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Negative magnetoresistance produced by Hall fluctuations in a
ferromagnetic domain structure
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We present a model for a negative magnetoresistaé® that would develop in a material with
many ferromagnetic domains even if the individual domains mewaagnetoresistance and even if
there is no boundary resistance. The negative MR is due to a classical current-distortion effect
arising from spatial variations in the Hall conductivity, combined with a change in domain structure
due to an applied magnetic field. The negative MR can exceed 1000% if the product of the carrier
relaxation time and the internal magnetic field due to spontaneous magnetization is sufficiently
large. © 2001 American Institute of Physic§DOI: 10.1063/1.1392978

There has recently been much interest in materials with a  For both geometries, we assume that the ferromagnetic
negativemagnetoresistand®R). In such materials, the re- metal has a free-electron conductivity tensor with an effec-
sistivity in a particular direction decreases when a magnetitive magnetic field generatedternally, by the magnetiza-
field is applied. For example, the doped manganites show #on. Thus, we assume that the internal fieldi8Zz in the
very large decrease known as colossal magnetoresistahce.two components, wheré is a unit vector in the direction
Similar behavior is achieved at comparatively small fields innormal to the plane. The>83 conductivity matrices for the
suitably strained manganite filiS.While the mechanism of two components have elements
these effects is not fully understood, it may arise from spin-

: . : = 01yy= Ooxx=02yy=00/[1+h?], 1
dependent scattering at interfaces between domains, or © XX~ 7lyyT T2xx= T2yy= 90 [ ] @
within an individual domain. T1xy= — T1yx= — Oaxy= Oayx=0oh/[1+ h?], 2)

In this note, we discuss a model which could produce a
negative MR in a multidomain material even without any 0177~ 0277= 00, 3

spin-dependent or interfacial scattering. This negative MR .
arises from what are sometimes called “path length effects’wr[h al! O‘heT eIem.ents ofry and 92 equal to zero. l_' ereh
= w.7 IS a dimensionless magnetic field.,=qB/(m*c) is

(_see,. €9 Ref. )6T_he ”.‘Ode' 1S based_ on 0r_1|y two assump- the cyclotron frequency associated with the internal field B,
tions: (i) the medium is macroscopically inhomogeneous, . . A
and 7 is a suitable relaxation time.

with a spatially var'ying Hall conductivity; andi) the inho- We will calculate the effective conductivity tensor in
mogeneous domain structure depends on the applied Magsin geometries using the standard effective medium

netic field in a suitable way. Givefi) and (i), one may approximatior!. (In the case of the parallel slabs geometry,

extrapt the e_ffecnvg resistivity tenspe of the me(_:hum asa this approximation is, in fact, exa6tln both geometries, the
function of field using standard methods as discussed, f°§elf—consistency condition takes the form

example, in Ref. 7. We will show that a simple, plausible

model for the conductivity tensors of the individual domains, pdoi[1-T80,] 1+ (1—p)do,[1-T o,] 1=0. (4)
combined with a suitable method for calculatipg, gives
rise to a negative MR which can be very substantial.

We assume that there are two types of domdinm
components with magnetization parallel or antiparallel to
the z axis. The two components have volume fractiong of
and 1- p, respectively. We carry out our calculation for two
types of domain geometfy2°In the first geometrya “ran- (a) D (b)
dom columnar” microstructupe the domains have columnar | 4 ' i
symmetry with the columnar axis also lying along thexis '
[see Fig. 1@)]. This microstructure could represent a film | § |4 [y|} | 2 ! zp !t
with an out-of-plane easy magnetization axis and a random x X
distribution of domains. The second geometry consists of a Y 4
collection of parallel slabs arranged perpendicular toxhe FIG. 1. Schematic of the discussed geometrias.“Random columnar”
axis and infinite in they direction[see Fig. 1b)]. This ge-  microstructure, consisting of columnar domains with oppositely directed

ometry models domain structures obtained when the materigragnetizationyl and internal magnetic inductiosparallel to the column
axes.(b). “Parallel slabs” microstructure, with directions 8 and internal

is demagnetized in a certain wasee, e.g., Ref.)1 field B indicated by arrows. The domains are separated by parallel domain
walls. In both casesB is assumed uniform within a domain and parallel to

] ] . the domain walls, and, in both cases, a thin film can be viewed as a slice of
dElectronic mail: barabash@mps.ohio-state.edu the microstructure. as shown.

Here, o= 0;— 0, Whereo; is the conductivity tensor of
theith component andr, is the effective (3 3) conductiv-
ity tensor; andl” is the depolarization tensénvhich is dif-
ferent in the two geometries.
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In the random columnar geometly is diagonal with
diagonal elementd’,,=I'y = —1[20¢y]; I';;=0, where

we have used the fact that, is antisymmetric and that

Texx=0eyy- The self-consistency conditio@) can readily
be multiplied out, with the result

péoi+(1—p)do,=do,l So. (5
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whereas ap=1 p  is still given by Eq.(11). Note that in
the columnar microgeometry, 4 is the resistivity perpen-
dicular to the columnsgor parallel to the film, while in the
parallel slabs microgeometry, .« represents the resistivity
perpendicular to the slab surfaces.

Our picture of the negative MR in these structures is
now the following. At zero(or very low) applied magnetic

This is a matrix equation for the effective conductivity tensorfield, the sample has either a random columnar or a slab

0., Whose components enter in E§) via both §o; andT'.

microgeometry, with approximately equal numbers of up and

For our choice of conductivities, the solution to this equationdown domains. The resistivity then correspondgtel/2.

is

T 1 xx

= e yy= , 6
e Ten T T ap(1—p)hdi[ 1+ 7] ©
= = (2p_1)0'1,xy 7

ST 1=4p(1-p)hZ[1+h?]’
Oezz= 0122 (8)

with other components vanishing.
We first consider the special cape=1/2. Then Eq(7)
reduces targ x,=0, while Eq.(6) is equivalent to

_ 2 2
Oexx= VO xxT T 1xy: 9

The in-plane resistivity isoe‘xx=[ag1]xx= l/ogyx, Where
the last condition follows from the fact that, ,,= — ¢ yx
=0. Using our particular forms foer, ,, and oy, and us-
ing Eq.(9), we finally get

1\ J1+h?
pe,xx( p= E) = o . (10
0

As the applied field is increased, the domains parallel to the
field grow at the expense of the antiparallel domains, so that
eventually the resistivity is close to that fpr=1. The total
fractional change imp,, (with respect to the low resistance
value is just

A =1)—p(p=1/2
Ap_p(P=1)—p(p ):1_ Trhe<o.

16
P p(p=1) (19
for the random columnar domain structure; and
A
_p: _ h2, (17)
p

for the parallel slabs domain structure. Both of these corre-
spond to adecreasen resistivity.

To compare these analytic results to experiments, the
quantity 20— 1 must be related to the external magnetic field
H. Typically, in a sample with domains, the average sample
magnetizatiorM, is a hysteretic function ofl. As an illus-
tration, we model this function byM.=Mg,tanh(H
*H¢)/Hsa), whereH, is the coercive fieldHg,; and M g4
are characteristic saturation values of the external field and
magnetization, and the sign choice depends on the direction

For comparison, we can calculate the resistance for the cage which the hysteresis loop is traversed. If fbeal magne-
p=1 (or p=0), which corresponds to a homogeneous mag4ization can have only the two valuesM g in the up and
netic material. Since we have assumed a free-carrier condudown domains, theM =Mg,(2p—1), and, hence,

tivity tensor, the resistance is simply

pe,xx(pzl)zaal- (11)

HxHg
2p—1=tan . (18
Hsat

Thus, if an applied field causes all the domains to line upMe have used this expression in the above formulag fQk

parallel with the field, the resistivitp, .« will be reduced,
i.e., there will be anegativeMR.

to obtain the hysteresis ip.,(H); the results are shown in
Fig. 2. Evidently both the shape and the positions of the

Next, we consider the parallel slabs microgeometry. Inpeaks inpe4(H) depend on the domain microgeometry

this case, the resistivity difference between phe1/2 and

(i.e., whether it is “random columnar” or “parallel slabg”

p=1 cases may be even larger. For this geometry, the onlgnd the squareness of the hysteresis I@mtrolled by the

nonzero element of the depolarization tendoris 'y,

= —1lgexy.'* Carrying out the algebra in the self-
consistency conditiori4), we find that all the elements of

pe=(0e) ! vanish except

Pes= 0o [1+h*—(2p—1)%h?], (12)
(2p—1)h
Pexy= ~ Peyx— — 7o ) (13
1
Pe,yy:pe,zzza__o- (14
In particular, atp=1/2
1+h?
Pe,xxzo_—o’ (15

parameteH ., /Hgy).

The magnitudeof A p,,/p, is entirely controlled by the
parameterh=w.7 [cf. Eqgs. (16) and (17)]. At room
temperaturé? h is likely to be small: assumingr=2
X 10" *s atT=300K (1/10 that of Cy, a local magnetiza-
tion M~10°G and internaB~47M, we find w.7~10"3,
But at low temperature$) could be very large: again assum-
ing 7~0.1rc, at T=4 K, we findw.7~ 10?, implying a very
large negativelp,,, especially in the slab geometry. In re-
ality both B and 7 are likely to be reduced near the domain
walls:®® nevertheless, the change g, could easily exceed
1000%, according to Eq$16) and (17).

Remarkably, these results resemble experimental obser-
vations in strained manganite filfi$n these films, the mag-
netoresistance is large and negative at [bwbut is negli-
gible above 100 K. Moreover, our predictigeee Fig. 2,
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@ pprep MM gq ®  perey MM sar of the domain microgeometry, as well as by the shape of the
. 4 hysteresis curvé/(H).
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which may be very large at low temperatures, and by details wall, as likely in a real material.

FIG. 2. Predicted behavior of the effective resistivity,y, plotted vs ap-
plied magnetic fieldH. (a) and(b): parallel slab microgeometr{Eqgs.(6)—
(7)]; (c) and (d): random columnar microgeometf¥gs. (12)—(14)]. The
plots are shown for several different values of the paraméterdH,, and
w7, using Eq.(18): (a) and (c) Hy/Hg=1, w.7=1; and (b) He /Hgy
=0.3, w,7=1; and(d) Hy/Hg=1, w.7=10. Insets show corresponding
magnetization hysteresis loops, also obtained usingH}.
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