIG. 1. The unit cell of the superlattice of pure Fe with noncol-

on the linearized augmented plane-wave method within thg,eay magnetic profile modeling the domain wall.

local spin-density approximatioft SDA). The ballistic con-

ductance was calculated by means of the Landauer formulg,e paye chosen the following noncollinear magnetic con-
A DW was simulated by a spin-spiral region of finite width figuration, shown schematically in Fig. 1. All the magnetic
sandwiched by two se'ml—mflnlte leads. At thicknesses ofoments are oriented perpendicular to 61 direction.
DW's adapted to experl_mental values the calt_:ulated amplithe firstn monolayers(ML's) of the unit cell represent the
tude of the magnetoresistance wag.1%. The importance nyinsically ferromagnetic domain. The nextatomic layers

of the realistic electronic structure for the discussed phenomlrOrm a DW with a constant anglé between the magnetiza-
enon was shown by a comparison with the two-band model;o g i the neighboring atomic layers. The total number of

Due to a proper description of quasidegenerate states at the,mg jsn=n+m. The angle between the magnetizations of
Fermi energy in thab initio approach the amplitude of the a domain in the neighboring cells has been varied from

effect was much larger. In addition, the calculated thicknesisoo to 0°. This way we imitated the effect of the applied
dependence of the .magnetore5|stance' agrees well with tté‘?(ternal magnetic field from zero to the saturation field. The
experlmzentally_ obtained {1hy) behavior, in contrast 0 thickness of a DW was varied from 5 to 15 ML's and the
(L pw)” predicted by the two-band model. A huge ampli- 4,400 size from 1 to 19 MLs. The described configuration

tude Ef the effect,~60%, was found for the abrupt DW .5, he treated as a magnetic spiral along the fourfold axis of
(r)]\DW—_O). All t.he hcaIcuIauons h]flve shown an increase of, tetragonal lattice withN atoms per unit cell.
the resistance in the presence of a DW. The calculations of the electronic structure of the super-

15 ; R
Recently Kudrnovskyet al.*> studied the effect of disor- lattices were done by means of the LMTO metHogener-

der on the DW resistance from first principles. By means ofyji;e for noncollinear, in particular spiral, magnets. The de-

the surface Green-function technique based on the tight.iis of the method can be found elsewhiterhe self-
binding linear muffin-tin orbital methodTB-LMTO) these  qnsistent band-structure calculations were carried out on a
authors calculated within the coherent potential approxmagrid of 5760k points in the Brillouin zone. For the calcula-

tion the electronic structure of the system of tWo SeMi-jo, of the conductivity tensor a mesh of 230 4Roints
|nf|_n|te Iea_ds of fcc Co sandwiching the_s_ample of & substiy,oq peen used. All thie-integrated functions were computed
tutional d|s.ordered binary aII_oy containing a DW. Both with the tetrahedron methdd.
npnmagnenc, Cu, and magnetic, Ni, Cr, |mpgr|t|es Were con- - e transport properties were calculated by means of the
S|ge_red. The conductance was calculat_ed with the I“"md""ueﬁhearized Boltzmann equation in relaxation time approxima-
Buttiker approach. It was shown that disorder decreases t
GMR due to a DW. In general, the effect of impurities was
important for very thin DW'’s only.

In this work we studied the magnetoresistance due to a _
DW in pure iron theoretically on the basis of ab initio
calculation of the electronic structure by means of the linear . . o .
muffin-tin orbital method(LMTO) generalized for noncol- 9k(@) is the deviation of the electron d|§tr|0bgt|on function
linear magnets. The diffusive conductivity was calculatedTom the Fermi-Dirac equilibrium distributiofy if an exter-
within the Boltzmann formalism. We consider the systemnal electric fieldE is applied.vi(«) is the velocity of the
consisting of the regions of collinear magnetic order, that iselectrons. The scattering of the electrons is described by
ferromagnetic domains, alternated with regions of spirameans of an isotropic relaxation timeeis the charge of the
magnetic order, the DW's. The dependencies of the GMR orglectron andk is a shorthand notation for wave vectoand
the angle between the magnetization of neighboring doband indexv. With the current density
mains, on the thickness of a DW, and the domain size are
discussed.

e
<10
NN
=

@

j<a>=2e; V(@) g @) )

Il. THEORETICAL MODEL AND METHOD OF

CALCULATION and Ohm's law

We have studied pure iron in a superlattice structure with j(a)= &(a)E 3
N atomic layers along001) direction of the bcc lattice with
a lattice constara=2.87 A. In order to model a Bloch wall the conductivity tensor becomes
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Because of the tetragonal symmetry of the considered super-
lattice the conductivity tensor consists of two independent 000 Lo p—
componentso,,= oy, is the in-plane conductivityCIP) and 10 15 20 25 30 35 40
causes CIP-GMR, i.e., for the current parallel to the plane of DW thickness (ML)

rotation of magnetic moments in the Bloch wall, whereag

is the conductivity for the current perpendicular to this plane FIG. 3. Dependence of GMR on the DW thickness of the
180°-Bloch wall for(a) fixed domain size at 7 ML's anth) zero-
(CPB and causes CPP-GMR. @ ®

size domaingpure spiral.

IIl. RESULTS AND DISCUSSION pure Fe with the orientation dependence of GMR in 6 Fe/6
Cr superlattices calculated earlier by the authors with the
The calculated orientation dependence of the CIP- and theame methdd (shown by the broken line in Fig.)2This
CPP-GMR in the superlattice of pure iron with both the way one can distinguish the effect of the chemically different
thickness of a DW and the domain size fixed at 6 ML's isinterlayer on the GMR. First, the presence of Cr increases the
shown in Fig. 2. For the values af at 30°-150° both the amplitude of the effect, about 1.4 times for the CIP- and 2.7
CIP- and the CPP-GMR show cos-like behavior. The variatimes for the CPP-GMR respectively. Next, in this case there
tion of GMR for these angles is most likely determined byare considerable deviations from the cos-like dependence for
smooth changes in the exchange interaction between thgl valuesa. In particular, the maximum value of CIP-GMR
magnetic moments. In the ferromagnetie<0) and the an- s shifted away from the antiferromagnetic configuration.
tiferromagnetic @¢=180°) configurations the additional From now on we will discuss the 180° DW. Figure 3
symmetry affects the topology of the Fermi surface drastishows GMR as a function of the DW thickness. For the
cally. These changes give most probably rise to the deviatiodomain size fixed at 7 ML§Fig. 3(@)] both the CIP- and the
from the cos-like dependence for the angles 0°-30° an€PP-GMR decrease monotonically except a small deviation
150°-180°. The calculated amplitudes of the GMR due to at 13 MLs. The increase of the DW thickness smoothes the
DW, about 40% for the CIP and 100% for the CPP geometnypotential difference due to the exchange interaction continu-
respectively, are much larger than the measured ones. Thrisly and decreases the GMR effect. At the same time the
reported experimental values vary in the range 0.5-5%. Thperiodic sequence of the alternating domains of the majority
reason for this discrepancy is related to the very thin DWand the minority magnetization in our model gives rise to
(9 A) in the calculation. Realistic systems, films, andenergetically localized electronic states. The crossing of the
nanowires show DW thickness of 100—1000"R. Fermi level by one of these states causes most likely the
It is interesting to compare the discussed dependence ismall deviation from the monotonic decrease in the consid-
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2 4 6 8 10 12 14 16 18 FIG. 5. Correspondence between the superlattice with the abrupt
domain size (ML) DW and the Kronig-Penney model.
24 7 b)  zero-thickness DW ity and the minority magnetization in the superlattice. The
2T height of a potential stefy corresponds to the exchange
20 T splitting. The dispersion relation for the one-dimensional 1D
18 T K-P model is well known from the quantum mechanics text
16 T books? In order to consider three-dimensional motion of the
14 + electrons we assume that at fixedor any x andy the po-
o« ror y y p
=45 1 tential is the same as for=y=0. The dispersion relation
O . .
10 1 for this quasi-3D model,
2 T E(kj .k,) =E(0k,) +kf, (6)
4 4 possesses the axial symmetry with respect tdjhairection.
o L E(0k,) corresponds to the 1D K-P model. Next, we assume
0 e a andc=a-M to be the lattice constants of the tetragonal
2 4 6 8 10 12 14 unit cell. The ratioM represents the domain size. It is con-
domain size (ML) venient to introduce dimensionless parameiersV-a® and

o e=E-a? instead of the potential and the energy, amd
FIG. 4. Dependence of the QMR on _the domain size of the— kH'a1 k,=k,-c, 0<k,<m instead of the components of
180°-Bloch wall for(a) the DW thickness fixed at 5 ML's an)  the Bloch vector. Finally, we introduce the electron density
the abrupt DWantiferromagnetic configuration Ne Per cubic unit cell withc=a as an additional parameter
of the model. With the dispersion relation E) andng, it is
ered dependence. The role of these quantum well states ésisy to determine the position of the Fermi level and to
discussed below in detail. For zero domain digey. 3(b)], calculate the Boltzmann conductivity according to E4.
i.e., a pure spiral without collinear regions, both the CIP-and The left-hand panel of Fig. 6 shows,, and the CPP-
the CPP-GMR decrease monotonically with the increase o6MR for the K-P model withv=7 andng=0.5 as a func-
the DW thickness. Namely, the function shows tion of the domain size calculated on a grid of 500 points for
(1/\pw)—behavior in accordance with the results of vanM of 1-15. As a reference value for the GMR, i.e(0) in
Hoof et al14 Eq. (5), the conductivity of the free-electron gas was used.
Figure 4 shows the CIP- and the CPP-GMR as a functiorBoth o and the GMR show oscillations. The minima of
of domain size. For the 5-ML-thick Bloch waJFig. 4a)]  correspond, of course, to the maxima of GMR. The energy-
and varying domain size of 1-19 ML’s there are two promi-band structure and the Fermi surfa@s) shown in Fig. 7
nent peaks of the CPP-GMR. The CIP-GMR also shows osexplain the origin of these oscillations. The three values of
cillations but with much smaller amplitude. This oscillatory M, 2.56, 3.19, and 4.21, correspond to the first two maxima
behavior is especially pronounced for zero-thickness DW'spf (M) and the minimum in between. A1=2.56 the
i.e., the collinear magnet with abruptly alternating domainsFermi level crosses the second energy band near the lower
[Fig. 4b)]. These oscillations are caused by quantum welledge of the quasigap. This crossing produces an ellipsoidal
states. In order to explain this point in detail we now turn tosheet of the FS with a large contribution ég,. Another
the Kronig-PenneyK-P) model. sheet of the FS stems from the first band. Because of the
The correspondence between the discussed superlatticglindrical shape around the, axis its contribution to the
and the K-P model is schematically shown in Fig. 5. Theconductivity in z direction is negligible. FoM=3.19 the
periodic sequence of rectangular barriers and wells of equadtermi level is located near the upper edge of the quasigap
width in thez direction represents the domains of the major-between the second and the third energy bands. The FS con-
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with parameters/=7, ny=0.5.
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sists of two nearly cylindrical sheets with a small contribu- r z
tion to o,,. The crossing of the Fermi level by the third
ekr:ergt]y ba_lnd a.lM :t4.%f::- prOdu.CeS agi'qha Iarged el!tl_p?[OIdlfsll calculation for the superlattice of pure Fe with abrupt DW with
sheet giving nse 1o theé maximum of the conauctivity. N g, ey gomain size fixeda) at 6 and(b) at 7 MLs.

general, the increase of the domain size at a fixed exchange

splitting increases the quantum well strenythc®. It leads  to the drop of the energy bands. The Fermi level, which
value is nearly independent &, alternatively either crosses
Band structure Fermi surface one of the low-dispersion quantum well bands, or is located

20 3 in a quasigap. The crossing produces an ellipsoidal sheet of
the FS with a large contribution to the conductivity in the
direction, while with the Fermi level in a quasigap the FS
consists of several nearly cylindrical sheets with negligible
contribution too,,. The same mechanism produces also the
oscillation in the CIP conductivity but its amplitude is much
smaller. It should be noted that the parameters of the K-P
model were chosen quite arbitrarily and do not necessarily
match the corresponding values in Fe. Nonetheless, the dis-
cussed oscillatory behavior is reproduced for a wide range of
these parameters.

While in the K-P model the domain size can be changed
continuously, the realistic crystal structure is restricted to in-
teger numberd. This fact complicates the direct compari-
son between the maxima of the conductivity and the quan-
tum well states. In order to demonstrate the effect of aliasing
to the structure the right-hand panel of Fig. 6 shaw$/1)
and GMRM) calculated for a discrete numbekd with
AM=1. Instead of seven maxima this dependence shows
only five maxima and its positions are shifted. Nevertheless,
the role of the quantum well states in this effect can also be
confirmed with theab initio calculation. Figure 8 shows the
ab initio energy-band structure in theé-Z direction calcu-
lated for the superlattice of pure Fe with the abrupt DW for
the domain size fixed at 6 and 7 MU$igs. 8a) and (b)
respectively. For the energies at 0.25 to 0.25 eV around
the Fermi level there is a set of the low-dispersion quantum

FIG. 7. Quantum well states at the Fermi level in the Kronig- well bands separated by quasigaps. The localized character
Penney model. of these states can be seen from the density of states, also

FIG. 8. Quantum well states at the Fermi level in #Higinitio
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shown in this picture. For the domain size at 6 ML's one ofis larger than for pure Fe. It was shown that the oscillations
the bands crosses the Fermi level, while at 7 ML's the Fermbf GMR as a function of a domain size stem from the quan-
level is located at the middle of the quasigap. At the sameum well states crossing the Fermi level.
time the CPP-GMRsee Fig. 4b)] increases strongly be-  As we already mentioned, a very thin DW modeled in our
tween these two values. Moreover, there is a feature on thi§a|cu|ation results in a much |ager GMR effect as Compared
dependence at 6 ML's, which is most likely connected withtg the measured values in thin films and nanowires. Recently
an unresolved minimum. Brund?! discussed the possibility of a very narrow domain
wall caused by a constriction which size does not exceed the
characteristic size of the constriction. In the case of an
We have studied GMR caused by a Bloch wall in pure Featorr]ic point co_ntact this_ length is se_veral nanpmeters.
on the basis ofib initio calculations of the electronic struc- Garce et al. studied ballistic magnetoresistance point con-
ture in a superlattice geometry. The calculated orientatioaCts of Ni, Co7* and Fe* and measured in fact a very large
dependence of the GMR ratio was shown to be cos-like examplitude of the GMR ratio, 200-300% for Ni and Co and
cluding the angles in the vicinity of both ferromagnetic and~30% for Fe, respectively. Although the origin of these
antiferromagnetic magnetic ordering. Comparing the preseri@rge MR ratios is not yet clear the results of this paper show
calculations with our previous results for Fe/Cr superlatticeghat an abrupt DW can give large GMR values in agreement
we have shown that due to the chemically different interlayewith the results of Refs. 14 and 15. A direct comparison,
there are considerable deviations from the cos-like behavidnowever, is impossible since the shape of the sample is not
and the amplitude of the effect for both CIP- and CPP-GMRIincluded in the calculation.

IV. CONCLUSIONS
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