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The resistivity due to a domain wall in ferromagnetic metallic wire is calculated based on the lin
response theory. The interaction between conduction electrons and the wall is expressed in term
classical gauge field which is introduced by the local gauge transformation in the electron spin sp
It is shown that the wall contributes to the decoherence of electrons and that this quantum corre
can dominate over the Boltzmann resistivity, leading to adecreaseof resistivity by nucleation of a wall.
Conductance fluctuations due to the motion of the wall are also investigated. The results are com
with recent experiments. [S0031-9007(97)03126-8]
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The interplay between electron transport properties a
a magnetic object such as the magnetization or the dom
wall (DW) has recently been attracting much attention. O
particular interest is the case of a mesoscopic system wh
the magnetization or the motion of a DW can be drive
by quantum fluctuation and described as a macrosco
quantum phenomena [1]. In the case of the quantum
pinning of a DW [2], for example, a theoretical study [3
indicates that the depinning can be affected by the dis
pation caused by the conduction electron if the thickne
of the wall, l, is small, e.g., a few lattice constants. Th
change of the magnetization associated with such a de
ning of a mesoscopic DW is very small and so it is ve
difficult to observe such small magnetic objects directl
e.g., by SQUID. The transport properties, on the oth
hand, can detect a very small change of the magnetiza
as a change of resistance. Indeed, recently in a mesosc
wire of Ni with a diameter of 300 Å several small dis
continuous changes of the resistivity have been obser
as the magnetic field is swept [4]. It is argued there th
these jumps are due to the change of the total magnetiza
by depinning of a DW, and the displacement of the wa
has been estimated from the value of magnetoresista
to be ,1.2 mm [4]. These considerations on the tran
port properties are based on the classical approximati
Other possible origins of this jump are proposed in this p
per. Our study indicates the important role played by t
quantum interference among the conduction electron, a
the case of the conductance fluctuation (CF) [5,6] in t
weakly localized regime, which is shown to be sensitive
even a motion of a single impurity atom [7,8] or a sma
magnetization of,50mB [9]. Here we discuss a new ef-
fect on the quantum transport properties due to a magn
domain wall.

Not only in these mesoscopic systems the interpl
between the magnetic structure and the electronic trans
properties may play important roles in the bulk system
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e.g., in films [10] and in double exchange systems li
La12xSrxMnO3, where scattering by DWs is considere
as a possible origin of low temperature magnetores
tance [11,12].

In this paper we study the resistivity in ferromagnet
metals arising from the scattering by a DW due to th
exchange coupling on the basis of linear response theory
taking account of the impurity scattering at the same tim
The case ofl ø l (l being the elastic mean free path) ha
been studied by Cabrera and Falicov [13] in the classi
Boltzmann approximation. Their result indicates that th
resistivity becomes large only when the spin splitting
comparable to the Fermi energy andkFl & 1 (kF being
the Fermi momentum). In their study, however, electron
motions have been assumed to be one dimensional, wh
is not realistic, at least at present, in actual metallic wire
The force acting on the wall as a consequence of
electronic current has been studied, based on the class
transport equation by Berger [14]. It has also been argu
that the eddy current due to the DW can lead to exce
resistivity if the sample is not too small [15]. Here w
study the effect of a DW on resistivity in a mesoscopic wi
with width L' satisfyingl * L' ¿ k21

F , thus treating the
electron as three dimensional. The length isL and the wire
direction has been chosen as thez axis. We investigate the
quantum corrections to the resistivity by a wall as well
the Boltzmann resistivity. The CF arising from the motio
of the wall has also been calculated.

We consider explicitly the case described by a sing
band Hubbard model in the Hartree-Fock approximati
[16]. The calculation is carried out at zero temperatu
The Lagrangian of the electron (denoted bycs0d) in the
imaginary time (s) is given as

L 
X
ks

c
s0dy
ks s≠s 1 ekdcs0d

ks

2 U
Z

d3x Msxd scs0dyscs0ddx , (1)
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whereek ; h̄2k2y2m 2 eF (eF being the Fermi energy)
and U is the Coulomb interaction. The spin index i
denoted bys  6 and s is the Pauli matrix. The
magnetization is written asM, whose configuration is
determined by the ferromagnetic Heisenberg model [3],

HM 
Z

d3x

∑
J
2

j=Mj2 2
K
2

M2
z

∏
, (2)

whereJ is the effective exchange energy determined b
U and K is the magnetic anisotropy energy introduce
phenomenologically [17]. Here we are interested in th
solution of a single DW. In terms of the polar coordinate
su, fd, that represent the direction ofM, the solution of
a DW is given by cosu  tanh z

l and constantf, where
l 

p
KyJ.

In Eq. (1) the last term represents the interactio
between the magnetization and the electron. For t
perturbative calculation of resistivity, we need to rewrit
this term by the use of the local gauge transformation
the spin space,

cs ; s

µ
cos

u

2
cs0d

s 2 i sin
u

2
cs0d

2s

∂
. (3)

In terms of the new electron operator,c, the Lagrangian
is written as [3] L 

P
ks c

y
kss≠s 1 eksdcks 1 Hint,

where eks ; ek 2 sD with D ; UjMj being half the
splitting between the up and down spin electrons. T
interaction is obtained as

Hint 
h̄2

2m

X
k

X
qkz

∑
2

µ
kz 1

q
2

∂
aqc

y
k1qsxck

1
1
4

X
pkz

apa2p1qc
y
k1qck

∏
. (4)

Here aq ; s1yV d
P

x e2iqz=zu  spyLde2iqzi f1y
coshspqly2dg (V ; L2

'L andzi being the center coordi-
nate of the DW). Because of this gauge transformatio
the electronic current in thez direction is changed
to be Jz  J0

z 1 dJ, where J0
z ; seh̄ymd

P
k kzc

y
kck

and

dJ ; 2
eh̄
2m

X
k,qkz

aqc
y
k1qsxck . (5)

By the use of the Kubo formula, the conductivity
for the current along the wire is calculated from th
current-current correlation function. By assuming th
the scattering due to normal impurities is dominan
we estimate the effect of DW on the correction to th
conductivity perturbatively to the second order ofaq.
(The first order contribution vanishes.) The second ord
contributions to the Boltzmann conductivity are shown
Fig. 1. The processQ1 arises from the correlation ofdJ
andQ3 is due todJ and an interaction with the wall.Q2
andQ4 are the self-energy corrections due to the wall an
Q5 is the vertex correction to the correlation ofJ0

z . After
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FIG. 1. The contributions to the Boltzmann conductivit
which are the second order with respect to the interaction w
the domain wall, denoted by wavy lines. Solid lines indica
the electron Green functions and the current vertex (expres
by crosses) with wavy line representsdJ.

straightforward calculation and by the use of the partic
hole symmetry, which we assume,DQ ;

P5
i1 Qi is

shown to be

DQsivd 
1
2

µ
eh̄D

m

∂2 Z dv0

2p

1
V

3
X
kqs

jaqj2Gk2 q

2
,v0,sGk2 q

2
,v 01v,s

3 Gk1 q

2
,v0,2sGk1 q

2
,v01v,2s . (6)

Here the Green function is given byGk,v0,s ; 1yhifv0 1

sh̄y2tdsgnsv0dg 2 eksj, where t is the lifetime due to
the normal impurity scattering andsgnsv0d  1 and 21
for v0 . 0 andv0 , 0, respectively.

Hence the correction to the Boltzmann conductivity b
a DW, Ds, is obtained asDs  2s0A where s0 ;
e2ntym (n being the electron density) is the Boltzman
conductivity without the wall andA is given by

A 
p

h̄
D2t

2nV
nw

X
s,6

Ns

kFs

3
Z `

0

dx
x

1
cosh2x

tan21

µ
2ls

pl
x 6 2D

t

h̄

∂
. (7)

Here ls ; h̄kFstym, nw ; 1yL being the density of
the wall, andNs ; smkFsVy2p2h̄2d is the density of
states at the Fermi energy of the electron with sp
s. The wall contribution to the resistivity is given a
rw ; s

21
0 fs1 2 Ad21 2 1g . s

21
0 A.

We consider a ferromagnet whereDtyh̄ ¿ 1 is satis-
fied. Then Eq. (7) reduces to

A .
3nw

2mnl

X
s

Ns

V
. (8)

Let us look into the effect of the wall on quantum
transport properties in the disordered system, where
interference effect, which is represented by the maxima
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crossed diagram (Cooperon), becomes important. T
processes which describe the effect of the wall on th
quantum correction at low energy are shown in Fig.
They both contribute to the dephasing of the electro
but the vertex type process (b) includes Cooperons whi
connect the electrons with different spin, and thus
suppressed in ferromagnets we are considering due
the condition Dtyh̄ ¿ 1. Hence only the self-energy
type (a) is important here. The higher order contribution
similar to this process can be summed up giving rise
the mass of the Cooperon. The quantum correction
the wall is then obtained as

sQ 
2h̄e2k2

Ft

3pm2

1
V

X
q

µ
1

Dq2
2

1
Dq2 1 s1ytw d

∂
, (9)

whereD ; sk2
F h̄2ty3m2d andtw is the lifetime due to the

wall given by1ytw  snwy6lk2
Fd seFyDd2yt. In the case

whereDL22
' . t21

w , which we assume, theq summation
should be carried out along the one dimension with
cutoff of L21 for small q. The result forLyl ¿ 1 and
k ; tytw ø 1 is

sQ

s0
.

6

k2
FL2

'

µ
L
l

2
tan21s

p
3k Lyld

p
3k

∂
. (10)

Note thatsQ is positive, since the DW suppresses th
interference due to random impurity scattering.

So far we have studied a static wall. Let us now discu
the CF [5,6] due to the motion of the wall. In this cas
a small jump of a wall can result in substantial change
resistivity, in contrast to the change due to the effect
classical magnetoresistance [4], which becomes import
only when the wall moves over a distance comparable
L. The calculation goes in the similar way as the C
due to the motion of a single atom in a disordered met
[7]. The square of the conductance changedG due to
the motion of a wall over a distance ofr is evaluated by
calculating the diagram with two bubbles with the wa
position atz  r andz  0 connected by impurities and
the wall. A typical diagram is shown in Fig. 3. The DW
line here represents the motion of the wall and Coopero
include the mass arising from the wall,1ytw . There are
other diagrams with the contribution of the same ord

FIG. 2. (a) The dominant process to the quantum correcti
of the conductivity. Hatched square denotes the particl
particle ladder (Cooperon) due to the impurity scatterin
Process (b), which contains Cooperons connecting the electr
with different spin (denoted bys and 2s), is unimportant in
ferromagnets due to the present conditionDtyh̄ ¿ 1.
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which contains one or two more impurity ladders [5] and
the result ofdG is obtained as

dGsrd
e2yh


p

2
4p

3
e2ka 3

Ω
1
6 s r

l d2 sr ø l, ld,
1 sr ¿ l, ld,

(11)

wheree ; lyL and a ; f
P

qsDq2t 1 kd24gs1y2d is cal-
culated fore, k ø 1 as

a .
9

2p

1
ek

∑
5

24k2

µ
tan21sey

p
3kd

p
3k

2
ese2 1 5kd
se2 1 3kd2

∂
2

e

se2 1 3kd3

∏
.

(12)

Let us give a numerical estimate of our theoretica
conclusions. Consider a wire of Ni or Fe withL 
10 mm and L'  300 Å, where l , 500 Å [4]. If
we considerd electron (k21

F , 1.5 Å, DyeF , 0.2) and
choosel , 1000 Å, then Dt  150 and Eq. (8) leads to
a very small Boltzmann contribution ofA . 1.4 3 1028.
For s electron,DyeF will be smaller by a factor of about
1022, and then from Eq. (7) we obtainA . 2.7 3 1029.
On the other hand, the quantum correction becomes larg
for the above values of parameters (k is ,3.7 3 1024);
sQys0  1.6 3 1023. Thus DWs will contribute to a
decrease of resistivity in a ferromagnetic wire of transition
metals. If the wall moves over a distance ofr , 100 Å in
this situation, the expected conductance change isdG .
5.0 3 1023se2yhd.

In the experiment on Ni [4], a discrete increase of re
sistivity of about 0.2% [dr . 2 3 1029 V cm or dG .
5 3 1023se2yhd] has been observed as the magnetic fiel
is swept above the coercive field, at which the minimum
of resistivity appears. Comparison with our study ma
suggest two possibilities for the cause. One is thatdr

might be due to the annihilation of a wall. The other is
that dr can be the fluctuation due to a motion of wall
over a distance ofr , 100 Å. Further studies are needed
to determine which is the true origin. In this context it
is interesting to note that a recent experiment on Fe wir
with width of 3000 Å has disclosed the existence of a
negative jump ofr followed by a positive one close to
the field wherer becomes minimum [18]. This result
may suggest that the jumps are due to the nucleation a
subsequent annihilation of a wall.

FIG. 3. An example of diagrams which contributes to the
conductance fluctuation due to the motion of the wall. Wavy
lines represent the motion of the domain wall, and the
Cooperons here include the mass due to the domain wall.
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To summarize, the resistivity arising from the scatterin
of the conduction electron by a domain wall in a wire o
ferromagnetic metal is calculated based on the linear r
sponse theory. The interaction with the wall is expresse
as a classical gauge field acting on the electron, which w
examined in the second order perturbation theory. In a
dition to the Boltzmann resistivity, we have investigated
the effect of the wall on quantum transport properties i
disordered metals. The wall suppresses the interferen
between the electron, and hence decreases the resisti
in the weakly localized regime. It will be interesting to
observe in magnetic wires this reduction of resistivity b
the nucleation of domains in more definitive ways. It ha
been shown that a small motion of a wall can lead to su
stantial conductance fluctuation. The present calculatio
provides a first quantitative estimate of the effect of a do
main wall on the mesoscopic transport properties, whic
we hope, will be useful in the interpretation of the experi
mental results in the near future.
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