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Electronic excitations in the hole doped manganese oxilag ,SrMnO;, x=0.2 and 0.4 have been
elucidated by using the resonant inelastic x-ray scattering method. A doping effect in the strongly correlated
electron systems has been observed. The scattering spectra show that a salient peak appears in low energies
indicating the persistence of the Mott gap. At the same time, the energy gap is partly filled by doping holes and
the spectral weight energy shifts toward lower energies. The excitation spectra show little change in the
momentum space as is in undoped LaMnOn the other hand, the scattering intensities in the low-energy
excitations ofx=0.2 are anisotropic in temperature dependence, which indicates an anisotropy of magnetic
interaction and underlying effect of the orbital.
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[. INTRODUCTION pounds is briefly summarized hét@hree salient peaks ap-
pear at the transferred energies of 2.5, 8, and 11 eV by in-
Strongly correlated electron systet®CES, in particular  jecting photons of the resonant energy corresponding to the
the transition metal oxides, have attracted much attention fon K absorption edge. The lowest excitation peak that ap-
more than a decade. They provide not only many interestingeared at 2.5 eV was assigned to be the excitations from the
physical properties, such as high temperature superconduoecupied effective lower Hubbard baridHB) which con-
tivity, enhanced anomalies in the conductivity, etc., but thesists of hybridized O g and Mn 3 orbitals to the empty
playground of the many-body interactions of electrons asipper Hubbard ban@JHB) based on the theoretical calcu-
well as the interplay of different freedoms of charge, spin,lation of the RIXS proces$The excited electron changes the
orbital, and lattice. Manganese perovskites, often calle¢haracter of orbital from &2 2/3dsy2 2 to 3dy2_,2/3d,2_s2.
manganites, now become extremely important materials foExperimental facts of a weak momentum dependence and
this reason, in particular of the colossal magnetoresistanddée apparent polarization dependence of the scattering inten-
(CMR) effect. It is now recognized that the CMR effects aresity are consistent with the theoretical calculations. Two
the results of competition and cooperation between the musther resonant peaks at higher transition energies were also
tual interactions of various degrees of freedom. More preassigned to be charge transferred excitations from the inner
cisely, the electron correlations and the interactions with spi© 2p band to the partially filled Mn & band and the empty
and orbital determine the momentum dependence of the eleband of hybridized 4/4p orbital, respectively.
tron energies near the Fermi energy, which is modified from Our primary goal of the present RIXS studies is to ob-
the typical Fermi liquid picture in the textbook. Furthermore serve the excitation spectra from the metallic phase of the
the carrier doping to the SCES affect the electronic structuréransition metal oxides, because the interesting properties ap-
in the wide energy range, and its reconstruction occurs up tpear in the vicinity of the MIT by the carrier doping into the
a few eV at the magnetic/orbital ordering, as well as theMott insulators. No publications on the RIXS studies in the
metal-insulator transitiogMIT). Therefore it is quite impor- metallic phases exist so far, although we are aware of numer-
tant to examine the electronic excitations in the wide energyus experimental efforts to elucidate the nature in the metal-
range to understand the electronic properties of these conlic state. We report here on the experimental results of the
pounds. In this respect, the resonant inelastic x-ray scatteringlXS measurements from the doped, L&rMnO3, which is
(RIXS) is an ideal tool for the elucidation of the electron compared with the previous result of the undoped LaMnO
excitations around a few eV, since it gives the momentum{x=0). The effect of the carrier doping on the electronic ex-
dependent spectra unlike the conventional optical experieitations is focused by taking two representative crystals
ments. There exist several reports of such studies since the=0.2 and 0.4and two different phases of either insulator or
pioneering work on NiO by Kaet al! Recently the RIXS metal as shown in Fig. 1 of a simplified phase diagram of
measurements have been directed to both cuprdtesd La;_,Sr,MnOj;. In particular, the temperature dependent fea-
manganite$. For the purpose of the present research, thaures were elucidated ix=0.2 crystal, where the phase tran-
RIXS study in LaMnQ of the progenitor of the CMR com- sition from metal to insulator occurs associated with the fer-
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romagnetic transition governed by the double-exchange

mechanism. Recent studies also suggest melting of the o- T'C- 2. Resonant inelastic x-ray scattering spectra of

bital long-range order at this MIT. Therefore we are inter--20.650.4MnOs as a function energy loss at some representative
ested in the effect of the orbital state to the electronic exci—InCIdent xray energies(E;). The energy resolution s about

. S . . . 500 meV, and the scattering vector is fixedat(2.7,0,0. Three
tations, and it is discussed with relation to the magnetism. resonantly enhanced excitations are indicated by the arrows. The

strong intensity above 10 eV in the spectrum BE6.550 keV
Il. EXPERIMENT comes from the MrKBs emission line.

We carried out the RIXS experiments at the beam line . :
11XU at SPring-8. A spectrometer for inelastic x-ray scatter—elasuc peak, 8 and 12 eV near teabsorption edge of Mn.

ina was installed in this beam lifé.Incident x ravs from a The resonant energy is slightly different in each excitation.
9\ ) ys The scattering intensity of the excitation at the shoulder of
SPring-8 standard undulator were monochromatized by

diamond(111) double-crystal monochromator, and were fo- e elastic peak becomes strong B 6.556 keV, while

d le by a horizontal mi 323 ch | those of 8 and 12 eV reach their maxima at higkerThe
cused on a sample by a horizontal mirror. A$83 channe difference of resonant energy between the excitations was

cut secondary monochromator was inserted before the horEIso observed in LaMngd and LgCuQ,,’ which indicates
zontal mirror when high-energy resoluthn is required. an-t at the intermediate state involved in the excitation is dif-
zontally scattered x rays are analyzed in energy by a dice rent. Hereafter the energy of the incident x ray was se-

and spherically bent G&31) crystal. The polarization vec- |gqteq at 6.556 keV to focus mainly on the excitation at low
tor of incident x rays and the scattering vector are in theenergy.

horizontal plane. The energy resolution in the experiments

was 230 meV estimated from the full width half maximum IIl. RESULTS AND DISCUSSION

of quasielastic scattering, when the(883) monochromator

was used. The energy resolution without thé338 mono- A. Doping dependence of RIXS spectra

chromator is about 500 meV. Single crystals of RIXS spectra of La,Sr,MnO; are shown in Fig. @),
Lap ¢Sth.sMNO3 and Lg ¢St MnO3 were used. where eachx and T corresponds to the filled circle in Fig. 1.

The improvement of the energy resolution using theThe upper two curves in the figure were taken in the insulat-
Si(333) monochromator is crucially important in this study. ing phase, and the lower curves are those in the metal phase.
We could observe the peak feature of the excitation from thét should be emphasized first that a salient peak commonly
LHB to the UHB in a high-resolution experimefftig. 3@)], appears at around 2 eV besides peaks at higher energies of 8
while we could not see it in the low-energy resolution and 12 eV. The peak in the lowest energy can be assigned to
(Fig. 2. be the electron excitations from the LHB to the UHB as

First we measured the spectra varying the energy of incimentioned in Sec. I. Looking closely at the spectra, the spec-
dent x ray(E;) at the fixed scattering vect@=(2.7,0,0 to  tral weight of these peaks tends to shift toward lower energy
determine a resonant energy. Though the crystal structure &y the hole doping. The experimental fact of the decrease of
Lag ¢Sty.sMNnO; is rhombohedral? we use the index dPbnm  the energy gap between two separaggthands suggests the
orthorhombic notation to compare easily with our previousdecrease of electron correlations by the hole doping, which
paper All the data of this compound were taken at room overcomes the lower shift of Fermi energy in the LHB.
temperature. The results are shown in Fig. 2. Three reso- Another important difference between two excitation
nantly enhanced features can be seen at the shoulder of tepectra of LaMn@ and Lg Sty ,MnOs is more clear in the
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trum of LaMnQO;, while the gap is partially filled in
Lag 651, 4MnO;.

Even though the Hubbard gap is filled indg®rn sMNnOs;,

a fairly large spectral weight remains at the excitation from
the LHB to the UHB, and forms the peak feature, as seen in
Fig. 3@). It gives direct evidence of the strongly correlated

electron nature.

It is natural that the origin of the excitations at 8 and
12 eV in Lg gSIy4MnO;3 is similar to that in LaMnQ@. The
excitations at 8 and 11 eV in LaMn@re the charge transfer
excitations from the O 2 orbitals to the Mn 8 and Mn
4s/4p orbitals, respectively. In LgSry ,MnO; the former
corresponds to the excitation at 8 eV, and the latter is that at
12 eV. The peak position of the excitation from @ ® Mn
4s/4p is different between LaMn9 (11eV) and
Lay ¢Sty sMNnO5 (12 eV), as seen in Fig. (). It probably
comes from a different valence state of the manganese atom.
LaMnO; has only one valence state of manganese atom
(Mn3"), while Lay ¢Sty ,MNnO; has two( Mn®* and Mrf*).

The interatomic distance between fnand surrounding
oxygen is shorter than that between ¥HO. The shrinkage

of the bond length makes the hybridization between © 2
and Mn % orbitals strong. The energy level of the Mip 4
orbital becomes higher because it forms mainly an antibond-
ing orbital, while the energy level of the Opzbonding or-
bital becomes lower. As a result, the excitation energy in-
creases in the highly oxidized manganese.

B. Momentum and azimuthal angle dependence
of Lag gSrp.MnO 3

The RIXS spectra of LgsSry ,MnOg3 at various scattering
vectors are presented in Figa#where solid lines show the
result of the fitted curves. In orthorhombic notation of
Lag ¢515.4MNO;, h=4 and 3 correspond to the Brillouin zone
center and the zone boundary, respectively. The momentum
transfer dependence in the spectral shape was found to be
small. In order to elucidate the dispersion relation quantita-
tively, we analyzed the observed data by fitting. The tail of
the elastic scattering or quasielastic component in the energy
loss side(Stoke$ was evaluated from the energy gain side
(anti-Stokes We approximated the excitation at 2 eV by a

FIG. 3. Resonant inelastic x-ray scattering spectra of-orentzian. The width was fixed at 3 e¥.The observed
La;,SLMnO; (x=0,0.2,0.4. The energy resolution is about INtensities near 6 eV were considered to contain a tail from

230 meV.(a) RIXS spectra atQ=(2.7,0,0. The solid lines are

the peak at 8 eV in part, and therefore the contribution from

fitting results assuming the elastic peak, three Lorentz functions fofhe peak at 8 eV was taken into account, and its spectral

excitations, and fluorescen¢®in Kgs line). (b) The excitation in
the low-energy region measured at high scattering angle.

data taken at a higher scattering an(é) of almost 90°. A
set of the high-resolution spectra of LaMgnOand
Lay ¢S15.4MNO; are depicted in Fig. ®). The intensity of
incoherent elastic scattering is nearly proportional t& @#s
in our experimental conditions, namely, thgoolarization of

shape is also assumed to be a Lorentzian. The calculated
spectral shape was fitted well as seen in the figure. The ob-
tained peak positions corresponding to the gap energy be-
tween the LHB and the UHB are plotted in Figib# The
magnitude of the dispersion is small and at most 0.4—-0.5 eV
in total, which is comparable to that of LaMgO

In general, the RIXS spectra are approximated as the con-
volution of the occupied band and unoccupied band. In

the incident x ray is used, and the elastic scattering is weak ataMnO; where the orbital long-range order is realized, the
260~90°. Since the momentum dependence of the energgccupied LHB band consists of the orbital state represented
dispersion for the lowest excitations is quite small, the dif-by either i3> 2 or 3ds2 2 wave function which is alter-

ference of momentum between two spectra in Fig) & not

nately aligned. Therefore the unoccupied state should be

important. A gap feature was clearly observed in the spec3dy2_2/3d._,. As a result, hopping to the nearest-neighbor
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— and the fluorescence as the reference in Fig. 5. Both show the
S 26 ¢ 1 oscillation of the 2r period, which probably comes from the
2] . . . .
g difference between the angles of incidence and reflection.
“2 2471 | When we divide the scattering intensity of 2 eV by the fluo-
|f_£ 25 } | rescence yield, we can clearly see the twofold symmetry,
> which is reminiscent of the case of LaMpOMe evaluated
g 207 the ratio of the oscillating part to the constant part using a
w '8 function of A(1+B cogy), where is the azimuthal angle.
56087303234 3638 4.0 4.2 The origin of th.ez,b is defined whert' lies in the scattering
(b) (h.0.0) (r.l.u) plane. We obtaine@=0.38 and 0.19 for LaMn@(Fig. 4 in

Ref. 8 and Lg ¢Sty aMnO;3, respectively.

FIG. 4. (a): The RIXS spectra of LS, ;MnO; at various scat- Because the azimuthal angle dependence is a measure of
tering vectors. The energy resolution is about 230 meV. Solicthe anisotropy, the smaller value & for Lag ¢Sty /MnOg
circles are observed points. Solid and dashed lines are the results Bfeans that the excitation is more isotropic i 85 sMnO5
fitting of overall spectra and excitations from LHB to UHB, respec- than that in LaMnQ@. The isotropy is also supported by the
tively. (b) Dispersion relation of the excitation from the LHB to the scattering anglé26) dependence of the RIXS intensity, that
UHB. is, the component proportional to 8¢ is larger in

site in the UHB is forbidden in thab plane because of the Lag 651 MnO; than that in LaMn@. Note that the isotropic

orthogonality of the wave functions. This is the reason whypart of the RIXS intensity is proportional to C@¢ when =

the UHB of LaMnQ, is narrow and the band dispersion is polariz_ation of the incident_ X ray is used. We c_onsider that
flat. This fact also gives a weak dispersion relation in RIXSthe anisotropy may be attnbutgd o the co_rrelahon length of
in LaMnOs. On the other hand, due to the fact of no orbital the orb|t§al. Thg more the o_rbltal _correlauon develops, the
long-range order in b .MNnOs, hopping to the nearest more anisotropic the RIXS intensity becomes. Indeed, the

: 5Sl0.MnOs, A : long-range orbital order is established in LaMp@hile the
neighbor can be allowed in the UHB which gives rise to the

: : : : : bital correlation in LgeSrMnO; is short ranged. It is
larger dispersion relation. The observed dispersion of the ex! 62704 3 :
citation spectrum of LSt ,MnOs, however, is comparable noted that the peak feature at 2—2.5 eV, which corresponds

to that of LaMnQ. This result can be possibly understood T_Oa:\;ﬁ exgrt]%tlﬁn bsertwai%t"\%rgrsb'teagz\’/fgfbtsh%r%gg '_nr:r?tg
when the ferromagnetic metal of £aStMnO; has a short- orbitalogrder Aa;ﬁfa?'gs thg stronp Coulomb interrgctiongbe—
range correlation of orbitals where the fluctuation of the or- ' g

bitals is slow compared to the transition time of the x rays.tvx(e)svnatwgegfé);:ﬂtrzlsase);';sn’ irfhgxec;tag;i)r?];nﬁicg\?e Scr;J%usli?jer
Slow fluctuation of the orbital is regarded as a static disorde gap. L P S
at the orbital state quantitatively affects anisotropy of the

for the x rays, and also the excited electrons seem to be f IXS intensit
from the band electrons. Incoherent carrier motion in the Y-
crystal can be considered as a kind of localization, and the
weak dispersion observed in g MnO; is naturally
comprehensible. In this section we focus on the result of dgdrH ,MNnO;
This scenario of the short-range orbital correlation waswvhich shows the MIT at 309 K, associated with the ferro-
also supported by another experiment of the polarization demagnetic phase transitidf.It also shows a structural phase

C. Temperature dependence of LggSrg,MnO;

224437-4
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transition at 100 K from rhombohedral to orthorhombic. A key to understanding the temperature dependence as
We measured the RIXS spectra across two transition temwell as the anisotropy of RIXS intensity is the transfer of
peratures, as indicated by the arrow in Fig. 1. electrons near the Fermi energy. The double exchange inter-
The RIXS spectra of LgSr MnO; measured at several action plays an essential role for the stabilization of the fer-
representative temperatures are shown in Fig. 6. The spectramagnetic long-range order in this hole doped
are similar to those of LgSr /MnO; in Fig. 2; there are  La,  SrMnO; compound. Because the probability of the
three excitations at 2, 8, and 11.5 eV. The scattering intensit¥pin-flip excitations in the RIXS process is much smaller
at 2—4 eV increases with decreasing temperatureQat than that of the spin-nonflip excitations, the ferromagnetic
=(2.7,0,0 [Figs. Ga) and b)]. In contrast, the intensity of - spin order ofe, electrons increases the transition probability
Q=(2.2,2.2,0 is nearly independent of temperatUifigs.  from the LHB to the UHB. In this sense, the change in RIXS
6(c) and d)). It should be noted that the excitations at jntensity along(h00) may be attributed to the evolution of

11.5 eVis independent of temperature in both scattering VeGyq hje_exchange ferromagnetic interaction. The temperature
tors. The spectra o®=(3.3,0,0 were confirmed to show dependence of scattering intensity of 2.25eV @t

similar temperature dependen_ce_to thoseQsf(2.7,0,0, =(2.7,0,0 and (3.3,0,0 in Fig. 7, which qualitatively ac-
and the spectra dp=(2.6,2.6,0 is independent of tempera- 445 with that of the bulk magnetizatidhthe intensity be-
ture. We emphasize here the experimental fact that the tenying to increase af, and saturates around 150 K. On the
perature dependence in intensity depends on the direction @kner hand, the scattering intensity is independent of tem-
scattering vector: in other words, the temperature deperjerature alonghh0) ( Mn-O-Mn direction), which might be
dence of the interband excitations from the LHB to the UHB ofjected from the ferromagnetic superexchange interaction
Is quite anisotropic. which is active in both metallic and insulator phases.

The t%mp_er:at#re (;;Ieﬁende_ncel of SIXS_ _mtenr?ty can ble The present results demonstrate that the temperature de-
compared with that of the optical conductivity. The spectral,onqence of the electronic excitation is quite anisotropic in

weight of the optical conductivity in LSt MnOs shifts L I, MnOs, and the RIXS is a powerful technique to
gradually from 1-2 eV to lower energy<l eV) with de- 20,8510.MnOs, P q
Lag gSry o,MnO4

creasing temperatufé.The strength of the optical conduc-

o
©

tivity at around 2 eV decreases with decreasing temperature. . *Q=(2.7,0,0)
Surprisingly, the temperature dependence of the RIXS inten- £ o8 {;#% ‘{’ ©Q=(3.30,0) |
sities of Q=(2.7,0,0 is opposite to that of the optical con- : % ‘{’ Te

ductivity (Q=0), namely, the intensities alon@00) direc- & 07r <} 1
tion increase with decreasing temperature. Furthermore, the = {) Hﬂ) l{

RIXS intensities show no obvious temperature dependence ﬁ 0.6 #{1) i{ (1
along(hh0). Since the RIXS can measure the excitation at £ o5 $ “’

the finite momentum transfer, the electronic excitations of ' ' ' '

L 0 100 200 300 400
Lag ¢Sty ,MNnO5 should be correctly understood by taking into
account momentum dependence. The qualitatively different
temperature dependence just suggests the influence of the FIG. 7. Temperature dependence of the RIXS intensity at fixed
orbital to the electronic conductivity, which has often beenenergy transfer of 2.25 eV in kaSr, ;MnOs. The arrow indicates
discussed. the ferromagnetic transition temperatyie.).

Temperature (K)
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study electronic excitation, especially in an anisotropic sys- In LaggSry,MnO3, we found a clear temperature depen-
tem, because it can provide much information of the elecdence in intensity around 2—4 eV. The RIXS intensity of

tronic excitation with finite momentum transfer. Q=(2.7,0,0 increases with decreasing temperature, while
the scattering intensity d@=(2.2,2.2,0 is independent of
IV. CONCLUSION temperature. It is a remarkable contrast with the optical con-

guctivity, whose spectral weight at 2 eV decreases with de-

In conclusion, we have measured resonant inelastic x-ra gt ‘ Th Sotropic t i d
scattering spectra of hole-doped manganese oxide§¢2SINg teMmperature. The anisolropic temperature depen-

Lag ¢S MnO; and La ¢St ,MnO,, and studied electronic dence mlght be attrlb_uted to an anisotropy of the

excitations across the Mott-Hubbard gap near the Fermi erf€fomagnetic exchange interaction. Even though the energy

ergy. dispersion is small in La,SrMnO3;, we could dgmon;trate a
The salient peak structure, which corresponds to the excinomentum depende_nt feature of the electronic excitations by

tation from the LHB to the UHB, was observed in both the RIXS technique in the sense that the temperature depen-

Lag ¢S MNO; and La (St ,MnO,, and the peak position den_ce of the scattering intensity is anisotropic. Furthermore,

shifts to lower energy than that of LaMpCFurthermore, the the |mportance and usefulness of the RIX_S measurements are

spectral weight extended to lower energies than the Mottl€cognized throughout the present studies because the mo-

Hubbard gap in metallic LgSt, ;MnOs, though the peak of mentum dependent electro_nlc equtatlons in the mangamtg

interband excitation remains like LaMgOremains. These systems reveal the mutual interactions between charge, spin,

facts show some characteristics of the strong electron corrénd orbital.

lation in the metallic state. The excitations from the LHB to

the UHB in Lg gSrysMnO3; show weak dependence on the

momentum transfer, and the magnitude of the dispersion is ACKNOWLEDGMENTS
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