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Jahn-Teller transition in La ;_,Sr,MnO; in the low-doping region (0<x=<0.1)
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We have investigated the Jahn-Teller transition in L&r,MnO; by high-temperature powder neutron
diffraction in the low-doping region (€x=<0.1). The Jahn-Teller transition temperature which is aligyt
~750 K for stoichiometric LaMn@ is drastically reduced on doping with Sr, becomifg~475 K for x
=0.10. The previously identified metrically cubic orthorhomBicphase(Pmnb for x=0 becomes clearly
(also metrically orthorhombic for small doping=0.05 and remains so in the doping range investigated. The
Jahn-Teller transition is accompanied only by the partial reduction of the distortion of the bti@hedra.
From the distortion of the Mngoctahedra we have determined the orbital mixing coefficients.
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A huge amount of theoretical and experimental investigasitive to detect distortions due to the orbital ordering and
tions has been undertaken recently on hole-doped mangaseveral important parameters related to this phenomenon can
ites which show colossal magnetoresistanéEMR) be deduced from this. Note that although anomalous syn-
effects!~* Despite all these efforts, the microscopic origin of chrotron x-ray scattering has been claifhéd have given
the CMR effect in manganites remains still controversial.direct evidence of orbital ordering in LaMRQin reality it
The ferromagnetic ground state of the doped manganites aradso probes the lattice distortion associated with orbital or-
the CMR effect are qualitatively understood on the basis oflering, but in the absence of proper interpretation, only
strong Hund's coupling and the double-exchan@2E) qualitatively. Powder neutron diffraction on the other hand
mechanism. It has, however, been realized that the chargkas yielded much more valuable and quantitative results on
spin, orbital, and lattice degrees of freedom are all involvedstoichiometric LaMn@.’ The antiferrodistorsive orbital or-
in the physics of manganites. Undoped stoichiometricdering is evidenced by the spatial distribution of the Mn-O
LaMnOs;, which is an antiferromagnetic insulator, has anbond lengths. In a detailed structural analysis using high-
orthorhombicPbnmstructure at room temperature and showsresolution neutron powder diffraction data on stoichiometric
orbital ordering due to the strong collective Jahn-Te(ED LaMnO;, Rodriguez-Carvajakt al” have shown that the
interaction. It undergoes a structural phase transitiom;at phase abovel ;r, although metrically cubic, has the same
~750 K, above which the orbital ordering disappears. Theorthorhombic space groupbnm of the low-temperature
orbital ordering below the JT transition temperature consistphase. The Mn@ octahedra become nearly regular above
of alternate staggered arrangementsgh 2 andds2 2 T, and the thermal parameters of oxygen atoms increase
orbitals in thea-b plane of the orthorhombiPbnmstructure  significantly. The observed average cubic lattice is believed
(Fig. 1). The orbital ordering along the axis repeats the to be the result of dynamic spatial fluctuations of the under-
same pattern. This particular arrangement of the orbitals ifying orthorhombic distortion. The orbital mixing coeffi-
responsible for strong ferromagneiEM) coupling in the cients of the orbitally ordered phase beldw; have been
a-b plane and weak antiferromagne(sFM) coupling along  determined as functions of temperature. The high-resolution
the ¢ axis. Doping LaMnQ@ with divalent ions(holes oxi-  neutron powder diffraction results of Rodriguez-Carvajal
dizes Mr#* ions to Mrf* and transforms the antiferromag- et al.’ is a clear demonstration of the strength of this tech-
netic insulating ground state to a ferromagnetic metal whichique in determining the subtle electronic effects close to
shows large negative magnetoresistance effect clo§g.to Ty;. It is highly desirable to perform similar investigations
The La_,Sr,MnO; is the best example of a DE system. It on La _,Sr,MnO; for small doping and study the evolution
has the largest one-electron bandwidthand is therefore of the orbital order as a function of doping. We have inves-
less affected by Coulomb correlation effects. However, thd¢igated the Jahn-Teller transition in L3Sr,MnO; in the
end compound LaMn©(x=0), as we have already noted, small doping range (€x<0.1).
is strongly affected by cooperative JT interaction. The elec- The powder samples of La,Sr,MnO; used in the
tron correlation effect is strong becausenef 1 filling of the  present study were obtained by crushing single-crystal in-
ey band. The JT transition temperature depends strongly ogots. Such a procedure makes possible preparation of pure
the Mrf** concentration. It decreases drastically withs has homogeneous polycrystalline materials. We have grown
been observed by our resistivity measurementsjch show  La;_,Sr,MnO; single crystals by the floating zone method
anomalies at the JT transition. using an image furnace in a flow of Ar in the low doping

No systematic diffraction experiments has been perrange (0<x<0.1). The typical growth rate was 5 mm/h with
formed so far to investigate the doping dependence of the J& speed of rotation 30 rpm. The polycrystalline ceramic rods
transition in Lg _,Sr,MnO5. Neutron diffraction is very sen- of several centimeters in length and about 5 mm in diameter
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FIG. 1. (a) Schematic representation of the orthorhomBisnm crystal structure of LaMn@ in which La atoms and the MnQ
octahedrons are showth) Schematic representation of the orbital ordering in LaMiithe a-b plane. The orbital ordering below the JT
transition temperature consists of alternate staggered arrangemetyg qb anddsy2_,2 orbitals in thea-b plane of the orthorhombic
Pbnmstructure. The Mrd;,2_,2 anddsy2_,2 orbitals and the O atoms are shown. The orbital ordering along trés repeats the same

pattern.

were prepared by reacting high-puritz99.99% La,0s,

technique. The high-temperature resistivity of the samples

SrCo;, and MnyO, in appropriate ratios at high tempera- was measuredn Ar using a homemade apparatus. Neutron
tures. The samples were characterized and the crystal qualipowder diffraction measurements were performed in the
was checked by x-ray powder diffractometry and the Laudgemperature range 293—873 K on the diffractometer D2B of

TABLE I. Structural parameters obtained by Rietveld refinements of the neutron powder diffraction data
of La; _,Sr,MnO; for x=0.05 at several temperatures.

La;_,SrMnOz;, x=0.05
Space group Pbnm Pbnm Pbnm Pbnm Pbnm R3¢
T (K) 300 573 723 733 773 873
a(A) 5.53385) 5.4564) 5.56741) 5.56831) 5.571711) 5.583988)
b (A) 5.649@5) 5.58644) 5.542@1) 5.54211) 5.54231)
c(A) 7.69817) 7.79366) 7.85292) 7.853712) 7.85592) 13.50622)
x (La) —0.00789) —0.004510) —0.00235) —0.00235) —0.002@6)
y (La) 0.03818) 0.02896) 0.01773) 0.01773) 0.01724)
B (LA) (A2 0.857) 1.175) 1.373) 1.373) 1.383) 1.543)
B (Mn) (A%  0.6214) 0.78110) 0.86(4) 0.81(4) 0.835) 1.06(5)
x (01 0.072610) 0.07189) 0.06925) 0.06975) 0.06916) 0.44342)
y (01 0.490810) 0.48999) 0.49246) 0.49316) 0.49188)
B (01) (A? 0.7010 1.408) 1.865) 1.895) 1.866) 2.54(3)
x (02 0.72989) 0.73239) 0.72834) 0.728714) 0.73135)
y (02 0.29747) 0.28926) 0.27394) 0.27384) 0.27324)
z (02 0.039@6) 0.03394) 0.037@3) 0.036712) 0.036713)
B (02) (A? 1.198) 1.806) 2.144) 2.094) 2.195)
Ry (%) 12.0 8.94 4.66 4.69 5.23 4.72
Rup (%) 17.1 12.5 6.11 6.09 7.42 6.21
X2 46.8 12.5 2.94 2.92 3.57 2.98
Rgragg (%0) 13.3 13.2 6.39 6.50 7.90 6.27
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TABLE II. Structural parameters obtained by Rietvel
of La; ,Sr,MnO; for x=0.075 at several temperatures.
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d refinements of the neutron powder diffraction data

La;_,SrMnOz, x=0.075
Space group  Pbnm Pbnm Pbnm Pbnm Pbnm R3c R3c
T (K) 295 423 473 573 623 673 873
a(d) 5.53492) 5.53972) 5.54262) 5.55521) 5.56041) 5.57042) 5.5801%9)
b (A) 5.62632) 5.60462) 5.58352) 5.53321) 5.53212)
cA) 7.70732) 7.74482) 7.77373) 7.833712) 7.83892) 13.46125) 13.51012)
x (La) —0.00454) —0.00535) —0.00496) —0.00266) —0.003@5)
y (La) 0.03563) 0.03214) 0.02944) 0.020G3) 0.019Q4)
B (La) (A% 0.973) 1.003) 1.064) 1.003) 0.983) 1.485) 1.41(3)
B (Mn) (Az) 0.576) 0.81(6) 0.737) 0.684) 0.755) 0.979) 1.105)
x (01)  0.06925)  0.06685) 0.06866) 0.06736) 0.06726) 0.44524) 0.44522)
y (01 0.49035) 0.49135) 0.49246) 0.49186) 0.49147)
B (01) (AZ) 1.205) 1.255) 1.295) 1.61(6) 1.666) 2.485) 2.533)
x (02 0.72844) 0.730@5) 0.73016) 0.72744) 0.72784)
y (02 0.29473) 0.292@4) 0.287@4) 0.27684) 0.27574)
z (02 0.03612) 0.03643) 0.03473) 0.035%3) 0.03483)
B (02) (A% 1.3013) 1.584) 1.434) 1.394) 1.474)
Ry (%) 7.04 6.57 7.26 5.64 5.88 7.55 4.86
Rwp (%) 8.98 8.65 9.86 7.14 7.42 10.9 6.14
X2 6.49 5.87 7.52 3.97 4.27 9.12 2.86
Raragg (%) 10.4 9.05 9.54 7.59 8.29 9.46 6.92

the Institut Laue-Langevin in Grenoble using monochro-
matic neutrons of wavelength of 1.59 A. TheLLPROF pro-

The structural phase transitions in stoichiometric LaMnO

have been investigated by Rodriguez-Carvagghl.” The

gram was used to analyze the data using the Rietveldoom-temperature structure of LaMp®elongs to the ortho-

method.

TABLE Ill. Structural parameters obtained by Rietve
of La; _,Sr,MnO; for x=0.10 at several temperatures.

rhombic O’ phase belonging to thEbnmspace group. At

Id refinements of the neutron powder diffraction data

La;_,SrMnOz;, x=0.10
Space group Pbnm Pbnm Pbnm Pbnm Pbnm R3c
T (K) 294 373 473 523 573 873
a(A) 5.53752) 5.53932) 5.54722) 5.55261) 5.55893) 5.57291)
b (A) 5.59752) 5.7832) 5.53092) 5.52511) 5.52483)
c(R) 7.72142) 7.75333) 7.81602) 7.82632) 7.83024) 13.512%3)
x (La) —0.00574) —0.00495) —0.00275) —0.00324) —0.001411)
y (La) 0.03293) 0.0285%4) 0.02083) 0.01833) 0.01748)
B (La) (A? 0.923) 0.994) 1.083) 0.992) 1.166) 1.41(3)
B (Mn) (A? 0.585) 0.706) 0.715) 0.704) 0.359) 1.126)
x (01) 0.06645) 0.06756) 0.06595) 0.06574) 0.062910) 0.446%2)
y (01) 0.49195) 0.49286) 0.49366) 0.49175) 0.491314)
B (0O1) (A% 1.275) 1.435) 1.585) 1.604) 1.4010 2.493)
x (02 0.73094) 0.73045) 0.72885) 0.7296€3) 0.740Q16)
y (02 0.29043) 0.28684) 0.27684) 0.275@3) 0.27349)
z (02 0.03632) 0.03483) 0.03522) 0.035@2) 0.03545)
B (02) (A? 1.334) 1.554) 1.754) 1.593) 2.1209)
Rp (%) 6.37 6.92 5.36 4.90 8.61 5.46
Ruyp (%) 8.36 9.33 7.20 6.31 13.2 6.78
X2 5.29 6.57 3.92 3.00 13.3 3.48
Reragg (%0) 8.63 9.31 6.30 6.15 14.6 7.26
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FIG. 2. Observed and calculated powder diffraction patterns of % /0/\/2
Lag 9¢Sly 1gMINO3 at(a) T=294 K in the orthorhombi©' phase(b) - . ~ C ' ]
at T=523 K in the orthorhombi®© phase, andc) at T=873 K in 5450 - &
the rhombohedraR phase.
. | | 1 | J | 1
T;~750 K, LaMnQ, undergoes a Jahn-Teller transition to s
the orthorhombid© phase with the sam@bnmspace group. ' © T T Tt
The O’ phase is orbitally ordered and has Jahn-Teller distor- La0 90SroanO3
tions. The distortion decreases with increasing temperature s600 L b ' ' |
and becomes very small abovgy in the O phase. TheD = ' '\
phase is orbitally disordered. At higher temperature €he = = ~o
X ) s - |
phase transfom"ls into the rh-ombo.hedﬂiphase with the L s b a \// o o |
space groupR3c. We have investigated the temperature g PR = o
variation of the crystal structure of La,Sr,MnO; in the g L M
small doping range (€x=<0.1). Tables I-Ill show the re- o o b / B
sults of structure refinements at several temperatures for the § /,/
three sample x=0.05, 0.075, and 0.10. The room- ¥ /N2
temperature crystal structure of all the three samples is ortho- = 450 | 4 i
rhombic (O’ phase, space groupbnm. At higher tempera- ’
tures the sequence of the structural transitidRO-R takes
place as in the case of LaMpOThe O phase has the same 5.400 | | | | | | |

orthorhombicPbnmspace group a®’ and the rhombohe-

dral R phase has the space groBfc. Figure 2 shows the
observed and calculated intensities and their difference for
L8 90S10.1MNO; at T=294, 523, and 873 K belonging to the_ FIG. 3. Temperature variation of the lattice parameters of
O’, O, andR pha_ses, respect_lvely, as examples of the qua“tial,XerMnos for (a) x=0.05, (b) 0.075, andc) 0.10. In order to

of structural refinements. Figure 3 shows the temperaturgsmpare with the orthorhombiclattice parameters, the hexagonal
variation of the lattice parameters. The lattice parameteggl| ¢ of the rhombohedraR phase has been divided by a factor of

a (space groufPbnm) increases slowly with increasing tem- 3. The error bars are smaller than the sizes of the data symbols.
perature, whereas the lattice paramételecreases strongly. The lines are only guides to the eye. The figure clearly demonstrates

The lattice parametec increases strongly with increas- that the orthorhombi© phase of La_,Sr,MnO; is also metrically
ing temperature. To compare with and b we have ac- orthorhombic forx=0.05, 0.075, and 0.10.

200 300 400 500 600 700 809 900 1000
Temperature (K)
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tually plottedc/v2. At or close toT ;7 the temperature varia- 244 [ B N
tion curves fora, b, andc cross one another. Below;r, (@) La SrMnO
c/v2<a<hb, whereas abové@ ;;, b<c/v2<a for all three X X 3
samples investigated. Unlike in the case of pure LaMdO 2 u B
the lattice parameters remain distinct below the -~ /0
orthorhombic-to-rhombohedralO-R) transition. The O << /
phase is not at all pseudocubic or metrically cubic, but the GE) a2 - / / 7
differences between the lattice parameters are only much re- = /
duced compared to the differences in lattice parameters in 2 / ,/. 4
the O’ phase, but are well above experimental errors. The J 2 x= 0% o 4 ]
differences between the lattice parameters inQhghase are O - u 4
about the same fox=0.05, 0.075, and 0.10. The lattice pa- x=0.0
rametersa and c/v2 of the O phase extrapolate very 20 - W 4 x=0.10 N
smoothly to the equivalent lattice parameta@ndc,, of the . -
rhombohedraR phase(space grouR3c) at higher tempera- 239 | | | | | \ ,
ture. This leads us to suspect the “pseudocubic” or “metri- 200 300 400 500 600 700 800 900 1000
cally cubic” description of theD phase. We give below the T t K
relationships between the lattice parameteys by, andcg emperature (K)
of the orthorhombic and lattice parametegs andcy of the
rhombohedral phase in hexagonal setting: 8 (b) ' ‘ ' '
La1_XSrXMnO3
ay=bo, (1) us L s |
1 /
by=5(ap—bo—Co), 3] i/
2 . L L S |
YN 02 e ’
Cy=2a0+Co. (3) < /,I /?§/
. m L ot La
The “equivalent” c/v2 for the rhombohedral phase,, 15 . ¥ -
=cp/v2 can be obtained from the above equations - Y ///"'/
2 _ 2 2 £ . ¥ Mn
182~ ci+12af;. (4) i 7 ‘s A
The Jahn-Teller transition temperature is increasingly re- - /§
duced from T;=750K for x=0 to T;~475K for x 05 ' ! ! J ' *
=0.10. Figure 4a) shows the temperature variation of the 200 300 400 500 600 700 800 900 1000
unit cell volume which shows a monotonic increase, but Temperature (K)

without any anomaly or discontinuity at;r or at theO-R
transition temperature. Figure(b} shows the temperature FIG. 4. (a) Temperature variation of the unit cell volume of
variation of the isotropic thermal parametgrfor La, Mn, La; _,Sr,MnO; with x=0.05, 0.075, and 0.10. In order to compare
and O atoms for La_,Sr,MnO5 with x=0.05. The isotropic  with the orthorhombic cell volume, the hexagonal cell volume of
thermal parameters of La and Mn increase as a function dhe rhombohedraR phase has been multiplied by a factorfofThe
temperature as expected. The thermal parameters of oxygdéRes are only guides to the eyéh) Temperature variation of the
atoms also increase with temperature and become rathiotropic thermal parameters of La, Mn, and O atoms of
large at temperatures abovVgy. La; ,Sr,MnO; with x=0.05. The lines are only guides to the eye.
The ideal cubic perovskite structukeBX;, which con- ]
sists of corner-linked octahedra Xfanions withB cations at  the Jahn-Teller effect produces three Mn-O bond distanc-
their centers and cations between them, is realized only in €S: 10ng(l), short(s), and medium(m). The distorted crys-
some materials; more frequently, the structure is modified?! Structure can be obtained from the ideal perovskite struc-
either by cation displacements, Jahn-Teller distortions of thdure in the following way: first, the distortioQ, of the

BOg octahedra, or tilting of the octahedra or a combinationsOCt":lhedron formed with © ions is added in a staggered

of these. The modification of the perovskite structure by tilt- V&Y along the three directions, and then the distor@afis

ing of the octahedra has been discussed by SeVeréc{fjperposed on it. These two distortion modes are expressed

author$~1% The cation displacements in some perovskite ' terms ofl,s,mby

cause ferro or antiferroelectric behaviors. More relevant to 2

the present investigations is the distortion of thegBigta- QZ:%“ —9), ®
hedra due to the Jahn-Teller effects caused by thd&hn-
Teller ions, viz., Cd* or Mn®* discussed by Kanamdti
and others? The distortion of the Mn@ octahedron due to

2
Q3=%(2m—|—5)- (6)
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TABLE IV. Geometrical parameters characterizing Jahn-Teller transitions of jMo@ahedra of
La; ,Sr,MnO; for x=0.05 at several temperatures.

La;_,SrMnOz;, x=0.05
Space group Pbnm Pbnm Pbnm Pbnm Pbnm R3c
T (K) 300 573 723 733 773 873
Mn-0O; X 2(m) (A) 1.96711) 1.9901) 2.001@5) 2.00185) 2.00197) 1.991
Mn-0,%2(s) (A) 1.9065) 1.9135) 1.9852) 1.9842) 1.9763)
Mn-0,x 2(1) (A) 2.1294) 2.0834) 2.0012) 2.0022) 2.0093)
(Mn-0)=(d) (A) 2.001 1.995 1.996 1.996 1.996
A(Mn-0)x 10* 22.12 12.13 0.14 0.18 0.51
6;=Mn-O;-Mn (deg  156.39)  156.77) 157.74) 157.54) 157.12) 161.11)
0,=Mn-O,-Mn (deg 157.06) 160.04) 160.32) 160.52) 160.829)
(¢) (deg 14.27 13.23 12.83 12.83 12.67 11.23
c, 0.7915 0.7260 0.8660 0.8636 0.8101
(o 0.6112 0.6877 0.5000 0.5042 0.5863

TABLE V. Geometrical parameters characterizing Jahn-teller transitions ofgMwe@hedra of La ,Sr,MnO; for x=0.075 at several

temperatures.
La; ,SrMnOz;, x=0.075
Space group Pbnm Pbnm Pbnm Pbnm Pbnm R3c R3c
T (K) 295 423 473 573 623 673 873
Mn-O, X 2(m) (A) 1.96535) 1.97185) 1.98076) 1.99436) 1.99526) 1.984 1.989
Mn-0,% 2(s) (A) 1.9162) 1.9172) 1.9273) 1.9742) 1.9762)
Mn-0,x 2(1) (A) 2.1042) 2.0932) 2.0693) 2.0052) 2.0012)
(Mn-0)=(d) (A) 1.995 1.994 1.992 1.991 1.991
A(Mn-0)x 10* 15.92 13.60 8.63 0.42 0.29
6,=Mn-0O;-Mn (deg 157.35) 158.24) 157.75) 158.25) 158.35) 162.33) 162.33)
6,=Mn-O,-Mn (deg 158.03) 158.52) 159.63) 160.42) 160.82)
(¢) (deg 13.66 13.24 13.05 12.65 12.50 10.86 10.86
Cy 0.7952 0.7787 0.7548 0.7668 0.8049
C1 0.6063 0.6274 0.6560 0.6419 0.5935

TABLE VI. Geometrical parameters characterizing Jahn-Teller transitions of jMa@ahedra of
La; ,Sr,MnO; for x=0.10 at several temperatures.

La; ,SrMnOz;, x=0.10
Space group Pbnm Pbnm Pbnm Pbnm Pbnm R3c
T (K) 294 373 473 523 573 873
Mn-0; X 2(m) (A) 1.96585) 1.97446) 1.98825) 1.99025) 1.9901) 1.987
Mn-0,%2(s) (A) 1.9172) 1.9283) 1.9663) 1.9702) 1.9357)
Mn-O,x2(1) (A) 2.08712) 2.0643) 2.0073) 2.0012) 2.0326)
(Mn-0O) (R) 1.990 1.989 1.987 1.987 1.986
A(Mn-O)x 10* 12.91 8.05 0.71 0.41 4.00
6,=Mn-O;-Mn (deg) 158.34) 158.1(4) 158.14) 158.93) 159.49) 162.712)
0,=Mn-0,-Mn (deg 158.92) 159.93) 160.12) 161.22) 162.15)
(¢) (deg 13.08 12.84 12.41 12.19 11.77 10.61
(o 0.7874 0.7682 0.7238 0.7657 0.7339
Cy 0.6164 0.6402 0.6900 0.6433 0.6793
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< bond distancesn,s,| are tabulated along with the average
15 - x=0.10 - (Mn-O) bond distances. The distortion parameieof a co-
ordination polyhedron BQwith an average B-O distan¢d)
11 * : ' ‘ ‘ is defined as
200 300 400 500 600 700 800 1 Z dn—<d> 2 (12)
Temperature (K) CNaSEn | (d)

FIG. 5. (a) Temperature variation of the distortioh of the From Tables .lV._.VI we n_ote_ that the distortioh of the
MnO, octahedron of La ,SKMnO; for x=0.05, 0.075, and 0.10. octahedron dlmlnlshe_s Wlth increasing temperature for all
The octahedral distortion is reduced to a very small value at théhree r‘]s_am_lp_)Ies.T':']heﬂ:j|st0|;\t/||onolsbdra(ljst(|j(_:atlly reduced on ap-
O’-0 phase transition. The distortion is also reduced with holeproachm? JT.tth e three In- H on |starl]n0§_ﬁnt,s,{_ ap- i
doping. The lines are only guides to the eff®. Temperature varia- proach aimost the sqme value. However, the distortion IS no
tion of the average tilt angle of the MrQbctahedra around the completely removed; the crystal structure retains the ortho-

pseudocubid111] direction of La_,StMnO, for x=0.05, 0.075 rhombicPbnmsymmetry, and the lattice remains still metri-

and 0.10. The average tilt angle decreases with increasing temper(é‘t‘:’1I|y orthorhombic. The distortio of the MnG octahedra

ture; it does not show any drastic decrease atQheO transition, at a_partiCUIar temperature_ is re.duced with inc_reasing doping
showing that this transition is not caused by steric effects. The line& Figure §a) shows the distortion as a function of tem-

are only guides to the eye. perature forx=0.05, 0.075, and 0.10. At higher temperature
the measurement d& is not very accurate due to its drastic
The ground-state wave functions are given by reduction and the values are not at all meaningful.
The two Mn-O-Mn angle®; and 6, are relatetf to the
W y=Cipye_y2+ Cotpgz_ 2 (7) tilt angle ¢ of the MnQ; octahedra around the pseudocubic
[111] direction by the equations
We=Cry2—y2— Copsz_r2. 8 2-5c02 ¢,
The coefficientss; andc, which satisfy the condition COSt =% o (13
2, 2_
ci+cs=1 ©) 1—4 cog ¢,

cosf,= (14

can be obtained from the equations 3
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Tables IV-VI give the averagép) obtained frome;, and  in La;_,Sr,MnOj; are almost, but not completely ordered at
¢,. Tables IV=VI give the orbital mixing coefficients and  room temperature. Figure 6 shows that the experimentally
c, at different temperatures for La,SrMnO; with X determined values of, and c, approach 0.71 if they are
=0.05, 0.075, and 0.10. Figureth shows the average tilt exirapolated to the respectiig;. This is what is expected
angle of the Mn@ octahedra around the pseudocubi¢l] (¢ —¢,—142=0.7071) for the orbitally disordered state
direction as function of temperature. The average tilt angledboveTJT. The equalization of the mixing coefficients is,
decreases with increasing temperature. It does not show a wever, not complete. This leads probably to the noncubic

. , " . X
drastic dehcregse ?.tl(?h'orfrans'tfn& b:Jt rt}he tlltT?]nger Itsth lattice parameters in th® phase and also should give rise to
Very much reduced in the rnombohedral phase. The fac %thort—range orbital order. Charge fluctuations due to the

the average octahedral tilt does not show any drastic Chan%%ort-range orbital order should exist abdg and can pos-

at the O’-O transition indicates that the transition is not ~. . : .
driven by merely a steric effect, but is driven by orbital or- sibly be probed by light scattering experiments. Indeed, such
y charge fluctuations have been observed in bilayer

dering. On the other hand th®-R transition is probably . 13
driven by steric effects only. manganites? _ o _

Figure 6 shows the temperature variation of the orbital M conclusion, our investigations of the high-temperature
mixing coefficientsc; andc,. It is difficult to determine the ~Structural phase transitions in £3SrMnO; with x=0.05,
standard deviations @f; andc,, but they are estimated to be 0-075, and 0.10 show similar behavior as that of stoichio-
of the order of 0.1 at the maximum. It is to be noted that dugmetric LaMnG;. The only difference is that, unlike the
to the reduced distortion no meaningful values of the orbitaPrthorhombic O phase of LaMn@, the orthorhombicO
mixing coefficients could be extracted at higher temperaturephase in the lightly doped compounds abdvg is metri-
than have been shown in Fig. 6. The values of the orbitatally orthorhombic. The Jahn-Teller transition temperature
mixing coefficientsc, and c, corresponding to the,2_,>  T,;r decreases drastically with doping frofy~750 K to
andds,2_,2 orbitals in theO’ phase at room temperature are T ;7=~700, 575, and 475 K fok=0.05, 0.075, and 0.10, re-
about 0.61 and 0.79, respectively, for all the three samplespectively. TheO-R transition temperature is also similarly
These values are about the same as that obtained Wgduced with doping. Due to the lack of neutron beam time,
Rodriguez-Carvajakt al.” for the stoichiometric LaMn@at  we could not determine the transition temperatures precisely.
room temperature. We recall that we ggf>_,2 andds2 2 The results are in qualitative agreement with a recent resis-
orbitals from the basigl,>_y2 and ds2_,2 by the mixing tivity investigatior® of La;_,SrMnO; in the low-doping
coefficientsc,; = 3 =0.5 andc,=v3/2=0.866. So the orbitals range.
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