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Temperature dependent d-d excitationsin manganites probed by resonant inelastic x-ray scattering
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We report the observation of temperature dependent eféctexcitations in various manganites utilizing
resonant inelastic x-ray scattering (RIXS) at the Klredge. Excitations were observed between 1.5 and 16
eV with temperature dependence found as high as 10 eV. Theyeha spectral weight between 1.5 and 5 eV
was found to be related to the magnetic order and indeperadehe conductivity. On the basis of LDA*
and Wannier function calculations, this dependence iscia®al with intersited-d excitations. Finally, the
connection between the RIXS cross-section and the lossifunis addressed.

PACS numbers: 75.47.Lx, 61.10.-i, 74.25.Jb, 71.27.+a

Manganites of the form RE ,AE,MnOs; where RE is a magnetic order and to the need for realistic calculationth@f
trivalent rare earth and AE a divalent alkali earth, exhibit g-dependent dielectric function.

diverse range of magnetic and electronic phases. The recent|nelastic x-ray scattering (IXS), like optical measuretsen
theoretical and experimental studies have focussed on idefs a photon in - photon out probe of electronic excitations
tifying the electronic ground states and the potential afle over energy scales up to and above the charge-transfer gap.

phase inhomogeneities [1, 2]. However, details of the origi Both techniques have recently been applied to the manganite
and nature of the electronic order remain elusive. What i§3 l4,[5[6]. IXS offers the additional advantage that one can

known is that the various phaseS are stabilized through'coom]easure dispersion of the excitations over the en‘t.imace
erative and competing interactions involving the spinjtatb  with bulk sensitivity. Further, by tuning the photon energy
charge and electron-lattice degrees of freedom of thesstatgg the absorption edge (or “resonance”) the IXS cross-@ecti
derived from the Mr8d and the O2p bands. may be enhanced, allowing even high-Z based systems to be
Current models frequently integrate out the oxygen destudiedi[y| 8] - albeit at the price of a more complicated s1os
grees of freedom and parameterize the behavior of the Magection. Recently, Resonant IXS (RIXS) has been utilized to
3d orbitals with terms such as the hopping amplitude betweestudy LaMnQ [€] where it was argued that the technique re-
neighboring Mn sites, the on-site Coulomb repulsibi énd ~ vealed excitations related to the ordering of orbitals.
the Hund's coupling (), each of which are on the order In the present work, samples with several magnetic, or-
of several eV. Experimental measurements of the excitatiopital, charge and structural ground states were studied:
spectra up to these energies can thus play a key role in thea, s,5Sry.125MNnO3 (hereafter refered as LSMO.125) which
understanding of these systems - in particular such measurfas a paramagnetic semi-conductor (PMSC) to ferromag-
ments provide far more stringent tests of the various thteorenetic metal (FM) phase transition at 190 K and is a fer-
ical approaches than do ground state measurements. Centremagnetic insulator (FI) below 150 K; LaCa sMnO;
to such efforts will be understanding how the excitationcspe (LCMO.3) which is PMSC abov&: = 250 K and FM below;
trum relates to the various magnetic and electronic ordsrin  Pr, ;Ca, 4MnOs; (PCMO.4) which undergoes a phase transi-
In this paper, we report resonant inelastic X-ray Scatgﬁrin tion from PMSC to a two-dimensional antiferromagnetic mnsu
studies of the electronic excitation spectrum in a number ofator (AFl) at 234 K with the onset of orbital ordering, and be
manganites, for a range of ground states. We find that i§omes a three-dimensional antiferromagnetic insulatéil)A
all samples, the excitation spectra show systematic tempeftZn = 180 K; and Nd,.5Sfy.sMnO3; (NSMO.5) which has
ature dependencies associated with the magnetic ordering @ PMSC to FM transition at 250 K, and a FM to orbitally or-
energy scales up to 10 eV. The integrated spectral weight iflered AFI transition at 150 K. All samples were grown by
the 1 eV to 5 eV energy range increases on entering ferrghe floating zone method. Their quality was checked by x-ray
magnetic phases, decreases for antiferromagnetic spin-ali diffraction, resistivity measurements and magnetizatiea-
ment, and is unchanged through metal-insulator transifion ~ surements using a commercial SQUID.
which the magnetic ground state is unchanged. On the basis of The experiments were performed at beamline 91DB, CMC-
time-dependent density functional calculations, we atbae  CAT at the Advanced Photon Source. Successive Si(111)
this temperature dependence arises from intedsdeexcita-  and Si(311) monochromators were used. The scattered x-rays
tions which are suppressed or enhanced for antiferrom&gnetwere collected by a spherically bent Ge(531) analyzer and fo
or ferromagnetic nearest-neighbor spin correlationpaes cused onto a solid-state detector. The overall resolutias w
tively. These results both point to the sensitivity of RIX5 t 300 meV (FWHM). The incident photons were linearly po-
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FIG. 1. Energy loss spectra of LSMO.125 and LCM@s3emper-

ature. Each point is averaged over three consecutive datgsgo FIG. 2: (Left) Selected energy loss speatsdemperature after sub-
decrease the statistical noise. The elastic line (0 eV) yaisdlly straction of the quasi-elastic line. The arrow indicatesréygion of
3000 counts/s for LCMO.3 and 1000 counts/s for LSMO.125rerr maximum temperature dependence. (Right) Integrated reéct
bars are typically .15 counts/s. An off-resonance spectsushown  tensity between 1.5 and 5 eV. For LCMO.3, the increase is stiow
in the lower panel (E=6538 eV). relate to the magnetization (dashed line, taken from r8f. [9

larized, perpendicular to the scattering plane. The imtide To do so quantitatively, we must first subtract the elastic
energy,E;, was tuned to the peak of the M&redge absorp- scattering, which increases with temperature as a result of
tion of the respective materials - for which the RIXS intéyisi quasi-elastic scattering from phonons. This was carrigd ou
was maximized (this varied frorfy; = 6555 to 6557 eV with by assuming that the elastic line is symmetric and subtrgcti
increasing doping). The data were taken at Q=(0 2.3®)pP  the energy-gain side from the energy-loss side. This assump
settings, which minimized the number of elastically scetle tion was shown to be valid by measuring the elastic scagerin
photons. Typical inelastic count rates were between 1 and 16ff-resonance (Figld1). We believe this procedure giveis rel
counts/s. The background, as measured on the energy gable spectra above 1.5 eV. The results for the four sampdes ar
side, was~ 0.1 count/s. The{ss; emission line, i.e. decays shown in the left panels of Fifl 2.
from the Mn3d band, occurs at 6534 elMg. out of the range In all samples, the lowest energy feature in the subtracted
of the present scans which cover the endigy- 3 to F; — 14 spectra occurs at 2 eV; at2.75 + 0.1 for LSMO.125, at
eV. Here, the inelastic scattering arises following th@rmbi- 2.6 +0.1 eV for LCMO.3, at1.940.1 eV, for PCMO.4 and at
nation of the exciton comprised of the dore-hole and thept 2.0 + 0.1 for NSMO.5. This “2 eV” feature is reminiscent of
photo-electron, after it has exchanged energy with theweale the one observed in manganites in optical conductivity-stud
electrons. ies [3,L5]. Note that there is an apparent trend in this featur
Inelastic spectra for LCMO.3 and LSMO.125 are shown into move to lower energies with higher doping. Inaghial.
Fig.[. In each case, data were taken on cooling from a paraeported a similar feature &t5 + 0.25 eV in LaMnO; [g],
magnetic semiconducting phase into a ferromagnetic phashich fits into this same trend. They ascribed this excitatio
Temperature dependence is apparent up to 10 eV. The spectman orbital excitation. The data for PCMO.4 show that this
are characterized by three distinct regions: The regioro@p t feature is still present on warming through the orbital orde
eV energy loss, which shows an increase in spectral weight oimg transition {'oo = 234 K) and that therefore this feature
cooling into the respective ferromagnetic phases, a rdggen cannot be associated with long-range orbital order. More ge
tween 6 and 10 eV which shows little or opposite temperaturerally, our data suggest that some contribution of the salect
dependence; and a peak at around 12 eV with no systematieeight about 2 eV is temperature independent - see in partic-
temperature dependence. In what follows, we will focus pri-ular the NSMO.5 data. Thus, the temperature dependence of
marily on the region below 6 eV. the low energy spectrum does not appear to be related to the



“2eV" feature, but rather moves to higher energies with bigh
doping (arrows in Fig[2). We now discuss this temperature
dependence in detail.
In order to characterize the low energy (< 6 eV) spectra in

a model-independent way, we have simply summed the in-
tensity between 1.5 eV and 5 eV. This integrated intensty
temperature is shown as closed circles in the right panels of
Fig. . These panels illustrate the central result of thizepa

namely that the integrated spectral weight between 1.5 and 5

eV follows the magnetization of the sample in a systematic
way, and that this result is independent of the conductiviity
the ground state.

Specifically, for LSMO.125, LCMO.3 and NSMO.5 the in-
tegrated intensity increases on cooling into a ferromagnet
metallic phase. Conversely, the intensity is seen to drop o
entering an antiferromagnetic phase (PCMO.4 and NSMO.5;
Finally, in LSMO.125 (T;;=150 K), there is a smooth in-
crease in intensity as this sample is cooled through into
the ferromagnetic insulating phase. Thus, we conclude the
the change in the inelastic scattering reflects the magaetic
der not the electrical conductivity. We note that the presen
of the large quasi-elastic scattering dazzles the enempera
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below 1 eV where the closing of the gap associated with the Site 1

onset of metallicity occurs.

These observations raise questions as to why does the i \ ’ \ oce % N _
elastic scattering depend on the spin correlations and ighat L — & — “;&;
the relationship between the RIXS spectra and any calailabl S“*"j’)/’ 9 -
response function? In the following, we address these sssue ~ ®
with density functional calculations within the LDAJ ap- Site 1 Site 2

proximation. FIG. 3: (Upper panel) Density of states on Mn atoms near theFe
We begin by calculating the electronic structure of the un.,q| for LaMnQ; calculated by LDAY. (Lower panel) Wannier

doped LaMnQ in a structure with the actual Jahn-Teller (JT) functions from the LDA) calculations for9° andel"**. The oxy-
distortions of the octahedra (but without tilting), takitig= gen octahedra are depicted. Site 1 and site 2 are two firshineig
8 eV andJy = 0.88 eV (Fig. 3). We find a ground state Mn on the a-b plane . setting).
with A-type antiferromagnetic order and an insulating gap.
The gap results from a lifting of the degeneracy between the
quarter-fillede, states that accompanies the in-plane orbitaineighbors with the same spin alignment, since no states exis
ordering (and driven by the large on-site repulsion [10).11] at low energy in the opposite spin channel. This is illusitat
These findings are consistent with the actual ground state sichematically in Figld4a. Thus the more pairs of ferromagnet
LaMnQs. The upper panel of Fifll 3 shows that the only stategcally aligned neighbors in the system, the stronger the low
relevant to the low-energy excitations are thestates of the energy spectra will be, consistent with our experiments.
majority spin at the Mn sites. The real space charge density This simple picture was confirmed by calculations of the
of these states is illustrated in the lower panel, in whidgh th dielectric functiong(q,w), whose imaginary part reflects the
Wannier functions of both the occupied{®) and the unoccu-  spectrum of allowed transitions (Fifl 4b)[12) 14]. The cal-
pied ;"°°9 states, either side of the Fermi level, are given forculation was performed twice with the JT-distorted, uedllt
two neighboring sites [12, 113]. In addition to the staggeredstructure: Once for the A-type AF magnetic ordering, and
orbital ordering of the)* states, the unoccupie{"*““states  once for a ferromagnetic ordering. The momentum transfer
are spatially orthogonal to th€“° states at the same site. was taken to be similar to that of the experiments, after map-
With these results in hand, the mechanism for the observeping back to the first Brillouin zone. We find that the ferro-
temperature dependence of the RIXS spectra can be undenagnetic dielectric function is doubled relatively to th& A
stood in the following way: In the smat}-region, the low- one (Fig.[#b), as is (@, w) at low energies (not shown). This
energy features in the RIXS spectra are dominatethtey-  enhancement results from the additional charge transfagal
site d — d transitions between Mn atoms (mediated via thethe c-axis, via the apical O (Fidl 3), which is suppressed in
hybridization with the O2p states as evidenced by the Wan-the AF case. This additional contribution is of similar size
nier functions in Fig.[B). Ignoring improbable spin-flip ex- to that arising from transitions within the a-b plane beeaus
citations, such inter-site transitions can only occur leetv  despite the ferromagnetic correlations of the four Mn ngtare
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a) b) ) neighbor. The decrease within a ferromagnetic phase isther

fore consistent with our picture. As to the 12 eV feature, it
m was observed in LaMnOwith RIXS [€] and was attributed
a4 to a transition involving Mn states. Conversely, no ex@itat
Rl

is seen around 12 eV in the optical spectra of the manganites

p (100)

il Y \\ . [3,118]. As shown in Fig.[02, substituting the earth cations
' mTtA“anF:’t e = does not significantly change the position of this feature, i
m o, 1‘0 PR plying that their electronic states are not involved. Intfétc
A Fnerey (V) appears clearly here as a feature {g,%) (Fig. [4c) and our
\ \g ©) - f:mf)':f“:a"fg(-:;‘;- SRR calculations suggest that it is more of a collective resparfs
AP-neighbors | anO;-cal sqwwinres ) the system as a wholége. a plasmon, ag| reaches a low
EF\ 5 minimum.
e ‘f; In summary, we have measured temperature dependence in
X [t z the inelastic x-ray scattering spectra of several manganip

KRN U to 10 eV energy loss. In the lowest energy range, we find that
L the excitation spectrum does not depend on the presence or
Energy (V) absence of orbital order, but does correlate with the magnet
order of the sample. We calculated the DOS for LaMra3

FIG. 4: a) Schematic for the possible hopping between neighb Well as the Wannier functions for the, states and describe
ing sites. For ferromagnetic neighbors, low energy excitstare ~ the magnetic order dependent feature as arising from inter-
allowed. For antiferromagnetic neighbors, such exciteticequire  site 3d-3d excitations. This work points to the sensitivity of

an improbable spin-flip and are suppressed. b) Imaginatyoptine  the RIXS technique to magnetic correlations in manganites i
dielectric function for two magnetic ground states of LaMnQ) addition to the charge excitations.
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neighbors in-plane, only two contribute due to the direwio
nature of the ordered orbitals - as illustrated by the Wannie
functions (Fig.[B). In the actual doped systems, this differ
ence may be reduced for various reasons, including chang
in orbital ordering, degree of hybridization, the bandwidf
thee, states, and screening due to metallization. However, the
qualitative trend is expected to persist and explains tasgnt
results.
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