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Magnetoresistance scaling in MBE-grown Lg /Cay sMnO 5 thin films
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We present a detailed analysis of magnetoresistance in tetragonal thin films of ferromagnetic
Lay Ca MO, grown by atomic layer-by-layer molecular-beam epitaxy. The field and temperature depen-
dence of the resistivity show an explicit dependence only on the fractional magnetizafioM ., and are
consistent with a single approximate fopr= p(0)exg —C(M/Mg,)?] for small and intermediate magnetiza-
tion both above and below the Curie temperatufe)( The microscopic magnetization and susceptibility
(x) have been inferred from the low-field magnetoresistance abgweith y following a Curie-Weiss form.

We observe a sharp transition in the low-field)(dependence g from quadratic ¢H?) aboveT to linear
(e<H) below, consistent with a temperature-indepenggid). Finally we show that within a simple model
this temperature-independent form fereproduces the behavior of the measured low-field sensitivity below
Tc. [S0163-182806)52534-9

Thin films of manganese perovskites have recently beebelow, and an asymmetric peak in the temperature-
shown to exhibit very largé“colossal”’) magnetoresistance dependence of the linear low-field sensitivity beldvy .
(CMR).}? Theoretical efforts™ have attributed this behav- Within this interpretation we also determine the factors that
ior, as well as the observed ferromagnetic transition, tacontrol the low-field sensitivity below .
strong-correlation effects between the Mn itinerarband The films were grown on nearf001} oriented atomically
ey holes produced by-site doping inABO; and the local-  flat SrTiO; substrates. Accurate codeposition of the lantha-
ized g4 andt,y d-band electrons as well as possible latticenum, alkaline earth and manganese atoms was employed to
interactions. Polaronic hopping has been sugg@stéds an  ensure that the instantaneous surface population of mobile
explanation for the activated behavior of zero-field resistivityspecies would match the average film composition and mini-
above the Curie temperature, with a delocalizing crossover tmize small scale composition variations. The films were
metallic behavior below. For small sample magnetizationgrown at temperatures ranging from 650 to 750 °C, oxidized
(predominantly above the Curie temperajutbeories based with a beam of pure ozone, and required to post-anneal. The
on these considerations have preditfed quadratic depen- samples were 58 nm thick. Atomic force microscopy shows
dence of the magnetoresistance on magnetization with a cuatomically flat surfaces that are interrupted by occasional 4 A
vature that depends on the hole doping, éebandwidth, steps, i.e., atomically terraced surfaces that are replicas of the
and the on-site Hund’s couplifigExperimental dependences substrate. There are no AFM indications of grain boundaries
of the magnetoresistance on the magnetization varying frorm the material, similar to other recently reported MBE
exponential to power law have been reported in thinfilms.® X-ray diffraction data indicate that these films pos-
films,”%1% although the entire temperature range about thesess a tetragonal unit cell with in-plane lattice constant of
Curie temperatureT) has not always been studied. 0.390 nm(consistent with that of the SrTipsubstratg and

In this paper we report on extensive magnetoresistive perpendicular lattice constant of 0.383 nm. The pseudo-
characterization over a wide range of both temperature anchorphic match to the SrTi@ indicates that the film is
applied magnetic field of LaCa, MnO; films grown by  strained throughout its thickness, resulting in the tetragonal
atomic-layer-by-layer molecular beam epitaty? Our ma-  structure.
jor result is a consistent interpretation of our temperature and The samples were patterned into 1@én wide wires for
field-dependent magnetoresistance data both above and Heur-point measurements of five squares of the material. Fig-
low the ferromagnetic transition in terms of a resistivity de-ure 1 shows a typical zero-field resistivity and high-field
pendent only on the magnetization. This dependence, whictmagnetoresistance ratjp(0)—p(T)]/p(7T) as a function
we find to be approximated by a Gaussian, does not substanf temperature. The zero-field resistance shows the high-
tially change with temperature despite the dramatic changeemperature activated and low-temperature metallic behav-
in the temperature dependence of the resistivity from actiiors in agreement with other repoft8.The magnetoresis-
vated to metallic. We base this interpretation on a magnetance ratio is sharply peaked with a width of approximately
toresistance abovE. that scales with temperature consistent25 K at a temperature slightly less than that of the zero-field
with a Curie-Weiss susceptibility and gives an experimentaftesistivity peak. This report focuses on two samples, with
indication of the dependence of resistivity on magnetizationresistivity peak temperature3 ) of 168 K and 151 K.

a sharp transition in the low-field magnetoresistance from Magnetotransport measurements were made over a wide
guadratic dependence on applied field abdweto linear temperature range above and belowwith the field applied
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120 ' - ' - that the sample is a single magnetic domain. Writing the
3 115 4 magnetization asM(H)=My+ x(T)H where M, is the
kS ) spontaneous magnetizatiog,the susceptibility, andd the
~ 8y g applied field, the normalized resistivity from E¢l) be-
S '3 comes
Tl 1,8 p(H)/p(M=0)=1=(CIMZ)(MG+2xMoH +x*H?).  (2)
2 >3 . .
2 - This model reproduces the experimentally-observed cross-
over from low-field magnetoresistance quadratitirabove

0 : ' 0 . . .
50 100 150 200 250 300 T to linear belowT ¢ as simply a growth of a finite sponta-

TEMPERATURE (K) o \ : :
neous magnetization without a change in the physical
FIG. 1. Zero field resistivity and high-field magnetoresistance™&chanism of magnetoresistance described by(Bq.The
for a pseudomorphic tetragonal thin film of J£aMn0O,. The ~ Model however also predicts a negative curvaturg(éf) at

solid line through the high-field sensitivity points is a guide to the all temperatures. The data of Fig. 2 show positive curvature
eye. below T, indicating that the smalM limit of Eqg. (1) is

rapidly exceeded. This temperature range belgwis dis-

in the plane of the film and parallel to a transport currentcussed later in more detail, and is shown to be consistent
oriented along the{100; direction of the film. Figure 2 with a more complex but still temperature-independent
shows the field-dependence of the normalized magnetoresiQ(M)- o )

tance of theTp= 168 K sample for 10 K increments of tem- _ Above T, we quantitatively test the theoretically pre-
perature roughly below2a) and above2b) Tp. Magnetiza- dicted result of Eq(1) by fitting our low-field magnetoresis-
tion measurements of similarly prepared samples witHance data to

Tp,~145 K indicate thafT¢ is a few K aboveTp. Most p(H)=p(Mq,H=0)(1—a|H|—bH?) (3

immediately noticeable is a change in the low-field response . iracting the t ture-d dent fit -
from predominantly quadraticdp/dH|y—q=0) for T>Tp extracting the temperature-dependent Tit parameters

: . : db. Using Eq.(2), the susceptibilityy and spontaneous
to linear (Ip/dH|y_o<0) for T<Tp as noted previously in 2" o 4
thin f"msflfls|n|tHhe°fO”())ng, weptest a simpﬁe modelydis- magnetizatiorM 3 can then be determined from the magne-

playing the general magnetotransport symmeltiesat can toresistance data:
lead to this behavior by fitting the experimental data and 112 _ 1/2 _
physically interpreting the resulting parameters. CT M) =2bly, - CHMo/Me)=aly,  (4)
Above Tp (and hence abov@.) the magnetization is wherey=(a?+4b)*2 The resultant normalized inverse sus-
small in laboratory-scale fields and lowest-order modeleptibility is shown in Figs. &) and 3b) for the To=168 K
predict->8 andTp=151 K samples respectively. The linear fits illustrate
Curie-Weiss behavior with paramagnetic Curie temperatures
p(M)=p(M=0)[1-C(M/Mgz)?]. (1) (TP) of 176 K (Tp=168 K) and 166 K Tp=151 K), indi-
cating that the paramet€r has at most a weak temperature
Here Mg, is the spin-aligned magnetizatioh) the local dependence. The insets show semilog plots of the small ap-
magnetizationp the resistivity, andC a parameter with no parent spontaneous short-range magnetizatibn above
explicit temperature or field-dependen€eis however pre- Tp. The multiple data points at some temperatures indicate
dicted to depend on the Hund coupling, the hole bandwidththe spread in fit parameters resulting from different field
and the hole concentratidriThis behavior would appear as a ranges for the fit.
positive quadratic term in the conductivitf:® We stress We further probe these effects using the Curie-Weiss
here that due to the short mean-free path in these materialerm for the susceptibility obtained from the data and its
M should be interpreted as the magnetization within a singlexpected magnitude. The scaled inverse susceptibility of Eq.
domain, and not the domain-averaged sample magnetizatiof4) can then be written using the standard Curie-Weiss form
This M is accessible through magnetization measurementgith an approximate average mom¥ntesulting in
only for applied fields sufficiently above the coercive field (CY2y/Mgp) ~1=[3Kg /CY2%g115(Saet 1) I(T—TR) (5)

R wherekg is Boltzmann’s constantg,. is the average spin,
T=260K g=2, ug is the Bohr magneton, and a saturation magnetiza-
3 tion of (N/V)ugSse has been used. Withs,,~1.85

(x=0.3) we find thatC¥?>~5, a value substantially larger
than the values of 1.4-2 reported for bulk single crystal
LSMO'" and bulk ceramic Y-substituted LCM&. This
1 7 value forCY? and the insets to Figs(& and 3b) indicate
oK e T O e that 10 K aboveT, My/Mg~0.004 (T,=168 K) and
O ey & wenercemo (1 - Mo/Mgee=0.015 (T,=151 K). This is consistent with our
observations of low-field100 O¢ hysteresi¥’ persisting to
FIG. 2. Field dependence of the magnetoresistance for tempera= 15 K aboveT, for these samples, and requires a magneti-
tures below(a) and above(b) the resistivity peak, illustrating the zation that is static on the several minute time scale of the
crossover from linear to quadratic low-field behavior. hysteresis measurement. The insets show thatMpeare

ATIY

R(H) / R(0)




54 MAGNETORESISTANCE SCALING IN MBE-GROWN . .. R6843
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consistent with an activated form with activation energies ofwe can use the experimenaM) to interpret this tempera-

165+ 35 meV (T,=168 K) and 125-10 meV (T,= 151 K). ture range by expanding the field-dependent resistivity about

These energies are similar to our measured high-temperatutiee spontaneous magnetizatioralid for smallH):

activation energies of the zero-field resistivity {20 me\J.

Similar activated magnetization aboV¥g has recently been ap 2

observed in EPR powder measureméfitBue to the previ- p(H)=p(My)+ —‘ XYH+ =——
. oM 20M

ously mentioned short mean-free path, we expect that the Mg Mo

magnetoresistance probes the magnetization on a very short

length scale. Our data indicate that the measiMigdrepre-  The experimental data of Fig. 4 shows that/dM=0 at

sents static short range magnetic order in the sample abowt =0, leading to a decrease jinitially quadratic withH

T,. Our measurement of variations of less than 0.5 K for T>Tc. An increase in spontaneous magnetizatidp

between two wires separated on the same substrate by 5@@low T produces a nonzer&)o/(9M|,\,|0 (Fig. 4). Combining

wm suggests good sample uniformity, although we cannojhs result and Eq(6) leads to a predominantly linear behav-
rule out very short-range compositional fluctuations. ior of p(H), consistent with the data of Fig. 2. This mecha-
The value ofC in Eqg. (1) is expected to depend on the pism is similar to that predicted by E@2), but is not re-
doping state and band structure of the sample. Equalibn  stricted to small magnetization. The change in local
shows that a comparison of slopes between Figal &d  .yrvature of p(M) from negative to positive atM,
3(b)isa direct comparison of the parame@apart from the =0.1M,in Fig. 4 leads to a positive curvature gifH) as
weak doping dependence &.. The data S?/‘ZJW that the the applied field is increased beldl where the magneti-
sample with higherT, exhibits a smallerC*(S,et1)  zation is large. This is consistent with the previously noted

(larger slopg Within the theoretical interpretations of Refs. appearance of positive curvature beyond the linear re-
[3-5] a decrease i€Y4(S,,e+ 1) is due predominantly to an

increasing hole concentration, consistent with a higher
These results show that the low-field behavior of the mag- 1
netoresistance abowk, is well represented by E@l) and a I
linear dependence of magnetization on field. For magnetiza-
tion outside the valid range of E@l) we extractp(M) di-
rectly from the data. Figure 4 shows the data of Figp) s
xH/Mgy with /Mg, determined from Fig. 3. Within the
linear response regime, the horizontal axi®ligM 4. Using

(xH)?+---. (8

(=]

S
L

0.8

&

din(p) / d(M/M_,)

0.6 |

N

p(H) 7/ p(0)

this scaling the high-temperature dataZ00 K) collapse 0.4 \\ 1
onto a single temperature-independent curve. The most
straightforward interpretation of this collapse indicates that 02 ]

the magnetization is in the linear-response regime for
M=0.2Mg,; and T>1.2ZT., and that p(M) is largely . e e )
temperature-independent. This single curve, similar to that 0 0 ' 0.1 0.2 0.3 ' 04
reported for bulk LSM&' with a much highefT,, then rep- : HIM '
resents a temperature-independeiiM) that consistently sat
extends the small-magnetization approximatigeg. (1),

dashed Il_ne in Fig. jto Iar_ge_r magnetizations. The_ 190 K FIG. 4. Magnetoresistance shown in FigbRvs field scaled by
data of Fig. 4 shows a deviation of the scaled data indicating,e sysceptibility of Fig. @) for temperatures of 190 through 260 K
a high-field susceptibility smaller than the low-field estimatej, 19 k increments. Dashed line indicates predicted low-field qua-
of Fig. 3: the magnetization has begun to saturate at theS§atic dependence. Dotted curve indicates phenomenological
applied fields a§ approached ;. Figure 4 remains consis- Gaussian expt CM2) form. Scaling behavior of the seven highest-
tent with a temperature-independei{iM). temperature curves indicate a temperature-independent form for the
Below T, the spontaneous magnetization rapidly becomesnagnetoresistance aboVe . Inset shows logarithmic derivative of
large enough that Eq¢l) and(2) no longer hold. However, the 200 K datasee text
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—(t/N)dIn(Mg/Mga)/ t, wheret=T/T is the reduced tem-
perature and. is the mean-field coupling. At small and in-
termediate magnetization, the data is fit reasonably well by
p(Mg)=p(M=0)exd —C(Mq/Mgs)?] (shown as the dotted
line in Fig. 4. This approximate form gives a normalized
linear sensitivity proportional tédMq/dt and is consistent
with the data of Fig. 5 in two respect®) a strong peak near
Tc and(b) a relatively slow decrease at low temperatfihe
approximate form gives a sensitivityg<t® for a low-
0 - e temperature magnetizatioM y~Mg,(1—yt*) (Ref. 21].
% 12°TEMPE,;?\DTURE >0 240 Thepinset to Fig?4 indicateg 3} d?\(/iating f)ro:n Gaus])s]ian
(K)
behavior atyH/Mg,#~0.15. Although we cannot rule out a
FIG. 5. Normalized linear magnetoresistance sensitivityS 19Nty nonlineaM(H) as the cause, the scaling observed in
(L) (9p/3H)|y_o| @s a function of temperature for the sample of Fig. 4 §uggests that the deviation is intrinsic. Our results and
Fig. 1. The solid curve is a guide to the eye. analysis show that the temperature dependence of the low-
field linear sensitivity can be controlled beloV through
gime in the experimental magnetoresistarit4R) below  M(T). We have in fact grown samples in which the linear
Ty (Fig. 2. This analysis shows that the general features okensitivity shows only 10% variations over a 60 K tempera-
the magnetoresistance are consistent with a temperaturgyre range belowl ..
independenp(M). We now use this approach to analyze the |5 symmary, our data and analysis indicate that the tem-
temperature range beloW in more detail. _ perature and magnetic field dependence of the magnetoresis-
The linear dependence gi(H) dominates the low-field  {3nce are consistent with a temperature-indepengé),
sensitivity b.GIOWTP' The temperature-dependen-ce 9f the\yhich we have extracted from the experimental data. Be-
normalized linear slope| ((1/’)_)‘9’3/‘9H|) _Of the data in Figs. cause of nonuniversal temperature dependencies of the mag-
2(a) and 2b) at H=200 Oe is shown in Fig. 5. It peaks at etization and susceptibility, it is not possible for us to rule

approximately the same temperature as the high-field M ut subtle changes ip(M) below T.. However, drastic

ratio (Fig. 1) but is asymmetric and at low temperatures de'temperature—dependent change (M) are not required to

creases much more slowly thgn the h|gr_1-f|eld MR ratio. Hereexplain the experimental data above and befbyvand in
we concentrate on the low-field sensitivity where a linear-

. . fact are inconsistent with the data. In addition, we have pre-

response approach IS valid. : ' sented what is to our knowledge the first use of magnetore-
Equatlop (6) predicts that the Imegr IOW'f'.eId TESPONSE gistance data to establish a Curie-Weiss form ¥oabove

can be WmtenX(MO_)‘;Inp/’?MWo showing that its tempera- Tc. We have also used this magnetoresistance data to infer a

ture dependence is controlled by three factok&y(T),  short-range magnetization abovE.. Finally, within a

x(Mg), anddlnp/dM|y, . The inset of Fig. 4, calculated from simple model we have identified the factors that control the

the 200-K data of Fig. 4, shows that the absolute value of théow-field sensitivity.

last factor initially increases approximately linearly with  This work is supported by the Office of Naval Research

Mgo. x(Mg) generally decreases with increasiiy, and  through Contract Nos. NO0014-940-C-0011 and NO0014-94-

n

-
o0
T

LINEAR SENSITIVITY ( T")
o
e -~

L L i L

can be shown within mean field to givey= 1-0237.
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