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Electrical transport across an individual magnetic domain wall in (Ga,Mn)As microdevices
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Recent studies demonstrate that an individual magnetic domair{@f) can be trapped and reproducibly
positioned within multitermina{Ga,MnAs microdevices. The electrical resistance obtained from such mea-
surements is found to be measurably altered by the presence of this single entity. To elucidate these observa-
tions we develop a simple model for the electrical potential distribution along a multiterminal device in the
presence of a single DW. This is employed to calculate the effect of a single DW upon the longitudinal and
transverse resistance. The model provides very good agreement with experimental observations, and serves to
highlight important deviations from simple theory. We show that measurements of transverse resistance along
the channel permits establishing the position and the shape of the DW contained within it. An experimental
scheme is developed that enables unambiguous extraction dttiresic DW resistivity. This permits the
intrinsic contribution to be differentiated from resistivities originating from the bulk and from magnetic
anisotropy—effects that are generally manifested as large backgrounds in the experiments.
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I. INTRODUCTION wall resistancg DWR). Even for three-dimensional metals,

The electrical resistance arising from a single magnetid? Which many experimental studies have been performed, a
domain wall (DW) has been of interest for many years. cléar understanding of the observed phenomena remains elu-
Recent developments in ferromagnetic semiconductors havaV®: b%gﬁlye%atlvhe and poIS|t|veI|ntr|nS|c DVYIRS have been
renewed interest in this area. The unique spin configuratio eportel T Ie t _eolretlca results aLe equally ambiguous.
across a DW is similar to the spin alignment underlying the>€Veral semiclassical scattering mechanisms predsitive

giant magnetoresistané&MR) effect, and it is also central PWR: these includda) reflection of carriers by the DW,
to recent concepts for DW spin transistars. (b) zigzag current redistribution inside the wall due to Hall

13 i~ .
In homogeneous ferromagnets, electrical transport is a]@ffect, and (c) spin-dependent scattering analogous to the

. . R effect in magnetic multilayers:'> However, the pos-
fected both by classical magnetoresistance phenomena su iDility of negativeDW resistance has also emerged. and has

as Lorenz force induced magnetoresistance, and phenomeBgen explained in the context of electronic coherence in fer-

arising from the presence of the §pontaneous magn?tizati%magnetic metals. It has been shown that DW scattering can
such as the_ anomalous Hall resistance and the anisotropig,q to suppression of the dephasing in a weakly localized
magnetoresistancAMR). A number of recent theoretical gystem, which in turn can reduce the resistivity of DWs. This

and experimental investigations have focused upon the nagpyrce of negative DWR originates from quantum mechani-
ture of the resistance arising from a DW itself. Distinguish-¢a| correction4®

ing between these different contributions to the resistance, Epitaxial films of the ferromagnetic semiconductor
which are all simultaneously present in real experimentsiGa,MnAs demonstrate extremely simple domain structures
poses a significant challenge. even at macroscopic length scalé$® Multiterminal devices
There are two principal issues that complicate differentiapatterned from these epilayers have recently enabled direct
tion between DW effects and bulk phenomena. First, ideatlectrical measurements upon individual DWs. Here we de-
observations would involve a few or, ideally, just a singlevelop an analytical model of electrical transport in such de-
DW to unambiguously isolate its effects from those of oth-vices, to evaluate the experimental manifestations that are
ers. Second, one also wishes to separate simple “classicatkpected when a single DW is present. We show that the
phenomena—those which can arise solely from the resistiveurrent distributions become significantly modified in the lo-
ity discontinuity at a DW—from smaller, more subtieag- cale of the DW. The evolution of transverse and longitudinal
neticscattering phenomena in that same locale. Hereafter, weesistivities as an individual DW propagates through the de-
term the latter contributions as the “intrinsic” DW resistivity. vice is calculated. We find extremely good agreement be-
In order to obtain simple domain patterns and to avoidiween theoretical predictions and experimental data, with
extrinsic magnetoresistance contributions, recent experisubtle differences emerging that highlight the role of the in-
ments have concentrated on studying domain walls in nartrinsic DW resistivity. In fact, this simple model establishes
row, submicron-width ferromagnetic metal wires or nano-an unambiguous experimental protocol for the extraction of
constrictions. However, at nanometer length scales, it hathe intrinsic DWR from larger bulk magnetoresistance ef-
proven difficult to extract the intrinsic magnetoresistance offects.
domain walls because both the DW structure and current This paper is organized as follows. Section Il presents our
flow can be significantly altered by the complex geometrysimple model based upon the assumption of a local resistiv-
and magnetic anisotrogyThese complications have pre- ity tensor, which describes current flow in the presence of an
cluded high precision measurements of the intrinsic domaimlectrical resistivity discontinuity associated with a DW. Sec-
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@) (b) Ty This is depicted in Fig. (b). For purely cubic magnetic an-
a isotropy ¢,=45°; however, in our recent experiments with
(Ga,Mn)As epilayers, a weak in-plane uniaxial anisotropy is

1 4 ¢n+§"f & found that is superimposed alofifL(] direction. This results
w2 /%o b in a value ¢,=37°18 The misalignment fronj110] orienta-
6 5 ! f tion is denoted by anglé.

In (Ga,MnAs, the resistivity in the direction along the

FIG. 1. (Color onling Model of the experimental geomet) ~ Magnetization(p) is smaller than in the direction perpen-
Plan view of entire device showing current prolggg) and voltage ~ dicular to it (p,). The resistivity tensor in our coordinate
probes(2,3,5,6. (b) The DW is situated in the device channel System can be calculated directly from the resistivity in the
(shaded greenat positionx, with slopek with respect to the chan- diagonal frame, as
nel walls. Four voltage probes located (&g, +w/2) are used to

measure the transverse and longitudinal resistances. (COScp - Sin¢)<p| 0 )( cose sing )

Pe” 0 ps

sing CoSe -sing CcoSe

tion Il describes the “eddy-like” currents that result from
such a static DW positioned between probes within the
sample. Section IV describes the transverse resistance that is
generated by a DW within the sample. Section V presents the 1 1
resulting longitudinal resistance, and a protocol for differen- —Apsin2p p——-Apcos2p
tiating the contribution arising from the “intrinsic’ DWR 2 2

from bulk effects. Section VI summarizes our most impor- o ) . . .
tant conclusions. in which p=(p;+p,)/2. In the optimum situation, i.e., pre-

cise alignment is achieved and the magnetic anisotropy is
strictly cubic, the resistivity tensor can be simplified, as

1 1
p+ EAp cos 2 EAp sin 2¢
: (2

II. MODELING OF CURRENT FLOW IN THE PRESENCE
OF A MAGNETIC DOMAIN WALL

1
1 +-pB
Figure Xa) shows a typical multiprobe device such as _ 2
- - 19 - pPLi=p : 3
employed in recent experimeris!® In these experiments, 1
four-probe transverse resistances are measured using pairs of 155 1

voltage probes located across the device channel, and four-

prqbe longitudinal resistances are me_asured using pmbfere the off-diagonal coefficien=Ap/p is the AMR con-
pairs located on the top and bottom sides of the channey, ihat causes nonuniform current flow in the device chan-
Referring to Fig. {g), the former are represented &, el For (Ga,MnAs epilayers we measured, its value is
EDRELZG and Ry =Ry4 35 and the latter aR,=Rys23and 0 02 |n a more general situation, Ed) must be used to
Ro= R14,65 respectively. Here the superscripts refer to Ieftcompute the resistivity tensor.

and right for the transverse resistangesbscriptsxy), and To solve for the electrical potential and current density

up and down for the longitudinal resistandesbscriptsx).  gistribution along the device channel, the following differen-
These resistances have been succinctly defined above usigg, equations should apply:

conventional four-probe notation, wheRg ; corresponds to
a sensing current imposed from terminab j, which results
in an induced potential frork to .
To capture the essential features arising from the presence
of a single DW within the device, we model it simply; we V XE=0. (5)
assume the DW is straight, oriented with arbitrary angle with
respect to the channel boundaries, and translates along tm's |aw couples the two-component vectors, electrical
device channel without changing its shape. This configuraseq and current density, as
tion depicted in Fig. (b): we define thex axis along the
device channel and theaxis perpendicular to it. The DW is e
located at positiorxg and has slop&. We assume that the E=pl. 6)
easy axis is oriented along angfe prior to reversal, while .
after reversal is along,. For the case of purely cubic aniso- SuPPlemental boundary conditions are,
tropy, ¢1+¢,=90°. If the device channel is aligned precisely
along the hard axisp;=-¢,. In the most general case, how- jyx=%,y)=0,
ever, this is not satisfied; therefore, these two magnetization

orientation across the DW are more generally be represented . .
as Jx(x=twy) =],

V-j=0, (4)

@(X) = hg SGNX = Xo =~ y/K) + 5. 1 jyxy=+w/2)=0. ()
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In electromagnetism, a scalar potential field is usually em- o ap ap
ployed to describe the system. The boundary conditions in a_g =0, 0_77 =], a_g =0. (13
Eqg. (7) favors definition of a stream functiog(x,y) based xR . y=twi2
upon conservation of current flow, given by We next write the flow field in two terms:
_W p=yO+ gt Y0 =j. (14)

jx_ (?y, Jy_ (9X (8)

The simplest resistivity tensgEq. (2)] yields the following
equation:

2 2
(1—ECOSZP>ZX—I£+(1+§COSZP)&2¢/ sin2go(9—¢:0

2 T oxy
9
By replacing the variables
§=x=x-Yylk 7=y, (10)
the expression op can be greatly simplified as
@(8) = gosgn(é) + 9, (11

and Eq.(9) can be rewritten in the form

The first term represents the uniform current flow without the
presence of the DW. The second ter), corresponding to
the perturbation due to the DW should also satisfy ).
but with simplified boundary conditions

-

J ¢( 1)

9 ¢( 1)
Py " ap

X=00 an

=0.
y=+w/2

(15

X=%oo

We can further separate the variables and wyit8 in the
form

Y= io fo(é)cosm(2n+ 1) 7. (16)
Here f(x) should sat;sfy
(1 +Kk 2+ sin 2ok - g cos zp>f"(g)
—aﬁ(1+§cos zP)f@:o. 17

We seek solutions of,(x) for ¢>0 and £<0 region indi-
vidually, given by

fn(&) = f(0)

o 1B Py B P

<1+k2+sm2<pk1—50052p)a—§2+<1+50032p>ﬁ—772 1+§COS?{p 2

] P . Ao xexp - €1,
- [Zk l<1+Ecos 2¢> +sin 24 agdn_o (12 1+k2+sin 2¢k‘1—§cos2:p
(18
The boundary conditions in the form gf are with
|
4a 2 Bjw(- )™
(0= e - a9
-1/2 -1/2
1+’[—23cos 20, 1+§cosz,o2

1+k?+sin 2p,kt - g COS 2p;

1+k2+sin 2p,k 1 - 'g cos 2p,

The final solution of the stream function can then be calculated as
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, 4B8jw
P(xy) =jy +
-1/2 -1/2
l+§0052p1 1+E0032p2
2 + 2
-2 : ~-1_ E -2 i -1_ E
1+Kk“+sin 2p:k 2cosz,ol 1+Kk ™+ sin 2p,k 2cosz;o2
1 +§ CoSs 2p vz
(- )™ lexp ~ % B X=X =y/K
B 1+k?+sin Zpk_l—ECOSZp
2n+1
X > 5 cos( m )y>. (20)
n=0 an w

In the simplest case, in which a vertical wall is considerededdy-like current distribution introduces a significant pertur-
(k"1=0) in a strictly cubic material with perfect alignment of bation to both the transverse and longitudinal resistances, as

device channel with cubic hard axeg¢;=-¢,=45° the
stream function has a less complex expression

o)

we shall demonstrate in the next sections. This effect is
clearly manifested in experimental dafa.

IV. TRANSVERSE RESISTANCE GENERATED
BY A DOMAIN WALL

Our next tasks are to calculate the transverse and longitu-
dinal resistance as a function of the DW position. In this
section we focus on the former. The transverse voltage as a

function ofx is

L 28w ()™ p( m(2n+ 1)|x|)
’//(XyY) - Jy + 772 n;o (2n + l)zex w
2n+1
W
Ill. CURRENT DISTRIBUTION NEAR A DOMAIN
WALL

The current density can be easily calculated from the
stream function/(x,y), as

L J 1%

1=(xly = (51'[/,—&1'0)-
This current density can be decomposed into two parts: a
constant zero-order current densjtyFig. 2b)] and a static
eddy-like curren{Fig. 2(c)]:

1 1
j :(j’0)+(%,_%>_
oy X
The second term, arising from the perturbation of the DW, is
on the order of3, and is therefore usually two orders of
magnitude smaller than the uniform flow part. Note that this
eddy-like current arises from perturbations to the current
streamlines in the vicinity of the resistivity discontinuity that
occurs at the DW. It persists even for the case stfadic DW
and, hence, is distinct from true eddy currents that arise from
DW motion13
The calculated eddy-like distributions for vertical and

tilted walls are shown in Figs.(&) and Z2e), respectively.
The central axis of the eddy-like current distribution is pre-
cisely centered upon the DW and, therefore, moves in syn-
chrony with it. When the domain wall passes the probes, this

(22)

(23)
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(24)

w/2
Vi¥) = - f E,(xy)dy.

-w/2

For a vertical wall, the stream function is described by Eq.
(21), the analytical expression for the transverse resistance
can be written in a rather simple form, as

1
Ry(x) =- > Sgrix —xp)Ap[1 - 8I'(X = Xo)]

1 4
== 5 Sgrix— Xo)Ap{l g

. 77X = X
X | dilog{ 1 - exp—T

. X=Xl
—dilog( 1 + exp—T .

(25
Here we employ
o 1
2 —n s 17 0 T2+ D)
= ~Sldiog(1 - &™) - dilog(L +& )]
=I'(x). 26)
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Q : Q Q : Q x 9 domain angle, 90°
- ' ; 1.0 domain angle, 60°
‘&Q domain angle, 30°
<, 0.0
14
-1.0-
(a)
field angle, 30°
1.0 field angle, 15°
oz field angle, 5°
= 0.04
x
-1.04
FIG. 2. (a)«(c) Static eddy-like current distribution near a do- (b)

main wall. The perturbation of the stationary magnetic DW causes a
static nonuniform current distribution within the device channel. It
can be decomposed into a uniform current flow agbpand a
vortex-like current distribution around the domain wall as plotted FIG. 3. (Color onling (a) Calculated transverse voltage profile

(C)'_(d) The eddy-like Cl_mem distrib_utiqn ground a vertical mag- ¢or pw possessing different slopes with respect to the longitudinal
netic DW. (e) The eddy-l_lke current dl_strlbuuon around a DW_W'th device axis. The transverse resistan(i®g) are normalized to its

a slope of 60.f.' ';Ot: clarity, tge mafgnltudg 0:; vectors showrc)a saturated vaIuéRSy); the position of the DW is normalized to the
(€) are magnified by two orders of magnitude. DW width (W). (b) Experimentally observed transverse signal gen-

. . . . erated by a single DW as it passes by a transverse probe pair. The
Here dilog) reprensents dilogarithm function. The transverseyata are obtained with different driving field angles frpbad] ori-
resistance calculated for a vertical DW is plotted in Fi@)3  entation(after Ref. 20.

It is evident that the perturbation from such an abrupt change
is significant. However, even for this case the DW signal

spans a length comparable 1o a significant fraction of widt air—specifically, within a distance comparable to the width
of the device channel. It decays exponentially beyond tha f the device cha{nnel—a giant planar Hall resistance can be
length scale. It is worth mentioning that even though thedetected. Once the DW slope is known, this measured
magnitude of the signal depends on the anisotropy rafio (GPHE signal can be used to determine the, DW position. In
the spatia_l distribution of 'ghe transverse voltage is inOIepenf)ractice, calculations shows that the GPHE signal does not
dent of t.h'.s parameter. It is determined by the broken SymE:hange significantly when the slope corresponds to an angle
metry arising from the presence of the DW. i larger than about 70°. If the external field is applied closer to
Figure 38 also shows the transverse voltage profiles forthe easy as opposed to the hard axes, the DW slope falls into
domain walls tilted at 30° and 60°. Comparing these result§his angular regime. Hence, for such’cases ®8) is ad-
to those generated from a vertical wall makes it clear tha&quate for predicting the DW position. '
only the regions that the DW physically spans are affected.
Changes from a vertical wall to one with finite slope resultin V. LONGITUDINAL RESISTANCE: PROTOCOL FOR
a linear extension of the signal. Hence, depending on the = DEDUCING THE “INTRINSIC” DOMAIN WALL
slope of the wall, signals varying from a sigmoidal to linear RESISTANCE
shape are expected as the DW traverses transverse probes. ) L )
DWs of various slopes have been observed in experiments; [Nterpretation of the longitudinal resistance becomes
several examples of such traces are shown in Fi).28 rather compl_lcated when a DW is present in th_e deV|c_e chan-
These data are recorded when a DW is driven at a constaH?l' In experiments it is found that thUe Iongltud-lnal-re5|stance
velocity with a fixed external magnetic field. The horizontal M€@sured from the top probe paR,,= R14b2?) is different
axis is determined by scaling with the measured pwthan that obtained from the bottom paRR,,=Ri4ed. The
velocity2° The DW shape in the device channel demonstrate§10del makes clear that this difference arises from the com-
a striking dependence on the external field orientation. WheR!€x current distribution around the DW, as depicted in Figs.
the external field is oriented along the device chartieg  2(d) and Ze). For each fixed position of the DWo) the
magnetic hard axjsa rather extended DW signaturreflect- ~ potential sum rule relates the difference in longitudinal resis-
ing small slopg is usually nucleated and swept across thetances to the difference in across the transverse probes, given
sample. On the other hand, when the external field is tilted?y
away from the longitudinal axis of the device, a DW with _pu _pD _pL _pPR
sigmoidal form is manifested in the transverse signals; this OR(Xp) = Rey(Xo) = Ri(Xo) = Ry (%) = Ryy(Xo).  (27)
reflects a DW orientation that is closer to vertigddrge  Here Rkyz Ry4.26 and RSyE Ry4 35 are the transverse resis-
slope. tances measured at the left and right probes, as presented

4 3 210 1 2 3 4
Position/W

When a DW moves close enough to a transverse probe
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earlier. As seen, the transverse resistance adds a contributio l) R, wowar| 4 [(b) R,  70°Wall

that has opposite sign for the top and bottom longitudinal
resistances, and their respective values depend upon the pG »
sition of the DW within the device. ko 0 “

The voltage developed along the top and bottom of the %
device channel can be calculated from the stream function -1

2

obtained above, as — 0.02
(c) g (d) .
2 Y N .
VU'D:—f E Xy = tl/Z)dx:—f —dx. (29 021 5 ~&
_ _ (7y ox goo» DW Angle 90°
a a E§O o s 7o o] 0-00
In general, analytical expression for the longitudinal resis- % :
tances can be derived from the stream function obtained in -0.2{
Ed. (20). Again, we first consider the simplest case in which 6 3 0 3 %% 3 5 3 =&
a vertical DW is measured in a sample with perfect align- Position/W Position/W

ment of device channel along the magnetic hard axes, as

FIG. 4. (Color onling (a) and(b) Calculated longitudinal resis-
tances at the top and bottom of a device channel, and their average
as a function of the position of DW when a perfect alignment is
achieved between the longitudinal device axis and crystallographic
= sgrixo - al'(xp-a)l. (29 [110 direction. Results shown are for a vertical D and a tilted

The second term describes the perturbation that results frofPmain wall(b), and graph axes are normalized as in Fig. 3. Except
or the bump and dip that appear when DW passes the probes, the

an admixture of transverse resistance resulting from the pre§ . o
ence of the DW. Apparently, this expression and the tI,ansplanar Hall admixture to the Ior_lgltudlnal measurements are com-
verse resistanciEq. (25)] bot,h satisfy the sum rule of Eq. pletely compensated by averaging the measurements from top and

. . . . . - ...~ bottom of the device channgk) A magnified view of the average
(27). It is evident from this equation that this contrlbutlon'resistance’ as a function of DW angle of slopd. A small mis-

from the traﬂsverse resistance can be cancelled by averag'gggnment of 0.03° will yield a tiny asymptotic value in the average
RY andRP [R=(RY+RP)/2] since it contributes with differ- resistance. The interpolation between the asymptotic values gives a
ent signs forRY and RP. good description of the resistances from the domain effect.

Figure 4a) displays the zero-field longitudinal resistances
RY. and R® and their averag®,, versus the position of a
vertical DW as it is stepped along a well-aligned device
channel. For these plots the aspect ratength:width is
assumed to be 6:1. Values on thexis represent resistance

_2a
RUD = Py EA8plsgrixo +a)l(x+ a)

ployed to deduce directly the tilt angle of the domain wall
(represented in Fig.)1 The calculated average resistances

(R from DWs with various tilt angles are plotted in Fig.
4(c). The size of the bump and dip becomes smaller as the

deviation from values in the absence of a DW. The red an W angle approaches 90°. These features vanish when the

omain is precisely vertical. The correspondence between
blue curves represent measurement from the top and bottome magnitude of the bump and dip and the DW slope is

pairs of electrodes, respectively, while the black curve 'Spresented in the inset of Fig(e). The slope of the DW
their average. The initial decreagecreasg in Ro (R) is present in experiments can be determined from this curve.
half of the transverse resistance, as is evident from(E). This scenario changes slightly when there is slight mis-
Note thatx,~-a, I'(x,—a)—0, and alignment of magnetic hard axis with respect to the orienta-
tion of the device channel. Due to the nonuniformity of the
ORIP = +40psgrixo+all(xo+a) = + Rylxo+a)/2. materials and the slight imprecision of the fabricati);n pro-
(30) cess, such small misalignments are, in general, inevitable.
, i Figure 4d) shows the average resistance calculated from a
When the DW is fully contained between the probes, thejeyice channel oriented with 0.03° misalignment with re-
longitudinal resistances maintain constant values. _ spect to the hard axes. The asymptotic value is extremely
For domain walls with arbitrary tilt angle, the equations smq||, on the order of 18 of the sheet resistance. This tiny
are mtegratgd nL_JmerlcaIIy. Results for a DW of 75° t}lt a”9|easymptotic value can be compensated by linearly interpolat-
are plotted in Fig. (). Except for the bump and dip that jhg petween the asymptotic values of the longitudinal resis-
appear when DW passes the probes, the transverse admixtykg,ce. Results for DW slopes of 80°, 85°, and 90° are shown
to the longitudinal resistances are seen to be completely, comparison. The vertical wa{B0°) matches this simple
compensatedi.e., nulleg by averaging the measurements jnerpolation scheme. When the DW is not vertical, the
from top and bottom of the device channel. _ _ simple linear interpolation remains a good description of the
The results from these calculations are consistent Withesistances for the centermost region of the degdiesween
what is observed an expeDnme%?t.The experimentally ob-  the transverse probpsWhen the DW is in the vicinity of
served values foR,, and R, follow the theoretical predic- these probes—that is, when the DW is entering or leaving
tions quite closely. The presence of the small bump and digne measurement region—the bump and dip are manifested.
in Ry, reflect the presence of a DW that is tilted with respectin this regime deviations from the linear interpolation are
to the channel. The magnitudes of these features can be emeen to occur.
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In our analysis, the DW is treated as a sharp discontinuityrinsic DWR, if present, can be deduced from the experimen-
in the resistivity tensor. A more rigorous calculation would tal data. The average resistance that is measured experimen-
include a self-consistent electronic structure calculation tqg)ly {ﬁxixp):([R)L(JX](expu[R)L(Jx](exw) /2} can be compared with

account for the internal structure of DWs and incorporate thgnhe average resistance predicted by the model presented here

varying magne_tlzano_n Cross the DW. This is beyond the(EXX). The model accountsolely for potentials associated
scope of the discussion in this paper.

with the resistivity discontinuity at the domain wall. In re-
VI. CONCLUSIONS gions betweenbut not too closgto the transverse probe
' pairs the model predicts a linearly evolving average longitu-

We have developed a simple model for the longitudinaldinal resistancéwhich is everywhere identically zero for a
and transverse resistances arising within multiterminapPrecisely aligned device channeln this region, differences
(Ga,Mn)As device containing a single DW. This model ac- between experimental data and the model's predictions
counts for the classical electrical potential distribution ex-(RDW=7iXp>—RXX) should directly reflect the role of local
pected in the vicinity of DW as a consequence of the locamagnetic scattering at the DW.
discontinuity in resistivity. It elucidates the separate contri- Elsewheré® we have employed the analysis described
butions to the longitudinal resistances that originate from theéhere to deduce the DWR in a family of carefully patterned
presence of this discontinuity. An important clarification multiterminal (Ga,MnAs devices. For the epilayers em-
emerges from this analysis: averaging the longitudinal resisployed in these experiments we find that a consistently nega-
tances measured from the top and bottom of the device chafive intrinsic value is obtained. This may reflect quantum
nel (R}, and R}, respectively nulls the inadvertent admix- corrections to the resistivity due to magnetic scattering at the
ture of transverse resistance arising from the presence of pw.

DW within the device. Without such clarification, this might

ost_en5|bly appear to be an _effect re_ﬂectlng _fror_n Ipcal mag- ACKNOWLEDGMENTS
netic scattering at the domain wall, i.e., the intrinsic domain
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