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Lay 6 Ca3Mn;_,CuO; (x=0 and 0.1% epitaxial thin films were grown on thel00) LaAlOg
substrates, and the temperature dependence of their resistivity was measured in magnetic fields up
to 12 T by a four-probe technique. We found that the competition between the ferromagnetic
metallic (FM) and paramagnetic insulatingl) phases plays an important role in the observed
colossal magnetoresistand€MR) effect. Based on a scenario that the doped manganites
approximately consist of phase-separated FM and Pl regions, a simple phenomenological model was
proposed to describe the CMR effect. Using this model, we calculated the resistivity as functions of
temperature and magnetic field. The model not only qualitatively accounts for some main features
related to the CMR effect, but also quantitatively agrees with the experimental observations.
© 2002 American Institute of Physic§DOI: 10.1063/1.1490153

I. INTRODUCTION paramagnetic and ferromagnetic regions but the physical im-
age is yet to be clarified.
The perovskite manganites L.a(Ca, Sr,Ba)MnQOg, in In this article, we focused on the study of resistivity as

the doping regiorx~0.2—-0.4, exhibit a transition from a functions of temperature and magnetic field, and intended to
paramagnetic insulatdiPl) to a ferromagnetic metalFM) elucidate the role of competition between the FM and PI
on cooling. This transition can be modified by an externalphases. It was approximated that the two main separated
magnetic field producing negative “colossal magnetoresisphases coexist in the doped perovskite manganese oxides:
tance” (CMR).! Ferromagnetism and the PI-FM transition one is the paramagnetic insulating phase, and the other is the
in these materials are usually attributed to the double exferromagnetic metallic phase, with the energy difference to
change mechanisfHowever, recent calculation shows that form the two phases. Under this approximation, the tempera-
the double exchange mechanism alone cannot explain thare dependence of the volume fraction distribution is sup-
CMR effect® More and more studies have indicated that aposed to follow the Boltzmann distribution of a two energy-
microscopic phase separation plays an essential role in tHevel system then we presented a simple model to describe
physics of the manganités’ In particular, it results in the the PI-FM transition and CMR. In order to test the feasibil-
apparent percolative character of the insulator—metal transity of our model, we fabricated high quality
tion when the transition is from the charge-ordered insulatind-ag Cé& 3V, —,Cu, O3 (x=0 and 0.1% epitaxial thin films
to the ferromagnetic metallic stafe. which exhibit CMR effect. Detailed analysis shows that the
Although much work was devoted to the physical prop-model is quantitatively consistent with our experimental ob-
erties of manganites, the microscopic nature of the phaseervations.
separated states has been far from well understood. For ex-
ample, how the electronic properties of the constituent
phases as well as their volume fractions and spatial distribu- EXPERIMENT
tions are dependent on the temperature and external mag- The sputtering targets, with a nominal composition of
netic fields remains to be characterized. Lag 6/Cay 3MN; — ,Cu, O3 (x=0 and 0.15, were prepared us-
There was a two-component phenomenological modeling a sol-gel technique. X-ray diffracticXRD) patterns re-
describing polaron formation in CMR compounds, devisedcorded by MacScience MAXP18AHF diffractometer using
by Jaimeet al® and used by Rubinstein to quantitatively CuK « radiation show that they have a crystal structure close
analyze the transport properties and Hall coefficient ofto cubic perovskite with a lattice constamt=0.388 nm,
LaysCaysMn0s.1% Recently, Yuaret al™ supposed that the as  shown in  Fig. (). We grew epitaxial
conducting path of the CMR materials consists of a series of a, Ca, 39Mn; _,Cu,0; [x=0 (LCMO) and 0.15 (LC-
MCO)] thin films on the(100) LaAlO5 single-crystal sub-
3Author to whom correspondence should be addressed; electronic maiftrate with a magnetron sputtering technique. The thickness
lixg@ustc.edu.cn of the annealed films is about 300 nm. X-ray diffraction
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FIG. 1. X-ray patterns for LgCaysMn,_,Cu,0; (x=0 and 0.15system:  film. The residual resistivity £,) both for LCMO and LC-
(@ polycrystalline andb) epitaxial films mounted orf100 LaAlO; sub- ~ MCO changes slightly even when the magnetic field is 4 and

strates. 12 T, as listed in Table I. XRD, dc magnetization, and trans-
port properties in magnetic fields demonstrate that the films

. , . _ are of high quality.
analysis shows that the films have a single phase orientated

alongc axis with lattice parametez~0.391 and 0.3885 nm
flcEL)LCMO and LCMCO, respectively, as depicted in Fig. 1. MODEL AND DISCUSSION

Figure Za) shows the ac susceptibility for the polycrys- Magnetization measurements have shown that the man-
talline samples. It can be seen that the paramagnetic to feganese oxides having CMR effect often experience a para-
romagnetic transition temperatureg ] for x=0 and 0.15 magnetic to ferromagnetic transition accompanied by an
samples are 268 and 234 K, respectively. The dc magnetizansulator—metal transition during the cooling procedure.
tion measured by a BHV-55 Vibrating Sample MagnetometeiElectron resonance experiments have further confirmed that
(VSM, Richen Denshiwith 1000 Oe applied magnetic field just above Curie temperatdfehe system shows a heteroge-
parallel to theab plane of LCMCO film reveals that it also neous magnetisniparamagnetic and ferromagnetic phases
has aT. equal to that of thex=0.15 target, as can be seen in coexis}, and it will reach a completely homogeneous para-
Fig. 2(b). magnetic phase when temperature is much higher than Curie

The temperature dependencies of resistivity for the flmsemperaturd,. Ueharaet al*® reported that there is a phase
were measured in magnetic fields up to 12 T upon warmingeparation including paramagnetic and ferromagnetic or in-
from 4.2 K to room temperature by a four-probe technique sulator and metallic phases even when the system is cooled
as the symbols shown in Fig. 3. It can be seen that the film& temperature lower than its Curie temperature.
experience a semiconductor—metal transitioriTat(~247  GoodenougH indicated that in CMR materials, a metallic
and 215.7 K for LCMO and LCMCO, respectivglyabove conductivity exists in the ferromagnetic regioftue to the
or below which a semiconductor-like transport or a metallicdouble exchange mechanisand a semiconductor-like con-
behavior is clearly seen in the absence of magnetic fieldductivity in the paramagnetic regions at temperature higher
Applied magnetic fields drive the semiconductor—metal tranthan Curie temperature. These features enable us to suppose
sition to high temperatures and the CMR effect appears. Notthe materials to be composed of paramagnetic and ferromag-
that becausé@ of LCMO moves to high temperature range netic regions, and semiconductor-like transport properties are
(>300 K) when the magnetic fields exceed 4 T, we onlyexhibited in the paramagnetic regions while metallic trans-
presentp vs T curves in magnetic fields of 0 and 4 T for the ports always show up in ferromagnetic regions. Neverthe-
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Moreover, the total resistance of the system can be consid-
ered to be the sum of the resistances of the phase-separated
FM and PI parts, and thus the whole resistivjiyof the

Y L L system can be written as

p=pev-f+ppL- (1-1), ()

where pgy and pp are the resistivities for the FM and Pl
regions, respectively.

At T=0 K, the FM state is the ground state of the sys-
tem and the PI state energy is higher, and the energy differ-
ence (—-AU) reaches to the maximutd,. As the FM state
is a spin-ordered state, it is sensitive to the temperature.
When temperature increases, some Pl regions will appear,
but the long-range FM order will be kept to a characteristic
temperatureT'°® (here T1°?is a PI-FM transition tempera-
ture used in the model and near/equaltd. Without loss of
generality, we may expandU(T) aroundTZ to the first
order of T—T2°Y) and require thalU~0 at T=TE
Therefore we may write

10
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FIG. 3. Comparison between the calculatedlid lineg and experimental

. mo

(symbols temperature dependencies of resistivity(af Lag g Ca 33Mn0O;, AU~—Uy(1- T/TC ) )

and (b) Lag g/Ca 3dMNg 5=Cly 1505 epitaxial thin films in different magnetic . .

fields up to 12 T. The arrows dendfe positions. where U, can be considered as the energy difference for

temperature well beloWw°? if we extrapolate Eq(3) to low

temperatures. From Eq€l) and (3), one can find thati) f

~1 for T<TR (i) f'~1 for T>T2 NearTZ, due to
less, how the volume fractions of the PI and FM regions aghe competition between the contributions of FM and PI re-
well as the total resistivity change with the temperature andjions, the resistivity tends to reach its maximtin.
magnetic field needs to be clarified. As known, in the metallic conducting temperature region

Supposef and f’ represent the volume fractions of Pl well belowTp, the metallic resistivity can be ascribed to the

and FM regions in the system, respectively, one apparentlyesidual resistivitypy, single-magnon’s scattering contribu-
has the relationf +f'=1. Physically, it is acceptable and tion AT?'® and electron—phonon interactid®T®, respec-
reasonable to assume that there is an energy differgraze tively, namely,ppy=po+AT?+BT°. TheT® term is the cor-
unit cell) AU between the FM state and Pl state. As a resultrection from an electron—phonon scattering, which is also
the volume fractions obey a simple two energy-level Boltz-employed to explain the low-temperature resistivity in
mann distribution: Lay Ca, ,MnO; thin film.}” While in semiconductor-like

TABLE I. Parameters used to fit the experimental data of LCMO and LCMCO films.

Po A B
HT) (mQcm) (QxcmK2) (OxemK™®) C@xemK ™) Ey/kg(K) TEYK) Tp(K) Ug/kg(K)
LCMO film
0 2.5 15%1077 2.91x10°* 1.54<1077 1704.2 241 245.2 4302
4 2.5 0.8%10°7 2.81x10°% 1.54x 1077 1465.2 270 276.8 4200
LCMCO film
0 8.85 5.0%10°7 4.0<10713 2.46x10°° 1498.3 213.3 2157 3420
4 7.78 46%10°7 1.50x10 % 2.46x10°° 1370.1 249.9 2469 3381
6 7.37 44X1077  1.03x10 %3 2.46x10°° 1260.7 263.4 259.2 3353
8 7.00 42%10°7  0.70x10 % 2.46x10°® 1153.7 2752  269.1 3305
10 6.88 3.9%1077  0.48<107%3 2.46x10°° 1016.1 288.8 279.9 3260
12 6.57 3.7%10°7 0.36x10°13 2.46x10°© 698.8 300.7 289.4 3180
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conducting temperature region well above, the resistivity
can be almost described by a formula agp
=CTexpEy/ksT) in terms of a magnetic polaron pictut®.
When a magnetic field is applied, the resistivity decreases
and CMR effect appears. This can be qualitatively under-
stood from Eqs(1), (2), and(3). The coefficient andB of

T2 and T® terms and the activation energy, become small
due to the suppression of single-magnon scattering in FM
regions and the formation of polarons in Pl regions in the
magnetic field, respectively.

The most important effect induced by the external mag- 0.0 ‘
netic field is that the PI-FM transition temperature moves to 0.45
a higher temperature, which has been observed or predicted
by experiments or theoretical calculatibhit means that the
external magnetic field increases the FM fraction; part of the
Pl fraction is melt and turns into FM state with the help of
the external field, liberating its portion of carriers and lead- =
ing to the large enhancement of conductivity. As a result, the &
CMR effect manifestly appears. This is reasonable since the =
metallic component triggered by ferromagnetism is also sen-
sitive to the magnetic field, and the sizes of FM clusters 0.09 -
grow as magnetic field is applied, especially near the PI-FM
transition temperature. Becaug*is near the PI—EM tran- 0.00 <0 00 1m0 300 20 300
sition temperature, it is naturally expected tﬁl‘é‘f’d will also T (K)
move to a higher temperature in the magnetic fields. To be
more specific, we present the calculated resistivity for 0 an(‘ff'G- 4. t\_"?t'“mbe f’f‘gi"“‘d(ai' fT’”d the ‘if“'?'?éed t?tL"perat“ret depe”dg”des
4T magnetic fleds by using EQED), (2), and 3 (the pa-  oigeety (% 80 210 4 T magnet feldswin oremeters a8
rameters are Ilsteq in the caption qf FI@... 4t should be 106 ocmk 2, E,4/kg=1500 K, TR™=213.3 K, U, /ky=3750 K for
noted that, according to the above discussion, we only allowi=0 T and po=9 mQcm, A=4.65<10"7 QcmK 2, B=1.5x10"%3
A B, Eg, andTZ% to change with the magnetic field. The ©emK™® C=2.46<10° QemK™, Eg/kg=1190 K, Tg*=250 K,
temperature dependence of ferromagnetic volume fradtion Yo/ks=3750 K for H=4 T. Note that these figures refer to the
in 0 and 4 T magnetic fields is shown in Figa# It is clear -20.67C%.3MMo e 140 epitaxial thin film.
thatf is close to 1 at temperatures well beld§®®, and it
approaches zero when the temperature increases well abofield increases. This can be understood as follows. Taking
TQO"_ The calculated resistivity is plotted in Fig(}. Note  LCMCO film into consideration, when the temperature is
that the two figures refer to the LCMCO epitaxial thin film. above the zero field transition temperatcr@Od(O), the ex-

In order to verify our model, we employ it to analyze the ternal magnetic field makes the PI regions change into the
magnetic transport data of LCMO and LCMCO epitaxial FM regions more easily, and suppresses the formation of
film. Indeed, it was found that the resistivity of LCMO and polarons and spin-disorder scattering, leading to the monoto-
LCMCO films at temperatures lower or higher thép can  nously decrease d, and the increase afg*, as shown in
be almost fitted tgo+AT?+BT> andCT expE,/ksT), With  Fig. 5. The monotonous decreasefgfis due to the fact that
the parameterpy, A, B, C, andEg listed in Table I, respec- the ability of the polarons to trap electrons is weakened as
tively. Therefore, in the fitting for the whole temperature the spins in the polarons attempt to align along the magnetic
range, the parameterg, A, B, C, andEy are fixed as indi-  field, which will suppress spin-disorder scattering. Since the
cated in Table I, Whilél'g1Od andU, are adjustable parameters magnetic field energy is linearly proportional k7, it is
for each curve. The solid lines in Fig. 3 show the fitting natural to estimate that the activation energy of the polarons
results. It can be seen that the results calculated from Eqglecreases witH? for the LCMCO thin film. Indeed, the
(1), (2), aréd (3) agree well with the experimental data. As a field-dependenE, can be fitted by
result, TE°“is very close to th@p (the semiconductor—metal
transition point. In addition, T1°? as expected increases Eq(H)/ke=Eq(0)/kg ~ aH?, )
while E, decreases as the external magnetic field increaseahereEy(0) and« are fitting parameter&ee the caption of
The magnetic field-dependefits, Ti1°%, Eg, andUy are  Fig. 5. From Fig. 5 one may also notice that the field-
shown in Figs. &) and Jb), respectively. In addition, it dependen'trg1Od for the LCMCO thin film is almost propor-
sholeJId be noted that if one uses the measdredo replace tional toH in the field range investigated, i.e.,

T2°%in Eq. (3) and fits the measured data with only one mod, i _ —ex
agjustable parametés,, then the fitting also appears to be Te (H)=Tc(0)+BH. ®)
quite satisfactorynot shown here Here, TZ(0)(=226.8 K) is the extrapolated temperature at

One may notice that the parameters used here, except faero field from the linear fittingB (=6.05 K/T) is a coeffi-

C and T2, are becoming smaller as the applied magneticient denoting 6.05 K per Tesla increaseTd” induced by

1.0

0.8 -

0.6 -

0.2+
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320 320 IV. CONCLUSION
The temperature and magnetic field dependencies of re-
-l 280 sistivity were meagured fqr baLa 3Mn;_,Cu,O4 (x=(.).
and 0.15 epitaxial films. It is observed that the competition
£ < between the FM and PI phases plays an important role in the
é;: 240 = CMR effect. Based upon a scenario that the system consists
2401 of the phase-separated FM and PI regions, a simple phenom-
enological model was developed. The model is well able to
v fit our experimental data as well as others.
200 1 1 1 1 il 1 1 200
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