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Resistivity due to a Domain Wall in Ferromagnetic Metal
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The resistivity due to a domain wall in ferromagnetic metallic wire is calculated based on the linear
response theory. The interaction between conduction electrons and the wall is expressed in terms of a
classical gauge field which is introduced by the local gauge transformation in the electron spin space.
It is shown that the wall contributes to the decoherence of electrons and that this quantum correction
can dominate over the Boltzmann resistivity, leading tteareasef resistivity by nucleation of a wall.
Conductance fluctuations due to the motion of the wall are also investigated. The results are compared
with recent experiments. [S0031-9007(97)03126-8]

PACS numbers: 75.60.Ch, 72.10.Fk, 72.15.Rn, 75.45.4j

The interplay between electron transport properties and.g., in films [10] and in double exchange systems like
a magnetic object such as the magnetization or the domaire, -, Sr,MnOs, where scattering by DWs is considered
wall (DW) has recently been attracting much attention. Ofas a possible origin of low temperature magnetoresis-
particular interest is the case of a mesoscopic system whetance [11,12].
the magnetization or the motion of a DW can be driven In this paper we study the resistivity in ferromagnetic
by quantum fluctuation and described as a macroscopimetals arising from the scattering by a DW due to the
quantum phenomena [1]. In the case of the quantum desxchange coupling on the basis of linear response theory by
pinning of a DW [2], for example, a theoretical study [3] taking account of the impurity scattering at the same time.
indicates that the depinning can be affected by the dissithe case o <« [ (I being the elastic mean free path) has
pation caused by the conduction electron if the thicknesbeen studied by Cabrera and Falicov [13] in the classical
of the wall, A, is small, e.g., a few lattice constants. TheBoltzmann approximation. Their result indicates that the
change of the magnetization associated with such a depimesistivity becomes large only when the spin splitting is
ning of a mesoscopic DW is very small and so it is verycomparable to the Fermi energy akgA < 1 (kr being
difficult to observe such small magnetic objects directly,the Fermi momentum). In their study, however, electronic
e.g., by SQUID. The transport properties, on the othefnotions have been assumed to be one dimensional, which
hand, can detect a very small change of the magnetizatidf not realistic, at least at present, in actual metallic wires.
as a change of resistance. Indeed, recently in a mesoscogibe force acting on the wall as a consequence of the
wire of Ni with a diameter of 300 A several small dis- €lectronic current has been studied, based on the classical
continuous changes of the resistivity have been observdfiansport equation by Berger [14]. It has also been argued
as the magnetic field is swept [4]. It is argued there thathat the eddy current due to the DW can lead to excess
these jumps are due to the change of the total magnetizatidgsistivity if the sample is not too small [15]. Here we
by depinning of a DW, and the displacement of the wallstudy the effect of a DW on resistivity in a mesoscopic wire
has been estimated from the value of magnetoresistantéth width L | satisfyingA = L, > k', thus treating the
to be ~1.2 um [4]. These considerations on the trans-e€lectron as three dimensional. The length &nd the wire
port properties are based on the classical approximatioglirection has been chosen as thexis. We investigate the
Other possible origins of this jump are proposed in this paduantum corrections to the resistivity by a wall as well as
per. Our study indicates the important role played by thdhe Boltzmann resistivity. The CF arising from the motion
quantum interference among the conduction electron, as #f the wall has also been calculated. ,
the case of the conductance fluctuation (CF) [5,6] in the Ve consider explicitly the case described by a single-

weakly localized regime, which is shown to be sensitive tob""nOI Hubbard mo_del In the 'Hartree-Fock approximation
even a motion of a single impurity atom [7,8] or a small [16]. The calculation is carried out at zero temperature.

o . i )Y i
magnetization of~50u5 [9]. Here we discuss a new ef- The Lagrangian of the electron (denoted &) in the

fect on the quantum transport properties due to a magnet{(r:naglnary time {) is given as

domain wall.

! . , L = (0>‘r(a + o) (0)
Not only in these mesoscopic systems the interplay Cko (05 T €K)Ckeo
. . ko
between the magnetic structure and the electronic transport
properties may play important roles in the bulk system; - U[ BxMEx) (c o), 1)
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whereey, = hi’k?/2m — er (er being the Fermi energy)

and U is the Coulomb interaction. The spin index is

denoted byo = = and o is the Pauli matrix. The

magnetization is written aM, whose configuration is Q1= @ Q2=
determined by the ferromagnetic Heisenberg model [3],

Hy = ] d%{% IVM|* — %M?} @)
whereJ is the effective exchange energy determined by Q3_ Q4_

U and K is the magnetic anisotropy energy introduced
phenomenologically [17]. Here we are interested in the Q5=
solution of a single DW. In terms of the polar coordinates,

(6, @), that represent the direction M, the solution of

e A _ z FIG. 1. The contributions to the Boltzmann conductivity
i IZ_)W\/;_/ngven by cog = tanh} and constan, where which are the second order with respect to the interaction with

] _ the domain wall, denoted by wavy lines. Solid lines indicate
In Eqg. (1) the last term represents the interactionthe electron Green functions and the current vertex (expressed

between the magnetization and the electron. For thgy crosses) with wavy line represerds.
perturbative calculation of resistivity, we need to rewrite

this term by the use of the local gauge transformation instraightforward calculation and by the use of the particle-

the spin space, hole symmetry, which we assumé&,Q =Y, Q; is
0 0 shown to be
Co = a(cos— c® - isin—o@,). ©) )
2 2 QG )_l<ehA> do' 1
In terms of the new electron operater, the Lagrangian e 2\ m 2wV
is written as [3]1L = Yy, ciy (9, + exo)cko + Hin, 2
where ex, = e — oA with A = U|M] being half the X D lagPGk-t.0.0Gk-1.0 0.0
splitting between the up and down spin electrons. The kqo
interaction is obtained as X Gk+1.0—Gk+L0'+o—0o - (6)
227 2’ ’
2
Hin = E—ZZ[ - <kz + i>aqc;£+qaxck Here the Green function is given 6 o/ = 1/{i[w’ +
2m qllz 2 (h/27)sgn(w’)] — exs}, Wherer is the lifetime due to

1 + the normal impurity scattering angn(w’) = 1 and —1
+ 4 Zapapwckwck} 4) for o' > 0andw’ <0, respectivgi%.
rliz Hence the correction to the Boltzmann conductivity by
Here a; =(1/V)Y e V.0 = (w/L)e %[1/ a DW, Ag, is obtained asAoc = —ooA where g =
cosh(mgA/2)] (Vv = L% L andz; being the center coordi- e’nt/m (n being the electron density) is the Boltzmann
nate of the DW). Because of this gauge transformationgonductivity without the wall and is given by

the electronic current in the direction is changed o A2F N
to be J, =J? + 8J, where J? = (efi/m) Y kel ex A= ooy ™ Z few
and 7=
i X ]w A tan’1< lo 4 2A T) 7
— —x — ).
5] = _e_m S anILqO'ka- (5) o x cosh’x A i
k.allz Here I, = hikpyt/m, ny = 1/L being the density of

By the use of the Kubo formula, the conductivity the wall, andN, = (mkr,V/27*h?) is the density of
for the current along the wire is calculated from thestates at the Fermi energy of the electron with spin
current-current correlation function. By assuming thato- The wall contribution to the resistivity is given as
the scattering due to normal impurities is dominant,pw = oo '[(1 — A)~! — 1] = o 'A.
we estimate the effect of DW on the correction to the We consider a ferromagnet whefer /i > 1 is satis-
conductivity perturbatively to the second order @f. fied. Then Eq. (7) reduces to
(The first order contribution vanishes.) The second order

oo . ' 3 N,
contributions to the Boltzmann conductivity are shown in A = > nw/\ Z . (8)
Fig. 1. The proces®, arises from the correlation @/ mnA <V
and Qs is due toéJ and an interaction with the wallQ, Let us look into the effect of the wall on quantum

and Q, are the self-energy corrections due to the wall andransport properties in the disordered system, where the
Qs is the vertex correction to the correlation 8. After  interference effect, which is represented by the maximally
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crossed diagram (Cooperon), becomes important. Thehich contains one or two more impurity ladders [5] and
processes which describe the effect of the wall on thehe result of6G is obtained as

quantum correction at low energy are shown in Fig. 2. L,

They both contribute to the dephasing of the electron, 9G(r) _ \/54_7762,(& X {6(1)2 (r <1, A), (11)
but the vertex type process (b) includes Cooperons which e2/h 3 1 (r>1,4),

connect the_electrons with different spin,_ an_d thus iSyheree = I/L anda = [3,(Dg*r + x)~4]V/? is cal-
suppressed in ferromagnets we are considering due {q,|5ted fore. k < 1 as K

the conditionAr/A > 1. Hence only the self-energy ’ , —_

type (a) is important here. The higher order contributions ~, _ 91 [ 5 <tan (e/+/3x)

similar to this process can be summed up giving rise to 27 ex| 24K2 3k
the mass of the Cooperon. The quantum correction by e(e? + 5k) €
the wall is then obtained as N (€2 + 3;<)2> N (€2 + 3x)3 }
2hekpr 1 < 1 1 ) 12
_ il _ @ (12)
(2)0) 377m2 74 % Dq2 Dq2 + (I/TW) ( )

whereD = (k2h%r/3m?) andr, is the lifetime due to the Let us give a numerical estimate of our theoretical
wall given byl/7y, = (nw/6Ak?) (ep/A)?/7. Inthe case conclusions. Consider a wire of Ni or Fe with =
whereDL % > 7., ', which we assume, the summation 10 um and L, = 300 A, where A ~ 500 A [4]. If
should be carried out along the one dimension with ave considerd electron 7' ~ 1.5 A, A/er ~ 0.2) and
cutoff of L~! for small g. The result forL./l > 1 and  choosel ~ 1000 A, then A7 = 150 and Eq. (8) leads to

K=7/1y < 1Iis a very small Boltzmann contribution af = 1.4 X 1073,
oo 6 <L tan!( /_SKL/I)> " For s electron,A/er will be smaller by a factor of about
_— W —-- - -2 H — -9
oo 22\1 P (10) 1072, and then from Eq. (7) we obtait = 2.7 X 10~°.

Note that is positive. since the DW SUDDIEsSes theOn the other hand, the quantum correction becomes larger
. oo ISP = . PP for the above values of parameteis i6 ~3.7 X 10™%);
interference due to random impurity scattering.

So far we have studied a static wall. Let us now discung/U0 = 1.6 X 10°%. Thus DWs will contribute to a
the CF [5,6] due to the motion of the wall. In this case ecrease of resistivity in a ferromagnetic wire of transition

- metals. If the wall moves over a distancerof- 100 A in

a SF""?‘”.J“".‘F’ of a wall can result in substantial change i his situation, the expected conductance changdis=
resistivity, in contrast to the change due to the effect Ols (v 10-3(e2 /)

classical magnetoresistance [4], wh.ich becomes important In the experiment on Ni [4], a discrete increase of re-
only when the wall moves over a distance comparable t%istivity of about 0.2% §p = 2 X 10~° Q cm or 8G =

e e e e o7 10 (/1] s been bservc as the magnet e
9 s swept above the coercive field, at which the minimum

EZL mT(?[ﬁ);%#ageWgn g‘\/eefgn;ggﬁggeaggaerffugéz tg of resistivity appears. Comparison with our study may
y suggest two possibilities for the cause. One is ihat

calculating the diagram with two bubbles with the wall might be due to the annihilation of a wall. The other is

'{:)hoeSI\}\llZﬂ atAZ\ t: ircglngig :ra(r)ncignsnheo?/tv?ldilgj)l/:ilm%urmrise?Dn\?v that 5p can be the fluctuation due to a motion of wall
) ' yP 9 . 9. °. over a distance of ~ 100 A. Further studies are needed
line here represents the motion of the wall and Cooperonﬁ) determine which is the true origin. In this context it

mclude'the mass ansing from _the .WalI”/TW' There are is interesting to note that a recent experiment on Fe wire

other diagrams with the contribution of the same OrdeR/vith width of 3000 A has disclosed the existence of a
negative jump ofp followed by a positive one close to
the field wherep becomes minimum [18]. This result

" may suggest that the jumps are due to the nucleation and
i subsequent annihilation of a wall.
(b)

(a)

FIG. 2. (a) The dominant process to the quantum correction
of the conductivity. Hatched square denotes the particle-
particle ladder (Cooperon) due to the impurity scattering.FIG. 3. An example of diagrams which contributes to the
Process (b), which contains Cooperons connecting the electrom®nductance fluctuation due to the motion of the wall. Wavy
with different spin (denoted by and —o), is unimportant in  lines represent the motion of the domain wall, and the
ferromagnets due to the present conditibn/7 > 1. Cooperons here include the mass due to the domain wall.
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