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Low-field magnetoresistance in tetragonal La_,Ca,MnO 5 films
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We have measured the low-field magnetoresistance of molecular-beam-epitaxy-grown tetragonal
Lay Ca sMnO; 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 Hdfd],[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 proce$$0163-182807)03809-5

I. INTRODUCTION resistivity p on |[M| if the multiple magnetization states cor-
respond to different magnitudes of the magnetization,

The relationship between the magnetizatdnand resis- domain-wall scattering or “domain drad”if the multiple
tivity is central to understanding the “colossal” magnetore- magnetization states correspond to the lack or presence of
sistance(CMR) phenomenon in the perovskite manganites.domains, or any combination of these.
Using applied fields of several Tesla, previous experiments In our tetragonal L@, Ca, ;MnO5; (LCMO) films the pre-
have explored the relation between the magnitude of magneequisites for MR hysteresis are present. We have found that
tization and the resistivity, and found the resistivity to be athe resistivity depends on both the magnitude and direction
monotonic decreasing function dM|, quadratic for|M|  of the magnetization, and magnetocrystalline anisotropy pro-
much less than the saturation magnetizatidg,..” In this  vides for the possibility of multiple magnetization states at
report we focus on the low-field behavior and find that boththe same applied field. The complex interplay among these
the magnitude and direction of the magnetization Contribut%ffects during the process of magnetization reversal gives

significantly to the resistivity. We have previously reportedyise to diverse behavior in the low-field magnetoresistance.
evidence for anisotropic magnetoresistatd®IR) in tetrag-

onal Lg -Ca, MnO; films.2 This effect, which is a small

correction to the CMR_at f|eI_ds on the qrder of.several kOe, Il. EXPERIMENTAL PROCEDURE

manifests itself dramatically in the low-field reginfi¢ <600

Oe) where it plays a major role in the hysteretic magnetore- Our samples are 580 A thick LaCa, MnO; films grown
sistance(MR) which is the subject of this paper. Although by atomic layer by layer molecular-beam epitagLL-
hysteretic MR has been observed previously in magnetidBE) on SrTiO; substrates. Atomic force microscopy re-
materials>=® the MR of those materials is substantially veals atomically flat terraces interruptegdA steps in close
smaller than that of the CMR materials. In this paper, wereplication of the substrate with no evidence of grain bound-
show that the combined effects of CMR and AMR can in-aries or other crystal structure defects. X-ray diffraction data
crease the low-field sensitivity (/dR'dH) more than ten- indicate ac-axis-oriented, tetragonal unit celh=b=3.90
fold in a narrow field range during magnetization reversal A, c=3.83 A) distorted from the bulk cubic cell. We have
and that hysteresis in the presence of CMR results in severgkesented details of sample growth and morphology
phenomena which we explore in detail. elsewheré:?

Magnetization hysteresis can arise from domain-wall pin- The films were patterned into 100m wide wires with
ning or any of various anisotropiemagnetocrystalline, contact leads suitable for four-terminal resistance measure-
shape, stress-induckethat cause preferred directions for the ments. Contact to the patterned leads was made using spring-
magnetization and allow multiple metastable magnetizationoaded “pogo” pins. The angular dependence of the MR
states at the same applied fifldlagnetization hysteresis was investigated by rotating the sample between the pole
will then result in MR hysteresis if a magnetoresistancepieces of a 10 kOe electromagnet which allowed the sample
mechanism exists to distinguish the multiple magnetizatiorio be rotated 360° while maintaining electrical contact and
states. Such a mechanism can be anisotropic magnetoresismperature control. High-field data up T T were taken in
tance if the multiple magnetization states correspond to difa superconducting solenoid. Results for the field applied per-
ferent directions for the magnetization, a dependence of thpendicular to the substrate have been reported elsewhere.

0163-1829/97/58)/58737)/$10.00 55 5873 © 1997 The American Physical Society



5874 J. O'DONNELL et al. 55

T=150K i~ T=150K °

1- .
0.94
0.88 | ]
1 : L TemeKn T TR140K FIG. 1. Normalized resistivitp(H)/p(H=0)
8 ; S o (‘//—\ ] vs applied field in the plane of the film at a series
o095t ,/ R - N of temperatures fofa) HIlJ and(b) HLJ. Hyster-
= ) esis loop is traced as indicated by arrows at
= 09:
X T30k T=130 K. Also indicated is the “switching”
= 102! l\ ya ] . T .
n) : : \/ _ field Hg,, and the hysteresis “amplitude.” The
< oe8l P linear portion of the 140 K data is extrapolated to
< - emphasize the low-field deviation from linearity.
0.94 & Note the vertical axes are scaled to show the hys-
1.02- Hystorsam teresis clearly.
1 _ “Ampiitude*
098L
0.96 :_
1.01-
1:
0.99L
0.981L
1. [
0.995. B
0.99 ..ot =
-600  -300 0 300 -600  -300 0 300 600
MAGNETIC FIELD (Oe)
ll. EXPERIMENTAL RESULTS Figure 1 shows the normalized low-field magnetoresis-

The temperature dependence of the resistivity of OUE?n—Ciéng() ?_La senest %f teTpgrqturt(:]s fi{)oa ds.am[;).le with
samples is similar to earlier reports for thin-flm LCMO. _p_ . The current density is in the[100] direction.

Our samples exhibit a resistivity peak at a temperature w he applied magnetic field is.in the plane qf the film eithgr
label T,, usually between 150 and 200 K. AboWl the a) parallel toJ or (b) perpendicular td. Beginning approxi-

resistivity is accurately described by an activated form withmately 10 K abover,, careful dc resistivity measurements
an activation energy of120 meV. BelowT, the resistivity ~Pelow 1000 Oe reveal hysteresis in the resistiyitys H.
drops rapidly with the onset of ferromagnetlc order atFollowing the arrows of Fig. 1 at 130 K, upon decreasihg
T.~T,. Both above and beloW, the resistivity is a strong from +1000 Oe(where the sample is presumed to be single
function of the applied field. We refer the reader to Ref. 1 fordomain the resistivity is linear irH. As the field is reduced
examples of high-field magnetoresistance and resistivity véurther theHIIJ MR begins to deviate superlinearly, while the
temperature data. H_LJ MR deviates sublinearly. The demarcation between the
In this section we present experimental evidence that oulinear and nonlinear behavior is in the range 0—-200 Oe, de-
tetragonal, MBE-grown LCMO films exhibita) hysteretic  pending on temperature. At negatiteverse biasedields,
magnetoresistance at low fieldb) field-direction anisotropy the deviation from linearity becomes more severe until be-
of the hysteretic response, at@] magnetocrystalline anisot- yond a “switching” field Hy, a sharp irreversible drop in
ropy. In Sec. IV we show how the CMR, magnetocrystallineresistivity occurs forHIJ. The corresponding feature for
anisotropy, and the previously reported anisotropicHLJ occurs at the samid,,,, but the sharp change is smaller
magnetoresistantéecombine to give rise to this complex and can be an increase or decrease in resistivity depending
low-field MR hysteresis. on temperature. Tyagit al. have recently reported MR hys-
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FIG. 3. “Remanent resistivity” at 140 K. Squares indicate the

sample with current alonfl00] (T,=158 K). Circles indicate the

second sample with current alofg10] (T,=183 K). Given that

both samples exhibit comparable AMR, the angular dependence is

consistent with biaxial MCA witH100], [010] easy axes.

teresis in  microwave absorption experiments in

!-30.675?0733'\4”03 films, although they find the effect to be yigation. For the purpose of explaining the low-field hyster-
isotropic. Snyderet al. have recently reported anisotropic oqis however, it is sufficient to note that the resistance is
hysteresis in LCMO films grown by metal-organic Chem'calmaximum whenM is perpendicular to the current and

vapor depositioft. smaller(though not always a minimunwhenM is parallel

The temperature dependence of the “amplitude” of the ) L
: . N : . to the current, an observation which is true throughout the
hysteretic effect(defined as(p(Hg,)—p(0))/p(0) in Fig. entire temperature range.

1(a)), and ofH,, [defined as the field at which the resistivity . _ . ,
maximum occurs in Fig. (8)] are shown in Fig. 2. As the The_ fln_al observ_at|0n necessary to explaln_ the IQW-f|eId
temperature is decreased beldy the “amplitude” of the behavior is t_he ex_lstence _of magme_tpcrystalllne anisotropy
hysteresis goes through a maximum at 1404, monotoni-  (MCA). To investigate this possibility we compare the
cally increases with decreasing temperature, consistent witfémanent resistivity” of two different samples—one pat-
increasing magnetocrystalline anisotropy or domain-walterned for current flow along thgl00] direction, the other
pinning as we discuss in more detail below. Hysteresis abovr current alond110]. Figure 3 shows the “remanent resis-
T, indicates the presence of static magnetic order. Similafivity” of these two samples. Each data point represents the
indications of statio(short-range magnetic order abov&,  resistivity in zero applied field after applying a saturati@g
have recently been obtained by Osemffal.in LCMO pel-  kOe) field at an anglep relative to[100]. Clearly the[100]
lets using electron paramagnetic resonah&#ithout the sample exhibits two stable remanent resistivities with very
ability to probe the magnetization on short length scalegew intermediate values. We associate these distinct resistiv-
(=100 1) we cannot determine whether the observed hysterity values with two distinct magnetic states ldt=0. The
esis aboveT, is an intrinsic property, or an artifact due to transitions between the two states occurgat45°, 135°,
random sample inhomogeneity. _ 225°, and 315°relative to the[100] direction which we

As seen in Fig. 1 the nature of the MR hysteresis dependiterpret as evidence of biaxial MCA in theb plane with
strongly on the direction in which the magnetic field is ap-easy axes in thEL00] and[010] directions. Thus at zero field

plied. We find that there are two sources of this anisotropyine magnetization relaxes back to the nearest easy axis with a
anisotropic magnetoresistan@ependence of the resistance corresponding resistivity determined by AMR. At tempera-

on the relative angle between the current and the magnetiz%]res-l-<O 8T_ we find the amplitude of the remanent resis-
U p

::02)’ fap?h mr:;gnt:]totcizzryfitarllllinnetgg,otlrorﬁﬁgreferred direc- tivity vs ¢ to be consistent with the AMR amplitude indicat-
ons for the magnetizatio pians. ) ing the remanent state is essentially single domain. At
At temperaturesl >0.8T,, the resistivity in these films o .
P temperatures nedr, the remanent resistivity amplitude van-

has been shown to approximately obey(e)/p(0) . g . )
—14b sir? h is th le bet th lied field |shes(W|th |_ncreasmgT) faster than the AMR amplitude, and
SIT @ Wheree IS the angie between the appried fie the transitions atp=45°, 135°, 225° 315° become less

(and by inference the magnetizatjoand the current.The i X X
sir? ¢ angular dependence is consistent with the anisotropicH@/P, suggesting the formation of domainsts0.
magnetoresistand@MR) effect observed in transition-metal 1 he Situation is much different for tHa10] sample. With
ferromagnetic materia®®. However, the AMR in our LCMO  [100], [010] easy axes, the remanent magnetization lies at
samples differs from that of the transition-metal ferromag-45° relative to the current regardless of the easy axis to
nets where the maximum resistance usually occurs wheWhich the magnetization has relaxed. Thus the AMR, which
HIJ.X* This corresponds to a negatiie while for our —depends on the relative angle betwednand J, does not
samplesb is always positive. distinguish between different remanent states. The remanent

At temperatures below approximately U8 the AMR  resistivity is therefore independent of the angle of the applied
deviates from the sfrp behavior. The origin of this devia- field, in agreement with the inference of biaxial MCA with
tion is not yet understood and is the subject of further inves{100], [010] easy axes drawn from tH400] sample.

FIG. 2. Characteristic values from Fig. 1, switching fiéld,,
and hysteresis “amplitude”Ap(Hg,)/p(0) vs temperature. The
curves are to guide the eye.
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IV. ANALYSIS

Considering only the CMR of these materials, some fea-
tures of the MR hysteresis shown in Figall(J along[100]) ci?‘
can be understood within a simple model. At high positive or =
negative fields the magnetization is aligned with the applied & 1
field. Somewhere in between the magnetization must reverse

direction. For a rapid reversé&quare magnetization hyster- 0.92 b i i S
esis loop one would expect a change in resistivity due to -600 -300 O 300 -600 -300 O 300 600
CMR of MAGNETIC FIELD (Oe)

Ap~p(Mg+ xHew) — p(Mo— xHsw) (1) FIG. 4. Calculated resistivity of single domains fay HllJ and

(b) HLJ. Linear portions represent parallel/antiparallel domains.

to accompany the transition of the magnetization from anti-<Constant portion represents transverse domains neglecting rotation
parallel(M~M,— xyHg,) to parallel(M~M,+ yHy,) to the of the magnetization. Curved portion represents transverse domains
SW SW

applied field. Sincep(M) is a decreasing functiomp is including rotation(see the Appendjx Solid arrows show the tran-
negative, i.e., a rapid drop in resistivityl, is the spontane- tsf:téo';]’zrlzitﬁt;isd::]etcf:eﬂmtvc)ongtel’evr(ee?earlngocl’?)S(:selszashed arrows show
ous magnetization, angl is the susceptibility. P P '

This model can explain the rapid decrease in resistivity atl’his is always a drop in resistivity, which is inconsistent
H=H,, for HIIJ. However, there are several features of theWith the data of Fig. () '
data for which this model cannot account includif@y the AT . .
deviation from linearity a$1—0, (b) the anisotropy between If the magnetization "jumps” from antiparallel to trans-

N . : verse to parallel in a two-step magnetization reversal, AMR
HIIJ andH_J, and(c) the direction of the irreversible change L o !
in resistivity atH,, for HLJ. We seek a more detailed model causes the resistivity to change y— the AMR amplitude

of the magnetization reversal and low-field MR hysteresis(depending.on the orientation of the field relative to the cur-
which can explain these effects within a single picture. rend. Once in the transverse state, however, the length of the

magnetization vector is fixed M, and the resistivity in the

We first consider the possibility that the sample remainst o o
: . : . . . transverse state is independent of applied filde are ne-
in a single domain magnetic state during the entire magneti-

zation reversal. For such a modelppropriate for a perfect glecting for the moment the rotation of the magnetization in

; T o ~ the transverse domains due to the torque from the applied
crystal with zero demagnetization fi¢lchagnetization rever field, and its effect through AMR on the resistivity.

sal by a continuous 180° rotation is not allowed. Rather, Summarizing the MR within the sinale-domain model:
there is a “forbidden band” of magnetization directions be- . ZIng ng : . |
o For direct flipping the MR should be linear with a discon-
tween the parallel and transverse magnetization states Whefi%uous drop aH., given by Eq.(3) for both HIJ andH.J
sw . .

the field is applied along an easy axis of a crystal with biax-
ial MCA. (Here “parallel” and “transverse” refers to the Ili:r?éatrhebltj\;vzhscgﬁfd rs%/c?\:vs?\lfvgrgicsisosnttizﬁo’l\J/IstuSr:?):Ef?rlsstOuge
direction of the magnetization relative to the applied field. then down forHIlJ (vice versa forH.J), separated by a

The magnetization either "flips directly from antiparaliel to region of constant resistivity while the magnetization persists
parallel alignment as discussed above, or completes the recY : "y 9 onp

. . ih the transverse orientation. The MR corresponding to these
versal by a two-step process, passing from antiparallel, to

transverse, to parall¢see the Appendix This latter process processes .i$ ;hown in Fig. 4 using the .AMR amplitude and
has been rece[r)nly oﬁierved ianle% iingle crystal%? CMR sensitivity (1/p dp/dH) representative of the data of

Since we have assumed the sample to be a single domaifid- 1 at 130 K. Neither discontinuous jumps in resistivity,

estimation of the magnetization is particularly easy. When nor persistence in an mt_ermedlate state of_constant res!stlvn_y
is parallel or antiparallel to the apolied field are seen in the experimental data of Fig. 1. The single
P P P domain model also fails to predict the deviation from linear-

ity at low fields. We conclude that the single-domain model
is inconsistent with the data of Fig. 1.

The shortcomings of the single-domain model can be
eliminated with a model postulating a multidomain configu-
ration of the sample. The magnetization reversal then pro-
ceeds via motion of domain wal({;dicated schematically in
Fig. 5, and for applied fields along an easy axis the resis-
tance of the sample is given by

IM[~Mq* xH, )

while for M perpendicular to the applied fielt¥|~M, in-
dependent oH. Below T, at the low fields used in this
experimentyH<<M, for a single-domain particle, and the
linear approximation of Eq(2) is very accurate. Conse-
guently in parallel or antiparallel domains the CMR is also
linear inH. Over the field scale of Fig. 1 the CMR beldWy

is essentially a first-order expansion in the small parameter
xH aboutp(Mg). As another consequence of linear CMR,
the (discontinuous change in resistivity upon “flipping” of ~ wherep,,, is the resistivity of domains parallel to the applied
the magnetization from antiparallel to parallel expressed byield, panipar iS the resistivity of antiparallel domains,

P~=XPpart YPantipart ZPtransverse (4)

Eq. (1) is accurately approximated by Pransverse IS the resistivity of perpendicular domains, and
X,y,z are the fractions of the sample occupied by each do-
dp main type!®
Ap=2xHsw gyl - € Within this interpretation the deviation from linearity seen
M

0 in Fig. 1 is consistent with the nucleation and growth of



55 LOW-FIELD MAGNETORESISTANCE IN TETRAGONA . .. 5877

likely be perpendicular to the current and the effect greatest.

IHI >> H”T IHl < How I HI >> How l Since we see a sublinear deviation in #eJ data, we con-
M clude that domain-wall scattering and/or “domain drag” is a
MI MT IA» Ml Ml small effect relative to the changes in resistivity due to AMR
— and domain growth. The fact that the deviation from linearity
a b c at high temperatures begins while the sample is still in the

“forward bias” condition is further evidence that the rema-
FIG. 5. At fields much greater thas,, (a),(c) the sample is a nent magnetic state is multidomain but hysteretic with the
single domain. At intermediate fieldb), multiple domains parallel  gominant domain orientation along the easy axis closest to
to the easy axes exist in varying abundance determined .b&s the most recent saturation direction.
domain walls move, the MR deviates from linearity due to the In addition to explaining the curvature of Fig. 1, domain
growth of_transverséto the applied fiel;d_ domains Wit.h higher o' effects also give a consistent explanation of the direction of
Icolll;/:eern;esstance due to AMR depending on the direction of thethe sharp change i.n rgsistivity at,, associatgd With_ the
final step of magnetization reversal. RdltJ, this irreversible
resistivity drop can be explained by a rapid growth of
transverse domains. For whéhlJ the magnetization in the  gjigned domains at the expense of transverse and antiparallel
nascent transverse domains is perpendicular to the currerfomains. This transition is always accompanied by a drop in
and thereby higher in resistivitglue to AMR) giving super-  resistivity since the final state of the transitighl and H
linear deviation as they grow to fill a larger fraction of the zjigned is the lowest resistivity of all the allowed domain
sample, while forH1J the effect is opposite. To be precise, states. FoH..J the collapse into the aligned magnetic state
we must qualify the previous statement. If the CMR sensican cause an increase or decrease in resistivity because the
tivity is very large relative to the AMR amplitude, it is pos- fina| state of the transition has an intermediate resistivity;
sible for SuffiCiently Iarge fields that the transverse domainqess than the antipara”e| domainsy but greater than the trans-
have lower resistivity than the antiparallel domains #lKJ  verse domains. The deciding factors determining the direc-
(or conversely, higher resistivity than the parallel domainston of the resistivity change are therefore the relative popu-
for HLJ), i.e., the curves of Fig. 4 can cross. Then the deqations of transverse vs antiparallel domains at the onset of
viation from linearity could be reversed. However, the crite-the transition, and the relative values of the AMR amplitude
rion for this occurring can be shown to b&H,)>b (where  and the CMR sensitivity. If the sample is primarily antipar-
A=1lp dp/dH|,_s500 ceis the normalized CMR sensitivity, ajlel domains atH, the magnetization reversal is nearly
andb is the normalized AMR amplitudeThe AMR ampli-  direct flipping, and will be accompanied by a drop in resis-
tude b, and (AHg,) are plotted vs temperature in Fig. 6. tivity as discussed above. If transverse domains are abundant
Clearly (AHs,)<b at all temperatures, and we are in the atH_, the final collapse into the parallel state will be accom-
limit where the initial growth of transverse domains resultspanied by an increase in resistivity. Both behaviors are seen
in superlinear deviation foH|IJ and sublinear deviation for jn Fig. 1(b).
HLJ. In the above analysis we have shown the MR of Fig. 1 to
The presence of domains in the sample raises the possie consistent with magnetization reversal via domain-wall

bility of domain-wall scattering and/or the “domain drag” motion with the sample existing in a multidomain state dur-
effect discussed by BergéHowever, these phenomena both jng the reversal process. The mathematical basis for this
increase the resistance leading to superlinear deviation, esp§imple model is given in the Appendix. We have neglected
cially for the HLJ direction where the domain walls would the effect of rotation of the magnetization within transverse

domains due to the torque from the applied field which is

equivalent to assuming the MCA is very strong. In the Ap-

10 o ’ ' pendix we also consider the effect of rotation of the magne-
tization within transverse domains. We find this to be a small
;@ 81 7 correction to the analysis given above, and to not substan-
s tially alter the conclusions reached disregarding this effect.
T’ 6+ ] In order to reach the conclusion that including rotation is
< a small correction to the infinite MCA analysis the strength
= 4t . of the MCA must be estimated. Our estimate is based on
2 examining MR hysteresis loops for applied fields at a series
o ol of angles in the plane of the film. If the MCA were very
strong, the magnetization in a domain would remain closely
0 aligned with the nearest easy axis. Then the componeit of
80 120 160 200 along M (and thereforedM/dH) would be reduced by a

TEMPERATURE (K) factor co$e— 6) whereo— 0 is the angle betweeH andM.
Sincedp/dH=dp/dM dM/dH, the slope of the MR would
FIG. 6. For the sample of Fig. 1, Circles: AMR amplitudlé%)  also reflect this cdg—6) decrease.
plotted vs temperature. Squarests, (A=CMR sensitivity, 1p Figure 7 shows MR hysteresis loops taken at 140 K with
dp/dH measured at 500 QeSince (AH,)<b, growth of trans-  the applied field at a series of angles in the film plane. The
verse domains results in deviation from linearity consistent withfact that the slopes of all these curves are approximately the
Fig. 1. The curves are to guide the eye. same for fields greater than approximately 600 Oe indicates
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changes of the sample stoichiometry and microstructure can
affect the anisotropy. As Fig. 8 illustrates, it is possible to
fabricate a sample with very sharp drops in the resistivity at
H=H,,, pronounced hysteresis, but no significant anisot-
ropy betweerH|lJ andHL1J. This sample exhibits MCAsee
Fig. 3 and AMR comparable in amplitude to the sample of
Fig. 1. The very small anisotropy in the MR hysteresis of this
sample can be explained by the relative unimportance of the
formation of transverse domains. The magnetization reversal
proceeds via nearly direct flipping of the magnetization, or
the nucleation and immediate rapid growth of parallel do-
mains. We have achieved a sensitivityp dp/dH at the

0 steepest point of the resistivity drop Ht,, of 0.36%/Oe at
100 K in the as-grown film of Fig. 8. With no attempt at
optimization, this compares well to sensitivities reported for

FIG. 7. p vsH at 140 K of the sample of Fig. 1 for a series of tailored giant magnetoresistance heterostructures of approxi-

applied field angles. Outside the hysteretic region the slopes argately 1.5%/0&*

approximately the same indicating substantial magnetization rota-

tion.
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APPENDIX: MAGNETORESISTANCE

AND MAGNETIZATION REVERSAL IN THE PRESENCE
V. SUMMARY OF MAGNETOCRYSTALLINE ANISOTROPY

We have presented evidence for magnetocrystalline an- To analyze the MR of single-domain states as discussed
isotropy, low-field MR hysteresis, anisotropic magnetoresisabove, we have developed a phenomenological model which
tance, and CMR in tetragonal }.&Ca, MnO; films. We  incorporates the effects of finite MCA. That is, rotation of
have analyzed the hysteresis seen in Fig. 1 within a singléhe magnetization within transverse domains due to the
magnetic domain model and found that such a model is intorque from the applied field is included.
consistent with our data. By contrast, a model that includes As stated in Sec. IV, the CMR beloi, is linear in the
multiple domains accounts qualitatively for the main featuredow-field regime of Fig. 1. We assume that the AMR alters
of the data, namelya) the deviation from linearity asl—0,  the resistivity by a multiplicative factafl+b sir? 6) with b
(b) the anisotropy betweeH|J andHL1J, and(c) the direc- independent oH.2 Here ¢ is the angle of the magnetization
tion of the irreversible change in resistivity dt,,. All three  relative to the current which flows alond.00]. Thus the
result from the changing populations of the three domairresistivity within a domain can be approximated as
types (parallel, antiparallel, and transveysand their influ-
ence on the resisti\‘/‘ity through AMR and CMR. Domain-wall P{f1,¢) _ [1 ~ A Hcos(8- )] (1 +b sin’ 9) (A1)
scattering and/or “domain drag” has been ruled out as a Po.o
significant contributor to the low-field MR hysteresis. As dis- ' CMR AMR
cussed in the Appendix, our Fig. 7 data allow us to estimate
the strength of the MCAas measured bi{/Mg). At 140 K
we find K/My must be between 190 and 300 Oe. where




55 LOW-FIELD MAGNETORESISTANCE IN TETRAGONA . .. 5879

1 dp Solving Egs.(A2) and (A3) for 6(h) with ¢=0 or 90°
A=—o am X gives the following results. Ah=0, #=0°, 90°, 180°, 270°
Poo Mo are degenerate solutions. In the rangen8<0.54 the domain

most closely aligned with the applied field is the lowest
energy solution, while three other metastable solutions exist.
At h=0.54, the magnetization in transverse domains
has reached its maximum rotation ef24° from the easy
axis!® Exceedingh=0.54 causes the disappearance of the
transverse domain solution. For 05H<2, two solutions
are possible, one parallel to the applied field and stable,
one antiparallel and metastable. Orice2 the only solution
is for the magnetization parallel to the applied field
(0=0).
To compute the MR corresponding to the transverse mag-
d=K sir? 6 co€ 6—M-H, netization states we can use CMR and AMR parameters at
_ 140 K (A=1.3x10 * Oe !, b=0.078. The strength of the
whereK represents the strength of the MCA. Thus in equi-pMCA (which sets the field scale for rotatiois unknown, but
librium, the magnetization points in a directighsatisfying e do knowK/M, must be greater thaH,/0.54~190 Oe
the following equations which can be solved numerically forsince we believe that transverse domains exist at least up to
anyH,¢: H,,. But as discussed in Sec. IV, Fig. 7 indicates that mag-
4o netiz_ation rotation is essentially complete at fields of ap-
sin 49=2h sin(¢— ), (_:0) (A2)  proximately 600 Oe. It can be shown from EqA2) and
do (A3) that the condition for complete magnetization rotation
(0= o) for arbitrary ¢ is h>2. ThusK/M_ must be less than
approximately 300 Oe. We have used 300 Oe as a reasonable
estimate forK/M, at 140 K.
] The curved line in Fig. 4 shows the MR for the transverse
If K>0 Eq.(A2) results in easy axes &t=0°, 90°, 180°,  gomain corrected for the effect of rotation. As indicated in
270°, while forkK <0 the easy axes will be along the diago- the main text, the change in resistivity due to rotation of the
nals in thea-b plane. We have assumed that for the purposenagnetization within the transverse domains is a small effect
of determining 6 the dependence dM| on H can be ne-  relative to the AMR amplitude, and does not alter the quali-
glected, i.e.,[M|=M,, and introduced the dimensionless tative interpretation of the anisotropic hysteresis of Fig. 1 in
variable terms of domain growth therein given. The model developed
| in this appendix has the advantage of allowing one to predict

represents the CMR sensitivity, and the (@se) term ex-
presses the fact that only the componentioflongM in-

creasegM|. 6 is the angle oM, ¢ is the angle oH (both

relative to[100]), py  is the resistivity wheriM|=M,, and
H=60=0 [this is different tharp(0,0) which is the resistivity
whenH = p=0].

The remaining task is to compute the directiorivbffor a
given H. Here MCA plays its role. In tha-b plane of a
tetragonal crystal the lowest-order terms of the thermody
namic potential which depend on the direction\dfare®

h d’d
cos 49>§ coge—0) W>0 . (A3)

h= H ) the behavior of the MR within domains when the applied
KIMg field is in an arbitrary direction.
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