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Electronic states of charge-ordering Ng sSry, sMNnO 5 probed by photoemission
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Electronic structures of the charge-ordering manganite Mg, MnO; (x~0.5) have been studied by reso-
nant and high-resolution photoemission. The Mm @d 3d) resonant photoemission confirmed the M 3
(Nd 4f) states hybridized with the Ostates. The high-resolution Mnp3resonance spectra show a clear
transition from the metal to the charge-ordered insulatoxfef.5 upon cooling while a Fermi cutoff is seen
for x=0.47 at all temperatures, suggesting that the transition is induced by a subtle competition between the
charge-ordering instability and the double-exchange interaction. Temperature and filling dependence of the
spectra implies that the electronic states change not gradually but suddenly at the phase boundary.
[S0163-18209)09623-X]

I. INTRODUCTION tral change from the FM to the CE-type COI phase have not

The manganese-based perovskite oxides have attract?t:)(?en observed so far. On the other hand, the magnetic circu-

great interest due to the recent discovery of colossal" dichroism of core absorption spectra of manganites has

. . shown the rare-earthfdand 5 states are hybridized with the
magnetoresistance. As well known, LaMng is anA-type conduction-band staté3Therefore, the photoemission stud
antiferromagnetic insulatofAF1),22 in which two kinds of ) the p y

distortion, namely, the GdF oe and the Jahn-TelléiT) of t_he ra_re-earth ﬂcon'Fnbunons in the Whple valen_ce-band
. 2y 2 " regions is needed to discuss the electronic states in the man-
type, are involved. La ,Sr,MnO3;° undergo a transition

from the AFI to a ferromagnetic metaEM) by carrier- ganites. However, such an experimental study is still lacking

doping and a transition from a paramagnetic insulé&®dy to for Rl,?(SrXMnOE, (R=Pr, Nd, and Sm . .
. ; In this paper, we report on resonant and high-resolution
the FM upon cooling fox>0.15. These magnetic and trans- o . . -~
. : hotoemission studies on Nd Sr,MnO; with x=0.47 and
port properties have been explained by the double-exchan . . . .
: ! . .5 in order to clarify the electronic structures in the whole
(DE) mechanisnf.Recently, it has been pointed out that the : .

. L : s valence-band region and near the Fermi levél:)(
dynamic JT effect is important in addition to the DE 4..S Ou(X=05 d PLLEM t i i
interaction> On the other hand, it has been found that som 0-525:%5':2” ?j(X_FM )Couln Ergoes Z[ i 15??(5' lon &
perovskite manganites with commensurate values stich ' ¢~ <29 1t and a Fvi- tr_ansmoq tcor™ upon
as N sSr, :sMnO3,57 undergo a transition from the FM to a €001ing-" Ndo 535k 4MNnO3(x=0.47) is in the FM phase be-
charge-ordered insulatd€Ol) upon cooling. The FM-COI 10w Tc~275 K and does not exhibit any COI transitith.
transition is accompanied by a spin- and orbital-ordering Resonant photoemission spectra have clearly revealed the Nd
and it is also known that a charge-exchariG&)-type anti- 4f and Mn 3 electronic states. High-resolution photoemis-
ferromagnetic structufds realized in the COI phadeSince  sion spectra have shown clear difference of the electronic
Lag St MnO; is ferromagnetically metallic below the Curie states due to a small deviation of composition. Namely, the
temperature T,),? the COI phase in NgktSr, MnO; is con-  spectra forx=0.5 show spectral change across the FM-COI
sidered to be stabilized by the larger GdRke@pe distortion  transition while a Fermi cutoff is seen for=0.47 at all
(smaller Mn-O-Mn bonding anglethan in LgsSrpsMnO;,  temperatures. Furthermore, we discuss temperature and fill-
arising from the difference between the ionic radii of theing dependence of the spectra and the spectral line shapes,
atoms at theA-sites’ Although many photoemission studies comparing our results on Nd,Sr,MnO; with the previously
on the perovskite manganites have been repdrtéth spec-  reported spectra of the other manganites.
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estimated from the mirror current of the monochromator for
each set of the resonant photoemission spectra. A two-peak
structure is observed at3.5 and~7 eV in the Nd 3I-4f
resonance-maximum spectrum, which is characteristic of a
localized 42 ground state and similar to that in the previ-
ously reported Nd d-4f resonant spectrum of
Nd; ¢C&, ,Cu0,.2° From a cluster model analysi$the un-
hv =964 eV M 3d hybridized f-hole (—&¢) and ligand-hole {¢,) energies,
and the effective transfer integrdll2V have been estimated
IT: as 4.70.2, 5.1+0.4, and 1.350.05 eV, respectively.
V. t These results indicate that the ( Ztates that can be hy-
& bridized with the Nd 4 orbitals are located near the bare Nd
2R 4f levels and hence the Ndf40 2p hybridization effect in
the final states is strong. In the MmpZ23d resonant spectra
(hv=640 and 642 ey, Mn 3d-derived spectral features ap-
- pear at~0.6, 2.3, and 6.7 eV. The spectral line shape is
Cross-section ratio qualitatively similar to those reported by Pagkall? The
Nd:Mn:0~10:6:3 0’25/"'- 0.6 eV shoulder and 2.3 eV peak, which are also clarified in
~1:5:7 . the spectrum taken &tv=55 eV, are ascribed to theg and
\./ Mn 3d . tyg states, respectively. These r_esults are fairly consistent
. with the band-structure calculation of LaMpQRef. 21
(170K) . done using the local-spin density approximatiwSDA) if
| | | | | L we assume that the structure of the Md Band does not
25 20 15 10 0 change much by the hole doping. T_hg 6.7 e_zV peak corre-
Binding Energy (ev§ sponds to thd,q states strongly hybridized with the Qp2
states, which has been suggested from the cluster-model
FIG. 1. Comparison of the valence-band spectra ofanalysi€ as well as the LSDA calculation. The ratio given in
Nd, s, sMnO; taken at various photon energies including the Mn Fig. 1 represents the relative photoionization cross section of

hv =978 eV_nd 5p

Nd 5p
hy = 642 eVt ST 4p

hv =640e\%
* 2 %

hy =636eV § ol

Intensity (arb. units)

2p and Nd 31 resonant spectra. the Nd 4f, Mn 3d, and O 2 stateé? at the respective photon
energy. The intensity around 13 eV is also enhanced in the
Il. EXPERIMENT spectrum ahv =640 eV, which is ascribed to treg-derived

. . satellites’ However, the hump around 10 eV in the spectrum
Single-crystal samples were grown by the floating-zone

2“7 Mat hv=642 eV is considered as an Auger emission. It is
method® Mn 2p-3d and Nd 31-4f resonant photoemission : : :
was performed at 300 K at beam line BL-2B of the PhotonnOtICGd that the Nd # components are seen in the off

17 .__resonance spectrum takenhat=636 eV, reflecting the rela-
Eactory(PF), ngh-Ener_gy Accelerator Research C)r(:']""mza'tive photoionization cross section of the Nd 4tates. The
tion. The energy resolution was0.8 and~1.0 eV, respec-

. . weakness of the photoemission intensity near 7 e\hiat
tively. In order to obtain clean surfaces, the sample surfaces

L ; : ' ; =55 eV is surely due to the reduction of its relative cross
were repeatedly scraped situ with a diamond file. High- . . A
) o section. In this way, the contribution of the rare-earth 4
resolution photoemission measuremertty €55 eV) were states should be really taken into account for interpreting the
done at beam line BL-3B of PfRef. 18 at various tempera- y P 9

. ; valence-band structures.
tures with the total energy resoluthn et45 m_eV. The Figure 2 shows the temperature-dependent spectra of the
samples were fractured situ and the high-resolution spectra

were measured withil h toavoid surface degradation. The x=0.47 and 0.5 samples takenfat=55 eV. There are struc-
) grac ' tures at 0.6, 2.3, 3.0, and 5.6 eV in all the spectra. Compar-
fractured surfaces were irregular and the obtained spectra

showed no angular dependenbe.=55 eV corresponds to ing the spectra with those in Fig. 1, we conclude that the
an energy that is a little higher than the Mp &bsorption structures at 3.0 and 5.6 eV mainly originate from the |© 2

threshold. The base pressure wax 10~ 1° Torr. All mea- states, which are not prominent in the spectra at the higher

i hoton-energy excitations. Far=0.47, there is no remark-
surements were repeated to ensure reproducibility of thgble difference in the spectra between 140 and 170 K, both
spectra. :

in the FM phase. As fox=0.5, the gross feature of the

spectrum at 140 K is similar to that at 170 K. However, the
Ill. RESULTS AND DISCUSSION 2.3 eV structure at 140 Kindicated by an arrow in Fig.)ds
narrower particularly on the lower binding-energy side (2.0
—1.6 eV) as revealed in the inset. Furthermore, the narrow-
ing of the 2.3 eV structure itself is more distinct for=0.5

Photoemission spectra of BlebrpgMnO; in the entire  than forx=0.47. We consider that the narrowing is caused

valence-band region are shown in Fig. 1. The spectra takeby the localization of the,, states due to the FM-COI tran-
athv=978(642 and 964 eM636 e\V) correspond to the Nd sition. It is known that the, levels are split into two levels
3d-4f (Mn 2p-3d) resonance maximum and minimum, re- by the JT distortion, which is thought to become larger in the
spectively. The spectra are normalized to the photon fluxCOI phase as suggested from the temperature dependence of

A. Resonant photoemission spectra in the entire valence-band
region
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FIG. 2. Valence-band spectra of NgSr,MnO; (x=0.47,0.5).
The inset: the same spectra on an expanded scale showing the peak-FIG. 3.  High-resolution  photoemission spectra of
narrowing across the FM-COI transition fe=0.5. Nd; _,SrMnO3(x=0.47,0.5) taken at 20, 140, and 170 K n&ar.
The inset shows the spectral changes in the viciniti of
the lattice parametefdf the energy splitting in the,, levels

is remarkably larger in the COI phase than in the FM phaseﬂa,[es from the commensurate value ot : and the DE

the 2.3 eV structure would broaden at 140 K. In fact, such a, . . . ’
R ’ teraction. Namely, the DE interaction overcomes the CO
broadening is not observed. Ngbr, sMNO; has the ortho- y

S . . instability for incommensurate=0.47, making thee, band-
rhombicO structure even in the FM phaSeuggesting that idth large enough to become metallic. These gpectral be-
tzq levels are split in contrast o the case of the FM phase o)(1\/aviors indicate that the electronic states riearather sud-
rhombohedral LgsSry sMnO5. Therefore, it is reasonable to denlv chanae at the FM-GOI phase boundarv. which is
conclude that the,g levels are already split in the FM phase . y 9 P Y,
and that the energy splitting does not change much betwed] erent from the gradual spectral changes towaérgd the tran-
the two phases. sition in the case of the Verwey transition inJ&s.

Comparing the spectrum for=0.5 at 20 K with that at
140 K, the intensities around 0.2 e\.0 eV) seem to be
slightly reducedenhancell We have also taken a spectrum

Temperature dependence of the spectra Bgais shown at 110 K (not shown, which is identical to that at 20 K.
in Fig. 3. The base line for photoemission intensity is shiftedChainaniet al. have reported that spectra ofyB8r, MnO,
betweenx=0.5 and 0.47. The spectra are normalized by theshow negligible change within the insulating phasetow-
integrated intensity in the energy region displayed here. Irever, their spectra have weak-temperature dependence within
all the spectra, spectral intensities decrease toigrd In  the insulating phase, whose tendency is similar to our spec-
the case ok=0.47, the intensity aEg is finite at all tem-  tra. From the fact that the resistivity of yeBr, sMnO; more
peratures and furthermore a clear Fermi cutoff is observed atpidly increases with decreasing temperature at 140 K than
20 K. It should be noted that the spectra et 0.47 have no  at 20 and 110 K, we consider that the gap is not completely
essential temperature dependence, which is consistent withpen at 140 K, which has caused the slight difference be-
that Nd) 53515 4MnO; is in the same FM phase irrespective tween the spectra at 140 K and at lower temperatures. From
of the temperature. Contrary to this, the spectraxef0.5 the spectra in the COIl phase, the CO g¢éye binding energy
have shown distinct temperature dependence between 140 the threshold of finite photoemission intensiig esti-
and 170 K. The spectrum at 140 K is suppressed fEgio  mated as about 100 meV at 20 K. This value is smaller than
~0.4 eV and rather enhanced from 0.7 eV to 1.2 eV comthe CO gap estimated by means of a vacuum tunneling spec-
pared to that at 170 K. AEg, the intensity vanishes at 140 troscopy study as-250 meV, which is the threshold energy
K whereas that at 170 K is weak but finite, clearly indicatingof finite dynamic conductance from the zero-bias voltage
the opening of the charge-orderifgO) gap. From the me- corresponding t&r .2 This discrepancy may originate from
tallic behavior forx=0.47 and the clear FM-COI transition the methods of the sample preparation, hamely, our single
for x=0.5, we consider that the transition is induced by acrystals are prepared by the floating-zone method while their
subtle competition between the CO instability, which origi- polycrystalline samples were prepared by the solid-state

B. Electronic states near the Fermi level
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' ! ' ' l ' ' Then we discuss the spectral line shapes Bgan Fig. 4.

At first sight, the overall spectral line shapes are qualitatively
similar forx=0.47 and 0.5. The spectrum fer=0.5 at 20 K

is regarded as the contribution from thg band that is lo-
calized in the COI phase. We, therefore, consider that this
spectral weight remains also for=0.47 as well as foix
=0.5in the FM phases as a reminiscence of the localged
band due to the strong electron correlation. Such a reminis-
cence is interpreted as a large incoherent spectral weight that
originates from the splie; band. Several origins are consid-
ered for the large incoherent spectral weight, namely, the
electron Coulomb interaction combined with the JT
distortion?® the dynamic JT effect in addition to the DE

Intensity (arb. units)

interaction>?®?”and so on. We consider that the incoherent
. . o Py part in the FM-phase spectra in Fig. 4 n&ar0.5 is strongly
2 Binding Encigy (V) reflected by these effects. In the present stage, however, it is

Intensity (arb. units)

difficult to quantitatively elucidate how they affect the pho-
toemission spectra ne&i- since reliable band-structure cal-
culations for Nd_,Sr,MnO; (x=0.47,0.5) are lacking. Fur-
ther theoretical studies as well as higher-resolution
photoemission studies are required to clarify this problem.
Finally, we refer to the temperature dependence of the
spectra within the FM phase for the perovskite manganese
oxide. Our spectra forx=0.47 and the spectra of

hv=642 eV
— x =047 (170K, FM)

- x=0.50 (170 K, FM)
—A— x=0.50 (20 K, COI)

——x=0.50 GOOK,Pl) . Pry.sSIh sMnO; (Ref. 14 have little temperature dependence
1.2 ] 0.4 0. while spectra of La_,A,MnO; (A= Sr or Ca (Refs. 10-13
Binding Energy (eV) show remarkable temperature dependence. This experimen-

tal discrepancy seems to be related to the difference in the
FIG. 4. Filling and photon energy dependence of the spectr&rystal structure between th®’ phase (Ng_,Sr,MnO3)
nearEg for Nd; _,SrMnO;. The inset shows the comparison be- and the rhombohedral phase (LgSr,MnQO;). For the
tween the FM spectra of=0.47 and 0.5 with using different nor- rhombohedral manganites, a neutron diffraction study sug-
malization. gests a change of polaron networks with temperatUte.
the case of Ng ,Sr,MnO3;, however, we consider that the

gfggﬁﬂ'iflfgggr?tdfréhn? :ﬁglssél\gﬁyoilg' P! of their samples are “intermediate polaron” seen in La,S,MnO; cannot be

Figure 4 shows a comparison among the spectraBear formed because of _the larger GdRe@®pe distortion, and
The inset of Fig. 4 shows the filling dependence of the spectonseguently there is no temperature change of the polaron
tra, which are normalized to the intensity at the tails of theN€tworks. It is understandable that the “temperature-
t,4 Spectral weightfrom 1.2 to 1.35 eV. The spectra in the independent” spectra of Nd,SrMnO; within the FM
main frame are normalized to the integrated intensity fronPhase are due to the absence of the change of the polaron
Er to 1.35 eV. As for the spectra in the FM phdae170 K),  networks in contrast to the ka,AMnOs.
the spectral intensity fronkg to about 1 eV is stronger for
x=0.47 than forx=0.5, which does not depend on the IV. CONCLUSION
method of normalization. One can also notice that the spec-
tral difference neaEg between the twoa’s in the FM phase
is smaller than that between the FM and COI phases«for
=0.5. The stronger spectral weight frofx to ~1 eV for
x=0.47 itself is reasonable since the megrelectron num-
ber is larger forxx=0.47 thanx= 0.5. If the rigid-band model
is appropriate, however, the, band nearEg for x=0.5
should be shifted towaré compared to that fox=0.47
due to a shift ofEg within the e; band and the spectral

weight nearEr should be higher fox=0.5. Therefore, the eerature and filling dependence of the spectra EBasug-
observed filling dependence of the spectra in the FM IOhaSgests that the electronic states change rather suddenly at the

Inr?;?ezngreast tz‘(sa g)l?(;Lrganogglgtg;;;mpoﬁﬁgte:T?igstroenseFM-COI phase boundary and that the electron correlation
9 : P effect is strong in N¢g_,Sr,MnO; (x=0.47,0.5).

spectrum br=642 e\), relatively larger spectral weight
nearE is observed compared to thosehat=55 eV. Thee,

contribution is more enhanced in this spectrum thantipe
and O 2 contributions. Thus, higher-resolution Mrp3d We are grateful to the staff of PF, especially K. Mamiya,
resonant photoemission study is really worth performing inA. Kakizaki, and Y. Azuma for supporting the experiment.
the near future. We thank K.-S. An, T. Muro, H. Harada, H. Takagi, and M.

We have performed high-resolution temperature-
dependent photoemission studies for ;N@SrLMnOz(x
~0.5). By means of the resonant photoemission, the Nd 4
and Mn 3d contributions to the spectra have been experi-
mentally clarified. By virtue of the high-resolution measure-
ments, we have observed the metallic behavior for
Ndp 55515 4MNO;3 in all the measuring temperatures and the
FM-COI transition for N sSry sMnO3, where the CO gap
has been estimated as about 100 meV. The observed tem-
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