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An enhancement of the resistance due to the presence of only one or two isolated domain walls is
clearly evidenced by transport measurements in 35 nm epitaxial Co wires, 20 wm long. The deduced
relative change in the resistivity is at least 1 order of magnitude larger than the one predicted from a
model based on the mixing of spin channels occurring over the length scale of the domain wall width
[PM. Levy and S. Zhang, Phys. Rev. Lett. 79, 5110 (1997)]. This inconsistency can be resolved by
taking the effect of spin accumulation into account, which scales in the case of Co over the much larger

distance of the spin diffusion length.

PACS numbers: 73.50.—h, 73.61.—r, 75.60.Ch, 75.70.Pa

Spin accumulation [1,2] is known to be at the origin of
the giant magnetoresistance (GMR) observed in magnetic
multilayers in the CPP geometry (current perpendicular to
the plane) [2—4]. In recent efforts, this effect has also been
taken into account to describe spin injection devices, in
which the possibility of a magnetization reversal by means
of a spin polarized current [5] is explored. Common to
these devices is the magnetic/nonmagnetic/magnetic tri-
layer structure, where the nonmagnetic barrier thicknessis
thinner than the spin diffusion length. Recently, an anal-
ogy was drawn between CPP-GMR magnetic multilayers
and homogeneous magnetic media, in which magnetic do-
main walls replace the nonmagnetic spacer layers [6,7]. It
was concluded [6—8] that domain walls giveriseto asimi-
lar enhancement of the resistance as GMR multilayers in
the antiparallel configuration, due to the mistracking effect,
where the transport electron spinslag behind in orientation
with respect to the local magnetization orientation inside
the domain wall. As a consequence of this mistracking
[8], spin channel mixing occurs which is considered to be
important only over the length scale of the domain wall
width 6,,. However, the close analogy to the CPP-GMR
configuration raises the question, whether due to the mis-
tracking, a spin accumulation effect should be taken into
account which relaxes over the much larger length scale of
the spin diffusion length.

Here, experimental evidence is provided for the first
time that spin accumulation should be considered in in-
terpreting the enhancement of the resistance due to the
presence of a well-defined and isolated domain wall. An
unambiguous enhancement of the resistance is obtained
from MR hysteresis loops of 35 nm Co wires, an example
of which is given in Fig. 1(a). Scaling the resistance
ratio AR,,/Rsq = 0.1%-0.3% to the domain wall width
8,,(= 15 nmfor Co) yieldsaresistivity ratioof Ap,,/p =
100%—-600%, much larger than observed in any other ex-
periment [6,7,9—11] and larger than the value of 2%—11%
predicted in [8]. In order to resolve this discrepancy, it is
proposed here that the domain wall width is not the rele-
vant length scale over which the spin channel mixing hasto
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be considered. Instead, spin accumulation at the domain
wall, which relaxes over the much larger distance of the
spin diffusion length (I;s = 60 nm for Co at 77 K [4]) is
considered as the underlying mechanism and will be used
to explain the observed value of resistance enhancement.
Many experiments on the domain wall magnetoresis-
tance (DWMR) were performed for systems containing a
multiple domain structure, induced either by demagnetiza-
tion fields or specific magnetization procedures [6,9—-14].
The underlying idea was to take advantage of the high
density of domain walls, assuming that the domain resis-
tance and the DW resistance form a network of series re-
sistors. However, in order to extract the contribution from
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FIG. 1. MR hysteresis loops (at 77 K) for (8) a 35 nm and
(b) a 50 nm Co wire for a field applied paralel to the wire
axis. H, and H, indicate, respectively, the nucleation field and
the propagation field of domain walls. Ry denotes the signal
level of the single domain wire, R,, the signal level of the wire
including n domain walls, and AR, = R, — Rg.
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the domain wall, the presence of other MR effects, such as
anisotropic magnetoresistance (AMR) [15] or Lorentz-MR
[16], required a combination of the measured MR data in
different magnetization configurations as well as at differ-
ent temperatures [10,12,13]. Both an increase [6,7,9—-11]
as well as a decrease of the resistance [12—14] was re-
ported. In light of the complicated analysis of previous re-
sults, it appears desirable to investigate the DWMR for an
isolated domain wall in a well-defined geometry in which
(independent of temperature) other MR contributions do
not mask the DWMR. Such a geometry can be achieved
by (i) keeping the domain magnetization M parallel or an-
tiparallel to the current J during the magnetization reversal
process and (ii) aigning the domain walls perpendicular
to the current and thus to the magnetization. In thin films,
such head-to-head wall configurations are usually avoided
due to the magnetic charges located at the domain walls,
preferring domain walls which are oriented parallel to M.
However, upon reducing the lateral dimensions down to
the order of the domain wall width, the domain wall can
be forced into the desired configuration, asis shown in the
following.

Co nanowires, investigated here, were prepared by
electrodeposition inside the pores of track-etched polycar-
bonate membranes [4,17,18]. Here only some structural
details shall be mentioned, which are relevant for the
magnetocrystalline anisotropy. X-ray diffraction measure-
ments as well as transmission electron microscopy reveal
an epitaxial growth of Co in the hcp structure inside the
pores of the membrane. For small diameter wires, on
the order of 35 nm, it is found that the ¢ axis is oriented
preferentially parallel to the wire axis [18]. This is in
contrast to the larger diameter wires where the ¢ axis
is oriented preferentially perpendicular to the wire axis
[19]. It is therefore expected that in the 35 nm wires the
magnetocrystalline easy axis is oriented very close to the
wire axis, reinforcing the shape anisotropy. Hence, only
two magnetization states, parallel and antiparallel to the
wire axis, can be realized in wires of such small diameters.
This is confirmed by magnetic force microscopy (MFM)
imaging, as is shown in Fig. 2(a) for a 35 nm Co wire
after application of a large field parallel to the wire axis
(H)). Thedark and bright contrasts at the wire extremities
correspond to magnetic charge distributions at the end
faces which arise when the magnetizationisin a single do-
main state and aligned parallel (or close) to the wire axis.

In contrast to the saturation in H, a multidomain state
with head-to-head domain walls can be induced by satura-
tioninafield perpendicular to thewireaxis(H , ), as shown
in Fig. 2(b). This multidomain structure arises since upon
reduction of the field from perpendicular saturation to zero,
the magnetization may rotate clockwise or counterclock-
wise towards the wire axis. The dark and bright contrasts
visible along the wire axis arise from the magnetic vol-
ume charges located at the domain walls. As sketched in
Fig. 2(c), a simple model for the domain wall structure is

984

(®)

©

5 &

FIG. 2. Room temperature (RT) and zero field MFM images
of a 35 nm Co wire after saturation in afield (a) paralel to the
wire axis and (b) perpendicular to the wire axis and the sub-
strate plane. (c) A zoom onto the domain wall region shows
strong bright and weak dark contrasts across the wire diame-
ter. This results from saturation in a field perpendicular to the
wire but paralel to the substrate plane in contrast to (b). A
possible domain wall configuration is sketched underneath, with
8. dencting the wall core extension and &, the wall tail exten-
sion. Using the parameters typical for Co, a minimum length for

8. can be estimated form §. = /[A/(K + wM2)] = 10 nm,
(A =14 X 107%erg/cm), K = 5 X 10° erg/cm?, and M, =
1.4 X 10° emu/cm?).

assumed in which the wall center spins are oriented per-
pendicular to the wire axis. This model is supported by
the MFM zoom around a domain wall shown in Fig. 2(c).
Such a ssimple wall model can be further justified by con-
sidering the small wire diameter which should suppress
more complex wall structures including vortices. Thisis
analogousto Permalloy thin filmsinwhich vortex wallsare
replaced by Néel walls upon reduction of the film thick-
ness [20].

The domain walls shown in Fig. 2(b) are stabilized at
pinning sites. They can be moved aong the wire by ap-
plying a field H) larger than the local depinning field as
is demonstrated in the image sequence of Fig. 3. It can
be seen that weak and strong pinning sites are present in
this wire. A similar pinning-propagation process of do-
main walls occurs during the single domain reversal in H),
with a maximum of two domain walls nucleating from the
wire extremities.

We now turn to the MR hysteresisloop in Fig. 1(a), cor-
responding to the single domain reversal of asingle 35 nm
wire in H). There are two striking features in this loop:
(i) the background resistance level is amost flat over the
field range measured, and (ii) two sharp jumps are visi-
ble, one upward at 1.3 kOe followed by a downward jump
at 2.8 kOe. The flat background level indicates that the
magnetization remains parallel to the current J during the
whole reversal process, confirming that for the 35 nm Co
wires the effective easy axis is aligned very close to the
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FIG. 3. Sequence of RT zero field MFM images of a 35 nm
Co wire showing the domain wall displacement after applying a
field of H = 0, 0.4, 0.6, and 1.2 kOe paralel to the wire axis.

The configuration at H = 0 was obtained after saturation in H | .
Note the very weak contrast at the left wire extremity.

wire axis. In contrast, a strong inclination of the effective
easy axis with respect to the wire axis (|| J) lowersthe MR
due to the AMR [21,22] as seen, for instance, in Fig. 1(b)
for a50 nm Co wire. The butterfly shapein Fig. 1(b) indi-
cates that upon lowering and reversing the applied field H),
from saturation, the magnetization M rotates continuously
away from the wire axis towards the effective easy axis un-
til the nucleation of domain walls sets in at the nucleation
field H,,. This causes the first upward jump, see Fig. 1(b),
followed by successive upward jumps at the propagation
fields H,, at which domain walls are depinned. The height
of these jumps is a measure of the increase in volume of
the reversed domain.

The absence of such rotation processes in the MR loop
of the 35 nm Co wire in Fig. 1(a) means that M stays
effectively parallel to J during the whole reversal pro-
cess. Hence the background resistance level corresponds
to the maximum AMR level. Additional measurements
with fields applied perpendicular to the wire axis confirm
this. Since the upward jump appears around the nucle-
ation field value of 1 < H,, < 2 kOe as found aso from
MFM experiments, the upward and downward jumps are
respectively identified as the nucleation field H, and the
maximum depinning field H, ma at which all domain walls
are expelled from the wire. From this it follows that the
enhanced signal level inthefieldrange H, < H < H max
can be attributed to the presence of domain walls. Conse-
quently it isidentified asadomain wall magnetoresistance.

It is noted that this resistance enhancement due to the
presence of domain walls was found consistently for all
wires with diameters of 35 nm and below and was con-
firmed by further experiments using different magnetiza-
tion procedures. For example, saturation in H, leads to
the inclusion of one or more domain walls, as illustrated
in Fig. 2(b), and therefore should enhance the MR signal
a zero field. This is clearly evidenced in Fig. 4 which

H (kOe)

FIG. 4.
vealing two upward jumps, corresponding to the nucleation of
two domain walls. Note the difference to the single domain
reversal for the other wire in Fig. 2(a) with only one upward
jump. (b) Remagnetization in H) after saturation in a perpen-
dicular field.

(a) Quarter cycle of the single domain MR loop, re-

compares the MR quarter cycles for (a) the single domain
reversal in H (dashed line) and (b) the remagnetization in
H) after saturation in H, (full line). The high resistance
stateat H = 0 Oewhich isfollowed by a sharp downward
jump at H = 1 kOe in Fig. 4(b) indicates the presence of
adomain wall at zero field which is expelled upon apply-
ing a strong enough field H),.

In conclusion, there is unambiguous evidence that the
presence of a domain wall increases the resistance of Co
wires with diameters of 35 nm and below. For all wires
measured, the MR ratio for a single wall has a value
of AR, /nRyq = 0.1%-0.3% [for notation, see Fig. 1,
n (number of walls) = 1,2]. In terms of the resistivity
ratio this would correspond to a huge enhancement of
the resistivity p,, of Co inside the domain wall com-
pared to its resistivity pgq in the single domain state.
Indeed, taking as the relevant length scale the domain
wall width 6,, = 10 to 15 nm and Ic, = 20 um for the
length of the Co wire, one obtains a resistivity ratio of
Apy/psa = AR, /nRy (Ico/8,) = 100%—-600%. Such
a huge resistivity ratio has never been reported before and
cannot be explained through the expression derived in [8]
for Ap,,/p, unless the domain wall width is reduced by a
factor of 3 to 10. Feeding such a reduced 6,, value back
into the experimental resistivity ratio, determined from the
measured MR ratio [Fig. 1(a)], produces an even larger
value. This contradiction indicates that the mechanism
discussed in Refs. [6—8] is not sufficient to account for
the resistance enhancement in the presence of a DW.

In general terms, the model of Refs. [6—8] applies the
concept of spin dependent scattering and the mixing of
spin channels (due to the mistracking of the electron pre-
cession) to the continuously varying magnetization distri-
bution inside a domain wall of width §,,. On the other
hand, it is known from the Valet-Fert model [2] that in the
CPP-GMR geometry an interface between two layers of
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opposite magnetization leads to a spin accumulation which
relaxes by spin-flip scattering over the spin diffusion length
and which enhances the magnetoresistance. Thisraisesthe
question of whether a domain wall also givesriseto aspin
accumulation effect. An obvious answer isthat if the rota-
tion (or a mgjor part of the rotation) of the magnetization
inside the domain wall occurs over a short distance, the
mistracking effect will be large and spin accumulation ef-
fects ought to occur.

The system measured here with one or two isolated
domain walls separating regions of opposite magnetiza-
tion corresponds to the case, where the magnetic layer
thickness Ic, = 20 um islarge compared to the spin dif-
fusion length I$° = 60 nm [4] and the transition region
(domain wall) 8,, = 10-15 nm is smaller than I$°. Ne-
glecting therefore, in a first approximation, the domain
wall extension and considering an abrupt transition from
one domain to another, the MR ratio can be estimated by
the same equation as described in Refs. [2,4]. In the nota-
tion of Refs. [2,4], the relative resistance change is calcu-
lated in terms of a simple series resistor model, in which
the resistance inside the domains is in series with the in-
terface resistance caused by the spin accumulation. For an
antiparallel configuration, the measured relative change in
resistance for n walls is then given by [4]

AR _ 2nB* Iy
Rsa 1 - ﬁZ lco .

Here, B is the scattering asymmetry, whose value is
0.4-0.5 as determined in previous studies [4]. With i¢c, =
20 wm, the DWMR ratios are on the order of 0.12% to
0.2% for n = 1 and 0.2% to 0.4% for n = 2. These
values are consistent with the DWMR ratios obtained
in the present study, suggesting that spin accumulation
effects should be considered to explain the enhancement
of the resistance in the presence of domain walls.

It is noted that the MR ratio determined from Eg. (1)
can be only an upper estimate, since the finite extension of
the domain wall was neglected. Considering the extreme
limit of large wall widths, the spins can adapt in an adia-
batic way to the changing magnetization orientation [6,7].
Hence the mistracking and with this the spin accumulation
effect will be reduced. The wall widths of the Co wires
discussed here lie somewhere in the intermediate range of
these two limiting cases. For Co, 6,, isrelatively small due
to the strong magnetocrystalline anisotropy with easy axis
parallel to the wire axis. In contrast to this, in Ni wires the
magnetocrystalline anisotropy is by 1 order of magnitude
lower at room temperature (RT) [17]. However, as shown

)
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in [17], a uniaxial magnetoelastic anisotropy is induced
upon lowering the temperature. While no DWMR effects
were observed in Ni wires at RT, asimilar MR loop as the
onein Fig. 1(a) was observed at low temperatures, with a
resistance enhancement which is by 1 order of magnitude
smaller than observed for Co. This demonstrates the gen-
erality of the DWMR effect as well asits sensitivity to the
domain wall width.
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