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Negative Domain Wall Contribution to the Resistivity of Microfabricated Fe Wires
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The effect of domain walls on electron transport has been investigated in microfabricated Fe wires
(0.65 to20 mm linewidths) with controlled stripe domains. Magnetoresistance (MR) measurements as
a function of domain wall density, temperature, and the angle of the applied field are used to determin
the low field MR contributions due to conventional sources in ferromagnetic materials and that due to
the erasure of domain walls. A negative domain wall contribution to the resistivity is found. This result
is discussed in light of a recent theoretical study of the effect of domain walls on quantum transport.
[S0031-9007(98)06392-3]

PACS numbers: 73.61.– r, 73.20.Fz, 75.60.Ch
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The interplay between the electron transport and ma
netic properties of ferromagnetic nanowires and thin film
has recently been the subject of an intense research eff
In mesoscopic ferromagnets an experimental aim has be
to use magnetoresistance (MR) to study domain wall (DW
dynamics, in particular, macroscopic quantum tunnelin
These experiments have focused on the low temperat
MR of nanowires of Ni [1], Co, and Fe [2]. Discontinu-
ous changes in the wire conductance are observed a
function of the applied field. These are interpreted as t
nucleation and movement of DWs which traverse the wi
during magnetization reversal. In these experiments, n
cleation of a DW appears to lead to a decrease in the wir
resistivity. Independently a novel theoretical explanatio
has been proposed in which DWs destroy the electron c
herence necessary for weak localization at low tempe
ture, leading to such a negative DW contribution to th
resistivity [3]. Another recent experiment suggests larg
MR effects due to DWs can be observed even at room te
perature in simple ferromagnetic films [4]. A new physica
mechanism has been proposed to explain these obse
tions which is analogous to that operative in giant magn
toresistance (GMR). Within this model the resistivity in
the presence of DWs is enhanced due to a mixing of m
nority and majority spin channels in a wall in the presenc
of spin dependent electron scattering [5,6]. This resear
points to the need for experiments over a range of tempe
tures on ferromagnetic wires with well characterized an
controllable domain patterns to isolate the important co
tributions to the MR in small samples.

Here we report on such experiments. Epitaxially or
ented micron scale Fe wires with controlled domain co
figurations have been realized to study the effect of DW
on magnetotransport properties. In order to isolate the D
contribution to the MR the conventional sources of low
temperature MR in ferromagnets are characterized in d
tail—both the anisotropic magnetoresistance (AMR) an
Lorentz MR. As preliminary experiments on ferromag
0031-9007y98y80(25)y5639(4)$15.00
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netic nanowires suggest [1,2], we find that DWs enhan
the wire conductance at low temperature. This remarkab
effect, present in micron scale wires, is difficult to recon
cile with the existing theories of DW scattering.

The starting point for these experiments are high quali
thin (100 nm thick) epitaxially grown (110) oriented
bcc Fe films. These films display a large in-plan
uniaxial magnetocrystalline anisotropy, with the easy ax
parallel to the [001] direction. They are grown on
sapphire substrates as described in Ref. [7]. The film
are patterned using projection optical lithography and io
milling to produce micron scale wires (0.65 to20 mm
linewidths of ,200 mm length) and wire arrays (0.65
to 20 mm linewidths of 3 mm length and 10 to20 mm
spacing) with the wires oriented perpendicular to th
magnetic easy axis and parallel to thef11̄0g direction. The
residual resistivity ratio of 30 and the residual resistanc
r0  0.2 mV cm attest to the high crystalline quality of
these films.

The competition between magnetocrystalline, exchang
and magnetostatic interactions results in a pattern of reg
larly spaced stripe domains perpendicular to the wire ax
Varying the wire linewidth changes the ratio of these ene
gies and hence the domain size. Figure 1 shows magne
force microscopy (MFM) measurements of a2 mm wire
in zero field performed at room temperature with a ve
tically magnetized tip. These images highlight the DW
and magnetic poles at the wire edges. For instance, clea
visible in Fig. 1(b) are light and dark contrast along th
DWs indicative of Bloch-like walls with sections of dif-
ferent chirality. The magnetic domain configurations ar
strongly affected by the magnetic history of the sample
Before imaging the wires were magnetized to saturatio
with a magnetic field transverse [Fig. 1(a)] or longitudi
nal [Fig. 1(b)] to the wire axis. In the transverse case th
mean stripe domain length is1.6 mm and much larger than
in the longitudinal case, where it is0.4 mm. The observed
domain structure atH  0 is stable over observation times
© 1998 The American Physical Society 5639
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FIG. 1. MFM images in zero applied field of a2 mm
linewidth Fe wire. Before performing the MFM images the
wire was magnetized (a) transverse and (b) longitudinal to t
wire axis.

of at least several hours showing that the DWs are strong
pinned at room temperature.

In Fig. 2 the average domain wall separation is plotte
as a function of wire linewidth and magnetic history
The DW density varies by an order of magnitude fo
the linewidths investigated. Differences between doma
configurations after transverse and longitudinal saturati
are observed for wires with linewidths between 1 an
10 mm. Dotted lines in Fig. 1(a) illustrate the approximat
domain structure. Since current is directed along the wir
there are domains with magnetizationM oriented both
parallel and perpendicular to the current densityJ. In
order to estimate the MR contributions due to resistivit
anisotropy the volume fraction of closure domains (wit
M k J) has been estimated. Figure 2 also shows th
fraction (labeledg) determined from MFM images after
magnetic saturation in either the transverse or longitudin
direction.

MR measurements were performed in a variable tem
perature high field cryostat within situ (low tempera-
ture) sample rotation capabilities. The applied field wa
in the plane of the film and oriented either longitudina
(k) or transverse (') to the wire axis. A 4 probe ac
(,10 Hz) resistance bridge with low bias currents (10 t
40 mA) was employed, and the magnetic history of th
sample was carefully controlled. Figure 3 shows repr
sentative MR results on a2 mm linewidth wire at both
(a) high (270 K) and (b) low temperature (1.5 K). Ther
is structure to the MR in applied fields less than the satur
5640
he

ly

d
.
r
in
on
d
e
e,

y
h
is

al

-

s
l

o
e
e-

e
a-

FIG. 2. The right-hand axis displays the domain width versu
Fe linewidth in zero field after transverse (open squares) a
longitudinal (open circles) magnetic saturation. The left-han
axis shows the volume fraction of closure domainsg as
function of the linewidth, again, after transverse (solid square
and longitudinal (solid circles) magnetization.

tion field (Hsk  0.035 T andHs'  0.085 T), at which
point the MR slope changes, and the resistivity then in
creases monotonically with field. At 270 K the resistivity
above the saturation field is larger in the longitudinal tha
in the transverse field orientation, while at 1.5 K this re
sistivity anisotropy is reversed,r'sHsd . rksHsd.

Evidently there are competing sources of resistivit
anisotropy in these films which leads to this reversal of th
resistivity anisotropy with temperature. Two predominan

FIG. 3. (a) MR data at 270 K of a2 mm wire in the transverse
and a longitudinal field geometries [r'sH  0, 270 Kd 
14.7 mV cm]. (b) MR at 1.5 K again in the longitudinal and
transverse field geometries [rksH  0, 1.5 Kd  0.74 mV cm].
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and well understood sources of low field low temperatu
MR must be considered to interpret this transport data. T
first has its origins in spin-orbit coupling and is known a
AMR—the resistivity extrapolated back to zero interna
field (B  0) depends on the relative orientation ofM and
J [8]. The second effect is due to the ordinary (Lorent
magnetoresistance and is also in general anisotropic (
dependent on relative orientation ofJ andB) [9]. As Fe
has a large magnetization and hence a large internal m
netic field (4pM  2.2 T) both factors are of importance
The resistivity of domains parallel and perpendicular to th
current direction can be written as

r'sB, T d  r's0, T d f1 1 F'sssByr's0, T ddddg , (1)

rksB, Td  rks0, T d f1 1 FksssByrks0, T ddddg . (2)

Here B is the internal field in the ferromagnet;B 
4pM 1 H 2 Hd, with H the applied field andHd the
demagnetization field. The AMR is equal tofrks0, Td 2

r's0, Tdgyrs0, Td, where rs0, Td is the average resis-
tivity. The function F is known as the Kohler func-
tion and parametrizes the ordinary magnetoresistance
longitudinal and transverse field geometries in terms
Byr , vct, the cyclotron frequency times the relaxatio
time [10]. These scaling functions have been determin
experimentally by performing MR measurements to larg
fields (6 T) as a function of temperature, as described
Ref. [9]. The scaling relationships [Eqs. (1) and (2)] a
shown in Fig. 4. The inset displays bothr's0, T d and
rks0, T d which result from this scaling analysis and whic
overlap on the scale shown. We findrs0, Td , aT 2 with
a  3 3 1024 mV cmyK2, as typically observed in3d

FIG. 4. Scaling plot of the transverse and longitudinal M
above magnetic saturation for a2 mm Fe wire in the form
rsBdyrsB  0d versusByrsB  0d at temperatures of (open
squares) 1.5 K, (solid triangles down) 40 K, (open circle
60 K, (solid circles) 80 K, (solid triangles up) 100 K, (solid
diamonds) 125 K, and (open diamonds) 150 K. The inset sho
the scaling parametersrksB  0d andr'sB  0d as a function
of temperature on a log-log plot.
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elemental ferromagnets [8]. The AMR is,4 3 1023

above80 K and decreases below this temperature. Th
reversal of the resistivity anisotropy at low temperature
[r'sHsd . rksHsd, Fig. 3(b)] is thus mainly a conse-
quence of the increasing importance of the Lorentz MR
(i.e., F0

' . F0
k). At high temperaturers0, T d is large and

F0sxdx!0 ! 0, so that the resistivity anisotropy is associ-
ated with the AMR as seen in Fig. 3(a).

As in all ferromagnetic materials the resistivity
anisotropy is a source of low field MR. An applied field
changes the domain configurations, and domains wit
magnetization parallel and perpendicular to the curren
direction have different resistivities. Hence, this low
field MR simply reflects the domain geometries during
magnetization.

There are thus two ways to estimate the DW con
tribution to the resistivity. The first is to perform MR
measurements at the temperature at which this resisti
ity anisotropy atH  0 vanishes. Since the AMR and
Lorentz MR contributions to the resistivity anisotropy
are of opposite sign, there will be a temperature a
which rksH  0, Tcompd  r'sH  0, Tcompd, which we
denote the compensation temperature,Tcomp. This occurs
at 65.5 K and MR results are shown in Fig. 5 for a2 mm
wire. At this temperature the low field MR due to the re-
sistivity anisotropy approaches zero. However, the mea
sured resistivity atH  0 is lower in longitudinal than
in the transverse field orientation. This correlates with
DW density, which is larger after longitudinal magnetic

FIG. 5. MR of a2 mm Fe wire at 65.5 K. The extrapolation
of the high field MR data in transverse (dotted line) and
longitudinal (solid line) geometry shows thatr'sH  0d 
rksH  0d. The resistivity with walls present,rsH  0d, is
smaller than this extrapolation and indicates that DWs lowe
the wire resistivity. The left-hand inset shows this negative
DW contribution as a function of linewidth at this compensation
temperature in the longitudinal geometry. The right-hand inse
shows the DW contribution as a function of temperature
deduced using the model described in the text.
5641
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saturation [Fig. 1(b)]. The magnitude of the effect als
decreases systematically with increasing wire linewidt
(Fig. 5, left-hand inset) and, hence, decreasing DW de
sity (Fig. 2). The observed resistivity atH  0 is appar-
ently suppressed in the presence of DWs with a magnitu
which depends on the density of DWs.

A more definitive correlation between domain configu
rations, measured at room temperature using an MF
and low temperature MR measurements has been es
lished. To do this we warm the sample to room temper
ture, cycle the magnetic field to establish a knownH  0
magnetic state, and cool. The resistivity atH  0 and the
MR at low temperatures are unchanged for these samp
in both longitudinal and transverse measurement geom
tries. This is strong evidence that the domain structu
is not affected by temperature in this range and cons
tent with temperature dependent magnetic hysteresis-lo
measurements on wire arrays which show no change
the remanent magnetization with temperature.

The temperature dependence of the DW contributi
to the resistivity is estimated as follows. The effectiv
resistivity in theH  0 magnetic state due to resistivity
anisotropy can be written as [11]

reffsH  0, T d  grksBi , T d 1 s1 2 gdr'sBi , T d ,

(3)

whereg is the volume fraction of domains oriented lon
gitudinally (see Fig. 2) andBi is the field internal to these
domains ( 4pM 2 Hd). We determiner'sBi , T d and
rksBi , T d by extrapolation of the MR data above satu
ration (again, as indicated by the dashed and solid lin
in Fig. 5). The effective resistivity atH  0 is esti-
mated with the MFM measurements ofg. Deviations
from this rd  rsH  0d 2 reffsH  0d, i.e., the mea-
suredH  0 resistivity minus this effective resistivity, are
negative and depend systematically on domain wall de
sity, increasing in magnitude with increasing domain wa
density. They approach 1.3% of the wire resistivity a
1.5 K for a 2 mm linewidth wire. We also find thatjrdj

decreases with increasing temperature approaching z
at ,80 K (Fig. 5, right-hand inset). This enhancemen
of the conductivity vanishes at,80 K for all the wire
linewidths investigated.

There are a few models of DWs scattering which pred
enhancements in the conductivity in the presence wa
One is that of Tatara and Fukuyama based in weak locali
tion phenomena [3]. They find that DWs contribute to th
decoherence of conduction electrons which destroys we
localization. They introduce a wall decoherence tim
to parametrize this effecttw  tyfnwys6lk2

fd sefyDd2g.
Here t is the momentum relaxation time,nw the domain
wall density, kf the Fermi vector,l the domain wall
thickness, andefyD the ratio of the Fermi energy to the
exchange splitting of the band. With commonl
used parameters fors electrons in Fe,efyD , 500,
kf , 1.7 Å21, l , 300 Å, and with nw  2.5 mm21
5642
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we estimatetw , 60t. Essential to observing such
an effect is the absence of other decoherence mech
nisms, such as inelastic scattering. Equatingtw  tin

gives an upper temperature limit for the presence
of weak localization phenomena. From the residua
resistance t  2.8 3 10214 s and with rin  aT2

sa  3 3 1024 mV cmyK2d we findTmax  7 K. From
this point of view the suppression of weak localization
due to DWs cannot explain our observation of enhance
conductivity up to,80 K.

In summary, a new lithographic approach has been use
to realize ferromagnetic wires with controlled magnetic
interactions and hence domain configurations. This ha
enabled a detailed investigation of the low field MR
in micron scale ferromagnetic wires and, in particular
a study of the effect of DWs on the resistivity. After
considering the effects of conventional sources of low
field MR (AMR and the Lorentz MR), a negative DW
contribution to the resistivity is identified. While a
negative contribution is consistent with a recent theory
based on weak localization, results above,10 K are
difficult to reconcile with this theory. Further research
of this type, on well characterized samples, is clearly
warranted to elucidate the interplay between the transpo
and magnetic properties of mesoscopic ferromagnets.
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