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Resistivity due to Domain Wall Scattering
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Domain walls in ferromagnetic metals are known to be a source of resistance since the early
experiments on iron whiskers. Recently it has been possible to identify this contribution from data
on cobalt and nickel films which display stripe domains in which the current is driven normal to the
domain walls. With the same Hamiltonian as used to explain giant magnetoresistance in structures with
collinear magnetic alignments we have determined the spin flip, as well as nonflip, scattering present in
domain walls. We calculate the resistivity in zero field, i.e., in the presence of striped domains, and
at saturation to show the amount of magnetoresistance that is attributable to domain wall scattering.
[S0031-9007(97)04820-5]

PACS numbers: 73.40.Cg, 73.50.Bk, 75.70.—i

Since the early experiments on iron whiskers [1], ittivity due to domain walls which was estimated to be about
was recognized that walls between domains in ferromagd.52 ) cm. Gregget al. [5] propose that scattering of
nets are a source of electrical resistance in addition teonduction electrons by domain walls is due to a combina-
that present in the domains. By applying magnetic fieldgion of (1) how well the precessional behavior of the carrier
to saturate magnetization, and thereby erase domains gpins allows it to track the changing local exchange field
an otherwise multidomain ferromagnet, the resistance dflirection as it traverses the wall, and (2) the same type
iron was found to drop significantly. Cabrera and Falicovof spin dependent scattering due to impurities that gives
[2] considered two mechanisms by which the walls pro-ise, interalia, to giant magnetoresistance. The ability of
duce additional scattering: paramagnetic effects from than electron spin to track the reorientation of the magneti-
reflection of incoming electron waves from the ferromag-zation in a domain wall is a necessary ingredient for un-
netically ordered domains as they enter the twisted spiderstanding the electron states produced by these walls,
structure of a wall, and diamagnetic effects “due to thehowever, this mistracking is notsourceof scattering; of
zigzagging character of the electron orbits when going beand by itself it does not produce resistance. In this Letter
tween up and down regions of the magnetization.” Inwe use the same Hamiltonian used to understand the giant
metals with few impurities, such as iron whiskers, theMR (GMR) of magnetic multilayers, and show that when
relaxation times are sufficiently long, and Cabrera andhe spin dependent scattering due to defects present in the
Falicov concluded that these diamagnetic effects can adilm is evaluated in the wave functions appropriate to the
count for the observed negative magnetoresistance (MRypin structure in a domain wall we can reproduce the ad-
[3]. Indeed, both Cabrera and Falicov, and Berger [4]ditional resistivity observed by Gregy al.
found that the reflection for an electron at the Fermi sur- The Hamiltonian used to describe GMR consists of
face from al80° wall which is 10 nm thick is negligible; two parts. The spin dependent electronic structure is de-
unless the walls are so abrupt to be of monolayer thickscribed by
ness, electron scattering from reflections do not contribute F2V2 A
to the electrical resistance. Hy=—+4+ V(@) +Jo - M), @

While the resistivity of iron whiskers at low tempera- 2m
tures (about 4.2 K) is small, of the order@d1 w{Q cm, where J denotes the exchange splittind;(r) is the
most of the ferromagnetic layers that are used in magronmagnetic periodic potential, and the unit vedtbr)
netoresistive elements, e.g., spin valves, have a consigwoints in the direction of the local magnetization. The
erably higher resistivity due to inherent defects such ascattering of electrons is given by
grain boundaries and roughness at the boundaries of these
thin layers. Recently Greggt al. [5] obtained the first di- Vscatt = Z[v + jo - M@)]6@r — 1), 2
rect observation of ferromagnetic domain wall scattering i
by passing a current that is nominally perpendicular to avherer; is the position of the impurities ang repre-
striped domain structure in thin films of cobalt (1000 A). sents the spin dependence of the scattering. Its origin can
The resistivity of their films was abou® () cm, sothat be either the band structure, as given by Eq. (1), or the
the diamagnetic effects that are putatively responsible fointrinsic spin dependence of the defect-impurity scatter-
the negative MR in pure iron whisker cannot be responing potential. In homogeneous systems, where the mag-
sible. Also, as the thickness of the walls is estimatechetization is collineard(r) = M, and it is natural to
to be 15 nm, reflections of impinging electrons with thechoose this direction for the axis of quantization of
Fermi wavelength cannot account for the additional resisspin o. Alternately, if one prefers another axis, the
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Hamiltonian Eq. (1) can be diagonalized by rotating thepartially removed when domains are present because the

spin operatow to be parallel ta/, scattering in domain walls mixes the currents. This is the
origin of the additional resistance due to domain walls.
Y(r) = Re(?g;) (3) To estimate the size of this perturbation we consider
!

a 180° wall with the magnetization continuously rotating
where RH = exq_l % - 0—) and i represents the axis over a d|StanCd, l.e., G(X) = 7TX/d for 0<x<d and

about which the magnetization rotates, so tagp) - ¢ * 7 €qualsa, (o) for a Bloch (Néel) wall. For these
M = o. and the rotated Hamiltonian diagonal in spinWalls the second term in Eq. (6) is zero, and the third
space is term represents a constant shift in the potential which
) will not be relevant to the spin dependent scattering by
Hy = Ry 'HoRy = _ﬁ_vz +V 4o, (4) domain walls. We_ believc-_: this simplifie_d wall profile
m captures the essential physics. Other profiles, &(g), =

The eigenstates of this Hamiltonian are referred to as théarctarix/d), makeV. 6 position dependent; they do not
spin dependent band structures of ferromagnetic metals. produce new physics.

When the magnetization is noncollinear, as in a domain Up to the first order inV,, the eigenstates afly +
wall, its direction varies as a function of distance andVpert are
the angle of rotation in Eg. (3) is a function of position. ik i 0
As position and momentum are noncommuting variables ¥,(k,r) = o 2(k,) [R0<e ) - = §R9< ikrrﬂ
the rotation operator for spin in a domain wall does 0 ke ¢
not commute with the kinetic energy operator, therefore (7)
the spin Hamiltonian, Eq. (1), for a domain wall is not
diagonalized by the rotation as in Eq. (4). Rather, we find"d

_, B2V? h2V? ) 0 iky elkir
Ry ! WRH = W + Vperts (5) q”l(k’ r) = a “(kq)| Ry eikir + E ¢Ry 0 >
where ®
Voert = R, '[P?/2m, Ry] where the eigenstate energydg, = h;,'ff’ +o0J (o0 =

+ or 1), &= mwh*kr/4mdJ, and the coefficient
a’(ky) = 1 + (ke /kp)?. In an adiabatic approximation,
in which we retain only the first terms in Egs. (7) and (8),
2 the spin channels would also be decoupled even in the
+ — Vo> (6) presence of the domain walls. It is the second terms on
8m the right-hand side of Egs. (7) and (8) which go beyond
guch an adiabatic approximation. As we will presently
see, the correction term is quite small for the walls we
consider, of the order of 0.03 for &80° wall with a wall
(ﬁhickness of150 A, and it is not necessary to consider

2 ED
B zﬁ_(ff‘ﬁ)(V@)'p - (o v
m 4dm

The additional term generated by the rotation represen
corrections to the wave functions due to the twisting
of magnetization in domain walls. This term is the
stationary representation of the mistracking referred tqg'. _
by Gregg in Ref.[5]. The Hamiltonian for the wall, Nigher order terms of the perturbation Eq. (6).

Egs. (4) and (5), does not have pure spin eigenstates; To calculate.the resistivity of a domaln_ wall we
therefore the impurity potential, Eq. (2), scatters electron§valuate the spin dependent electron scattering potential,
from one eigenstate to another and thereby mixes the twd- (2), in states oy + Vper, Egs. (7) and (8), ie.,
channels of current that would be independent were if@lculate the matrix elements

not for this additional term. The application of a field ,

that is large enough to saturate the magnetization erases Vo = f U (K, 1) Veeau Wor (K1) dr . 9)
domains and the walls separating them. It produces a

homogeneous sample whose eigenstates [see Eq. (4)] eéks the walls are thick compared to the Fermi wave-
pure spin states. The impurity potential, Eqg. (2), doedength, we neglect scattering due to reflections of elec-
not scatter between states of different spin so that th&ons as they go from the collinearly aligned domain into
spin current channels are independent of one another. Ake twisted wall between domains [2,4]. Adopting the
the resistivity of one channel in a ferromagnetic metal isBoltzmann transport approach, the nonequilibrium distri-
usually lower than the other, the currents in the channelbution function for each eigenstate Bf + V. satisfies

are unequal, and a short circuit exists at saturation. This ithe following:

—ev? Bbler — en) = g5 [ WEILFTO0 = fORNEK + o [ WET00 - o ROTaK, (10)
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where the scattering rates W are given by additional resistance. This is quite understandable: The
R - / role of domain walls is to “mix” two current channels,
Wy = — IVaT P 8(eke — €xior) s (11)  and thereby partially remove the “short circuit” effect in

a perfectly ferromagnetic aligned domain. Without spin

and the matrix elements of the scattering potential are  dependence of the resistivity to start with, mixing has
V2912 = cia’(ky)a? (kL) no effect on the resistivity. The spin orbit coupling in

the domains themselves has an analogous effect on the

' kokl ) 2 resistivity [6]. Although the spin-orbit coupling energy is
X| (v +oj)+ 2 & —o0j)| (12)  very small compared to exchange and Coulomb energies
F in electronic structure calculations, its effect on the
and resistivity is significant because the scattering, Eq. (2),
V12 = cia?(kn) @ (kD[ + DK — (v — jke]? mixes the two current channels [6].

X £k (13) To estimate the MR due to walls we choose com-
_ f' i _ ' monly accepted values @f- = 1 A~!, 7 = 0.5 eV, and
wherec; is the impurity concentration Here _the index p(T)/po = 5-20 for typical ferromagnetic materials of Co,
doesnot represent pure spin states; rather it denotes thge and Ni. With these parameters, we find the magne-
eigenstates oHy + Vyer in spin space, i.e., the spinors tgresistance rati®, which is defined as
[see Egs. (7) and (8)]. . . B RN
For current parallel to the domain walls (CIW), remi- Repw = 2EW — PO _ & (po = po)” (17)

niscent of the current in the plane of the layer (CIP) ge- Po 5 p(T)p(l) |

ometry for multilayers, there are no “scattering in” termsranges from 0.3% to 1.8% for a wals0 A thick. which

for the following reason. The distribution functigiik) . . : . :
can be written asf(k) — fo(k) + k - Eg(k) where Se:‘h?SfStlmated thickness for the cobalt films used in

fo(K) is the equilibrium distribution function angd(k)
is an even function ok - E. Since the scattering rates di
Egs. (12) and (13) depend on the component of mom
tum parallel toV,.6, the integration ovek’ for the scatter-

We now turn to the calculation for currents perpen-
cular to the domain walls (CPW); this is reminiscent
®15¢ the current perpendicular to the plane (CPP) of the
I i ) i ; layer in magnetic multilayers. In this geometry, the scat-
ing in terms van_lsh. |de.nt|cally. _Thus we obtain a S'mpletering in terms in the Boltzmann equation, Eq. (10), do
solution of the distribution function, [from Eq. (10)], not vanish, and it is necessary to introduce an approxi-
(k) = fo(k) — eu;TES(eF — ekos)77(k), (14) mation to solve the integral equation. We take the dis-
where the relaxation time is given by tribution function in tﬂe “s_ccgttering in terms” in the form
f7(k) = fo(k) + kg7 (f° denotes the angular aver-
[+7(K)] = (1/27)3 f Pr (WSS + Wllk/ (15) ageover the momentum variable), so that the scattering in
terms become
and the conductivity isciw = >, [ev? f7(k)d*k. By v o o v oo
using Egs. (11)—(15) and carrying out the integrations‘@f W fo (k) d’k’ - @f W T f 7 (k') Kk’
over momenta we find, up to second ordekifnote that

one also needs to expanef(k,) and «?(k.) to second _ k) - fg(k)’ (18)
order in £], the CIW resistivity pciw = 1/ociw of a To
domain wall is where the “spin mixing” relaxation time is defined as
[ £ (py ~ pé)z} ’
pctw =po| 1 + ————— |, (16) _ AMmCi 5 042
5l 1/79 Ep= (v° — jOE (19)

where p, is the resistivity for spins of the ferromag- By placing this into the Boltzmann equation, Eq. (10),

-1 1 1. Lo . . . -
net,p- = 1/py + 1/py is the conductivity of the fer- and by some algebraic manipulations, we find that the
romagnet without domain walls, and we have used fokesistivity for CPW is

simplicity the same Fermi wave vector for spin up and

spin down. The first term in Eq. (16) comes from two &2 (p(T) - p(l))2 10 p(T)p(l)
independent current channels and the second term reprecepw = po| 1 + 5 1 3+ ——7
sents resistance due to the wall, which is inversely pro- PoPo po T po

portional to the squares of the wall thickness.' (20)
The extra resistivity due to domain walls, i.e., second

term in Eq. (16), is dependent on the spin dependence @y comparing with the resistivity of CIW, we find that the

the resistivity. If the two spin channel resistivities areratio of CPW and CIW magnetoresistance due to domain

the same, i.e.p(T) = p(l), domain walls do not contribute wall scattering is
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10 prl source of scattering or resistance; rather the impurity scat-
Rcpw/Rciw = 3 + T—O(f (21) tering, Eq. (2), produces the resistance.
pPo + po Note added-Since completion of this work, Tatara

d Fuk 9] h blished tudy i hich
To compare our results with experimental data foran ukuyama [9] have published a study in whic

bal h h bef "'they focus on quantum transport in magnetic wires,
cobalt, we choose the same parameters as before, I.ghere it is found that the effect of domain walls is to

ke =1A"', J=05eV and P(T)/P(l)_in the range of reduceresistivity [10]. In particular, they stress that a
5-20; this range of values hold is for a variety of magnetic field removes domain walls that break the weak
impurities and at room temperature as well as for lowgcalization that is otherwise present when the wire is
temperatures, because for cobalt the contributions fror[lniformly magnetized. In our study we are interested
phonon and magnon scattering produces spin dependet explaining the observethcreaseof resistivity in thin
scattering as the electron density of states at the Fermhagnetic films due to domain walls that comes from the
level depends on the spin direction [7]. We find thatspin dependence of the scattering from impurities; this
the CPW magnetoresistance is between 2% and 11%ffect was not considered in Ref. [9].
which is consistent with the 5% found by Gregg [5] for  The authors would like to thank Andrew D. Kent, Stuart
C?bait at room temperature. For nickel, the values fors p_parkin, and Albert Fert for helpful discussions. This
po/po at low temperatures can be as large as for cobalivork was supported by the Office of Naval Research by
however at room temperature they are smaller becausgrant No. N00014-96-1-0203 and the Defense Advanced
the temperature dependent spin scattering is weaker Research Projects Agency—Office of Naval Research
nickel [8]. In iron the temperature dependent scatteringsrant No. NO0014-96-1-1207.
seems to be independent of spin [8], so that, even
though there is some spin dependent scattering due to )
. " ! [1] See G.R. Taylor, A. Isin, and R.V. Coleman, Phys. Rev.
impurities at low temperatures of the orderp&f/po 1/11 165 621 (1968), and references therein
to 3, at room temperature this ratio may be not far from 1. 2] G.G. Cabrera and L. M. Falicov, Phys.'Status Solidi (b)
In this case, contributions to the resistivity from scattering * ~ g1, 539 (1974)ibid 62, 217 (1974).
in domain walls in iron will be considerably smaller at [3] R.V. Coleman, R.C. Morris, and D.J. Selimyer, Phys.
room temperature than at low temperatures [4.2 K]. Rev. B8, 317 (1973).
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electrons between eigenstates and thereby mix heretofore  (1970). _
independent channels of current. We calculated the resisl’] '(31'9'-701‘399' and F. Gautier, J. Phys. Chem. Sofids 2723
tivity for currents parallel and perpendicular to the walls :
and find we are able to reproduce the additional resistanc%s] A.Fertand I.A. Campbell, J. Phys. & 849 (1976).
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due to domain walls found in recent experiments on cobalt ] 1997). y y o
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