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Low-field magnetoresistance in tetragonal La12xCaxMnO3 films
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We have measured the low-field magnetoresistance of molecular-beam-epitaxy-grown tetragonal
La0.7Ca0.3MnO3 films as a function of temperature, and both magnitude and direction of the applied magnetic
field. We observed low-field anisotropic hysteresis that depends on the direction of the applied field in the
plane of the film. The hysteretic effect can result in a sharp drop in resistance during magnetization reversal
which is more than 10 times steeper than the already ‘‘colossal’’ magnetoresistance. We also present evidence
of biaxial magnetocrystalline anisotropy with easy axes along the Mn-O bond~@100#,@010#! directions. We
show that the low-field anisotropic hysteresis arises from the combined effects of magnetocrystalline anisot-
ropy, anisotropic magnetoresistance, and ‘‘colossal’’ magnetoresistance. Based on a comparison of the data
with a simple phenomenological model for the magnetoresistance, we argue that magnetization reversal must
proceed by a domain process.@S0163-1829~97!03809-5#
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I. INTRODUCTION

The relationship between the magnetizationM and resis-
tivity is central to understanding the ‘‘colossal’’ magnetor
sistance~CMR! phenomenon in the perovskite manganit
Using applied fields of several Tesla, previous experime
have explored the relation between the magnitude of mag
tization and the resistivity, and found the resistivity to be
monotonic decreasing function ofuM u, quadratic for uM u
much less than the saturation magnetizationM sat.

1 In this
report we focus on the low-field behavior and find that bo
the magnitude and direction of the magnetization contrib
significantly to the resistivity. We have previously report
evidence for anisotropic magnetoresistance~AMR! in tetrag-
onal La0.7Ca0.3MnO3 films.2 This effect, which is a smal
correction to the CMR at fields on the order of several kO
manifests itself dramatically in the low-field regime~H,600
Oe! where it plays a major role in the hysteretic magneto
sistance~MR! which is the subject of this paper. Althoug
hysteretic MR has been observed previously in magn
materials,3–5 the MR of those materials is substantial
smaller than that of the CMR materials. In this paper,
show that the combined effects of CMR and AMR can
crease the low-field sensitivity (1/R dR/dH) more than ten-
fold in a narrow field range during magnetization revers
and that hysteresis in the presence of CMR results in sev
phenomena which we explore in detail.

Magnetization hysteresis can arise from domain-wall p
ning or any of various anisotropies~magnetocrystalline,
shape, stress-induced! that cause preferred directions for th
magnetization and allow multiple metastable magnetiza
states at the same applied field.6 Magnetization hysteresi
will then result in MR hysteresis if a magnetoresistan
mechanism exists to distinguish the multiple magnetizat
states. Such a mechanism can be anisotropic magnetor
tance if the multiple magnetization states correspond to
ferent directions for the magnetization, a dependence of
550163-1829/97/55~9!/5873~7!/$10.00
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resistivity r on uM u if the multiple magnetization states co
respond to different magnitudes of the magnetizati
domain-wall scattering or ‘‘domain drag’’4 if the multiple
magnetization states correspond to the lack or presenc
domains, or any combination of these.

In our tetragonal La0.7Ca0.3MnO3 ~LCMO! films the pre-
requisites for MR hysteresis are present. We have found
the resistivity depends on both the magnitude and direc
of the magnetization, and magnetocrystalline anisotropy p
vides for the possibility of multiple magnetization states
the same applied field. The complex interplay among th
effects during the process of magnetization reversal gi
rise to diverse behavior in the low-field magnetoresistanc

II. EXPERIMENTAL PROCEDURE

Our samples are 580 Å thick La0.7Ca0.3MnO3 films grown
by atomic layer by layer molecular-beam epitaxy~ALL-
MBE! on SrTiO3 substrates. Atomic force microscopy re
veals atomically flat terraces interrupted by 4 Å steps in close
replication of the substrate with no evidence of grain bou
aries or other crystal structure defects. X-ray diffraction d
indicate ac-axis-oriented, tetragonal unit cell~a5b53.90
Å, c53.83 Å! distorted from the bulk cubic cell. We hav
presented details of sample growth and morpholo
elsewhere.1,2

The films were patterned into 100mm wide wires with
contact leads suitable for four-terminal resistance meas
ments. Contact to the patterned leads was made using sp
loaded ‘‘pogo’’ pins. The angular dependence of the M
was investigated by rotating the sample between the p
pieces of a 10 kOe electromagnet which allowed the sam
to be rotated 360° while maintaining electrical contact a
temperature control. High-field data up to 7 T were taken in
a superconducting solenoid. Results for the field applied p
pendicular to the substrate have been reported elsewh2
5873 © 1997 The American Physical Society
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FIG. 1. Normalized resistivityr(H)/r(H50)
vs applied field in the plane of the film at a serie
of temperatures for~a! HiJ and~b! H'J. Hyster-
esis loop is traced as indicated by arrows
T5130 K. Also indicated is the ‘‘switching’’
field Hsw and the hysteresis ‘‘amplitude.’’ The
linear portion of the 140 K data is extrapolated
emphasize the low-field deviation from linearity
Note the vertical axes are scaled to show the h
teresis clearly.
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III. EXPERIMENTAL RESULTS

The temperature dependence of the resistivity of
samples is similar to earlier reports for thin-film LCMO7

Our samples exhibit a resistivity peak at a temperature
label Tp , usually between 150 and 200 K. AboveTp the
resistivity is accurately described by an activated form w
an activation energy of'120 meV. BelowTp the resistivity
drops rapidly with the onset of ferromagnetic order
Tc'Tp . Both above and belowTp the resistivity is a strong
function of the applied field. We refer the reader to Ref. 1
examples of high-field magnetoresistance and resistivity
temperature data.

In this section we present experimental evidence that
tetragonal, MBE-grown LCMO films exhibit~a! hysteretic
magnetoresistance at low fields,~b! field-direction anisotropy
of the hysteretic response, and~c! magnetocrystalline anisot
ropy. In Sec. IV we show how the CMR, magnetocrystalli
anisotropy, and the previously reported anisotro
magnetoresistance2 combine to give rise to this comple
low-field MR hysteresis.
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Figure 1 shows the normalized low-field magnetores
tance ~MR! at a series of temperatures for a sample w
Tp5168 K. The current densityJ is in the @100# direction.
The applied magnetic fieldH is in the plane of the film either
~a! parallel toJ or ~b! perpendicular toJ. Beginning approxi-
mately 10 K aboveTp , careful dc resistivity measuremen
below 1000 Oe reveal hysteresis in the resistivityr vs H.
Following the arrows of Fig. 1 at 130 K, upon decreasingH
from 11000 Oe~where the sample is presumed to be sin
domain! the resistivity is linear inH. As the field is reduced
further theHiJ MR begins to deviate superlinearly, while th
H'J MR deviates sublinearly. The demarcation between
linear and nonlinear behavior is in the range 0–200 Oe,
pending on temperature. At negative~reverse biased! fields,
the deviation from linearity becomes more severe until
yond a ‘‘switching’’ field Hsw a sharp irreversible drop in
resistivity occurs forHiJ. The corresponding feature fo
H'J occurs at the sameHsw, but the sharp change is smalle
and can be an increase or decrease in resistivity depen
on temperature. Tyagiet al. have recently reported MR hys
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55 5875LOW-FIELD MAGNETORESISTANCE IN TETRAGONAL . . .
teresis in microwave absorption experiments
La0.67Ba0.33MnO3 films, although they find the effect to b
isotropic.7 Snyderet al. have recently reported anisotrop
hysteresis in LCMO films grown by metal-organic chemic
vapor deposition.8

The temperature dependence of the ‘‘amplitude’’ of t
hysteretic effect„defined as„r„Hsw!2r~0!#/r~0! in Fig.
1~a!…, and ofHsw @defined as the field at which the resistivi
maximum occurs in Fig. 1~a!# are shown in Fig. 2. As the
temperature is decreased belowTp the ‘‘amplitude’’ of the
hysteresis goes through a maximum at 140 K.Hswmonotoni-
cally increases with decreasing temperature, consistent
increasing magnetocrystalline anisotropy or domain-w
pinning as we discuss in more detail below. Hysteresis ab
Tp indicates the presence of static magnetic order. Sim
indications of static~short-range! magnetic order aboveTp
have recently been obtained by Oseroffet al. in LCMO pel-
lets using electron paramagnetic resonance.9 Without the
ability to probe the magnetization on short length sca
~'100m! we cannot determine whether the observed hys
esis aboveTp is an intrinsic property, or an artifact due t
random sample inhomogeneity.

As seen in Fig. 1 the nature of the MR hysteresis depe
strongly on the direction in which the magnetic field is a
plied. We find that there are two sources of this anisotro
anisotropic magnetoresistance~dependence of the resistan
on the relative angle between the current and the magne
tion!, and magnetocrystalline anisotropy~preferred direc-
tions for the magnetization in thea-b plane!.

At temperaturesT.0.8Tp , the resistivity in these films
has been shown to approximately obeyr~w!/r~0!
511b sin2 w wherew is the angle between the applied fie
~and by inference the magnetization! and the current.2 The
sin2 w angular dependence is consistent with the anisotro
magnetoresistance~AMR! effect observed in transition-meta
ferromagnetic materials.10 However, the AMR in our LCMO
samples differs from that of the transition-metal ferroma
nets where the maximum resistance usually occurs w
HiJ.11 This corresponds to a negativeb, while for our
samplesb is always positive.

At temperatures below approximately 0.8Tp , the AMR
deviates from the sin2 w behavior. The origin of this devia
tion is not yet understood and is the subject of further inv

FIG. 2. Characteristic values from Fig. 1, switching fieldHsw
and hysteresis ‘‘amplitude’’Dr~Hsw!/r~0! vs temperature. The
curves are to guide the eye.
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tigation. For the purpose of explaining the low-field hyste
esis, however, it is sufficient to note that the resistance
maximum whenM is perpendicular to the current an
smaller~though not always a minimum! whenM is parallel
to the current, an observation which is true throughout
entire temperature range.

The final observation necessary to explain the low-fi
behavior is the existence of magnetocrystalline anisotr
~MCA!. To investigate this possibility we compare th
‘‘remanent resistivity’’ of two different samples—one pa
terned for current flow along the@100# direction, the other
for current along@110#. Figure 3 shows the ‘‘remanent resis
tivity’’ of these two samples. Each data point represents
resistivity in zero applied field after applying a saturating~2
kOe! field at an anglew relative to@100#. Clearly the@100#
sample exhibits two stable remanent resistivities with v
few intermediate values. We associate these distinct resi
ity values with two distinct magnetic states atH50. The
transitions between the two states occur atw545°, 135°,
225°, and 315°~relative to the@100# direction! which we
interpret as evidence of biaxial MCA in thea-b plane with
easy axes in the@100# and@010# directions. Thus at zero field
the magnetization relaxes back to the nearest easy axis w
corresponding resistivity determined by AMR. At temper
turesT,0.8Tp we find the amplitude of the remanent res
tivity vs w to be consistent with the AMR amplitude indica
ing the remanent state is essentially single domain.
temperatures nearTp the remanent resistivity amplitude van
ishes~with increasingT! faster than the AMR amplitude, an
the transitions atw545°, 135°, 225°, 315° become les
sharp, suggesting the formation of domains asH→0.

The situation is much different for the@110# sample. With
@100#, @010# easy axes, the remanent magnetization lies
45° relative to the current regardless of the easy axis
which the magnetization has relaxed. Thus the AMR, wh
depends on the relative angle betweenM and J, does not
distinguish between different remanent states. The rema
resistivity is therefore independent of the angle of the app
field, in agreement with the inference of biaxial MCA wit
@100#, @010# easy axes drawn from the@100# sample.

FIG. 3. ‘‘Remanent resistivity’’ at 140 K. Squares indicate th
sample with current along@100# ~Tp5158 K!. Circles indicate the
second sample with current along@110# ~Tp5183 K!. Given that
both samples exhibit comparable AMR, the angular dependenc
consistent with biaxial MCA with@100#, @010# easy axes.
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IV. ANALYSIS

Considering only the CMR of these materials, some f
tures of the MR hysteresis shown in Fig. 1~a! ~J along@100#!
can be understood within a simple model. At high positive
negative fields the magnetization is aligned with the app
field. Somewhere in between the magnetization must rev
direction. For a rapid reversal~square magnetization hyste
esis loop! one would expect a change in resistivityDr due to
CMR of

Dr'r~M01xHsw!2r~M02xHsw! ~1!

to accompany the transition of the magnetization from a
parallel~M'M02xHsw! to parallel~M'M01xHsw! to the
applied field. Sincer(M ) is a decreasing function,Dr is
negative, i.e., a rapid drop in resistivity.M0 is the spontane-
ous magnetization, andx is the susceptibility.

This model can explain the rapid decrease in resistivity
H5Hsw for HiJ. However, there are several features of t
data for which this model cannot account including~a! the
deviation from linearity asH→0, ~b! the anisotropy between
HiJ andH'J, and~c! the direction of the irreversible chang
in resistivity atHsw for H'J. We seek a more detailed mod
of the magnetization reversal and low-field MR hystere
which can explain these effects within a single picture.

We first consider the possibility that the sample rema
in a single domain magnetic state during the entire magn
zation reversal. For such a model~appropriate for a perfec
crystal with zero demagnetization field! magnetization rever-
sal by a continuous 180° rotation is not allowed. Rath
there is a ‘‘forbidden band’’ of magnetization directions b
tween the parallel and transverse magnetization states w
the field is applied along an easy axis of a crystal with bi
ial MCA. ~Here ‘‘parallel’’ and ‘‘transverse’’ refers to the
direction of the magnetization relative to the applied fiel!
The magnetization either ‘‘flips’’ directly from antiparallel t
parallel alignment as discussed above, or completes the
versal by a two-step process, passing from antiparallel
transverse, to parallel~see the Appendix!. This latter process
has been recently observed in UFe4Al8 single crystals.12

Since we have assumed the sample to be a single dom
estimation of the magnetization is particularly easy. WhenM
is parallel or antiparallel to the applied field

uM u'M06xH, ~2!

while for M perpendicular to the applied fielduM u'M0 in-
dependent ofH. Below Tc , at the low fields used in this
experimentxH!M0 for a single-domain particle, and th
linear approximation of Eq.~2! is very accurate. Conse
quently in parallel or antiparallel domains the CMR is al
linear inH. Over the field scale of Fig. 1 the CMR belowTc
is essentially a first-order expansion in the small param
xH aboutr~M0!. As another consequence of linear CM
the ~discontinuous! change in resistivity upon ‘‘flipping’’ of
the magnetization from antiparallel to parallel expressed
Eq. ~1! is accurately approximated by

Dr52xHsw

dr

dMU
M0

. ~3!
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This is always a drop in resistivity, which is inconsiste
with the data of Fig. 1~b!.

If the magnetization ‘‘jumps’’ from antiparallel to trans
verse to parallel in a two-step magnetization reversal, AM
causes the resistivity to change by1/2 the AMR amplitude
~depending on the orientation of the field relative to the c
rent!. Once in the transverse state, however, the length of
magnetization vector is fixed atM0, and the resistivity in the
transverse state is independent of applied field.~We are ne-
glecting for the moment the rotation of the magnetization
the transverse domains due to the torque from the app
field, and its effect through AMR on the resistivity.!

Summarizing the MR within the single-domain mode
For direct flipping the MR should be linear with a disco
tinuous drop atHsw given by Eq.~3! for bothHiJ andH'J.
For the two-step reversal process the MR should also
linear, but should show two discontinuous jumps—first
then down forHiJ ~vice versa forH'J!, separated by a
region of constant resistivity while the magnetization pers
in the transverse orientation. The MR corresponding to th
processes is shown in Fig. 4 using the AMR amplitude a
CMR sensitivity ~1/r dr/dH! representative of the data o
Fig. 1 at 130 K. Neither discontinuous jumps in resistivit
nor persistence in an intermediate state of constant resist
are seen in the experimental data of Fig. 1. The sing
domain model also fails to predict the deviation from linea
ity at low fields. We conclude that the single-domain mod
is inconsistent with the data of Fig. 1.

The shortcomings of the single-domain model can
eliminated with a model postulating a multidomain config
ration of the sample. The magnetization reversal then p
ceeds via motion of domain walls~indicated schematically in
Fig. 5!, and for applied fields along an easy axis the res
tance of the sample is given by

r'xrpar1yrantipar1zr transverse, ~4!

whererpar is the resistivity of domains parallel to the applie
field, rantipar is the resistivity of antiparallel domains
rtransverse is the resistivity of perpendicular domains, an
x,y,z are the fractions of the sample occupied by each
main type.13

Within this interpretation the deviation from linearity see
in Fig. 1 is consistent with the nucleation and growth

FIG. 4. Calculated resistivity of single domains for~a! HiJ and
~b! H'J. Linear portions represent parallel/antiparallel domai
Constant portion represents transverse domains neglecting rot
of the magnetization. Curved portion represents transverse dom
including rotation~see the Appendix!. Solid arrows show the tran
sitions in the direct flipping reversal process. Dashed arrows s
the transitions in the two-step reversal process.
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55 5877LOW-FIELD MAGNETORESISTANCE IN TETRAGONAL . . .
transverse domains. For whenHiJ the magnetization in the
nascent transverse domains is perpendicular to the cur
and thereby higher in resistivity~due to AMR! giving super-
linear deviation as they grow to fill a larger fraction of th
sample, while forH'J the effect is opposite. To be precis
we must qualify the previous statement. If the CMR sen
tivity is very large relative to the AMR amplitude, it is pos
sible for sufficiently large fields that the transverse doma
have lower resistivity than the antiparallel domains forHiJ
~or conversely, higher resistivity than the parallel doma
for H'J!, i.e., the curves of Fig. 4 can cross. Then the
viation from linearity could be reversed. However, the cri
rion for this occurring can be shown to be~AHsw!.b ~where
A51/r dr/dHuH5500 Oe is the normalized CMR sensitivity
andb is the normalized AMR amplitude!. The AMR ampli-
tude b, and ~AHsw! are plotted vs temperature in Fig.
Clearly ~AHsw!!b at all temperatures, and we are in th
limit where the initial growth of transverse domains resu
in superlinear deviation forHiJ and sublinear deviation fo
H'J.

The presence of domains in the sample raises the po
bility of domain-wall scattering and/or the ‘‘domain drag
effect discussed by Berger.4 However, these phenomena bo
increase the resistance leading to superlinear deviation, e
cially for theH'J direction where the domain walls woul

FIG. 5. At fields much greater thanHsw ~a!,~c! the sample is a
single domain. At intermediate fields~b!, multiple domains parallel
to the easy axes exist in varying abundance determined byH. As
domain walls move, the MR deviates from linearity due to t
growth of transverse~to the applied field! domains with higher or
lower resistance due to AMR depending on the direction of
current.

FIG. 6. For the sample of Fig. 1, Circles: AMR amplitudeb ~%!
plotted vs temperature. Squares:AHsw ~A5CMR sensitivity, 1/r
dr/dH measured at 500 Oe!. Since ~AHsw!!b, growth of trans-
verse domains results in deviation from linearity consistent w
Fig. 1. The curves are to guide the eye.
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likely be perpendicular to the current and the effect great
Since we see a sublinear deviation in theH'J data, we con-
clude that domain-wall scattering and/or ‘‘domain drag’’ is
small effect relative to the changes in resistivity due to AM
and domain growth. The fact that the deviation from linear
at high temperatures begins while the sample is still in
‘‘forward bias’’ condition is further evidence that the rem
nent magnetic state is multidomain but hysteretic with
dominant domain orientation along the easy axis closes
the most recent saturation direction.

In addition to explaining the curvature of Fig. 1, doma
effects also give a consistent explanation of the direction
the sharp change in resistivity atHsw associated with the
final step of magnetization reversal. ForHiJ, this irreversible
resistivity drop can be explained by a rapid growth
aligned domains at the expense of transverse and antipa
domains. This transition is always accompanied by a drop
resistivity since the final state of the transition~M and H
aligned! is the lowest resistivity of all the allowed domai
states. ForH'J the collapse into the aligned magnetic sta
can cause an increase or decrease in resistivity becaus
final state of the transition has an intermediate resistiv
less than the antiparallel domains, but greater than the tr
verse domains. The deciding factors determining the dir
tion of the resistivity change are therefore the relative po
lations of transverse vs antiparallel domains at the onse
the transition, and the relative values of the AMR amplitu
and the CMR sensitivity. If the sample is primarily antipa
allel domains atHsw the magnetization reversal is near
direct flipping, and will be accompanied by a drop in res
tivity as discussed above. If transverse domains are abun
atHsw the final collapse into the parallel state will be acco
panied by an increase in resistivity. Both behaviors are s
in Fig. 1~b!.

In the above analysis we have shown the MR of Fig. 1
be consistent with magnetization reversal via domain-w
motion with the sample existing in a multidomain state d
ing the reversal process. The mathematical basis for
simple model is given in the Appendix. We have neglec
the effect of rotation of the magnetization within transver
domains due to the torque from the applied field which
equivalent to assuming the MCA is very strong. In the A
pendix we also consider the effect of rotation of the mag
tization within transverse domains. We find this to be a sm
correction to the analysis given above, and to not subs
tially alter the conclusions reached disregarding this effe

In order to reach the conclusion that including rotation
a small correction to the infinite MCA analysis the streng
of the MCA must be estimated. Our estimate is based
examining MR hysteresis loops for applied fields at a se
of angles in the plane of the film. If the MCA were ver
strong, the magnetization in a domain would remain clos
aligned with the nearest easy axis. Then the component oH
along M ~and thereforedM/dH! would be reduced by a
factor cos~w2u! wherew2u is the angle betweenH andM .
Sincedr/dH5dr/dM dM/dH, the slope of the MR would
also reflect this cos~w2u! decrease.

Figure 7 shows MR hysteresis loops taken at 140 K w
the applied field at a series of angles in the film plane. T
fact that the slopes of all these curves are approximately
same for fields greater than approximately 600 Oe indica

e
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5878 55J. O’DONNELL et al.
that the magnetization must be closely aligned with the
plied field ~i.e., u'w—the rotation of the magnetizatio
within domains is substantial at fields on the order of 6
Oe!. As shown in the Appendix, complete rotation of th
magnetization by fields of approximately 600 Oe puts
upper limit on the strength of the MCA.

V. SUMMARY

We have presented evidence for magnetocrystalline
isotropy, low-field MR hysteresis, anisotropic magnetores
tance, and CMR in tetragonal La0.7Ca0.3MnO3 films. We
have analyzed the hysteresis seen in Fig. 1 within a sin
magnetic domain model and found that such a model is
consistent with our data. By contrast, a model that inclu
multiple domains accounts qualitatively for the main featu
of the data, namely~a! the deviation from linearity asH→0,
~b! the anisotropy betweenHiJ andH'J, and~c! the direc-
tion of the irreversible change in resistivity atHsw. All three
result from the changing populations of the three dom
types ~parallel, antiparallel, and transverse! and their influ-
ence on the resistivity through AMR and CMR. Domain-w
scattering and/or ‘‘domain drag’’ has been ruled out a
significant contributor to the low-field MR hysteresis. As d
cussed in the Appendix, our Fig. 7 data allow us to estim
the strength of the MCA~as measured byK/M0!. At 140 K
we findK/M0 must be between 190 and 300 Oe.

FIG. 7. r vs H at 140 K of the sample of Fig. 1 for a series
applied field angles. Outside the hysteretic region the slopes
approximately the same indicating substantial magnetization r
tion.
-
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We have studied several samples, and find that su
changes of the sample stoichiometry and microstructure
affect the anisotropy. As Fig. 8 illustrates, it is possible
fabricate a sample with very sharp drops in the resistivity
H5Hsw, pronounced hysteresis, but no significant anis
ropy betweenHiJ andH'J. This sample exhibits MCA~see
Fig. 3! and AMR comparable in amplitude to the sample
Fig. 1. The very small anisotropy in the MR hysteresis of t
sample can be explained by the relative unimportance of
formation of transverse domains. The magnetization reve
proceeds via nearly direct flipping of the magnetization,
the nucleation and immediate rapid growth of parallel d
mains. We have achieved a sensitivity 1/r dr/dH at the
steepest point of the resistivity drop atHsw of 0.36%/Oe at
100 K in the as-grown film of Fig. 8. With no attempt a
optimization, this compares well to sensitivities reported
tailored giant magnetoresistance heterostructures of app
mately 1.5%/Oe.14
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APPENDIX: MAGNETORESISTANCE
AND MAGNETIZATION REVERSAL IN THE PRESENCE

OF MAGNETOCRYSTALLINE ANISOTROPY

To analyze the MR of single-domain states as discus
above, we have developed a phenomenological model w
incorporates the effects of finite MCA. That is, rotation
the magnetization within transverse domains due to
torque from the applied field is included.

As stated in Sec. IV, the CMR belowTc is linear in the
low-field regime of Fig. 1. We assume that the AMR alte
the resistivity by a multiplicative factor~11b sin2 u! with b
independent ofH.2 Hereu is the angle of the magnetizatio
relative to the current which flows along@100#. Thus the
resistivity within a domain can be approximated as

~A1!

where

re
a-

FIG. 8. Low-field hysteresis of the@100# sample of Fig. 3. The
sharp drop in resistivity atHsw, and very little anisotropy between
~a! HiJ and ~b! H'J indicates a nearly direct flipping transitio
with no significant generation of transverse domains.
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A[
1

r0,0

dr

dM
xU

M0

represents the CMR sensitivity, and the cos~u2w! term ex-
presses the fact that only the component ofH alongM in-
creasesuM u. u is the angle ofM , w is the angle ofH ~both
relative to@100#!, r0,0 is the resistivity whenuM u5M0, and
H5u50 @this is different thanr~0,0! which is the resistivity
whenH5w50#.

The remaining task is to compute the direction ofM for a
given H. Here MCA plays its role. In thea-b plane of a
tetragonal crystal the lowest-order terms of the thermo
namic potential which depend on the direction ofM are15

F5K sin2 u cos2 u2M•H,

whereK represents the strength of the MCA. Thus in eq
librium, the magnetization points in a directionu satisfying
the following equations which can be solved numerically
anyH,w:

sin 4u52h sin~w2u!, S dF

du
50D ~A2!

cos 4u.
h

2
cos~w2u! S d2Fdu2

.0D . ~A3!

If K.0 Eq. ~A2! results in easy axes atu50°, 90°, 180°,
270°, while forK,0 the easy axes will be along the diag
nals in thea-b plane. We have assumed that for the purpo
of determiningu the dependence ofuM u on H can be ne-
glected, i.e., uM u'M0, and introduced the dimensionles
variable

h[
uHu
K/M0

.

at
-

-

r

e

Solving Eqs.~A2! and ~A3! for u(h) with w50 or 90°
gives the following results. Ath50, u50°, 90°, 180°, 270°
are degenerate solutions. In the range 0,h,0.54 the domain
most closely aligned with the applied field is the lowe
energy solution, while three other metastable solutions ex
At h50.54, the magnetization in transverse doma
has reached its maximum rotation of'24° from the easy
axis.16 Exceedingh50.54 causes the disappearance of
transverse domain solution. For 0.54,h,2, two solutions
are possible, one parallel to the applied field and sta
one antiparallel and metastable. Onceh.2 the only solution
is for the magnetization parallel to the applied fie
~u5w!.

To compute the MR corresponding to the transverse m
netization states we can use CMR and AMR parameter
140 K ~A51.331024 Oe21, b50.078!. The strength of the
MCA ~which sets the field scale for rotation! is unknown, but
we do knowK/M0 must be greater thanHsw/0.54'190 Oe
since we believe that transverse domains exist at least u
Hsw. But as discussed in Sec. IV, Fig. 7 indicates that m
netization rotation is essentially complete at fields of a
proximately 600 Oe. It can be shown from Eqs.~A2! and
~A3! that the condition for complete magnetization rotati
~u5w! for arbitraryw is h.2. ThusK/M0 must be less than
approximately 300 Oe. We have used 300 Oe as a reason
estimate forK/M0 at 140 K.

The curved line in Fig. 4 shows the MR for the transver
domain corrected for the effect of rotation. As indicated
the main text, the change in resistivity due to rotation of t
magnetization within the transverse domains is a small ef
relative to the AMR amplitude, and does not alter the qua
tative interpretation of the anisotropic hysteresis of Fig. 1
terms of domain growth therein given. The model develop
in this appendix has the advantage of allowing one to pre
the behavior of the MR within domains when the appli
field is in an arbitrary direction.
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