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By exploiting the simplicity of a novel transport measurement on a ferromagnetic striped domain
structure in a thin film of cobalt, we report the first direct observation of ferromagnetic domain wall
scattering and what we believe to be the first clear indication of giant magnetoresistive effects in a
homogeneous magnetic system. (The colossal MR effect, while seen in homogeneous materials, is
believed to originate from a charge ordering phenomenon [see, for example, Y. Tokura et a/, J. Appl.
Phys. 79, 5288 (1996), and references therein], and is therefore distinct from GMR, which is an effect
arising from spin dependent scattering.) A new model is proposed to describe these observations
which highlights the crucial role played by electron spin precession in determining the electrical
transport properties of magnetic interfaces.



Conventional electronics has ignored the spin of the electron. Recently this omission has been partially
redressed by intensive study of giant magnetoresistance (GMR) in magnetic multilayers and its
explanation in terms of spin dependent electronic scattering [1,2]. It usually arises in heterogeneous
magnetic systems such as magnetic trilayers [3], multilayer stacks consisting of alternating magnetic and
nonmagnetic thin films [4,5], or granular mixtures of magnetic and nonmagnetic metals [6 — 8]. The
guestion has been informally discussed as to why GMR should not also occur in domain walls separating
oppositely magnetized ferromagnetic domains, since the magnetic configuration closely resembles that
of a magnetic trilayer, i.e., two regions of oppositely pointing magnetization separated by a thin
interlayer (Fig. 1). Historically it has been difficult to generate incontrovertible data on domain wall
scattering: papers such as Ref. [9] (where the interpretation is complex and relies on hypothesized
domain structures which cause current-dependent sample resistance) serve to underline the need for a
clear, unambiguous experiment to measure domain wall resistivity in ferromagnets.

The experiment described in this Letter attempts to fulfill this requirement. We will show that
magnetoresistance of comparable magnitude to that associated with interfaces in GMR trilayers can
arise from domain walls within a chemically homogeneous thin film of a ferromagnet with appropriate
spin precession parameters. The experimental results are numerically inconsistent with the various
models for domain wall scattering in the literature. We there- fore advance a new model which, while it
Is not a straightforward transfer of the theory of current perpendicular to plane (CPP) GMR in magnetic
thin film trilayers (as might naively be hoped from consideration of Fig. 1), nevertheless invokes many of
the features of this phenomenon.
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FIG. 1. Schematic illustration of the similarity between the magnetic geometry of a GMR trilayer and a
ferromagnetic domain wall. (a) The relationship between an antiferromagnetically aligned trilayer and
the presence of a domain wall. ( b) The trilayer in its ferromagnetically aligned state, which
corresponds to the absence of the domain wall in the ferromagnet.
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FIG. 2. Domain patterns for a 1000 A thick cobalt film as imaged by magnetic force
microscopy. (a) The initial domain configuration in zero applied field. ( b) The beautiful parallel stripe
domain pattern which may be prepared by single domaining the film in a large magnetic field applied
in the plane of the film, then demagnetizing the film by cycling the in-plane field.

The sample consists of a 1000 A thick film of cobalt grown at 400°C by molecular beam epitaxy onto a
sapphire (Al,Os) substrate with a ruthenium buffer layer 200 A thick and a 50 A ruthenium capping
layer. From electron diffraction during growth and subsequent x-ray diffraction, the structure is seen to
be high crystalline quality hcp (0001) cobalt with the magnetic easy axis perpendicular to the film
plane. In zero applied field the film adopts a maze configuration of perpendicularly magnetized
domains [Fig. 2(a)]. The domains are about 900 A across— considerably smaller than in bulk metal
where they measure about 1 mm. On demagnetizing from in- plane saturation with an in-plane
magnetic field, the film retains an elegant memory of its former state [Fig. 2( b)]. The zero-field state is
now a set of uniform stripe do- mains oriented parallel to the direction of the demagnetizing field;
their magnetization is again perpendicular to the plane.

For the transport measurement, the electric current was applied perpendicular to the striped domain
structure and a magnetic field was applied perpendicular to the film plane. In this geometry, the
observed magnetoresistance is a consequence of spin dependent scattering at the do- main walls. In
particular, anisotropic magnetoresistance (AMR) is effectively suppressed since the current and the
magnetization remain mutually perpendicular throughout the magnetic field sweep. There /s a small in-
plane remnance magnetization (about 20% of the saturation magnetization) but its size is too small to
correspond to the resistance changes observed. Moreover, it vanishes quickly on application of a
perpendicular magnetic field, so it is probably responsible for the small accidents around zero field on
our low field resistance plateau. By careful attention to the sample contact geometry the anomalous
Hall effect is similarly suppressed.



The low field resistance plateau in the initial magnetoresistance curve of the stripe domain state [Fig.
3(a)] corresponds to the linear region of the magnetization curve [Fig. 3(d)] where domains parallel to
the applied field grow at the expense of those oriented antiparallel. The resistance stays constant
because domain wall density is conserved in this process. As the field is further increased, walls are
destroyed and the resistance decreases steeply. That the resistance apparently saturates at much higher
flelds than the magnetization is an illusion caused by the survival to several tesla of bubble domains
stabilized by surface defects. There may also be an additional contribution from magnon damping.

These measurements give Apc, = 5.2 x 1079 2.m for the additional resistivity of the domain wall
material over that of the bulk cobalt. From measurements on nickel by a related experiment [10],

we find Apy = 1.2 x 1079 2.m. This disagrees with the fac- tor of Ap../Apn ~ 75 predicted by the
established spin dependent potential model [11] for the ratio of the additional resistivities. The
predictions of the diamagnetic effect model [11] are similarly adrift.

Moreover, the cobalt sample, the resistance measured per unit area of domain wall is 7.8 x 10-17

0. m2. This is similar to the magnetoresistance per interface pair (3.8 x 10-17 .Q.mz) in CPP CoCu
multilayers exhibiting 17% room temperature GMR [12], and this similarity encourages exploration
of a link between the phenomena. Paper | of Ref. [11] already proposes a theory which looks
uncannily like the GMR two-spin-channel model in all but name. However, it takes no account of
the precessional behavior of the carrier spins in the exchange field of the domain wall.

These observations suggest a new model of domain wall resistivity which, unlike previous approaches
[11,13], invokes the fundamentals of GMR spin dependent scattering theory together with a treatment,
analogous to that of adiabatic fast passage in magnetic resonance, of the precessional behavior of the
carriers. In it, the key to electrical scattering by domain walls is how well the precessional behavior of
the carrier spin allows it to track the changing local exchange field direction as it traverses the wall. The
spin tracks successfully if the angular rotation frequency of the exchange field in the frame of the spin
is small compared to the precession frequency of the spin in the same exchange field (see Fig. 4). This
Is equivalent to the spin precession length being small compared to the domain wall thickness, i.e., to
a large value of the parameter

E = 2.0/ v,
where vris the Fermi velocity, dthe domain wall thickness, and £ the exchange energy.
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FIG. 3. (a) The resistivity of our 1000 A cobalt film as a function of magnetic field. The field is applied
out of plane and the sample has been previously prepared by saturating and then demagnetizing
with the field in plane so as to produce an array of parallel stripe domains [Fig. 2( b)]. The field
sweep starts from this zero-field configuration. A resistance plateau is observed as the field is
increased, followed by a decrease which sets in as the saturation field is approached and pairs of
complementary domain walls begin to annihilate one another. ( b) The resistivity as a function of
magnetic field for both positive and negative magnetic field sweeps, indicating the field-even nature
of the effect. The resistance plateau is again observed in low field. The small accidents in the vicinity
of zero field are almost certainly small anisotropic magnetoresistance (AMR) contributions which arise
from the small in-plane magnetic remanence which disappears rapidly as field is applied [see (c)]. It
should be noted that, unlike (a), these data do not correspond to the simple striped domain pattern
of Fig. 2( b). The scans start in large negative field where memory of the striped domain state has
been almost completely effaced and proceed through zero (where a bubble domain configuration
obtains) to large positive field. As discussed in the text, the resistivity observed is very similar to that
seen in the CPP-like geometry corresponding to (a), owing to the conduction in the domain wall
being in the diffusive limit where the mean free path is smaller than the wall width. (c),(d) The
magnetization curves in plane and out of plane, respectively, for the same sample. The curve shapes
bear the characteristic signature of a perpendicular magnetized multidomain structure. A small in-
plane remnance is apparent (about 20% of the saturation magnetization) which disappears when small
perpendicular fields are applied. This is probably the cause of the accidents near zero field on trace (
b).



Our model assumes two scattering terms for majority carriers in domain wall material, one of which
exactly mirrors the spin dependent interface scattering mechanism in multilayer GMR while the other is
equivalent to the spin dependent bulk scattering term. The first is the effective potential seen by the
spin due to the wall on account of the changing spin deviation © from the local exchange field
direction whose amplitude is

00 = Khve/(Ed),
where K'depends on the shape of the Fermi surface.

The second invokes the GMR mechanism by which carrier scattering depends on admixture of minority
spin wave function and hence deviation from spin quantization direction. Its scattering probability for
any region of wall material is therefore determined by the instantaneous direction of the spin in
guestion relative to the local exchange field in that part of the wall. Integrated over the Fermi surface
and the body of the domain wall (the integral must include a depth of several spin diffusion lengths into
the adjacent domains) both terms give rise to an additional resistivity for the domain wall material

which varies as sin2(6/2) ~ 1/&".

It should be noted that the model remains valid in the diffusive conduction limit when the mean
free path is smaller than the domain wall thickness, since the macroscopic GMR depends on an
integral over carrier phase space which is independent of whether the phase space trajectories are
continuous or discontinuous. In CPP GMR the essential criterion is that the separation of the adjacent
magnetic layers should be smaller than the spin diffusion length so that the magnetic information
transfer between layers may be mediated by the carrier spin memory. The equivalent criterion in our
case is more subtle and essentially requires that spin information should survive for a carrier
displacement across the domain wall equivalent to the distance over which the spin diverges from the
local exchange field direction. In short, the spin precession length should not be substantially greater
than either the mean free path or the spin diffusion length in the ferromagnetic metal: This condition
obtains for the two materials discussed in this paper.

Incidentally, in the diffusive limit it follows that the “CPP-like” geometry is not essential to observe this
effect, and this is indeed what we find experimentally as is apparent from the scans of Fig. 3(b).

This simple model explains satisfactorily our measured value Apc./Apn = 4.3 which agrees with the ratio

(im/:‘ic@)z = 4.0 within the uncertainty of the parameters used to estimate & and reflects the
respective mistracking of the cobalt and nickel spins as illustrated in  Fig. 4. As discussed above, the
model is also capable of predicting the right order of magnitude for the absolute values of the
magnetoresistance as well as their ratio for the two materials; however, attempting close quantitative
agreement between domain walls and trilayers involving the same ferromagnetic material is difficult
since modeling this numerically involves rather more variables which depend critically on film
preparation, etc.



(a)

(b)

FIG. 4. The spin trajectory is shown for electrical carriers in transit through domain walls in a
ferromagnet. The spin orientation is shown in red; the local exchange field variation is shown in
blue. (a) The spin precessional behavior for a nickel domain wall while ( b) shows the equivalent
behavior for cobalt. The exchange energies used in the simulation were 1.0 eV for Co and 0.3 eV
for Ni, the respective wall thicknesses were 150 and 1000 A, and the majority spin Fermi velocities

employed were 106 m/s, giving the respective tracking parameters as &, = 7.3 and &, = 14.5. It
should be noted that the higher value of & gives rise to better spin tracking, hence smaller
deviation angle and lower domain wall resistivity in nickel than in cobalt.

In conclusion, we believe this to be the first direct observation of domain wall scattering and, by
inference, of the GMR effect in a film of pure ferromagnetic element. It underlines the importance of
carrier spin precession in determining the electrical transport properties of magnetic metal interfaces.
The effect has potential for spin com- mutation in the nascent field of spin electronic devices [14,15] in
which electric currents are injected and manipulated by labeling them with different electronic spin
states.
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