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We report resonant x-ray scattering data of the orbital and magnetic ordering at low temperatures at the Mn
L, zedges in LgsSr; gMnO,. The orderings display complex energy features close to the Mn absorption edges.
Systematic modeling with atomic multiplet crystal field calculations was used to extract meaningful informa-
tion regarding the interplay of spin, orbital, and Jahn-Teller order. These calculations provide a good general
agreement with the observed energy dependence of the scattered intensity for a dominant orbital ordering of
the d,2_2/dy2 2 type. In addition, the origins of various spectral features are identified. The temperature
dependence of the orbital and magnetic ordering was measured and suggests a strong interplay between the
magnetic and orbital order parameters.
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[. INTRODUCTION in the t,g; level and one electron in the twofold degenerate
€y level. The degeneracy of they, level can be lifted by
Orbital ordering, which involves correlations between thecooperative Jahn-Teller distortions of the MynOctahedra
spatial distribution of the outermost valence electrons, haseducing the symmetry t®,,. Adding the tetragonal field,
long been considered a vital ingredient in the structural andhe t,y; level splits intod,, and doubly-degenerats,,,, or-
physical properties of strongly correlated electron systemsitals, while theey; level splits intods,2_,2 andd,z_y2. There-
such as transition metal oxides. The competition and coopfore, depending on the value of the applied tetragonal crystal
eration between the charge, orbital, and spin degrees of freéield, Mn®* will have as a ground state filledy, levels and
dom of the electrons manifest themselves in in unusual propthe ey, orbital lying along the elongation direction, either a
erties such as high temperature superconductivity, colossak,_2 or a d_,2 orbital [see Figs. (a) and 1b), respec-
magnetoresistance, and magnetostructural transitioms. tively], which will determine the type of the orbital ordering.
particular, charge-orbital ordering in half-doped manganites-urther cooling belowly~ 120 K results in long range an-
has attracted much attention and controvér8y.In tiferromagnetic ordering of manganese ions into a CE-type
LaysSr sMnO, the Mn sites are all crystallographically structuret? This was the basis of an alternative model put
equivalent at room temperature with an average valency dbrward by Goodenoudghn which orbital order correlations
3.5. This material displays a phase transition-&40 K be-  lower the energy by favoring antiferromagnetic interactions.
low which it was believed that charge disproportionation ofUntil very recently, detailed investigations of the origin of
the Mn ions occurg® creating two inequivalent sites identi- the orbital order remained elusive because of the lack of a
fied as Mi* and Mrf*. This was originally predicted by technique capable of direct observation.
Goodenough.It should be noted that the picture of integral Resonant x-ray scattering (RXS) studies of
charge on the Mn ions has recently been challedfénl-  LagysSr, sMNO, were first attempted at the manganese
plying that the actual valence difference of the two Mn ionsedge. The diffraction intensity at an orbital ordering reflec-
is much less than 1. The assumption that they are close tion displayed a striking resonant enhancement near the ab-
3.5+, however, is based on the formal valence and does ngbrption edge and a specific dependence on the azimuthal
take covalency into account, which should cause a reductiorgngle!® There are two possible mechanisthir obtaining
according to Hartree-Fock calculations on the related comresonant enhancement at an orbital-ordering Bragg vector:
pound LgCa gMnO; (Ref. 11), the charge on the manga- Jahn-Teller distortions and orbital ordering. Cooperative
nese ion is even below 3+. In this paper, we adopt a multiplefahn-Teller distortions originate from a bare structural origin,
picture which applies to integer charge only and we assumge., a periodic distortion of the oxygen octahedra. Orbital
the value of 3+ as the closest to the real situation. The strongrdering is related to the occupation of differegt orbitals.
Hund’s rule coupling and the cubi®;,) component of the The MnK edge resonance, which involves virtual excitations
crystal field implies that the Mii 3d* site has three electrons from 1s to 4p bands, is generally insensitive to orbital order-
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they reported energy resonances at thelMm@andL, edges,
proposing that the orbital ordering was caused by a mixture
of both cooperative Jahn-Teller distortions and direct Good-
enough orbital correlations. Similar experimental results
were later independently reported by another gréfuidore
recently, the same technique has been used to study magnetic
and orbital correlations in RgCa, ,MnO3.%"

In this paper, we present a combined experimental and
theoretical study of both magnetic and orbital order reflec-
tion spectra at low temperatures in 58 sMnO,. The
analysis of the spectra is based on atomic multiplet calcula-
tions incorporating crystal field effects. We present the spec-
tra obtained by fitting the crystal field parameters and discuss
their agreement with the experimental spectra. Further, we
indicate the dominant orbital ordering type. We also present
analysis of the superlattice reflections in terms of the Jahn-
Teller versus orbital ordering origin of the spectral features.
Finally, we have measured the temperature dependence of
certain features in the energy resonant spectrum. These show
a dramatic change at a temperature corresponding to the Néel
temperature, indicative of a strong interplay between the
magnetic and orbital order parameters.

This paper is organized as follows: Section Il of the paper
describes the methods to obtain the spectra, experimental and
theoretical. The results are presented in Sec. lll, where ex-
7!' - .T? ——‘. perimental spectra and theoretical fits are compared. There

= - v we also present the analysis of the Jahn-Teller contributions
to the orbital ordering scattering. Section IV describes the
temperature dependence of the spectra, while all our results
are summarized in the conclusions in Sec. V.

Il. METHOD
A. Experimental approach

The experiments were performed at beamlines 5Ul at
Daresbury and ID08 at the European Synchrotron Radiation
b Facility (ESRB. Single crystals of LgsSr sMnO, with di-
mensions 1 3X 3 mn? were grown at the University of
a Oxford using the floating zone method. They were cut with

either[110] or [112] directions surface normal and polished
with 0.25 um diamond paste to a flat shiny surface.
The crystals were mounted in the 1D08 five-circle diffrac-
tometer operating at a base pressure af1D 8 mbar, and
in (a) andd,2_2/dy2 2 in (D). (c) shows the magnetic ordering with equped_Wlth a Si d'_Ode detector. The beamline produces
blue lines representing the ferromagnetic spin chains. The orbitalgloo% linearly polarized x rays. At-650 eV an energy
are drawn for the M# ions, while the small yellow circles repre- Fésolution of 165 meV was obtained. Sample cooling was
sent oxygen atoms and large blue circles represent th ns. ~ achieved using a liquid He cryostat attached to the sample
stage by copper braids resulting in a base temperature of
ing of the 3l states. Theoretical studies proposed that thés3 K.
observed sensitivity is largely due to Jahn-Teller distortions On the 5U1 beamline, crystals were mounted on a two
via 4p band structure effect$;2° rather than to 8 orbital  circle diffractometer enclosed in a high vacuum chamber
ordering via 8—4p Coulomb interactiond! This conclusion with a base pressure ofx110°8 mbar. The incident beam
was recently supported by experimental work on strainedhas a resolution of 500 meV, and a beam size of
manganite filmg2 Experiments performed at theedges, on  1x 1 mn?. The sample was mounted on a liquid nitrogen
the other hand, directly probe thel 3tates. Resonant soft cooled copper block, with a small manygladjustment for
x-ray diffraction at the MnL edges was first reported by initial orientation. The base temperature achieved was 83 K.
Wilkins et al?® and was followed by the first direct observa- Temperature stability between 83 K and 300 K was achieved
tions of orbital ordering using soft x rays in with a heater element, and control thermometer mounted
Lag 5Sr sMn0O,.%* Aided by earlier theoretical predictioffs next to the sample.

FIG. 1. (Color online The structure of LgsSr; sMnO,. (a) and
(b) show two different types of orbital orderinds,e_2/dgy2 ;2 type
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TABLE I. The Hartree-Fock values for the ground and excited states &f ijiwen in eV. Coulomb and
exchange integrals in the calculation have been scaled to 75% of their atomic valugsshgle spin-orbit
parameterl(2p) has been increased by 9% from the Hartree-Fock value to correspond to the experimental
value (Ref. 33.

F(d,d) F4(d,d) F2(p,d) G'(p,d) G3(p,d) {(2p) {(3d)

3d* 11.415 7.148 0.046
2p°3d°® 12.210 7.649 6.988 5.179 2.945 7.467 0.059

At both beamlines the experimental procedure was idenFig. 1(c). In order to simulate the effects of the spin ordering
tical. The incident energy was set to the mangargsedge, on an isolated iorisuperexchange and direct exchange inter-
and superlattice peaks located at flﬁe%,o) and (;11,—%1,%) actionsg, we introduce a magnetic field acting on the spin of
positions. Each reflection was measured on a separatbe atom. This field splits additionally tHe=2 quintet into
sample. Energy scans of the reflections were performed &,=-2,-1,...,2 levels. Inclusion of the magnetic field fa-
fixed wave vector with the incident polarization perpendicu-vors theS,=-2 level as the ground state of the atom. The
lar to the scattering plan@ polarization. No analysis of the strength of the exchange interaction was set to 0.02 eV.
polarization of the scattered x rays was performed. The inte- Using the above procedure one readily obtains the eigen-
grated intensity was measured by longitudinal scans througalues for the ground3d") and excited(2p°3d™?) states
the peak at fixed energy. separately. The next step towards the calculation of the scat-

The azimuthal dependence of the orbital order superlatticeering or absorption spectrum is the evaluation of the dipole
reflection was measured on the D08 diffractometer by rotattransition probability. Depending on the crystal symmetry
ing the sample around the scattering veaioin the absence and the type of scattering one is interested in, the angular
of an orientation matriXUB) this was achieved by rotation dependence and the matrix elements value of the transition

of the diffractometer’s¢ axis. The origin of the azimuthal operators of the resonant amplitude will vafy.

angleV corresponds to the situation where {{#91] direc- The crystal field has the tetragor@l,,) symmetry. How-
tion lies within the scattering plane. ever, if the spin direction is assumed alofid.0], the site
symmetry is lowered to that of thg; point group. We note

B. Theoretical model that the spin direction has a non-negligible influence on the

XS spectra. In most of the previous studis example, in

The calculations of the RXS spectra are based on atomigef. 25, the spin was aligned along the highest symmetry

multiplet calculations in a crystal field. The calculations were .~ " =~ : . C 7
performed at 0 K. Cowan’s atomic multiplet progr&ns direction of the local crystal fiel@fourfold axig. This gives

providesab initio (Hartree-Fock values of the radial Cou- rise_ to an arti_fici_a_l 90° spin-canted structure_ and tq spectra
lomb (Slate) integralsF%24d, d), F(p,d), G*3(p,d) (direct WhICh dlf_'fer significantly from the ones_obtamed using col-
and exchange contributionand the spin-orbit interactions Islgﬁagjp;)ns.clzr;rtrge gr:zs?r?]t)\%o\r/té fgléc;;/\\/n; dg :22 aeaprrzzg?oge-
£(2p) and £(3d) for an isolated MA* ion. Their values are . e L ) pres .
given in Table |. As we are lowering the symmetry by the which describes the atomic resonant scattering amplitude in

e 5 o
inclusion of the crystal field, we apply the Wigner-Eckart the C; point groug® and, taking into account the structure

. X ) ) factor, computed the orbital and magnetic scattering inten-
theorem to calculate matrix elements in a given point gtbup P 9 9

. . . " sity. In the case of the orbital scattering with the wave vector
starting from the matrix elements evaluated in the sphencaﬁ' Y g

group. This is implemented in the “Racah” code, which also%l’%"O)’ the resonant scattering intensity is proportional to

gives the values of the dipole transition matrix elementSthe following combination of the atomic scattering tensor

necessary for the calculation of the spectra, as will be getomponents:
scribed in the following subsection. The fitting procedure 190 5 IFS —F8 ,+FS —F° |2 (1)
starts with adjusting the crystal field type and strength by res — 01 TO-1T L0 L0

modifying the cubioX*®) and tetragonalX*) crystal field  \yith F¢ . defined as
parameters. Orbital and magnetic spectra calculated using the mm

atomic multiplet code and including the crystal field effects <0|Jl‘r|n><n|J1 10)
are then compared to the experimental data and the proce- e =3 m m’. , ()
dure is continued until the optimized set of crystal field pa- mm By -Enthe+il/2

rameters is found. In order to take into account the screening

effects present in a real crystal with respect to the atomigvherem and m’ denote polarization states adf} are the

picture, we scale down all the Slater integrals to 75% of theiielectric dipole operators defined in spherical coording@s.
atomic values. represents the ground state with eneBgyand |n) interme-

In the actual LgsSr, sMnO, compound, the spins are ap- diate state with energig,. The photon energy i8w and I’
proximately aligned in th¢110] direction?? displaying anti-  stands for the broadening due to the core-hole lifetime.
ferromagnetic ordering along tleaxis and between the spin Similarly, for the magnetic scattering with the wave vec-
chains, and ferromagnetic along the spin chains, as shown ior (%,—;11,%), the scattering intensity can be expressed as
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FIG. 2. (Color onling The energy scan through tHg,,0) FIG. 3. (Color onling The energy scan through thg,—3,5)

magnetic order reflection at constant wave vector at 6&u
black line with the theoretical fit§dashed red lingsfor the (a)
d,2—,2 and (b) ds2,2 types of orbital ordering. In the panét) we
present the fit for the orthorhombic crystal field. The inset shows
the temperature evolution of the magnetic order parameter.

orbital order reflection at constant wave vector at 68flidl black
line) with the theoretical fit§dashed red lingdor the (a) d,2_,2 and

(b) day2_2 types of orbital ordering. In the pan@d) we present the
fit for the orthorhombic crystal field. Shown in the inset is the
temperature evolution of the orbital order parameter.

[MO IFe.,—F, 3) netjc reflection(co_mpared tq the orbital order wave vegtor
res Lo t-L-le indicates that while the orbitals are ferro-ordered along the
which is identical to the expression derived for the spherical001] direction, the magnetic moments are aligned antiferro-
symmetry2® We note that the proportionality coefficients that magnetically. The magnetic ordering energy spectra is even
contain the polarization dependence are omitted from Eqgsnore dominated by scattering at thg edge, which is ob-
(1) and(3). served to contain up to five separate features.[THeatures
In these calculations we usét=0.5 eV and, in addition, are much weaker and contain only two main peaks. These
the scattering intensity was convoluted with a Gaussian oflata show no relative shift in energy between magnetic and
width 0.1 eV to simulate the experiment@nergy resolu-  orbital spectra, at variance to what was reported by Thomas
tion. et al?” The insets of Figs. 2 and 3 show the temperature
evolution of the orbital and magnetic order parameters, re-
spectively. The orbital order parameter was found to decrease
lll. ORBITAL AND MAGNETIC SCATTERING in a continuous fashion with increasing temperature in the

Figure 2 shows the energy dependence of the scatter&ficinity of Too=230 K. The antiferromagnetic reflection
intensity at a fixed wave vector dbo=(%,2,0) through the shows the same behavior, albeit, with the lower transition
4,41

Mn L; and L, edges. This wave vector corresponds to theten;peratu;e(;)_ﬂ'le 120hK. . di v of th bital
long range orbital ordering of the Mhions within thea-b \gure Isplays the Integrated intensity of the orbita

plane. These data were collected at the beamline 1D08 on %rder superlattic.e r.eflection as a functjon of the a_zimuthal
single crystal cut with thg110] direction surface normal. On angle¥. The S.Ol'd line shows a §|mulatlon of the azimuthal
initial inspection, the spectrum is dominated by scattering agependence given by the following equation,

theL; edge where two distinct features are present. The scat- |00

tering is weaker at the, edge where three convoluted peaks 1(8,y) = cos B coS ¥ I, @

are observed. Figure 3 shows the energy dependence celhere ¢; is the Bragg angle of the reflection andis the
lected in a similar fashion, but at a wave vectorci;af::(%, azimuthal angle. This dependence is characteristic oEthe
—i,%). This reflection corresponds to long range antiferro-resonant scattering process. It is worth mentioning that this
magnetic ordering on the Mhsublattice. The observation of azimuthal dependence, which shows an extinction of the
a c-axis component in the wave vector of the antiferromag-scattering wher¥ =~ 90°, is not consistent with scattering
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FIG. 4. (Color onling The dependence of the integrated inten- (full black line), 2 eV (dashed red line and 0.1 eV(full green
sity as a function of azimuthal angig for the(;ll,%,o) superlattice  line).
reflection at 63 K(circles. The solid line is a simulation of the

azimuthal dependence for the proposed orbital order. tetragonal partx?29) of the crystal field, using different val-

from the magnetic structure with moments aligned along/es 0fX*?°as shown in Fig. 5. This approach is based on the
[210]. Therefore we conclude that the scattering observed dgct that changes of the Jahn-Teller distortion yield corre-
the (3,%,0) position arises solely from the orbital ordering. SPonding changes to the tetragonal field. We conclude that

In Fig. 2(@) we also present the best fit we have obtainecthe reduction of the Jahn-Teller effect results in the reduced
for the orbital scattering by fitting simultaneously both theLs/L; ratio and in the drastic reduction of the main feature at
magnetic and orbital scattering to the same crystal field pathe L; edge.
rameters. The fitting procedure yielded the following opti-
mized crystal field parametersX*®=5.6 eV and X??°
=3.75 eV, or 1@,=1.70 eV andDs=-0.45 eV. The same
field can be expressed in terms of the energy of tde 3  The orbital order spectrum shown in Fig. 2 was obtained
orbitals®” E(dy,)=-1.58 eV, Hd,,,,)=-0.23 eV, Hdy_2)  at a temperature of 63 K. We also made measurements of
=-0.12 eV, and Eds,2_2)=1.92 eV. This corresponds to or- spectral features in th%,%,o) orbital order reflection as a
bital ordering of thed,>_./dy2_~ type, as illustrated in Fig function of temperature, upon warming, to measure the
1(b). This is in contrast to the conventional model of orbital change of the crystal field. These measurements were per-
ordering of theds,e_2/dgy2 2 type>2>260r even the partial formed on station 5U1 and the energy resolutidfE) was
occupancy alternatinds,e_2/dgy2 2 and dyz_y2 model® but  deliberately reduced to approximately integrate the spectral
in agreement with the findings of Huargg al. in a recent feature over energy. These results are displayed in Fig. 6.
dichroism study on LgsSr; sMnO,.3° Magnetic scattering Figure 5 shows that the scattered intensity atlthedge
corresponding to the same crystal field parameters is showis very sensitive to the Jahn-Teller effect while the intensity
in Fig. 3(@). All the features of thé; andL, structures of the at theL, edge is not. We define, for the purposes of this
orbital scattering fit display good agreement with the experidiscussion, the branching rati&ig. 6, middle panelas the
mental data although the;/L, branching ratio is somewhat ratio of integrated intensitiever ) measured at energies
overestimated, and the high-energy shoulder ottheeak is of 643 and 653 eV for thé; and L, edges, respectively,
not reproduced. The magnetic scattering is also well deshown in Fig. 6(top pane).This branching ratio is expected
scribed, but it overestimates the intensity of the peak. to give an indication of the Jahn-Teller distortion.
Both low- and high-energy shoulders in thg peak are not Upon cooling pasT g the branching ratio increases, sug-
present in the fit. gesting an increase in the Jahn-Teller distortion. Approaching

The fit corresponding to the crystal field described byTy the integrated intensity for both spectral features rises
X#0=56 eV andX??°=-1.65 eV reproduced the spectrum sharply. However, the branching ratio also increases at this
for the orbital scattering very well, Fig.(), but the mag- point, indicating that the Jahn-Teller distortion becomes even
netic scattering was poorly described, completely missingnore dominant. AfTy, as indicated by the measured mag-
the first feature in thé; peak. We also note that the addition netic order parameter in the bottom panel of Fig. 6, both the
of a small orthorhombi¢D,,) componentX???>=-1.1 eV, to  integrated intensity and the branching ratio saturate. Upon
the crystal field related to the2_,2/d,2_ type of the orbital  further cooling only a slight decrease in the branching ratio
ordering improved the /L, ratio for the orbital and mag- is observed.
netic scattering, as shown in FiggcRand 3c). At temperatures belowy, the orbital order correlations

In order to address the origin of the different spectralare approximately constant even as the antiferromagnetic
features, we have examined the effect of a reduction of thepin correlations are gradually increasing. The dramatic in-

IV. TEMPERATURE DEPENDENCE
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006 T T T ] lous changes may signal a change in the type of orbital order.
] However, our energy resonance data do not show any dra-
matic changes in profile arourifl. Paolasiniet al*' sug-
: ‘&“ ] gested that the magnetic order is driven by the orbital order
[ : TN ] and that the spin exchange constants are determined by
b T'"""; Yvvey v * & E the relative orientation of the occupied orbitals. Alterna-
[ : LA ¢ .- tively, Binggeli and Altarelt* have suggested that in KCyF
0 F~———H—+————————+—+—+ the increase in the orbital order reflectionTat may simply
250k : ®) 2 suggest a low temperature structural transition. In
[ ee®®*® ] LaysSr sMnO, our results suggest an interplay between
D e, ] magnetic and orbital order and/or Jahn-Teller distortions be-
2.00F e ] low Ty in the absence of any structural transitions. The ori-
[ : . ] gin of the temperature dependence of the orbital order signal,
150F : e o however, remains an unsolved problem.

0.04

Integrated Intensity

Branching Ratio

1.00k V. CONCLUSIONS

We have presented the energy dependence of the scattered

intensity at a fixed wave vector dioo=(3,%,0) and Gar
] =(%,-1,3) through the MnL; andL, edges.
] A good agreement was found between the experimental
N I I B data and theoretical fits which included a realistic description

120 160 200 240 of the spin direction. A single set of parameters describing

Temperature [K] the crystal field was used for both orbital and magnetic re-

flections. It is noted that there was a slight discrepancy in the
branching ratidL;/L,) between data and theoretical results.

(triangles and at thel, edge(inverted triangles (b) The tempera- 'I_'he resul_ts O.f the flttlng procedure demonstrate that the
ture dependence of the ratio of the integrated intensitig ,. (c) orbital ordering is predominantly of thiz2/d2 2 type. A
The temperature dependence of the integrated intensity of thgatisfactory fit to both data sets could not be obtained with
(2,-%,3) magnetic reflection measured at 643 eV. the other proposed type of the orbital ordering
(dgx2—r2/ dgy2_;2). The inclusion of a small orthorhombic com-
crease in the intensity of the orbital ordering superlattice reponent of the crystal field, in the case of te ,2/d,2 2 type
flection atTy is very unexpected. The stepwise increase inof the orbital ordering, moderately improved the fits. Such
the integrated intensity suggests that the long-range orbitaksults are consistent with the x-ray linear dichroism results
ordering interactions maximize at,. The temperature re- of Huanget al3® In addition, the x-ray scattering results
gion betweenTy and Tog is one in which the orbital order confirm the existence of long-range order.
correlations gradually increase with decreasing temperatures. Further theoretical investigation of the orbital scattering
These results suggest a strong interaction between the orbitaldicates that the intensity of the, edge is strongly sensitive
and spin degrees of freedom. Is such behavior typical, oto the Jahn-Teller distortion, whereas theedge is mostly
restricted to just LgsSr; sMnO,? Because our study is one to sensitive to orbital order. We believe this is a general feature
directly measure both the orbital and magnetic correlationghat can be used as a guideline in the interpretation of the
and their temperature dependences, it is difficult to be cererbital scattering in other manganite systems. We conclude,
tain. However, there are intriguing results obtained by othetherefore, in the specific case of ds5r, sMNO, presented
resonant x-ray studies at th€ edge of other 8 transition  here, that the system is highly influenced by Jahn-Teller
metal compounds that suggest that such effects may be distortions*
general feature of strongly correlated systems. In LafinO  Measurements of the temperature dependence of the ratio
RXS studie®’ at the MnK edge observed scattering at the of the integrated intensities at thg and L, edges suggest
symmetry forbidder{300) position. Such measurements, in- that there is a strong coupling between the Jahn-Teller dis-
directly attributed to orbital ordering via Jahn-Teller distor- tortion and the long-range magnetic order. These results are
tions, showed that the intensity increases dramaticallipgt  not consistent with a change of the orbital order typ&at
and thereafter remained almost constant until just aliqve as previously suggestédand the origin of the temperature
where the integrated intensity increased by 50%. In KCuF dependence of the orbital order signal remains an open issue.
doubling of the integrated intensity of the orbital order re-
flection was observed upon cooling just abc'l’\,qa“lv“ZV\(hat ACKNOWLEDGMENTS
is surprising about all of these results is that the increase
occurs well below the orbital ordering transition temperature This work was supported by the Synchrotron Radiation
where the orbital order parameter is expected to be saturateRelated Theory Network, SRRTN, of the EU. S.B.W. would
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integrated intensityover g) of the main features at the; edge
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