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Giant Magnetoresistive Effects in a Single Element Magnetic Thin Film
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By exploiting the simplicity of a novel transport measurement on a ferromagnetic striped dom
structure in a thin film of cobalt, we report the firstdirect observation of ferromagnetic domain
wall scattering and what we believe to be the first clear indication of giant magnetoresist
effects in a homogeneous magnetic system.sssThe colossal MR effect, while seen in homogeneous
materials, is believed to originate from a charge ordering phenomenon [see, for example, Y. Tok
et al., J. Appl. Phys.79, 5288 (1996), and references therein], and is therefore distinct from GMR
which is an effect arising from spin dependent scattering.ddd A new model is proposed to describe these
observations which highlights the crucial role played by electron spin precession in determining
electrical transport properties of magnetic interfaces. [S0031-9007(96)00854-X]

PACS numbers: 73.50.Jt, 72.15.Gd, 75.60.Ch, 75.70.Kw
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Conventional electronics has ignored the spin of
electron. Recently this omission has been partially
dressed by intensive study of giant magnetoresista
(GMR) in magnetic multilayers and its explanation
terms of spin dependent electronic scattering [1,2].
usually arises in heterogeneous magnetic systems su
magnetic trilayers [3], multilayer stacks consisting of
ternating magnetic and nonmagnetic thin films [4,5],
granular mixtures of magnetic and nonmagnetic me
[6–8]. The question has been informally discussed a
why GMR should not also occur in domain walls sepa
ing oppositely magnetized ferromagnetic domains, s
the magnetic configuration closely resembles that o
magnetic trilayer, i.e., two regions of oppositely pointi
magnetization separated by a thin interlayer (Fig. 1). H
torically it has been difficult to generate incontrovertib
data on domain wall scattering: papers such as Ref
(where the interpretation is complex and relies on hyp
esized domain structures which cause current-depen
sample resistance) serve to underline the need for a c
unambiguous experiment to measure domain wall re
tivity in ferromagnets.

The experiment described in this Letter attempts to fu
this requirement. We will show that magnetoresistanc
comparable magnitude to that associated with interface
GMR trilayerscanarise from domain walls within achemi-
cally homogeneousthin film of a ferromagnet withap-
propriate spin precession parameters.The experimenta
results are numerically inconsistent with the various m
els for domain wall scattering in the literature. We the
fore advance a new model which, while it is not a straig
forward transfer of the theory of current perpendicula
plane (CPP) GMR in magnetic thin film trilayers (as mig
naively be hoped from consideration of Fig. 1), nevert
less invokes many of the features of this phenomenon
0031-9007y96y77(8)y1580(4)$10.00
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The sample consists of a 1000 Å thick film of cob
grown at 400±C by molecular beam epitaxy onto a sa
phire (Al2O3) substrate with a ruthenium buffer lay
200 Å thick and a 50 Å ruthenium capping layer. Fro
electron diffraction during growth and subsequent x-
diffraction, the structure is seen to be high crystall
quality hcp (0001) cobalt with the magnetic easy axis p
pendicular to the film plane. In zero applied field the fi
adopts a maze configuration of perpendicularly mag
tized domains [Fig. 2(a)]. The domains are about 900
across—considerably smaller than in bulk metal wh
a
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FIG. 1. Schematic illustration of the similarity between t
magnetic geometry of a GMR trilayer and a ferromagnetic
main wall. (a) The relationship between an antiferromagn
cally aligned trilayer and the presence of a domain wall.
The trilayer in its ferromagnetically aligned state, which cor
sponds to the absence of the domain wall in the ferromagne
© 1996 The American Physical Society
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FIG. 2. Domain patterns for a 1000 Å thick cobalt film
as imaged by magnetic force microscopy. (a) The ini
domain configuration in zero applied field. (b) The beauti
parallel stripe domain pattern which may be prepared by sin
domaining the film in a large magnetic field applied in the pla
of the film, then demagnetizing the film by cycling the in-pla
field.

they measure about 1mm. On demagnetizing from in
plane saturation with an in-plane magnetic field, the fi
retains an elegant memory of its former state [Fig. 2(b
The zero-field state is now a set of uniform stripe d
mains oriented parallel to the direction of the demagne
ing field; their magnetization is again perpendicular to
plane.

For the transport measurement, the electric current
applied perpendicular to the striped domain structure
a magnetic field was appliedperpendicularto the film
plane. In this geometry, the observed magnetoresista
is a consequence of spin dependent scattering at the
main walls. In particular, anisotropic magnetoresistan
(AMR) is effectively suppressed since the current and
magnetization remain mutually perpendicular through
the magnetic field sweep. Thereis a small in-plane rema
nance magnetization (about 20% of the saturation m
netization) but its size is too small to correspond to
resistance changes observed. Moreover, it vanis
quickly on application of a perpendicular magnetic fie
so it is probably responsible for the small accide
around zero field on our low field resistance plate
By careful attention to the sample contact geometry
anomalous Hall effect is similarly suppressed.

The low field resistance plateau in the initial magn
toresistance curve of the stripe domain state [Fig. 3
corresponds to the linear region of the magnetizat
curve [Fig. 3(d)] where domains parallel to the appli
field grow at the expense of those oriented antipara
The resistance stays constant because domain wall
sity is conserved in this process. As the field is furth
increased, walls are destroyed and the resistance decr
steeply. That the resistance apparently saturates at m
higher fields than the magnetization is an illusion cau
by the survival to several tesla of bubble domains sta
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lized by surface defects. There may also be an additio
contribution from magnon damping.

These measurements giveDrCo  5.2 3 1029 V m
for the additional resistivity of the domain wall ma
terial over that of the bulk cobalt. From measu
ments on nickel by a related experiment [10], we fi
DrNi  1.2 3 1029 V m. This disagrees with the fac
tor of DrCoyDrNi > 75 predicted by the established sp
dependent potential model [11] for the ratio of the a
ditional resistivities. The predictions of the diamagne
effect model [11] are similarly adrift.

Moreover, the cobalt sample, the resistance meas
per unit area of domain wall is7.8 3 10217 V m2. This
is similar to the magnetoresistance per interface
(3.8 3 10217 V m2) in CPP CoCu multilayers exhibitin
17% room temperature GMR [12], and this similar
encourages exploration of a link between the phenom
Paper I of Ref. [11] already proposes a theory which lo
uncannily like the GMR two-spin-channel model in all b
name. However, it takes no account of the precessi
behavior of the carrier spins in the exchange field of
domain wall.

These observations suggest a new model of dom
wall resistivity which, unlike previous approaches [11,1
invokes the fundamentals of GMR spin dependent sca
ing theory together with a treatment, analogous to t
of adiabatic fast passage in magnetic resonance, of
precessional behavior of the carriers. In it, the key
electrical scattering by domain walls is how well the p
cessional behavior of the carrier spin allows it to track
changing local exchange field direction as it traverses
wall. The spin tracks successfully if the angular rotat
frequency of the exchange field in the frame of the spi
small compared to the precession frequency of the sp
the same exchange field (see Fig. 4). This is equiva
to the spin precession length being small compared to
domain wall thickness, i.e., to a large value of the para
eter

j  2EexdyhyF ,

where yF is the Fermi velocity,d the domain wall
thickness, andEex the exchange energy.

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

u0  KhyFyEexd ,

where K depends on the shape of the Fermi surfa
The second invokes the GMR mechanism by wh
carrier scattering depends on admixture of minority s
wave function and hence deviation from spin quantizat
1581
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FIG. 3. (a) The resistivity of our 1000 Å cobalt film as a function of magnetic field. The field is applied out of plane an
sample has been previously prepared by saturating and then demagnetizing with the field in plane so as to produce an
parallel stripe domains [Fig. 2(b)]. The field sweep starts from this zero-field configuration. A resistance plateau is ob
as the field is increased, followed by a decrease which sets in as the saturation field is approached and pairs of comp
domain walls begin to annihilate one another. (b) The resistivity as a function of magnetic field for both positive and n
magnetic field sweeps, indicating the field-even nature of the effect. The resistance plateau is again observed in low fie
small accidents in the vicinity of zero field are almost certainly small anisotropic magnetoresistance (AMR) contributions
arise from the small in-plane magnetic remanence which disappears rapidly as field is applied [see (c)]. It should be no
unlike (a), these data do not correspond to the simple striped domain pattern of Fig. 2(b). The scans start in large nega
where memory of the striped domain state has been almost completely effaced and proceed through zero (where a bubb
configuration obtains) to large positive field. As discussed in the text, the resistivity observed is very similar to that seen
CPP-like geometry corresponding to (a), owing to the conduction in the domain wall being in the diffusive limit where the
free path is smaller than the wall width. (c),(d) The magnetization curves in plane and out of plane, respectively, for th
sample. The curve shapes bear the characteristic signature of a perpendicular magnetized multidomain structure. A sma
remanance is apparent (about 20% of the saturation magnetization) which disappears when small perpendicular fields ar
This is probably the cause of the accidents near zero field on trace (b).
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direction. Its scattering probability for any region
wall material is therefore determined by the instantane
direction of the spin in question relative to the loc
exchange field in that part of the wall. Integrated o
the Fermi surface and the body of the domain wall (
integral must include a depth of several spin diffus
lengths into the adjacent domains) both terms give
to an additional resistivity for the domain wall mater
which varies as sin2suy2d ~ 1yj2.

It should be noted that the model remains valid
the diffusive conduction limit when the mean free p
is smaller than the domain wall thickness, since
macroscopic GMR depends on an integral over car
1582
s

r

e

e
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phase space which is independent of whether the p
space trajectories are continuous or discontinuous.
CPP GMR the essential criterion is that the separa
of the adjacent magnetic layers should be smaller t
the spin diffusion length so that the magnetic informat
transfer between layers may be mediated by the ca
spin memory. The equivalent criterion in our case
more subtle and essentially requires that spin informa
should survive for a carrier displacement across
domain wall equivalent to the distance over which the s
diverges from the local exchange field direction. In sh
the spin precession length should not be substant
greater than either the mean free path or the spin diffu
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FIG. 4(color). The spin trajectory is shown for electric
carriers in transit through domain walls in a ferromagnet. T
spin orientation is shown in red; the local exchange fie
variation is shown in blue. (a) The spin precessional behav
for a nickel domain wall while (b) shows the equivale
behavior for cobalt. The exchange energies used in
simulation were 1.0 eV for Co and 0.3 eV for Ni, the respecti
wall thicknesses were 150 and 1000 Å, and the majority s
Fermi velocities employed were 106 mys, giving the respective
tracking parameters asjCo  7.3 and jNi  14.5. It should
be noted that the higher value ofjNi gives rise to better spin
tracking, hence smaller deviation angle and lower domain w
resistivity in nickel than in cobalt.

length in the ferromagnetic metal: This condition obtai
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 th
effect, and this is indeed what we find experimentally
is apparent from the scans of Fig. 3(b).

This simple model explains satisfactorily our measur
value DrCoyDrNi  4.3 which agrees with the ratio
sjNiyjCod2  4.0 within the uncertainty of the parame
ters used to estimatej and reflects the respective mis
tracking of the cobalt and nickel spins as illustrated
Fig. 4. As discussed above, the model is also capabl
predicting the right order of magnitude for the absolu
values of the magnetoresistance as well as their ratio
r
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the two materials; however, attempting close quantita
agreement between domain walls and trilayers involv
the same ferromagnetic material is difficult since mod
ing this numerically involves rather more variables whi
depend critically on film preparation, etc.

In conclusion, we believe this to be the firstdirect ob-
servation of domain wall scattering and, by inference,
the GMR effect in a film of pure ferromagnetic eleme
It underlines the importance of carrier spin precession
determining the electrical transport properties of magn
metal interfaces. The effect has potential for spin co
mutation in the nascent field of spin electronic devic
[14,15] in which electric currents are injected and m
nipulated by labeling them with different electronic sp
states.
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