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Abstrac t Stuc{ics of La0.7Ca0,3Mn03  epitaxial films on substrates with a range of lattice

constants reveal  t~vo dominant contributions to the occurrcllce  of colossal llegative lnagne-

torcsistancc  (CMR) in these mallganites: .4t high temperatures (T + TC; 7’C being the Curie

temperature), the magneto-transpcmt  properties are predominantly  determilled  by the COII-

duction  c)f lattice po~arons,  while at 10W7 texnpcraturws  (T << TC), the residual negative nlag-

netorcsistance  is correlated with t}lc sut)stratc-inclucccl  lattice c]istortioll  ~v]~icll  incurs excess

magnetic domain wall scattering. The ilnportance  of lattice polaron conduction associated

with the presence of Jahn-Teller  coup]illg  in tllc manganites  is further verifieci  by colnpar-

ing the manganites  with epitaxial filIns of aI]otl]er  ferromagnetic perovskitc,  Lao.5Cao  .5 C003.

~{egarc]less  of the differences in the substrate-iIlc]  uced lattice  distortion, the cobaltite  films

cx}libit  much smaller negative 11-12]gIletc)resist  aIlce, which Inay be attributed to the absence of

J alm-1’ellcr coupling and the high electrml  lnc)bi]ity that prevexlts  the forlnation  of lattice po-

laroxls.  We therefore suggest that lattice polarc)I:  conduction a,ssociatecl  with the Jalm-Teller

cc)up]ing  is essential for the occurrence of Ch’f~{,  ancl that lattice distortion further C!nhaIICC!S

the CMR effects in the manganites.



1. Introduction

Rccel~t  findings of colossal negative rnagl~ctoresistal]ce  (ChlR) in the perovslcite  man-

gmlitm Lnl _ .AX M1103.–6 (Ln: trivalent rare earth ions, A: clivalcnt alkaline earth ions) have

spur-red i]~tense  research in understanding tile origin and providing further improvement of

the magnetoresistive  effects[l-8].  It has been known for decades that the magnetic phases

and clcctr-onic properties of these manganites  vary with the doping level (x)[9-13].  lJpOII in-

creasing x, the concentration of M1144 increases, giving rise to a mixture of Mn3+ and Mn4+

lvhicll  initially yields canted spin configurations[l  1- 13] and then forms metallic bonding and

ferromagnetism  for the doping level of 0.2 s z s 0.4 [9-13]. Tile occurrence of ferromagnetisrn

had bcel~ attributed to the doubk-exchange interaction between Mn3+ and hJn4+” ions[9-13].

However, further theoretical investigations revealed that the double-exchange alone cannot

quantitatively account for the observed CMR effect, al~d that the strong electroxl-phonon  in-

teraction arising from the Jahn-1’cller splitting may be ixnportant[~].  The suggested relevance

of the lattice effects on the conductivity and magnetisn) of these manganites  is supported by

increasing experimental eviclencc: A strong  correlation bct~veen the thickness of the epitaxial

fkns and the corresponding rnagnetorcsistancc  has been revealed in the Lao,7Sr03M1103  sys-

tcm[3];  Decreasing Curie tempcmtures  alld incrcassing  CMR effects in LZW.7 _ ,Lnj Cao.3Mn03

(L,n’ == Pr,Y, 0< x s 0.’7) polycrystalline  materials with decreasing larrthanide  average ionic

size have been demonstrated via tllc substitutioll  of smaller ions of Pr and Y for I,a[4];  Studies

of LaO. GPbO.4Mn03  and NdO.G(SrO.T  Pbo.3)o..i  Mn03 single crystals have illustrated magnetore-

sistance  much smaller than that in the polycrystalline,  samplcs[5];  A sigllificant  reduction

of the magnetoresistance  has been observed ill NC10.5 Sro.36 Pbo.14h41103  siugle crystals under

a hydrostatic pressure of 10.7 kbar[6];  A large map;nctovolume  effect [7] and a giant oxygen

isotc)pe  effect  [8] have been founcl in polycrystallinc  samples of Lal _X CaXh1n03.

To seek further ullclerstandillg  of tile role of lattice distortion ant] Jahxl-Teller effect on

the occurrence of CMR in the lnal~ganit,es,  particularly llianganites  in the thin-film  form

w}iic}l arc potentially important for the clcvclo~~mcllt  of magnetic dc~’ices, we report in this

work experimental investigations of t}lc transport and magxletic properties of I,ao.Y  Cao.3Mn03

and I,ao.5Ca0.5CoOs  epitrmial  filnls on various pcrcwskitc substrates. Tile substrates selected
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include  single crystalline (001) LaA103 (LAO), SrTi03 (STO),  and Y.A103 (YAO),  As showxl

in Table. 1, these substrates are chosen to provide a range of lattice constants which allows

stuclies of tl~c effects of tensile and comljrcssive  stress of t]le films. By maintaining the same

chemical composition, oxygen annealing conclition, and film thickness for all samples, we can

ixlvestigate  the net effect of suktrate-incluccd  lattice distortion on the transport and magnetic

properties. To investigate the relevmlcc of the Jahn-Teller coupling, we consider the cobaltites

Lal _Y CaY C003 which arc known to be highly conductive ferromagncts  at doping levels of

0.4 < y S 0.6[12,14]. Ill these cobaltitcs,  the C03+ and C04+-  ions are known to exist in the

form of botl~ the high-spin and low-spin states  [12], with either entirely empty or hi~lf-filled

e~ orbitals  which are responsible for the high electrical conductivity y and ferrolilag~leti  sm[15].

However, neither the empty nor the half-filled Cg orbitals in the cobaltitcs  yield any Jahn-

Tcller effect. The high mobility of the collduction  electrorls  together with tile absence of the

Ja.hn-Teller effect render the electron-phonon interactioll in the cobaltitcs  far less sig;rlificant

than that in the manganites.

2. Experimental

‘T’Ilc Lao. TCao.3hfln03 (1. CM())  and La05Cao,5C003  (LCCO) epitaxial  films are grown by

PUIS~C~  laser deposition USiX% stoichiom~tric  targets of I~w.~ CaO.3 hflnos and LaO.5 CaO.s  CO03.

The films are grown in 100 mTorr  of oxygen with the substrate temperature at i’OO°C,  and

subsequently allnealccl  at 900° C of 1 atxn oxygen for two hours. The oxygen concentration

is belicwed  to be stoichiometric  because any longer anxlealing  time does not yield further

increase of the Curie temperature TC, al~d the Tc values  for all I,CMO  (Tc = 260  + 10 K )

al]d LCCO (Tc = 1S0 & 5 K) fUn~s On differcxlt  sul)strates  are consistent wit]l  those for the

bulk material, as determined from the low-frcxluexlcy  ]Ilagnetic  susceptibility measurements

using the standarcl  lock-in technicluc. The thicl{lless  of all sam~)les  is ’200 + 10 nml and the

lattice constauts a, b and c (C J- salnplc  surface) as \vell as the cpitaxy  of the f,lms arc

clctcmnilled  using high resolution x-ray cliffrac,tiol:  Ellld  x-ray rnc.l;ing  curves. T]le  results are

tabulatcc]  in Table 1. The c]lmnical  properties of t}lese  Samples were further cllar-ac,terized

~vitll x-ray pl~otoelcct  ron spectroscopy (XI’ S)[I 6]. T~~r results indicate that nc) illtmdiffusion
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takes place  between the substrate material and the film except for LCCO/STO.  Furthermore,

no density of states at the Fermi level was observed for the nlangMlites[16],  consistent with

the scmiconducting  llatUXe  of these sampks  at room tclnpcrature.  111 contrast, a high density

of states at the Fermi level is observed for the cobaltites[l~],  in agreement with their rnctallic

nature.

To correlate the physical properties of both the manganitcs ancl cobaltites  with the

structural studies of the lattice distortion, various experiments have been performed, in-

cluding measurements of the resistivity,  magnetization, optical conductivity [17], as well as

surface topography and tunneling spectroscopy using a low-temperature  scanning tunneling

microscope [18]. I1i this work we focus on the trallsport and magnetic properties, and t]ien

compare these results with the optical and Slh4 stuciies. The dimensions of the samples

are %nm x 2mm x 2001mI,  and the standard four-probe measurements arc performed. The

resistivity  is measured in a magnetic field varying from O to 6 Tesla,  and the anisotropic  mag-

]letorcsistance  is studied by varying the orientation of the magnetic field from O to 90c’ relative

to the sample surface. The appliec{  current is always transverse to the external field. The

lnaglletic  field and temperature dependence of t)lc resistivity  is found to be comparable for all

cn-ientations.  The magnetization measurements are performed using a SQUID magnetometer

by Quantum Design, with the appliecl  field parallel to the sample surface.

3. Results, Analyses, and Discussion

The lattice distortion incluccd by the substrates yields two relewmt  effects. One is the

lattice strain, defined as (Aao/so), where a. is tile lattice constant of the bulk perovskite,  and

ACLO is the difference between the lattice constant of the film and that of the bulk. The other

is the lattice relaxation betwecu the substrate ancl the film, defllled  as (Aa~/a~  ), where as is

the lattice constant of the substrate, and AQ, is tile difference between the lattice constant

of the film and that of the substrate. For films thicker than a critical thickless,  t}le epitaxial

fihns may acquire lattice constants clifferent  from those of the substrates, thereby giving  rise

to extrinsic distortions such as clislocations, grain boundaries,

hallcl,  lattice strain gives rise to more intrinsic distortion such
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and domains. On the other

as variation of the magmtic
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cxchangc  and electrml-phollon  interactions. These two types of lattice distortion induced by

three different substrates are listed in Table 1 for the LCMO  and LCCO films. WC note that

anlollg  the LCh40  films, th~ lattice stra,ill  for the a aI~cl h axes is the largest in LCh40/STO,

and the lattice relaxation is the largest in LCh40/YAO.  On the other hand, for LCCO films,

the lattice relaxation is only significant in LCCO/YAO.

The  effects of lattice distortion on the resistivity  and ma,gnetoresistance of the LCMO

films are illustrated in I?igs.l(a)-(c), showing the highest zero-field resistivity, p(ll == O, Z’),

and the largest magnetoresistance, ARFf,  at H = 60 kOe in the LCMO/YAO  film which

bass the largest lattice relaxation. Here we define the rnagnetoresistance in a magnetic field

11 as ARII s [p(II)  – p(0)] /p(l{).  Comparing the lattice distortion of LCMO/LAO  and

LChIO/STO,  we note that the latter has a krgcr  tensile strain, though smaller lattice relax-

ation. Our attribution of various substrate-dependent physical properties to the substrate-

induced lattice distortion is further supported by our recent optical stuclies  of the same LCMO

fi1ms[17],  showing distinct substrate- dcpenclent  frecluency  shifts (21 fcw tens cm- 1 ) in the trans-

verse optical phonon  modes associated lvit}l the h4n- O-h411 bending  (N 330 CnI- 1 ) and h4n-O

stretchillg (W 580cm-1  ) modes[l  7,19]. The frequeucy shifts increase with the increasing lat-

tice strain (Aao /a. ) listed in Table 1, and these unusually large frequency shifts with the

lattice strain suggest strong electron-phcmon coupling[lg],  and are also supportive of the lat-

tice polaron  conciuction  sccnario[2,5]. We also note that for the least distorted films 011 the

LAO substrate, the optical pllonon frequencies are in good agreement with those in polycrys-

talline  sanlples[19].  Furthermore, the ]inewidths of these optical phOIIOII  moclcs are foul]d to

be consistently narrower ill thin films than those in polycrystalline  samples.

In Figs.2(a)-(c),  some represcxltative  resistivity data as a functioxl  of the magnetic field

at various constant temperatures are shown for tile annealed LCh40/LAO, LCh40/YAO  and

LCh40/STO films. ~tre note t~lat t]le  pvs.-}{  isotherms  are monotonically decreasing with

H for all samples, ZLXIC{  those for tllc least distorted LCMO/LAO are the s]noc)thcst. On the

c)ther  hand, fC)I’ both LCh40/STO EIILCI  LCMO /17.A0  films, some isotherms exhibit a distinct

chan,gc in the slope. WC may consider the lattice pola]’on conductioxl n~ccllallism  [q,z~]  ~vhich is

important if the hopping rate of itinera]lt  electrcms is sufficiently slow that it is comparable tc)



the optical phonon  frecluency. Assuming donlixlant  polaron conduction at high temperatures

(T w Tc.),  we obtain the fitting curvcx shown as the solid  lines  in Figs.1  and 2 by using the

following  formulae  which arc obtained froln the first-order- pOlyl)OIllial  approximations for the

polaron concluctivity[5,20]:

[1Eb(T)—— ._‘(T) = (ltTG) ‘X1) ‘— “kl,T = (l:TG) “p {R [1 - G(T)]),

/)(H) X ~i-;:G5  exp [ 1Eb(H) ~ CYT

k~T { }
~~ [1 - G’(H)] ,-  ~ +  Gl)exp ~~T (1)

where ~b is the polaron  binding energy, o a constantt  and the unknown telnperature and

maguetic  field dcpendences  of Eb are approximated by, respectively, G(T) and G’(.H ) which

satisfy the conditions imposed by the polaron  model. That is, ~b + O in the limit of complete

lnagnetic  order when the increasing hopping rate of the itinerant electrons exceeds the optical

phonon frequency, and Eb + constant in the absence of long-rarlge  magnetic order. Thus,

0< G’, G’ <1, and G(T) + 1 for T < Tc, G’(H) –+ I for large  H. Furthermore, G(T) + O

for T --+ Tc and G’(H) + O for H + O. Therefore G(T) and G’(H) are closely related to

the llorma,lized  magnetization m ~ (M/A1~ ), with M being the rnaglletizatiorl  alld M. the

saturation magnetization. Using Eq,(l ) and the constraints given above, our best fit to the

high-temperature p-vs.-T data (for T near ancl above the resistive peak) and to the high-field

p-vs.-H data (for H larger than where the “kink)’ in the p(H) curve appears) yields G(T) and

G’(H)  illustrated in Figs.3(a)  and 3(b), with t}le same parameter EbO x 0.35 eV for all LCMO

films on cliffcrent  substrates. On the other halld, at low temperatures the deviation of the

resistivity data from the polar-on model increases wit}l the increasing substrate-induced lattice

distortion, suggesting that the residual resistivity and magl~etoresistancc  at low temperatures

arc largely cletermined by the lattice distortion.

.4 noteworthy correlation of the functions G(T) and G’ (H) with the experimental magne-

tization data A4(T) and M(H) is illustrated ill Figs.3(a)  and 3(b).  This correlation suggests

the relevance of magnetic orclcring  to the electrical conduction, particularly for tmnpcratures

]lcar q’~. The polar on binding energy (~~bf)  x 0.35 eV)  clerivecl  from Eq.( 1 ) compares favorably

with t]lc Jalm-Teller energy of N 0.5 eV for uIlclopccl  Lah1r103 [4], axld is xnuch larger than

that for tile lnagnetic  polarons due to the electroll-spin  intcractic)n[zl].  Although wc caution
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that the exact forms of G(T) and G’(I3 ) should not be taken liter-ally because the polaron

model given in Eq. ( 1 ) is only an approximation rulcl is lilllited  to the high-temperature region,

the analyses outlinecl  above do provide a consistent picttlre  of two types of contributions to

the resistivity  and magnetoresistance, with strong cviclencc  of polaron  hopping conduction at

high temperatures, and a different scatterixlg  Ixlccllanism  associated with the lattice distortion

at low temperatures.

The low-temperature scattering mechanism may bc understood by comparing the lkf(T)

data of all LCMO fkis and that of the bulk in Fig.3(a).  We note that the slower rise of

xnaglletization below TC for salnples  of larger lattice distortion, either intrinsic (strain) or

extrinsic (relaxation), appears to be correlated ~vith larger resistivity and magnctoresistance,

suggesting; increasing electron scattering il~duced by larger lattice distortioxl,  One possible

consecluence  of larger lattice distortion is a larger number of magnetic domains. Although

all domains may undergo a ferrornagne.tic  phase transition at the same Tc, the incolnpletcly

aligned moments of the magnetic domains due to either illhonlogeneity  or pinning by local

defects bclow Tc give rise to slower rising magIlctizatioll and larger  scatter-ixlg of conduction

electrons. Therefore au applied magnetic field has more significant efiects  on aligning the

nlagnetic  domains and reducing the resistivity ill samples with larger lattice distortion.

As manifested in Fig.1, the scenario of Inaglletic  domain wall scattering is consistent with

the larger rcsistivity  and maglletorcsistallce  at low telnperat\lrcs  ~vhere  the polaron c.cmtribu-

tioll becomes illsigllifical)t.  Furt~lerrnorc,  the distinct change of S1OIX  in t]lc low-temperature

p-vs.-fj  isotherms of the LCIVlo/ST()  and I, CMO/>’.40,  saml)les with larger  lattice distor-

tion, (see Fig.2),  also suggests better alignment of Inagnetic  domains in Iligher fields. On the

c)ther  hancl,  we fincl that the p-vs.-f]  isothexms  of the least distorted LCMO/LA()  can be

consistently described by Eel. (l ) over a large rnagllctic  field range, indicatillg  less significant

lnagnetic  clomain  wall scattering. Tile above conjecture is further confirlncd  by our studies

of tllcsc  samples usixlg  a scanning tunneling microscope[l~],  showing the morphology of the

sample surface \vcll correlated ~vith the nlagnetorcsistallcc,  with tile larger rnagnetorcsistance

associated with rougher surface inclucccl  by larger lattice relaxation.

Having adclressec]  the issue of lattice distortion effects c)n the 11-l:~gIlet,oresistz~l~ce  il~ the
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manganites,  we proceed to investigate the ncccssity  of lattice- polaron  conduction to the occur-

rence  of ChIR effects bY studying the xesistivity and lllagnctization  of Lao,5  C~,5 C003 epita.x-

ial films on LAO and I’AO substrates. Despite comparable lattice  relaxation and lattice strain

in the manganites and in LCCO/YAO, (see Table I), the magllitucle  and temperature depen-

dmlce c)f the resistivity  in the LCh40  and LCCO systems exhibit sharp contrasts, M illustrated

ill 1+’igs.  l(a)-(c) and Figs.4(a)-(b).  Since the much higl~er  electron mobility in the cobaltites

texlds  to inhibit the formation of lattice polarons,  the resistivity of the cobaltites  may be

understood in terms of the combination of conventional impurity, phonon,  and disorder-spin

scattering, with the disorder-spin scattering being the only magnetic field-dependent term.

As shown in Fig,4, for both LCCO/LAO and LCCO/YAO  samples, the temperature below

which a faster decrease in the zero-field resistivity occurs coincides with the Curie temper-

ature TC x 180 1{, suggestil]g  that magnetic ordering below Tc reduces the resistivity[15],

allcl tlmt the negative magnctor-csistanee  near ‘Tc is due to

spin fluctuations ancl the corresponding scattering near Tc.

tl~c negative magnctoresistance  in the cobaltitcs  appears to

the fielcl-induced suppression of

Therefore the physical clrigin of

be fundamentally different from

that ill the manganites, and the formation of lattice polarolls seems to bc csscntia]  for the

occurmmce of CMR effects in the manganites.

4. Conc lus ion

ln summary, we have investigated the rc)lc of lattice distortion, polarol,  conduction and

J ahn-Teller coupling in the occurrexlce  of the colossal negative magnetorcsista,IICe  ill perovskite

oxides by comparing the electrical trallsport and nlagllctic  properties of La.o,7Cao,3h1n03  and

Lao.5Cao5C003  filnls On substrates with diffcrcxlt  lattice constants. The colossal negative

lrlaglletoresistaI~ce  in LC,h10 fillns at high temperatures Ilas been attributed to the conduction

of lattice polarons,  as evidcllccd  by a polar-on  binding  energy w 0.35 ev comparab]c  to the

Jahn-1’cllcr  energy, and by the resistivity closely ccn-related  with the magnetizatioxi.  On the

other llaIlcl, the lo~~’-tcllll>crat~lre  rcsiclual  magllctoresistanc.e  in LCh40  fillns  is found to be

cc)rrelatcd  with tllc substrate- illcluced  lattice distortio~~  which yields excess magnetic dcnnain

\vall  scattcrillg. In contrast, much smaller nlagnctc)rcsistal~ce  is observed in I,CCO  films of

8



lattice distortion comparable to that of LCMO  films, indicating that lattice distortion alone

is kUfflCkIlt  to yield colossal  negative magnctorcsistancc. We therefore conclude that the

formation of lattice polarons due to the stroxig  electron-phonon coupling and the Jahn-Teller

effect in the marqgulitcs  appczu-s  essential for the occurrence of CMR effects, and that lattice

distortion further enhances the magnitude of the negative magnetorcsistancc.
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Figure Captions

Fig.1 The effect of lattice distortion on tile resistivity of La0,TCa0.3Mn03  epitaxial  films

on different substrates: (a) LaA103, (b) YA103, ant] (c) .$rTi03. The solicl lines arc fittillg

curves using Eq. ( 1 ), anti the correspondi]lg  ma.glletoresistance  (AR}l ) vs. tempex-aturc  (T)

clata are shown in the insets.

Fig.2 The magnetic field dcpenclencc of the resistivity (p vs. H) at various constant tem-

peratures for (a) LCMO/L.40,  (b) LCMO/YAO  and (c) LCMO/STO epitaxial  films. The

solid lines are fitting curt~es using Eel. (l ) over the rallge  of fields  in Whic}l tile expression is

applicable.

l?ig.3 (a) The G(T) -vs.-T curves fc)r LCMO/I..AO,  LCMO/STO axlcl LCMO/YAO  films

(the solid lines) at H == O and H = 60 koe. The inset shows the temperature dependence

of the magnetic moments kf(rT) for 1. CN40/L.~0,  I, CMO/STO and LCMO/YAO  films and

bulk I,Ch40  taken at H = 6 kOc. (b) The  representative G’(I{ )-vs.- H isotl~er-ms  for the

LCh40/LAO film.  The correspol~clillg  ikf-vs. ->l data are sl~owxl  in tl~e inset.

l?ig.4 The effect of lattice distortion on the resistivity of La0,~CaO<~Co03  cpitaxial  films on

different substrates: (a) LaAIO~;  (b) Y.4103. The corresporlding ma,gnetoresistaxlce  (ARH)

vs. temperature (2’) clata as well as the k?-vs.  -T curve are shown in the insets.
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