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Giant magnetoresistance due to a domain wall in Fe:Ab initio study
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The magnetoresistance due to a domain wall in pure Fe was studied theoretically by means ofab initio
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 the~001! 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

The discovery of giant magnetoresistance~GMR! in mag-
netic multilayers1 renewed the interest in the magnetores
tive properties of domain walls in ferromagnetic system
The presence of a 180° domain wall~DW! between two
regions of opposite magnetization is of particular inter
since it reveals GMR. The difference to a standard GM
system is that the interlayer consists of the same materia
the regions of collinear magnetic order but is characteri
by a noncollinear magnetic order.

The dependence of the resistance of iron on the dom
structure was measured experimentally already in the 19
and 1960s.2 But the conditions of these early experiments d
not allow a pure contribution due to a DW to be disti
guished from other phenomena like galvanomagnetic
size effects. The early theoretical work of Cabrera a
Falicov,3 intended to explain these measurements, was ba
on a free-electron model. The resistivity of a DW was mo
eled by spin-dependent tunneling through the barrier cre
by the noncollinear magnetization inside the wall. In th
approach the influence of a DW on the electron transpo
attributed to the shortening of a mean free path due to refl
tion from the barrier. For the typical values of the exchan
splitting and the DW thickness in ferromagnetic transiti
metals the increase of the resistivity caused by a DW p
dicted by this model does not exceed 0.01%

The first indirect, i.e., extracted from the anisotropic ma
netoresistance~AMR!, experimental observation of the con
tribution of a DW in a granular epitaxial film of Co and N
0163-1829/2002/66~17!/174422~6!/$20.00 66 1744
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was reported by Viretet al.4 The same authors also reporte
direct measurements of the GMR due to a DW in a sing
crystal thin film of Co with a striped domain magnet
structure.5 Levy and Zhang6 suggested a theoretical trea
ment of these measurements using the model approach
veloped previously by these authors for the explanation
the GMR in Fe/Cr multilayers.7 The Hamiltonian of the
model includes the Kronig-Penney potential for the fer
magnetic regions of opposite magnetization, the poten
due to the noncollinear magnetic order in the DW, as well
the spin-dependent scattering potential. For the typical v
ues of the Fermi wave vector, the exchange splitting, and
asymmetry of the different spin channels in Co, Ni, and
the additional resistance due to a 150-Å-thick DW vari
from 0.3% to 1.8% for the current parallel to the wall an
from 2% to 11% for the current perpendicular to the wa
These values are of the same order as the measured on

Further experimental studies in thin films and nanowi
of Co, Ni, and Fe,8–10 as well as in a zigzag wire of Co,11

confirmed the presence of the effect. But, in contrast to
previous results,4,5 these measurements revealed a decre
of the resistivity in the presence of a DW. The possible th
oretical explanation of this phenomenon was suggested
Tatara and Fukuyama.12 On the basis of the single-band Hub
bard model with the effect of a DW included by a gau
transformation these authors calculated the second-o
conductivity corrections in a weak localized regime
means of the Kubo formula. They have shown that the pr
ence of a DW contributes to the dephasing of electro
which causes a reduction of the impurity scattering. Ho
©2002 The American Physical Society22-1
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ever, as discussed by Ru¨digeret al.,13 in the experiments the
effect survives to much higher temperatures as predicted
this theory. The possible origin of the observed enhancem
of the conductance was attributed to the AMR due to
reorientation of the flux closure caps which arise in a ze
field state near the surface of a specimen.

Ab initio studies of the magnetoresistance due to a DW
pure Fe, Co, and Ni were reported by van Hoofet al.14 These
authors used the embedding Green-function technique b
on the linearized augmented plane-wave method within
local spin-density approximation~LSDA!. The ballistic con-
ductance was calculated by means of the Landauer form
A DW was simulated by a spin-spiral region of finite wid
sandwiched by two semi-infinite leads. At thicknesses
DW’s adapted to experimental values the calculated am
tude of the magnetoresistance was;0.1%. The importance
of the realistic electronic structure for the discussed phen
enon was shown by a comparison with the two-band mo
Due to a proper description of quasidegenerate states a
Fermi energy in theab initio approach the amplitude of th
effect was much larger. In addition, the calculated thickn
dependence of the magnetoresistance agrees well with
experimentally obtained (1/lDW) behavior, in contrast to
(1/lDW)2 predicted by the two-band model. A huge amp
tude of the effect,;60%, was found for the abrupt DW
(lDW50). All the calculations have shown an increase
the resistance in the presence of a DW.

Recently Kudrnovsky´ et al.15 studied the effect of disor
der on the DW resistance from first principles. By means
the surface Green-function technique based on the ti
binding linear muffin-tin orbital method~TB-LMTO! these
authors calculated within the coherent potential approxim
tion the electronic structure of the system of two sem
infinite leads of fcc Co sandwiching the sample of a sub
tutional disordered binary alloy containing a DW. Bo
nonmagnetic, Cu, and magnetic, Ni, Cr, impurities were c
sidered. The conductance was calculated with the Landa
Büttiker approach. It was shown that disorder decreases
GMR due to a DW. In general, the effect of impurities w
important for very thin DW’s only.

In this work we studied the magnetoresistance due t
DW in pure iron theoretically on the basis of anab initio
calculation of the electronic structure by means of the lin
muffin-tin orbital method~LMTO! generalized for noncol-
linear magnets. The diffusive conductivity was calculat
within the Boltzmann formalism. We consider the syste
consisting of the regions of collinear magnetic order, that
ferromagnetic domains, alternated with regions of sp
magnetic order, the DW’s. The dependencies of the GMR
the angle between the magnetization of neighboring
mains, on the thickness of a DW, and the domain size
discussed.

II. THEORETICAL MODEL AND METHOD OF
CALCULATION

We have studied pure iron in a superlattice structure w
N atomic layers along~001! direction of the bcc lattice with
a lattice constanta52.87 Å. In order to model a Bloch wal
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we have chosen the following noncollinear magnetic co
figuration, shown schematically in Fig. 1. All the magne
moments are oriented perpendicular to the~001! direction.
The first n monolayers~ML’s ! of the unit cell represent the
intrinsically ferromagnetic domain. The nextm atomic layers
form a DW with a constant angleb between the magnetiza
tions in the neighboring atomic layers. The total number
atoms isN5n1m. The angle between the magnetizations
a domain in the neighboring cellsa has been varied from
180° to 0°. This way we imitated the effect of the applie
external magnetic field from zero to the saturation field. T
thickness of a DW was varied from 5 to 15 ML’s and th
domain size from 1 to 19 ML’s. The described configurati
can be treated as a magnetic spiral along the fourfold axi
a tetragonal lattice withN atoms per unit cell.

The calculations of the electronic structure of the sup
lattices were done by means of the LMTO method16 gener-
alized for noncollinear, in particular spiral, magnets. The d
tails of the method can be found elsewhere.17 The self-
consistent band-structure calculations were carried out o
grid of 5760k points in the Brillouin zone. For the calcula
tion of the conductivity tensor a mesh of 230 496k points
has been used. All thek-integrated functions were compute
with the tetrahedron method.18

The transport properties were calculated by means of
linearized Boltzmann equation in relaxation time approxim
tion,

2eS ] f k
o

]ek~a!
D vk~a!E5

gk~a!

t
. ~1!

gk(a) is the deviation of the electron distribution functio
from the Fermi-Dirac equilibrium distributionf k

o if an exter-
nal electric fieldE is applied.vk(a) is the velocity of the
electrons. The scattering of the electrons is described
means of an isotropic relaxation timet. e is the charge of the
electron andk is a shorthand notation for wave vectork and
band indexn. With the current density

j ~a!52e(
k

vk~a!gk~a! ~2!

and Ohm’s law

j ~a!5ŝ~a!E ~3!

the conductivity tensor becomes

FIG. 1. The unit cell of the superlattice of pure Fe with nonc
linear magnetic profile modeling the domain wall.
2-2
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ŝ~a!52e2t(
k

d@ek~a!2e f #vk~a! ^ vk~a!. ~4!

The GMR ratio due to a DW as a function ofa is

GMR~a!5
s~0!2s~a!

s~a!
. ~5!

Because of the tetragonal symmetry of the considered su
lattice the conductivity tensor consists of two independ
components.sxx5syy is the in-plane conductivity~CIP! and
causes CIP-GMR, i.e., for the current parallel to the plane
rotation of magnetic moments in the Bloch wall, whereasszz
is the conductivity for the current perpendicular to this pla
~CPP! and causes CPP-GMR.

III. RESULTS AND DISCUSSION

The calculated orientation dependence of the CIP- and
CPP-GMR in the superlattice of pure iron with both t
thickness of a DW and the domain size fixed at 6 ML’s
shown in Fig. 2. For the values ofa at 30° –150° both the
CIP- and the CPP-GMR show cos-like behavior. The va
tion of GMR for these angles is most likely determined
smooth changes in the exchange interaction between
magnetic moments. In the ferromagnetic (a50) and the an-
tiferromagnetic (a5180°) configurations the additiona
symmetry affects the topology of the Fermi surface dra
cally. These changes give most probably rise to the devia
from the cos-like dependence for the angles 0° –30°
150° –180°. The calculated amplitudes of the GMR due t
DW, about 40% for the CIP and 100% for the CPP geome
respectively, are much larger than the measured ones.
reported experimental values vary in the range 0.5–5%.
reason for this discrepancy is related to the very thin D
(9 Å) in the calculation. Realistic systems, films, a
nanowires show DW thickness of 100–1000 Å.13

It is interesting to compare the discussed dependenc

FIG. 2. Orientation dependence of the CIP- and CPP-GMR
to a DW in Fe in comparison to Fe/Cr.
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pure Fe with the orientation dependence of GMR in 6 F
Cr superlattices calculated earlier by the authors with
same method19 ~shown by the broken line in Fig. 2!. This
way one can distinguish the effect of the chemically differe
interlayer on the GMR. First, the presence of Cr increases
amplitude of the effect, about 1.4 times for the CIP- and
times for the CPP-GMR respectively. Next, in this case th
are considerable deviations from the cos-like dependence
all valuesa. In particular, the maximum value of CIP-GMR
is shifted away from the antiferromagnetic configuration.

From now on we will discuss the 180° DW. Figure
shows GMR as a function of the DW thickness. For t
domain size fixed at 7 ML’s@Fig. 3~a!# both the CIP- and the
CPP-GMR decrease monotonically except a small devia
at 13 ML’s. The increase of the DW thickness smoothes
potential difference due to the exchange interaction conti
ously and decreases the GMR effect. At the same time
periodic sequence of the alternating domains of the majo
and the minority magnetization in our model gives rise
energetically localized electronic states. The crossing of
Fermi level by one of these states causes most likely
small deviation from the monotonic decrease in the cons

e

FIG. 3. Dependence of GMR on the DW thickness of t
180°-Bloch wall for~a! fixed domain size at 7 ML’s and~b! zero-
size domains~pure spiral!.
2-3
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ered dependence. The role of these quantum well state
discussed below in detail. For zero domain size@Fig. 3~b!#,
i.e., a pure spiral without collinear regions, both the CIP- a
the CPP-GMR decrease monotonically with the increase
the DW thickness. Namely, the function show
(1/lDW)—behavior in accordance with the results of v
Hoof et al.14

Figure 4 shows the CIP- and the CPP-GMR as a func
of domain size. For the 5-ML-thick Bloch wall@Fig. 4~a!#
and varying domain size of 1–19 ML’s there are two prom
nent peaks of the CPP-GMR. The CIP-GMR also shows
cillations but with much smaller amplitude. This oscillato
behavior is especially pronounced for zero-thickness DW
i.e., the collinear magnet with abruptly alternating doma
@Fig. 4~b!#. These oscillations are caused by quantum w
states. In order to explain this point in detail we now turn
the Kronig-Penney~K-P! model.

The correspondence between the discussed superla
and the K-P model is schematically shown in Fig. 5. T
periodic sequence of rectangular barriers and wells of eq
width in thez direction represents the domains of the maj

FIG. 4. Dependence of the GMR on the domain size of
180°-Bloch wall for~a! the DW thickness fixed at 5 ML’s and~b!
the abrupt DW~antiferromagnetic configuration!.
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ity and the minority magnetization in the superlattice. T
height of a potential stepV corresponds to the exchang
splitting. The dispersion relation for the one-dimensional
K-P model is well known from the quantum mechanics te
books.20 In order to consider three-dimensional motion of t
electrons we assume that at fixedz for any x and y the po-
tential is the same as forx5y50. The dispersion relation
for this quasi-3D model,

E~ki ,kz!5E~0,kz!1ki
2 , ~6!

possesses the axial symmetry with respect to thekz direction.
E(0,kz) corresponds to the 1D K-P model. Next, we assu
a and c5a•M to be the lattice constants of the tetragon
unit cell. The ratioM represents the domain size. It is co
venient to introduce dimensionless parametersn5V•a2 and
e5E•a2 instead of the potential and the energy, andk i
5ki•a, kz5kz•c, 0<kz<p instead of the components o
the Bloch vector. Finally, we introduce the electron dens
nel per cubic unit cell withc5a as an additional paramete
of the model. With the dispersion relation Eq.~6! andnel it is
easy to determine the position of the Fermi level and
calculate the Boltzmann conductivity according to Eq.~4!.

The left-hand panel of Fig. 6 showsszz and the CPP-
GMR for the K-P model withn57 andnel50.5 as a func-
tion of the domain size calculated on a grid of 500 points
M of 1–15. As a reference value for the GMR, i.e.,s(0) in
Eq. ~5!, the conductivity of the free-electron gas was us
Both s and the GMR show oscillations. The minima ofs
correspond, of course, to the maxima of GMR. The ener
band structure and the Fermi surface~FS! shown in Fig. 7
explain the origin of these oscillations. The three values
M, 2.56, 3.19, and 4.21, correspond to the first two maxi
of s(M ) and the minimum in between. AtM52.56 the
Fermi level crosses the second energy band near the lo
edge of the quasigap. This crossing produces an ellipso
sheet of the FS with a large contribution toszz. Another
sheet of the FS stems from the first band. Because of
cylindrical shape around thekz axis its contribution to the
conductivity in z direction is negligible. ForM53.19 the
Fermi level is located near the upper edge of the quasi
between the second and the third energy bands. The FS

e

FIG. 5. Correspondence between the superlattice with the ab
DW and the Kronig-Penney model.
2-4
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sists of two nearly cylindrical sheets with a small contrib
tion to szz. The crossing of the Fermi level by the thir
energy band atM54.21 produces again a large ellipsoid
sheet giving rise to the maximum of the conductivity.
general, the increase of the domain size at a fixed excha
splitting increases the quantum well strengthV•c2. It leads

FIG. 6. Conductivity oscillations in the Kronig-Penney mod
with parametersn57, nel50.5.

FIG. 7. Quantum well states at the Fermi level in the Kron
Penney model.
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to the drop of the energy bands. The Fermi level, wh
value is nearly independent onM, alternatively either crosse
one of the low-dispersion quantum well bands, or is loca
in a quasigap. The crossing produces an ellipsoidal shee
the FS with a large contribution to the conductivity in thez
direction, while with the Fermi level in a quasigap the F
consists of several nearly cylindrical sheets with negligi
contribution toszz. The same mechanism produces also
oscillation in the CIP conductivity but its amplitude is muc
smaller. It should be noted that the parameters of the
model were chosen quite arbitrarily and do not necessa
match the corresponding values in Fe. Nonetheless, the
cussed oscillatory behavior is reproduced for a wide rang
these parameters.

While in the K-P model the domain size can be chang
continuously, the realistic crystal structure is restricted to
teger numbersM. This fact complicates the direct compar
son between the maxima of the conductivity and the qu
tum well states. In order to demonstrate the effect of alias
to the structure the right-hand panel of Fig. 6 showss(M )
and GMR(M ) calculated for a discrete numbersM with
DM51. Instead of seven maxima this dependence sh
only five maxima and its positions are shifted. Neverthele
the role of the quantum well states in this effect can also
confirmed with theab initio calculation. Figure 8 shows th
ab initio energy-band structure in theG-Z direction calcu-
lated for the superlattice of pure Fe with the abrupt DW
the domain size fixed at 6 and 7 ML’s@Figs. 8~a! and ~b!
respectively#. For the energies at20.25 to 0.25 eV around
the Fermi level there is a set of the low-dispersion quant
well bands separated by quasigaps. The localized chara
of these states can be seen from the density of states,

-

FIG. 8. Quantum well states at the Fermi level in theab initio
calculation for the superlattice of pure Fe with abrupt DW w
fixed domain size fixed~a! at 6 and~b! at 7 ML’s.
2-5
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shown in this picture. For the domain size at 6 ML’s one
the bands crosses the Fermi level, while at 7 ML’s the Fe
level is located at the middle of the quasigap. At the sa
time the CPP-GMR@see Fig. 4~b!# increases strongly be
tween these two values. Moreover, there is a feature on
dependence at 6 ML’s, which is most likely connected w
an unresolved minimum.

IV. CONCLUSIONS

We have studied GMR caused by a Bloch wall in pure
on the basis ofab initio calculations of the electronic struc
ture in a superlattice geometry. The calculated orienta
dependence of the GMR ratio was shown to be cos-like
cluding the angles in the vicinity of both ferromagnetic a
antiferromagnetic magnetic ordering. Comparing the pres
calculations with our previous results for Fe/Cr superlatti
we have shown that due to the chemically different interla
there are considerable deviations from the cos-like beha
and the amplitude of the effect for both CIP- and CPP-GM
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23N. Garcı́a, M. Muñoz, and Y.-W. Zhao, Appl. Phys. Lett.76, 2586
~2000!.
2-6


