PHYSICAL REVIEW B 71, 024425(2005

Crystal and magnetic structure of La;_,Sr;,MnO,: Role of the orbital degree of freedom
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The crystal and magnetic structure of,Lgdr;,MnO, (0<x=<0.6) has been studied by diffraction tech-
nigues and high resolution capacitance dilatometry. There is no evidence for a structural phase transition
related to octahedron tilting like those found in isostructural cuprates or nickelates, but there are significant
structural changes induced by the variation of temperature and doping which we attribute to a rearrangement
of the orbital occupation.
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I. INTRODUCTION larger than 0.4:1° For the intermediate concentrations spin-
glass behavior is observéd.

Manganates have drawn a large interest due to the Concerning the crystal structure, so far only the lattice
observation of a colossal magneto-resistivity inparameters were determined as a function of dopidgon
RE,; _(Sr/C9,MnO3 and in Lg_5St..5Mn,0,.52The mag- introduction of Sr, thec parameter decreases, whereas the
netoresistivity appears to result from the competition bedin-plane parametea increases. We have performed a sys-
tween the ferromagnetic metallic state and the orderindgematic study of the crystal and magnetic structure of
of charge, orbital, and magnetic degrees of freedom. Théa,Sr;.,MnO,4 by neutron and by x-ray diffraction tech-
basic phase diagrams of the single layer material$iiques combined with measurements of the thermal expan-
La;Sr,MnQ,, of the K,NiF,-structure type, have been sion. We find strong evidence of an orbital rearrangement,
elaborated in the work by Baet al® and Moritomoet al*  both as a function of temperature and as a function of dop-
However, these materials have been much less studied, big.
cause in these compounds high magnetic fields of the order
of 30 T are needed to induce a large magnetoresisfivitye
high value of the transition field, however, indicates that the
complex ordered state is particularly stable in the single layer Single crystals of La,Sr.,,MnO, were grown as de-
manganates. Many techniques have been applied to charaseribed elsewher¥. Powder samples were obtained by
terize the order in the half-doped layered compoundcrushing single crystalline samples with a poor mosaic
Lag sSr;, sMN0,.6-10 spread. Magnetic properties of the samples were reported by

The composition LagSr gMnO, corresponds to LaMng  Baumannet al'® The crystal and magnetic structure of
in the perovskite series, since all Mn-ions are three-valentLa, _,Sr;,,MnO, was studied by powder and by single crystal
Like the perovskite LaMn@) La; ¢Sr; MNO, exhibits an an-  diffraction using neutrons and x-rays. All neutron experi-
tiferromagnetic order. Kawanet al. report a small ordered ments were performed on instruments of the Laboratoire
moment of only 0.8g* compared to the value of 3.6 Léon Brillouin installed at the Orphée reactor in Saclay. The
observed in LaMn@'? A more recent study on crystal and magnetic structure of single crystals of composi-
Lay ¢St gMnO;, finds a larger moment of 3g.1® Through  tion La, ;Sr; MnO, and La Sr; sMnO, were studied on the
the substitution of La by divalent Sr, part of the Mn is oxi- neutron four-circle diffractometer 5C.2 at room temperature
dized, which may suggest physics similar to that of the perand at~20 K. Powder neutron diffraction experiments on
ovskite materials based on the Zener double exchangsamples of La,Sr,,,MnO, with x=0.125, 0.25, 0.4, and 0.6
mechanism. However, in the LgSr;,,MnO, series there is were performed on the high resolution neutron diffracto-
no metallic ferromagnetic phase at ambient conditions. Inmeter 3T.2 using a wavelength of 1.23 A. The temperature
stead, the charges, the orbital degrees of freedom and tlikependence of the lattice parameters was studied by powder
spins order in closely coupled patterns. In this sense theg-ray diffraction using CKK, radiation and by measurements
La;Sn.«MnO, phase diagram resembles that of of the thermal expansion coefficients with a high resolution
Pr;,CaMnO; where there is no metallic phase at zero mag-capacitance dilatometer on single crystalline samples.
netic field neither. Upon increasing the Sr content inAll diffraction patterns were analyzed by the Rietveld
La; ,Snr.,MnO, the commensurate antiferromagnetic ordermethod using theuLLPROF programt® Typical diffraction
disappears neax=0.15* and charge order appears fer patterns, together with the profile-fitted description, are

Il. EXPERIMENT
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FIG. 1. Typical diffraction patterns obtained for the layered manganétgs:a neutron powder diffraction pattern measured on the 3T.2
diffractometer for Lg,sSr ,9MnO,; (bottom) an x-ray diffraction pattern determined on a D5000-diffractometer. Points designate the
intensity data, dark lines the profile fits, and fine lines the intensity differences. Vertical bars indicate the Bragg positions.

shown in Fig. 1. The temperature dependence of magnetitinction correction larger than 0.75 were excluded from the
superstructure peaks was determined using the 4F triple-axigfinements. Using this procedure we obtain a satisfying de-
spectrometers. scription of the Bragg reflections. The sets of 1(@¥1) re-
flections taken at room temperatuie=20 K) are described
with reliability factors of R,(F?)=4.71%3.16% and
Ill. MAGNETIC AND CRYSTAL STRUCTURE OF LOW- Runw(F?)=3.99%3.56%. The structural results are given in
DOPED SAMPLES WITH COMMENSURATE Table 1.

ANTIFERROMAGNETIC ORDER In the K;NiF4-structure of space groug/mmm there is
La, ,Sr;, MnO, exhibits antiferromagnetic order with the @n intrins_ic diﬂference between t_he antiferromagnetic order-
magnétic moments aligned along tbexis! Using a small N9 _of spins or_|ent_ed along thed_lrectmn or_orlented_al_ong
single crystal of~10 mn? volume a set of 1100 Bragg re- an in-plane direction. If the spins are.orlent_ed within the
flection intensities was collected on the four-circle diffracto—plane' the phase pf tlTe or%er n thehnelghborlng Ipl)lane llleads
meter 5C.2 in respect to tHd/mmmlattice (dimension 3.8 to two symmetrically different phases usually called

) La,CuO, and LgNiO4-type. In contrast the different phases
3 _Ldy A 4
X 3.8x12 A). At room temperature, no ey|de_nce for super of ordering along thec direction yield two domains of the
structure reflections was found indicating that the

K.NIE . di din thi ial At same symmetry if the ordered moment points along che
2NiF-structure remains undistorted in this material. At oW y; 0 tion. The three-dimensional coupling inylgBt MnO,

temperature, superstructure intensities were found at posiyises from the coupling with the next-nearest layer, which is
tions (h/2k/2 1) in respect with the4/mmmiattice which  ferromagnetic and rather weak; the two magnetic domains
agree with the antiferromagnetic order reportedare drawn in Fig. 2.
previously**-13A set of 152 magnetic Bragg reflection in-  The collected magnetic Bragg intensities correspond to a
tensities and 965 fundamental intensities was recorded at @Jperposition of contributions of both domains. The refine-
K. Due to the high crystal quality, extinction effects turned ment of the magnetic structure was performed withrtbie. -
out to be |mp0rtant N th|S eXperIment and that on the Com'pROF program using the magnetic form factor of and
position LasSr sMnOy; see below. Therefore, we have cor- the crystal structure determined above. The two-domain
rected the data for extinction using the Becker-Coppens forstrycture was taken into account. We obtain an ordered mag-
malism for an anisotropic mosaic spread. It is important tonetic moment of 3.2B)ug in strong disagreement with a
take into account the facts that the reliability of the determi-fj,s¢ report!! but in good agreement with more recent
nation of the strong Bragg intensities is hampered by th&york 13 The difference is most likely due to a poor sample
extinction and t_hat the multiple diffraction may add intensity quality of the crystal studied first. Our sample exhibits the
to weak reflections. Therefore, we have enhanced the Stat'ﬁhtiferromagnetic ordering d4,=127 K, in good agreement
tical errorsoga by with the study by Moritomoet al# Attempts to refine an
2= +int. * et C additional ordered moment component, aligned perpendicu-
stat T mult” Feonst lar to thec axis, did not yield a significant value. The ordered
using the observed intensity Int and two additional constantsnoment is still lower than what is expected for a ¥hion
Cmuit @nd Ceong following the procedure described in detail without an orbital contribution, i.e., i, and it is still lower
for a similar problent’ In addition, reflections with an ex- than the ordered moment reported for LaMpi®A part of

024425-2



CRYSTAL AND MAGNETIC STRUCTURE OF.. PHYSICAL REVIEW B 71, 024425(2005

TABLE |. Results of the single crystal and powder neutron diffraction experiments ppSra,, MnO, for room (RT) and low tempera-
ture (LT); the O1 position is at0,0.5,0.

x=02 x=0.12% x=0.2% x=0.4 x=0.5 x=0.8
a(h) RT 3.786 3.814 3.846 3.857 3.863 3.857
LT 3.768 3.794 3.840 3.852 3.855 3.857
cA) RT 13.163 12.938 12.676 12.548 12.421 12.402
LT 13.195 12.985 12.651 12.524 12.397 12.405
V (A)3 RT 188.676 188.204 187.500 186.670 185.356 184.498
LT 187.348 186.879 186.588 185.855 184.257 184.555
Mn Uiso (1074 A2) RT  133)/68(3)¢ 15(6) 18(6) 5(4)  192)/30(3)¢ 28(5)
LT 9(3)/30(5)° 5(4) 297) 1¢¢ 5(3)/5(3)° 6(4)
La/Sr z RT 0.355982)  0.356888) 0.3581%9)  0.3591711) 0.358163) 0.357998)
LT 0.355642)  0.356998) 0.357799)  0.3586415) 0.358144) 0.357867)
Uigo (1074 A2) RT  46(8)/38(8)° 34(3) 57(3) 63(3)  40(1)/30(1)° 7(4)
LT  19(1)/17(2)° 18(3) 41(3) 10(4) 5(3)/5(3)° 6(2)
o(1) Uy (104 A2 RT 31(1) 46(8) 63(9) 122(9) 62(2) 67(6)
LT 27(2) 63(8) 83(9) 43(8) 36(3) 54(6)
Uy, (1074 A2 RT 71(1) 46(7) 75(8) 65(8) 69(2) 47(6)
LT 45(2) 24(8) 87(8) 97(8) 68(3) 66(6)
Uss (1074 A2 RT 10Q2) 748) 55(11) 94(11) 67(2) 87(7)
LT 58(3) 62(8) 55(10) 6(10) 27(4) 42(6)
0(2) z RT 0.172213) 0.1690@11) 0.1649417) 0.1638615) 0.161068)  0.1596610)
LT 0.1727@4)  0.1702311) 0.1644915 0.1626Q19  0.1613810) 0.159689)
Uy (1074 A2 RT 1792) 191(7) 167(15) 1537) 117(2) 93(4)
LT 131(2) 86(6) 131(7) 134(9) 70(2) 63(4)
Usz (1074 A2?) RT 742) 163(9) 191(11) 137(10) 68(2) 61(7)
LT 51(3) 180(9) 18510) 56(8) 52(3) 33(6)

Bond length  dyn.o(1) (A) RT 1.8933%1)  1.907143)  1.923294)  1.929034) 1.931643)  1.928533)
LT 1.884038)  1.896844)  1.920184)  1.9261%5) 1.927636)  1.928593)

dyn-o2) (A) RT 2.26684)  2.187314)  2.091521)  2.057419) 2.00039)  1.980%10)

LT 227885  2.210414)  2.081G19)  2.036Q24) 2.000613) 1.98085)

aRefinement of single-crystal data.

bRefinement of powder-crystal data.

‘The single-crystal data refinement allows one to determine anisotropic thermal parameters on the Mn and La/Sr sites, U11=U22 and U33.
9This value was fixed during the refinement since it tended to negative values.

the moment reduction may be attributed to the two-structural phase transition related to the tilting of the octahe-
dimensional character of the antiferromagnetic coupling indra around an in-plane axis. We do not find such a long range
La; oSt ;MNO,, but this reduction gives onlAm=0.22ug.  tilt distortion in the La_Sr,,MnO, samples studied here.
However, there is evidence that part of the magnetic ordeHowever, the tilt transitions vanish for relatively small Sr
in La; oS MNO, remains two-dimensional in character concentrations in all systems. The critical Sr concentration
and does not transform into the 3-dimensional Braggamounts tox~0.2 in the cuprate¥ nickelateg® and
intensities'® cobaltateg!??i.e., much below the concentration range stud-
The crystal and magnetic structure of theied herg(note that the common notation in the manganates is
Lag g7551 1.9MN0O, sample was studied by powder neutrondifferen). Therefore, it is not astonishing that the
diffraction. We find the same magnetic superstructure peakka;_,Sr;.,MnO, samples studied here do not exhibit the tilt
and obtain an ordered magnetic moment of(R.4g. The  distortion.
further reduction of the moment compared to pure The most interesting structural aspect concerns the elon-
La; oSr MNnO, agrees with the reduced Néel temperature gation of the MnQ octahedron. Three-valent Mn possesses
Ty~62 K, and the finding that, for this composition, the four electrons in the @ shell with one occupying the,
amount of two-dimensional diffuse magnetic scattering isorbitals; therefore M# is strongly Jahn-Teller active, and
further enhanceéf one expects a strong octahedron elongation. In the layered
The related structural phase diagrams of 1&rCuQ,, ~ material there is a competition between the crystal field of
La,_,SrNiO,, and La_,Sr,CoO, exhibit all the same type of the Mn planar structure favoring an elongation along ¢he
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FIG. 2. (a) Crystal structure of LagSr, ;MNnO, at room tempera-
ture; (b) antiferromagnetic structure of LgSr; ;MnQ,; the two do-
mains are showiithe ferromagnetic planes are shaded for the two
domaing; (c) schematic drawing of the, orbital state in the pseu-
dospin space. The angl#s-27/3, 7, 27/3, and 0 correspond to 0.0
the 3/2—r2, x2—y?, 3x?-r2, and Z?-r? orbitals, respectively.
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axis, like in LgCuQ, or in LaNiO, (note that the octahe- FIG. 3. (Upper panel Temperature dependence of the lattice
dron in the nickelates is elongated thougi™Ns not a Jahn-  constants in La,Sr ¢MnO, as a function of temperatuténe arrow
Teller ion), and the exchange energiyln order to allow for  indicates the Néel temperatiiréhe inset shows the temperature
the virtual hopping of electrons to their nearest neighbors dependence of the lattice constants in 551 1,0MnO, where

in thea, b plane, it is preferable to hawg orbitals occupied ~Néel order occurs at-62 K. (Lower panel Thermal expansion
with the lobes within this plane. Furthermore, the elastic in-coefficient(parallel and perpendicular to the MaQayers deter-
teractions will favor an arrangement such that the long axignined py capacitance dilatometry and the normalized intensity of
of one octahedron is pointing towards the short axis of ghe antlferromagnetlc.superstructure reflectiorb 0.5 0 measured
neighboring sité* A similar arrangement is realized in the Py neutron diffraction for LacSn MnO, (left) and for
perovskite LaMnQ in the a, b planes of thePbnmecrystal ~ -0.875M.128Mn0x (right).

structure?® where it causes a ferromagnetic couplifign  the ¢ axis expands while the in-plane parameters shrink, in
the layered manganate Lgn ¢MnO,, the crystal field ap- agreement with the observation of the more elongated
pears to overrule these mechanisms, since the elongatizinO4-octahedron at low temperature. The thermal expan-
axes point along the direction. The Mn-O bond distances at sjon coefficients, corresponding to the temperature deriva-
room temperature amount to<2.267 A+4x 1.893 A com-  tives of the lattice constants, exhibit\alike anomaly at the
pared to 2<1.968 A+2x1.907 A+2x2.178 A for the per- Néel temperature. In the antiferromagnetically ordered
ovskite LaMnQ.?° The difference of the Mn-O distances is phase, thec axis expansion and the in-plane shrinking are
even stronger in the layered material than in LaMmiDe to  less pronounced. The clear coupling between the structural
the combined effect of the Jahn-Teller effect and theeffect and the magnetic ordering indicates an orbital origin.
K,NiF -structure crystal field. The ferro-orbital ordering of Most likely the orbital order is not complete in
the e, orbital along thec direction agrees with the antiferro- Lay oS, MnO,, but some of the in-plane, orbitals are still
magnetic ordering of the spins within the planes. occupied. The anisotropic thermal expansion indicates that
In view of the large splitting in the bond distances, onethere is a change in the orbital occupation. Upon cooling,
might expect a complete orbital ordering and a stable crystdess in-plane orbitals are occupied. The temperature depen-
structure. However, we find that the bond distances vary sigdence of the lattice parameters suggests that the orbital rear-
nificantly with temperaturésee Table)l The Mn-O2 to Mn-  rangement is spread over a wide temperature interval, 10—
01 distance ratio increases from 1.1®7to 1.2093), upon 600 K. Only at very high temperatures does ¢texis exhibit
cooling from room temperature to 20 K. Further insight isa normal, positive thermal expansion. Since we do not find a
obtained from the analysis of the lattice constants as a fun@change of the crystal symmetry, this structural variation
tion of temperature; see Fig 3. Both the determination of theshould not be associated with a phase transition.
lattice parameters by x-ray powder diffraction and the mea- In Fig. 2 thegy orbitals relevant in LgsSr MnO, are
surement of the thermal expansion coefficient with a highdepicted. The mixing of in-plane and out-of-plaggorbitals
resolution capacitance dilatometer, yield large and anisohas been modeled by a combination of th#-32 and
tropic anomalies around the Néel ordering. Upon coolingx?-y? orbitals?326
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|6) = cog 6/2)[32% - r2) + sin(612) |x% - y?). the octahedron distortion implies a stronger crystal field
splitting of the orbital energies in thesg systems. Observ-

Thex2-y2 and 32-r2 orbitals correspond to the coefficients ing @ similar effect in the strongly Jahn-Teller active
= and 9=0, respectively. In-plane elongateg-orbitals ~ &System LaeSn MnO, appears more astonishing.
correspond to values af=+27/3. With such a linear com-
bination one assumes at least a local distortion of the tetrag-
onal symmetry. The value of may fluctuate around the

average value of/=0 corresponding to thez3-r®orbital. Crystal structure Upon further increase of the Sr content
However, at the moment there is no evidence for such symhe commensurate antiferromagnetic order, as illustrated in
metry reduction. The orbital occupation in Lgn MnO,  Fig. 2, disappears, and rather complex schemes of charge,
may eventually correspond to a linear combination withorbital and magnetic order appear, among which that of the
imaginary coefficients corresponding to an admixture of oralf-doped composition is best studi&d®The single crystal
bitals which would not break the local symmetfy. of composition Lg7sSr; ,dMnO, studied here does not only
The second sample presenting an antiferromagnetic ordeshow the superstructure peaks indexed (hy2k/2l) but
ing, L&y 8755 124MNO,, exhibits qualitatively similar anoma- magnetic scattering at an incommensurateposition
lies in the lattice constants. However, the anomaloais (0.5,0.16,0, which one may not relate with the simple com-
expansion and the in-plane shrinking occur over a smallemensurate magnetic orderifyWith the diffraction tech-
temperature interval upon cooling. The parameter of njques used here, we are not able to study the structural
Lag g7551.120MINO, increases by the same amount betweeryjstortion arising from the charge and orbital order, we may
200 and 10 K, as does tlweaxis in La oSt MnO, between  only discuss the average crystal structure. A single crystal of
600 and 10 K. Concerning the effects in the in-plane paramt 5, Sy, MnO, was studied on the four-circle diffractometer.
eters, it is less obvious that one may separate th@g extinction effects were again severe, we used the same
electronically-induced effects from the normal thermal ex-methods as for the LaSr, MnO, sample. The data sets of
pansion, as they have the same sign. The thermal expansiq@3Q554) reflections taken at room temperatufe=25 K)
temperature dependence, see lower part of Fig. 3, agaiye described with reliability factors  of Ry(F?)

shows the maxima just at the Néel temperature and a reducgcg_65%6_24% and R,,,(F)=5.65%6.07%. The struc-
effect in the ordered phase. So, both compositions exhibit fural results are given ir;] Table 1.

continuous elongation of the MnrCoctahedron when ap- e |attice constants, see Figias show that the trend
proaching the Neel o_rder from high temperature and this tenétlready discussed continues with a further increase of the Sr
dency gets stopped in the ordered state.

; ith additional ind M content up tox=0.6. Thec parameter shrinks and the in-
Doping L& ¢Sn gMnO, with additional Sr induces plane parameter slightly expands. Simultaneously, the Mn-

sites where neg-orbitals are occupied. Such Minsites may 55 pond shrinks and the Mn-O1 bond expafigee Figs.

. . : gy
attract thee, orbitals of neighboring M S|t%e§s, and the con- 4y ang 4¢)]. The increase of the Sr content corresponds to
cept O.f an orbltal_polf_;lron has beef? propo the _Igyered an oxidation of the Mn sites or to an increase in the number
material the doping-induced Mh sites will destabilize the of Mn* sites. which. in first view. should lead to shorter

ordering of thee, orbitals elongated along the direction average Mn-O bond distances. The Sr dependence of the

and—simultaneously—the_ antiferrom_agnetic or<_jer. The balIattice constants and bond lengths indicates that this effect
ance between the crystal field preferring @longation of the superposes with the one discussed above: the continuing

& Orb“?"s and the kinetic energy f’?“’o””g an orientgtion Ofchange in the orbital occupation at the ¥rsites. Forx=0

the orbitals along the planes, is shifted towards the in-plang,5iny the c-elongated orbitals are occupied, whereas, for
orientation through th.e doping, since, only in this casegthe x=0.5, there is a strong occupation of the in-plane compo-
electron may heasny hop. bTherefor(_a, lcompalwed ©nents. The reminiscent elongation of the Mp6ctahedra
La; oSr MNO,, there seems to be more in-plane elongate long thec-direction at high Sr-concentrations can be under-

& states occupied in k7551 129Vin0O, at high temperature.  giq04 gue to the remaining influence of the planar crystal

The increase of the magnetic correlations induced upon cook;,~ture. Note that the non-Jahn-Teller configuratidh i

ing Ieads.then to a redistribution of electrons which is StronlazNiO4 still exhibits an octahedron elongation due to the
ger tha!" In L@_oSr?_OI\/InO& . __purely structural effect®> The temperature dependence of
The interpretation of the structural anomalies by an orbita he bond distance ratifsee Fig. 4c)] shows that the en-
redistribution is supported by recent x-ray absorption meapancement of the octahedron elongation at low temperature
surements which find a finite and temperature-dependent o¢j..rs only in the low-doped compounds which exhibit the
cupation of theg;-orbital oriented in the planes. commensurate antiferromagnetic order.
The anomalies in the thermal expansion suggesting a re- The change of the Mn-O bond distances may be analyzed

arrangement of the orbital occupation induced by the magy, antitatively using the bond valence sum formalism:
netic interaction resemble recent observations on Lg*fi&)

and on CaRuQ,.*? In these compounds, one finds an en- dp - di(Mn-0)
hancement of an octahedron distortion upon approach of the Vin = 2 exp(T>,

Néel order. In the case of the ruthenate the accompanying '

change in the orbital occupation has been directly observedhere dy=(1-x) X 1.76 A+xx 1.753 A andB=0.37 A are
by x-ray absorption spectroscopyAs in Lay (St MnO,, empirical parameteté andd,(Mn—-0) denotes the six Mn-O

IV. AVERAGE CRYSTAL STRUCTURE FOR
INTERMEDIATE DOPING
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"2y 0 e Ly T T T T, bond-valence sums calculated with the averaged Mn-O dis-
1329 | ] § tances, which follow the nominal values. It seems that part of
3841 o z.zg the internal stress is related to the strong splitting of the Mn-
_ 2 o g O bond distances, which is probably insufficiently described
§3,81:\ 3 1287 Zlg with the bond valence scenario. For comparison we also
| nd L 20 B show the bond valence sums obtained for the perovskites
278l 1t bmony ] > La;SrMnOy wfz_}ig? are quite close to the nominal values
| R B | m 19 for x=0 and 0.5>
[ 'c)' ] 'd)' T - g The La-O coordination polyhedron, too, changes signifi-
3120F & LT 1 Rec Laseozis 27 2 cantly with Sr content, in particular the shortest La-O2 bond,
{1.16-_ \0 ] p; ;;\.*._ ) parallel to thec axis, which increases rapidly with doping in
_dEI 12k RT. ir G G § the range 6<x<0.4; see Fig. @). The analysis of the bond
g 1t ] § valence sums calculated via
‘g 1.08
" o] il Y 2 do-La— dh(La/ST- O
N 1,71 B Vs =(05-05x Jex B
" 1 " 1 L 1 i
T v T ' T T 1
[ L .£) J255 -d -
36 ® do-s,— di(La/Sr
g 1 @ +(0.5+0.5) X >, expl = i 9)
& 35 ~.nominal valence & - B
_g 337 ] ] 23 3 is shown in Fig. 4f). At low doping, the obtained values are
§ 32 7 B significantly lower than the expected values, confirming the
€ 32 L e o E ficantly | than th ted val f th
o 31 - o Wi v bond leagdl _ & interpretation that there is an internal strain in this material.
S . 8 ey L 22 . i . : :
30Fg % LaStMoO, ) g This strain is reduced with doping and even turns into the
00 02 04 06 00 02 04 06 opposite as the bond valence sums are larger than the ex-
La, Sr, MnO, pected values in the samples with Sr concentration of 0.4 or
higher.
FIG. 4. Doping dependence of the lattice paramete)s the Temperature dependence of the lattice paramet&he

Mn-O bond lengthgb), the ratio of the two Mn-O bond lengtlte),  temperature dependencies of the lattice constants for large
and the three distinct bond lengths in e, S)O, polyhedron(d)  goping are shown in Fig. 5. In contrast to the anomalous
for the series La,Sr.,MnO,. Calculated bond-valence sum for behavior found for the low-doped samples, the thermal ex-
the central Mn-ion(e) [closed circles denote the values obtained ansion is quite normal in this Sr-concentration range. The
with the split bond lengths, open circles those calculated with th omplex charge, orbital and magnetic ordering schemes oc-
?%/e;agg Mr;(z bosnd Ien%th g_\?i s;zr]s Valduﬁs c;lcullated for I“"lgl;lmocurring in these,samples does not imply structural changes

ef. 25 an fo.sMN ef. 34], and bond valence sums for . . .
the La/Sr placg)f; Iglrse’i/lwn I3ines are guides to the eye. All data are férggn?tiéhgf:elrndUCEd through the commensurate antifer-
taken at room temperature if not specified. Debye Waller factorsOur interpretation of the doping-

_ induced reorientation of the, orbitals is well supported by

b(_)nd distances. The Mn bond valence sums are shpwn ihe anisotropic atomic displacement parametaP). Due
Fig. 4(e); only for Sr content higher thax=0.4 one does find 1, the intrinsic disorder induced by the occupation of the
the nominal valence, suggesting that for low doping the CrySgame site by La and Sr, some of the displacement parameters
tal structure exhibits an internal stress similar to the isostrucére significantly higher than one would expect from the pho-
tural cuprates! The internal stress seems to be released Withhon contributions. The disorder effect has been studied in
further doping as the calculated_ bond valence sum apgetail for La_Sr.CuO,, where, however, only 8% of the La
proaches the nominal value. In Figefwe also show the .o replaced by S In La,_Sr,,,MnO, the doping disorder
is maximal for Lg ,Sr gMnO, and decreases with further
doping. Since théLa/Sn-O bonds are perpendicular to the
Mn-O bonds, the doping disorder will displace the O-atoms
mainly perpendicular to the Mn-O bonds. The;parameter
of O2 and the J; parameter of O1 are most sensitive. These
displacement parameters are indeed maximalxfe® and
decrease with increasing Sr content. The interatomic interac-
tion potentials should be similar to those in,Lg&r,CuQy;
therefore one may compare to the additional ADP obtained
for the cuprate systert.Extrapolating the disorder induced
ADP contributions calculated for LaSr,CuO, to x=1.0 one
obtainsAU,;(02)=0.023 & and AU35(01)=0.0047 & and

FIG. 5. Temperature dependence of the lattice parameters ithese values are of the order of the low temperature ADP’s
La;,Sr.xMnO, for concentration=0.25. measured in LaosSr MnO,. The manganate seems to be less

N~ D

100 200 300 400 500 100 200 300 400 500
Temperature (K)
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Room Temperature: Low Temperature: jority occupation of in-plane elongated orbitals at higher
3 Srwecnsa 0 SrosCysa doping.(See Fig. 0
—— .y , ——— .ry, The longitudinal displacement parameter of the in-plane
2y, - 12 U, 200 oxygen is maximal near half-dopirf§.This finding agrees
ok © 1 2 710 well with the model of the CE-type ordering of both the
~ - L oir o o 100 Mn3*/Mn** sites and orientation of the, orbitals®’1°Both
3 — 40_' g = fols _ Q  displacements have not been taken into account in our refine-
o b L o L ! L1 31;;‘{ ment of the average structure. The doping dependence of the
%2k y ' A e UI 120> S U,-O1 parameter suggests local displacements of the order
5 4 -_% - 81150 &  of 0.1 A near half doping.
[ 8 5 Ll B & < 100
or o AF o 8% s V. CONCLUSIONS
1 N [l PR () 2 | 1 " 1 N | " [l
° 00 02 04 06 00 02 04 06 ‘ The crystal and magnetic structure of |Lg&r;,,MnO,
La_Sr, MnO, was studied by several diffraction techniques and high reso-

lution capacitance dilatometry. At low doping Gs&=0.25,

FIG. 6. Anisotropic displacement parameters of the two oxygerthe MnQ, octahedra are elongated along thelirection in
sites as function of temperature and doping. Note that@l) and  accordance with a majority occupation of the#3r2 orbital.
U33(02) correspond to the displacement of the oxygen parallel toHowever, pronounced and anisotropic anomalies in the ther-
the bonds. mal expansion yield evidence that the orbital occupation var-
des with temperature. Upon cooling there seems to occur a

sensitive to the disorder most likely due to the more stable®> 22 !
character of its crystal structure. In the ;Lgr.,MnO, shift of electrons towards thez3-r? orbitals. Upon increase

phase diagram there are no structural phase transition8f the Sr concentration, the amount of frions is reduced

whereas La,Sr,Cu0, exhibits the octahedron tilt instabili- and the octahedron elongation along thelirection dimin-

ties. ishes. This effect has to be attributed to a majority occupa-
The orbital occupation is related to the atomic displacetion of the in-plane elongateg), orbitals, as it was predicted

ment parameters parallel to the bonds, bf O2 and the iy, O arise from the magnetic coupling between¥1and Mrf*

parameter of Ol. These parameters are smaller in pu@tes?s

La; oSr MNO, than in intermediate Sr concentrations, al-

though the dop_ing disorde.r is maximal for that composition. ACKNOWLEDGMENTS
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