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Anomalous strain effect in Lay Bay ,MnO ; epitaxial thin film: Role of the orbital degree
of freedom in stabilizing ferromagnetism
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We achieved enhancement of colossal magnetoresistance at room temperature in a tensile strained
Lag gBay MnO;3 thin film (52% at 297 K under an applied field of 0.8.TSurprisingly, the tensile strain
increased the Curie temperaturg from 270 K in the bulk to 320 K in the thin film. While it is well known
that tensile strain decreas€g through a decrease of the transfer integgaih (La,D)MnO; (D =Ca or Sy,
this unprecedented anomalous strain effect iggBa, ,MnO; films could not be explained bty alone; the
orbital degree of freedom also needed to be considered. We successfully derived an equagondbrding
both effects in the strained thin films.

DOI: 10.1103/PhysRevB.64.224418 PACS nunider75.70.Pa, 73.56:h, 75.30.Et

[. INTRODUCTION magnetism in tensile-strained LBMO films, including
Mn perovskite oxideq(La; ,M,)MnO; with M=Ba,  (La,SPMnO;, (La,CaMnOs; and (La,BadMnO;, and sys-
Ca, Sr, etd have been attracting attention due to varioustematically discuss the expanded theory on the change of
physical phenomena. Among these phenomena, the colosdafuced by a tensile-strain effect, making it clear that double-
magnetoresistancéCMR) effect is not only greatly useful exchange ferromagnetlsm}s gr_eatly influenced by the orbital
for various industrial applications, but also very interestingdegree of freedom, especially in thiea,BAMnO; system.

in physics. Their. ferrom_ag_netism with metallic conduction Il. EXPERIMENT
has been explained within the framework of a double- _ _ _
exchange mechani¢non the basis of Hund coupling be-  The strained LBMO ¢=3.891A) films were fabricated

tween the localizet; (S;, =3%) spins and the conductivg, oanrTiQ(001) (d=(;é€19305 Ar)_éab(%rev?i)a;eggsg)o( hk?k;eaﬁer
9 substrates or on a §iBay,TiO; (d=3. abbrevi-

spins. Thee glectron hc_)ps while coupling ferromagnetically 04 g0 hereaftgbuffer layer for adjustment of lattice
with the localizedt,4 spins. It has consequently been recog- mismatch using a pulsed laser depositi@.D) technique
nized that the spin and charge degrees of freedom are impo(rArF excir,ner \=193nm. STO and SBTO gave a lattice
tant. In addition, theey electrons have to occupy either the i i of ’0_3% and 1.0%, respectively, to the LBMO

dyz-y2 orbital or theds,2_2 orbital in theey orbital. As a |56y g induce tensile strain. The target used was a sintered

recent result, the orbital degree of freedom has been agppo pellet prepared using a conventional solid reaction
knowledged to be one of the most important factors of mag- rocess. LgOs, Mn,O,, and BaO powders were mixed and

netic and transport properties. The appearance of various a alcined in air at 900°C for 40 h and then reground and
tiferromagnetic states owing to a large number of Camer%intered at 1300°C for 24 K.LBMO was deposited at a
occupied with either thels,2_,2 or dy2_,2 orbitals has been ¢\ sirate temperature of 750°C in ap G&s pressure of
confirmed by experimefit*and theory:® In advanced ideas, 1.0x1071Pa. The film thickness was varied from 4000 to
the orbital degree of freedom should strongly relate to thexgg A. After formation, the films were annealed at 900 °C for
phase-transition temperature in one magnetic state, includingg_15 h in an @ atmosphere at 1 atm. The film structure
ferromagnetic state. The. strained thin-film technique isyas examined using x-ray diffraction and reflection high-
greatly useful for controlling the degree of that freedom.energy electron diffractiofRHEED), and it was confirmed
From the viewpoint of the control of electron transfer, it hasthat films had been epitaxially grown with no additional im-
been reported in many papers that tensile strain generallyyrity phasé? The temperature dependence of magnetiza-
induces a decrease in Curie temperatur@c)( in  tion was measured using a superconducting quantum-
(La,SPMnO; (Refs. 7-9 and (La,CaMn0O; (Refs. 10 and  interference device magnetomet&QUID). The resistivity

11) thin films deposited on substrates with a different latticegng magnetoresistance effect of the polycrystal and films
constant. This is eXplaIned by a decrease in eIeC-tron tranSfWere measured a|ong the in_p'ane direction using the stan-
due to stretched Mn-O bond lengths along the in-plane digard four-probe method under a magnetic fiéttj of 8000
rection. However, we have found thB¢ increases in tensile-  Oe. The magnetoresistan@R) ratio is defined agR(0)

strained LggBay MnO; (abreviated LBMO hereafterthin - — R(H)]/R(H) X 100%.
films,*2 leading to a very large CMR effect at room tempera-
ture. It is not possible to explain this anomalous strain effect ll. RESULTS AND DISCUSSION

in LBMO thin films using just the transfer integral. It is

necessary to consider a combination of both the transfer in

tegral and the orbital degree of freedom for a satisfactory

explanation. Figure Xa) shows the temperature dependence of magne-
In this paper, we report the discovery of enhanced ferrotization (M-T curve for bulk LBMO and the films of vari-

A. Thickness dependence of magnetic and electrical transport
properties
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FIG. 1. (a) Temperature dependence of magnetization for the F!G- 2. (&) Temperature dependence of magnetization for
LBMO bulk sample and thin films on STO substrates with various-BMO bulk sample and thin films on SBTO buffer layers with

thicknesses0.3% tensile strainat an applied magnetic field of 100 Various thicknesse¢l.0% tensile strainat an applied magnetic
Oe, (b) resistivity of thin films under a field of 0 and 8000 Oe, and fi€ld of 100 Oe. The inset shows out-of-plane lattice parameters for
(c) the MR ratio at an applied field of 8000 Oe for the bulk and the LBMO/SBTO/LSAT thin films as functions of thicknesg) Resis-

f||mS W|th .’ 3900 A’ A, 1300 AA, 1000 A I:l, 650 A and‘, thlty Of th|n f|lms Under a f|e|d Of 0 or 8000 OQC) The MR I’atiO
400 A thickness. at an applied field of 8000 Oe for the bulk and the thin films with

O, 1750 A; @, 1300 A; A, 630 A; andA, 200 A thickness.

ous thicknesses. THE: values of the bulk, 3900-A, 1000-A,

650-A, and 400-A thick films were found to be 271, 267, of 1.0%. It was also found théf. increases with decreasing
298, 307, and 320 K, respectively. Figuréjlshows the thickness of the LBMO layer. Figure() shows the tem-
temperature dependence of resistivity for each film. Theperature dependence of resistivity. The metal-insulator tran-
LBMO thin films have two noticeable characteristic features.sition temperature increases and resistivity decreases with
The first is that the MR effect is over twice as large as that odecreasing thickness. Figurécshows the temperature de-
polycrystal bulk, as shown Fig.(d) (21% at 271 K in the pendence of the MR ratio at 0.8 T. It was also found that the
polycrystal bulk, 48% at 267 K in the 3900-A thick fim MR ratio was enhanced for thin films ankl,g increased
The low grain boundary and fine magnetic homogeneity inwith decreasing thicknegérom 273 K at 1750 A to 329 K at
the thin films induce enhancement of the MR effect. The200 A).

second and most important feature is that(and the maxi-
mum MR temperaturelg) Systematically increases with
decreasing thickness of the LBMO layérom 267 K at
1300-3900 A to 320 K at 400 )A It is construed that the Figure 3 shows the dependenceTef on the thickness of
0.3% lattice mismatch between the STO substrate antiBMO layers with different tensile strain®.3% and 1.0%
LBMO layer induces an increase ©f through the deforma- T of the 1.0% tensile-strained films is higher than that of
tion of the LBMO lattice structure. We fabricated large 0.3%, compared to both strained films for the same degree of
strained LBMO thin films with a tensile strain of up to 1.0% thickness. The tensile-strain effect is therefore the essential
on a SBTO buffer layer on a STO substrate in order to verifyfactor in the increase df. In the enhancement dic by a

the effect of strain on the increaseTn . Figure 2a) shows combination with tensile strain, the Gorgf al. result in

the M-T curve for the LBMO thin film with a tensile strain (La,CaMnO,/SrRuQ, superlattice is interestinf.However,

B. Anomalous strain effect on the LBMO thin films
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FIG. 3. T¢ of LBMO thin films deposited on STO and LBMO
thin films deposited on SBTO on STO as a function of thickness.

The inset showd ¢ of (La;_,Sr)MnO; [, x=0.1 (Ref. 7); O, Tty q= 2 a(?’i)“()’j’)to (to“V,ZJd)- (1)
x=0.25(Ref. 8; andA, x=0.4(Ref. 9] and (Lg_,Ca)MnO; (@, (i.j)

x=0.33(Ref. 11 and A, x=0.33(Ref. 10] thin films with tensile H is the | . fth | for f h
lattice strain as a function of thickness. ere,a(y) IS the intensity of t €y e ectron transfer from the

d,, orbital in Mn ion (y=|x*~y?) or y=|3z°~r?)) to oxy-

. : . genp orbital, anda(y') is that from the oxygem orbital to
their superlattice was composed of two ferromagnetic Mateie o orbital in the neighboring Mn ioriy’ = [x2—y2) or
Y

rials so that neighboring magnetic order through the interfacey, —|3z2—r2)). The intensitiesx(y)a(y') are given in Table
strongly influenced the magnetic proeerty(@h,CéMnog, l. Vpq is the matrix element betweemand d orbitals, and

as glr_eady re_ported in several pap’érs'L._The interface Mag-  according to Hariso is proportional tody,”2 .

netic interaction between Ru and Mn is ferromagnetic, judg- | the tensile-strained perovskite film on S{D1) sub-

ing from the work in Ref. 18 on thd.a,Ca8(Mn,RUO; solid  girate, the Mn-O bond length alofig00] and[010] orienta-
solution, leading to enhancement B¢ in the superlattice. tjons (in-plane directiond;,) becomes longer and that along
On the other hand, there are many reports showing that tefhe [001] orientation (out-of-plane directiond,,) becomes
sile strain reduces ferromagnetism {ha,S)MnO; and  shorter, as shown in Fig(4. Considering four Mn-O bonds
(La,CaMnO; (Refs. 7—1]1 by using nonmagnetic counter- along the in-plane direction, the two bonds along the out-of-
parts. Therefore, enhancementTf by tensile strain alone plane direction, and the ratio of electron occupancy in each
in LBMO thin films is extremely unique. We also show a e, orbital (n,2_,2 for the dy2_,2 orbital, nge2_2=1
lattice change through strain on LBMO thin films. The inset—n,2_2 for theds,2_,2 orbital), Eq. (1) is expanded as fol-

in Fig. 2a) shows the thickness dependence of thaxis  lows:

lattice parameter of LBMO films deposited on the SBTO

buffer layer/LSAT [(LaAlO3)q 3(SKAITaOg) 7] (d 1 oo o N

=3.868 A) substraté¢1.0% lattice mismatch It was found Tcmtd'dxg(d'{nxz*yza(y_')( —y Dy =[x*=y%)

that thec axis decreases with decreasing thickness, which , 5 o 5
indirectly means extending the lattice parameter in the in- T @(¥' =[32° =)} +(1-ne y2)a(y=[32°-r%)

plane k-y) direction and indicates an increase of the tensile- x4 (y' =|x2—y2))+ a(y' =|322-r2))]d;, +2

strain effect. Normally, the tensile-strain effect induces a de-

crease of Tc in the (La,SPMnO; (Refs. 7-9 and X(1=ny2_y2)a(y=[322=r?))a(y’ =[322=r?))dg,0).
(La,CaMnO; (Refs. 10 and 1ifilms as shown in the inset @)
of Fig. 3. T of these films decreases with decreasing thick-

ness(i.e., increasing effective tensile straihis is caused  Using the intensities of electron transfer depending on the
by a decrease of the transfer integral on in-plageelec-  type of orbital in Table |, we are able to develop the follow-

trons. A theory considering only the transfer integral cannoing equation on the assumption of constant cell volume of
possibly explain this anomalous strain effect on LBMO thin2d,_ =V,/(2d;,)%:

films. We therefore developed a theory including not only the
transfer integral but also the orbital degree of freedom, which

occupies either thd,2 2 orbital or theds,2 2 orbital. Tty g* (1+f3+2nxz_yz)di;7
. . . Vo |71
C. Mechanism of T enhancement by the tensile-strain effect +2(1-ny2_y2) adZ 5 3
in

According to Zenet, Tc in double-exchange ferromag-
netism is proportional to the transfer integral between neighThe electron occupancyn{>_,2) is a function of lattice
boring Mn ions through the oxygen pass. Considering thestructure ¢l;,), and we examined its relationship by a mo-
orbital degree of freedorfi; is given as follows: lecular orbitals calculation using discrete variationad-
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(a) ) ) ) . TABLE Il. Lattice parameters for ee}ch bulk Mn perovskite ox-
Bulk (unstrained) Lenslcatraneiiin ides. The Mn-O bond lengths are given dg=a*/2 and dgy
d2 2 =c/2.
xy dxz_ 2
_X'_:'_’_‘_‘.:‘-'- Lattice parameter a/v2  b/v2 c Vo c/a*?
d.22 AL
i Lag gBay ,MNnO; 3.8904 3.8907 3.9267 59.4360 1.0093
orbital d2?  —m StaDliZAtON  — Lag gSrh sMNO; 3.8780 3.8958 3.9137 59.1278 1.0069
n. ; small ooee——————o——— large Lag ¢Cay MNnOg 3.8725 3.8795 3.8795 58.2831 1.0009
(ratio of carrier ind 2 ?)

a* = (a+b)/2v2.

(b) Lag gBag,MnO, Table Il. Remarkably, the calculatél of Lag gBay ;MnO;
Peniilbal % also increases with an increase of the in-plane bond length
A/d_“(LA)/ d;y, Whereas thgt of LgSry ,MnO; and Lag_SCaO.ZM_nO:; de- _
4@» " 1.948 creases. Equatio3) shows good agreement with experi-
L2 mental results on strain effect. Bulk LBMO has a relatively
Bulk state largec/a ratio, so electron occupancy in tlig,2 2 orbital
is larger than that in thd,2_,2 orbital. With increasing ten-
sile strain, thed,>_,2 orbital with a large transfer intensity is
gradually stabilized, and then the electron occupamey 2
becomes large, leading to an increasd gf Conversely, the
decrease in the transfer integral itself induces a decrease in
(€) LaygSry,MnO;, Tc (OCdif). Nevertheless, judging from theAT o«
—Ad;,/d® equation, the magnitude of the decrease is rela-
tively small in the(La,BaMnO; system with a larger bond
length in comparison wittiLa,S)MnO; and (La,CaMnOs.
The elongation of the in-plane bond length, which corre-
sponds to the tensile strain, induces a decreasg-ah the
case of LggSrp ,MnO; and remarkably in the case of
Lay Ca ,MnO;, as shown in Figs. (¢) and 4d). In both
these cases, the effect of the decrease in the transfer integral
is more dominant. Consequently, it is quite reasonable to
assert that thd - of LBMO increases with tensile strain in
terms of the orbital degree of freedom.

T, (film)/T (bulk)

T, (film)/ T (bulk)

(d) Lay gCay ,MnO;

IV. CONCLUSION

T, (film)/T(bulk)

We discovered an anomalous tensile-strain effect that
causes a remarkable increaseTig of Lag gBag ,MnO; thin
o _ _ films, and additionally acquired the valuable result of en-

FIG. 4. (@ Schematic illustration of the deformation of crystal phancement of CMR at room temperatif2% at 297 K and
structure by tensile strain. Tensile strain in the in-plane directiono_8 T). It was found that the orbital degree of freedom is the
stabilizes thed,e_y2 orbital, leading o an increase Me_yz. The 0, o ant factor in determininge, showing the influence of
relationship between the stabilization of thg . orbital and the the anomalous strain effect in strained LBMO thin films
increase inn,2_,2 can be quantitatively decided on a one-to-one . )

fé)rwspared with that ofLa,SpPMnO; and (La,CaMn0O3 sys

correspondence. This relationship may be calculated using discre
variational X« techniques(Ref. 20. In the calculation, the Mn-
O-Mn bond angle is assumed to be 180°. The calculdtecare ACKNOWLEDGMENTS
shown on the track of broken lines in the bond length)-n,2_,2
plane of(b) LBMO, (c) Lagy gSip-MnO3, and(d) Lay ¢Ca, ,MnO; by
using Eq.(3). Then,2_,2 value is obtained with the discrete varia-
tional X method.
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