
Japan Atomic Energy Agency 

 
 

日本原子力研究開発機構機関リポジトリ 
Japan Atomic Energy Agency Institutional Repository 

 

Title 
Resonant photoemission spectroscopy study of impurity-induced 
melting in Cr- and Ru-doped Nd1/2A1/2MnO3 (A=Ca,Sr) 

Author(s) 
Kang J.-S., Kim J. H., Sekiyama Akira, Kasai Shuichi, Suga 
Shigemasa, Han S. W., Kim K. H., Choi E. J., Kimura Tsuyoshi, 
Muro Takayuki, Saito Yuji, Olson C. G., Shim J. H., Min B. I. 

Citation Physical Review B,68(1),p.012410_1-012410_4 

Text Version Publisher's Version 

URL https://jopss.jaea.go.jp/search/servlet/search?25028 

DOI http://dx.doi.org/10.1103/PhysRevB.68.012410 

Right ©2003 The American Physical Society 

 
 
 

https://jopss.jaea.go.jp/search/servlet/search?25028
http://dx.doi.org/10.1103/PhysRevB.68.012410


PHYSICAL REVIEW B 68, 012410 ~2003!
Resonant photoemission spectroscopy study of impurity-induced melting in Cr- and Ru-doped
Nd1Õ2A1Õ2MnO3 „AÄCa,Sr…

J. -S. Kang,1 J. H. Kim,1 A. Sekiyama,2 S. Kasai,2 S. Suga,2 S. W. Han,3 K. H. Kim,3 E. J. Choi,4 T. Kimura,5 T. Muro,6

Y. Saitoh,7 C. G. Olson,8 J. H. Shim,9 and B. I. Min9

1Department of Physics, The Catholic University of Korea, Puchon 420-743, Korea
2Department of Material Physics, Graduate School of Engineering Science, Osaka University, Osaka 560-8531, Japan

3Department of Physics, Gyeongsang National University, Chinju 660-701, Korea
4Department of Physics, The University of Seoul, Seoul 130-743, Korea

5Department of Applied Physics, University of Tokyo, Tokyo 113-0033, Japan
6JASRI, SPring-8, Hyogo 679-5198, Japan

7Department of Synchrotron Radiation Research, JAERI, SPring-8, Hyogo 679-5148, Japan
8Ames Laboratory, Iowa State University, Ames, Iowa 50011, USA

9Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Korea
~Received 12 May 2003; published 28 July 2003!

Electronic structures of very dilute Cr- or Ru-doped Nd1/2A1/2MnO3 ~NAMO! (A5Ca,Sr) manganites have
been investigated using the Mn and Cr 2p→3d resonant photoemission spectroscopy~PES!. All the Cr- and
Ru-doped NAMO systems exhibit the clear metallic Fermi edges in the Mneg spectra nearEF , consistent with
their metallic ground states. The Cr 3d states witht2g

3 configuration are at;1.3 eV belowEF , and the Creg

states do not participate in the formation of the band nearEF . Cr- and Ru-induced ferromagnetism and
insulator-to-metal transitions can be understood based on their measured electronic structures.
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The Mn-site doping by magnetic cations, such as Cr,
is known to be a very efficient method to induce metallic
and ferromagnetism in the insulating and antiferromagn
~AFM! Nd1/2A1/2MnO3 ~NAMO! (A5Ca,Sr).1–4 Undoped
NAMO has the charge/orbital ordered~CO/OO! quarter-
filled insulating phase with the CE-type AFM spin orderin
By doping Ru to NAMO, the Curie temperatureTC is even
enhanced.5 To explain the Cr-induced insulator-to-met
(I -M ) transition, the relaxor-ferromagnet has be
proposed,4 in which the field-inducedI -M transition takes
place due to the growth of ferromagnetic~FM! microclusters
in a matrix of CO/OO state. On the other hand, two valen
states of Ru ions are proposed to explain the Ru-indu
ferromagnetism.6 However, these proposals have not be
proved yet and the different behavior of Cr and Ru doping
not well understood.

To explore the melting mechanism of CO/OO in the
systems, the main issues to be resolved are~i! the valence
and spin states of impurities and~ii ! the role of impurities in
the metallic band formation. Photoemission spectrosc
~PES! provides direct information on the electronic stru
tures of the CO manganites.7,8 In this paper, we report the
bulk-sensitive9 high-resolution valence-band photoemissi
spectroscopy study for Cr- and Ru-doped NAMO mang
ites, including resonant photoemission spectrosc
~RPES!8–10 near the Mn and Cr 2p and Nd 4d and 3d ab-
sorption edges. Using the large resonance enhanceme
the 2p→3d RPES,8 we were able to measure clearly the
3d emission for a very dilute Cr-doped syste
Nd1/2A1/2Mn12yCryO3 (A5Ca, Sr; y50.05, 0.07!, corre-
sponding to only;1 at. %. Therefore this work opens u
the possibility of directly observing the local electron
structure of very dilute transition-metal systems. Furth
more, our PES measurements for a wide photon ene
0163-1829/2003/68~1!/012410~4!/$20.00 68 0124
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(hn) range (hn'20 eV21000 eV) allow us to determine
various partial spectral weight distributions~PSWs! by
using the cross-section effect over a widehn range. We
have also made a comparison with the Ru-dop
Nd1/2Sr1/2Mn12yRuyO3 (y50.05).

Nd1/2A1/2Mn12yTyO3 single crystals (A5Ca, Sr;T5Cr,
Ru; 0<y<0.1) were grown using the floating zone metho
The details of the crystal growing method is describ
elsewhere.4 High-resolutionT2p→3d RPES (T5Cr, Mn!
experiments were performed at the twin-helical undula
beam line BL25SU of SPring-8 equipped with a SCIENT
SES200 analyzer. Samples were fractured and measure
vacuum better than 3310210 Torr at T&20 K. PES data
were obtained in the transmission mode, with the ove
energy resolution full width at half maximum~FWHM! of
about 80 meV athn;600 eV. All the spectra were norma
ized to the photon flux estimated from the mirror curre
Low energy PES experiments were carried out at the Am
Montana beamline at the Synchrotron Radiation Cen
~SRC!. Samples were fractured and measured in vacu
with a base pressure better than 3310211 Torr and atT
&15 K with the FWHM '80 meV athn'20 eV. All the
samples showed a clean single peak in the O 1s core-level
spectra and no 9 eV binding energy~BE! peak in the
valence-band spectra.

Figure 1 shows the valence-band spectra of Cr- and
doped Nd1/2Ca1/2MnO3 ~NCMO! and Nd1/2Sr1/2MnO3
~NSMO! near the Mn and Cr 2p3/2 absorption edges. Larg
enhancement in Mn 2p→3d RPES for Cr- and Ru-doped
NAMO is similar to those of the previous report on C
NSMO.8 As to the resonating behavior of the Mn 3d-derived
states~the left panel!, those near;2.3 eV BE andEF(0
;1 eV) are identified as thet2g

3 and eg
x (x'0.5) majority-
©2003 The American Physical Society10-1
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FIG. 1. Left: The Mn 2p→3d RPES spectra
of NSMO-5% Ru, NSMO-5% Cr, and
NCMO-7% Cr aroundhn;640 eV. The bump
structures below the arrow are the Mn LMM Au
ger emission. Right: The Cr 2p→3d RPES spec-
tra of NCMO-7% Cr and NSMO-5% Cr aroun
hn;575 eV.
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spin states, respectively.11,12 These RPES measurements
veal that the high BE features (5;8 eV) also have the large
Mn 3d electron character, which is strongly hybridized wi
the O 2p electrons. The broad bump around 10 eV BE~de-
noted by arrow! for hn;643 eV is due to the Mn LMM
Auger emission.

In the right panel, the sharp resonating feature aro
;1.3 eV BE indicates strong Cr 3d character. The absenc
of the Cr 3d electron emission nearEF indicates that doped
Cr ions in NCMO and NSMO are in the localized trivale
Cr31 states (t2g

3 configuration!, and that Creg states are lo-
cated above the Mneg states. In fact, our Cr 2p XAS spec-
trum of NAMO ~not shown here! is very similar to that of a
formally trivalent Cr2O3,13 but quite different from those o
formally divalent or tetravalent Cr compounds. It thus su
gests that Creg states do not participate in the formation
the band nearEF , nor affect the bandwidth of theeg states
nearEF . This feature can be understood based on the pr
ous finding that Cr spins order antiparallel to the M
subnetwork,14 and so the hopping between Cr and neighb
ing Mn ions is not allowed. This conclusion is supported
the comparison of theeg spectra nearEF in Fig. 3.

Figure 2 compares the valence-band spectra of 7%
doped NCMO for a widehn range (22 eV<hn<978 eV).
The different valence-band line shapes with varyinghn re-
flect different contributions from different electron charact
Note that these high-hn PES spectra can be considered
represent the bulk electronic states.9,15 The top three spectra
correspond to the on-resonance spectra in the Mn 2p→3d,
Cr 2p→3d, and Nd 3d→4 f RPES. Therefore the enhance
features in the top three spectra are due to the Mn 3d, Cr 3d,
and Nd 4f electron emissions.

If one assumes Nd31 (4 f 3), Mn3.51 (3d323d4), and the
filled O 2p bands (2p6) in NCMO, and ignores the reso
nance effect, then the cross-section ratio of Nd 4f : Mn/Cr
3d : O 2p electrons per unit cell is about;1% : ;8%:
;92% at hn'22 eV, ;16%: ;27%: ;57% at hn
01241
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'120 eV, and;48%: ;24%: ;28% at hn'640 eV.16

Therefore thehn522 eV spectrum can be considered as
O 2p PSW. In thehn522 eV spectra, open circles and gra
lines denote that for 2% Cr-doped NSMO and 4% Cr-dop
NCMO, respectively. The similar line shapes athn522 eV
indicate that the O 2p states are very similar in Cr-dope
NAMO manganites. Ashn increases, the Mn 3d and Nd 4f
emissions increase with respect to the O 2p emission, and
the Mn 3d and O 2p emissions become comparable to ea

FIG. 2. Valence-band spectra of NCMO-7% Cr for 22 eV<hn
<978 eV. The spectra are scaled to have approximately
same area.
0-2
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BRIEF REPORTS PHYSICAL REVIEW B68, 012410 ~2003!
other at hn'638 eV ~the Mn 2p→3d off resonance!. In
fact, we have observed that the overall features of Cr-
Ru-doped NAMO (A5Ca, Sr! are very similar athn
5638 eV, and that the valence band widths for NCMO s
tems are slightly narrower than those for NSMO system17

which is consistent with the larger ionic size of Sr than
Ca, causing the electron hopping easier.

The on-resonance spectrum in the Nd 3d→4 f RPES
(hn5978 eV) Ref. 18 represents the Nd 4f PSW owing to
the large resonance enhancement. The Nd 4f -derived states
exhibit two broad peaks around;4 eV and ;7 eV BE,
which overlap substantially with the O 2p states between 3-6
eV ~see thehn522 eV spectrum!. No emission is observed
nearEF where the Mneg bands are located. These observ
tions suggest that Nd 4f states are strongly hybridized wit
the O 2p states, but very little with the Mneg states. Thus
the Nd 4f states do not participate in the band formation n
EF . We have found17 that the Nd 4f PSW’s of Cr- and
Ru-doped NAMO (A5Ca, Sr!, determined from the Nd
4d→4 f RPES, are essentially the same as one another
also very similar to that determined from the Nd 3d→4 f
RPES. Considering the difference in the electron mean
paths between the Nd 4d→4 f RPES and the Nd 3d→4 f
RPES, this finding indicates that thesurfaceNd 4f states are
very similar to thebulk Nd 4f states in NAMO manganites
which makes a sharp contrast to the case of Ce compoun15

We interpret the Nd 4f PSW to represent roughly the 4f 3

ground state, but with the large final-state hybridization to
2p orbitals.10,12

Figure 3 compares the near-EF regions of the valence
band spectra of Cr- or Ru-doped NCMO and NSMO athn
522 eV ~top!, at hn5643 eV ~middle!, and at hn
5638 eV ~bottom!. The hn'643 eV spectra~middle!, cor-
responding to the Mn 2p→3d RPES, represent the Mneg

PSW’s.11,12 At hn'643 eV, the metallic Fermi edges a
clearly observed for all the samples, which is consistent w
their metallic ground states. In contrast, the spectral inten
nearEF@ I (EF)# at hn522 eV is very weak in view of the
metallic nature of the samples. This difference arises fr
the fact the O 2p emissions are dominant athn522 eV and
that the Op states have a negligible contribution nearEF .
This comparison reveals that Mneg states play an importan
role in determining theI -M transition. For comparison, th
spectra at the off-resonance energy of the Mn 2p→3d RPES
(hn'638 eV) are shown at the bottom, which were obtain
with a lower resolution~FWHM ;130 meV) than the above
spectra (FWHM;80 meV).19 For all the cases,I (EF) is
lower for the NCMO-based system than for the NSM
based system, reflecting the stronger metallic nature
NSMO than for NCMO. Note that the larger Cr-dope
NSMO exhibits a higherI (EF) than the smaller Cr-dope
NSMO ~see hn522 eV), and that the Ru-doped NSM
shows a higherI (EF) than the Cr-doped NSMO~see hn
5638 eV). These features are consistent with the obse
tions that the metallic nature increases with the higher
doping and thatTC is higher for the Ru-doped NSMO tha
for the Cr-doped NSMO.
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Now let us discuss the mechanism of theI -M transition in
Cr- and Ru-doped NAMO, based on our observations. T
undoped CO/OO NAMO is expected to have the orde
Mn31/Mn41 (3d4/3d3) configuration with the CE-type
AFM spin ordering. We have found that Crt2g states are
located well belowEF , resulting in the trivalent Cr31 state
(d3), as shown in the schematic diagram for the local den
of states~Fig. 4!. Then the substitution of a Cr31 (d3) for a
Mn31 (d4) site in the CO/OO NAMO will correspond to th
hole filling in the undoped NAMO, and it will play a role
similar to the substitution of a Mn41 ion for a Mn31 ion. So
one can simply conjecture that these extra carriers, cause
the impurity doping, break the commensurate quarter-fil
CO/OO state20 and transform the CO/OO insulating pha
into the metallic phase. For example, according to the ph
diagram of NSMO, the CO/OO insulating phase of ha
doped NSMO with the CE-type AFM is transformed into th
metallic A-type AFM with increasing the hole
concentration.21,22 Similarly, one can infer that the substitu
tion of Ru41 (d4) into a Mn41 (d3) site will correspond to
the electron filling, and so the CO/OO insulating phase
half-doped NSMO is transformed into the metallic F
phase.

FIG. 3. Near-EF region of the valence-band spectra
Nd1/2A1/2Mn12yTyO3 (A5Ca, Sr;T5Cr, Ru! at hn522 eV ~top!
and at the Mn 2p→3d on-resonance (hn'643 eV) ~middle!.
These spectra were obtained with;80 meV at FWHM. Bottom:
the Near-EF spectra at the Mn 2p→3d off resonance (hn
'638 eV), obtained with;150 meV at FWHM. The spectra ar
scaled at the peak maxima for eachhn.
0-3
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BRIEF REPORTS PHYSICAL REVIEW B68, 012410 ~2003!
The above picture of the filling control, however, is n
complete since Cr-doped NSMO is notA-type AFM but FM.
Moreover, NCMO which is the stronger CO system wou
not exhibit the metallic phase merely with the filling contro
Hence it is likely that not only the valence state but also
spin state and the electronic structure are important. The
calized spin of Cr31 affects the spin ordering. The AFM
superexchange~SE! interaction between Cr31 and neighbor-
ing Mn41 ions will give rise to the so-calleddomino effectof
reversing the spin directions of Mn31/Mn41 in the FM zig-
zag chain of the CE-type AFM.6 Likewise, the FM SE inter-
action between Ru41 and neighboring Mn31 ions also gives
rise to the domino effect of reversing the spin directions
Mn31/Mn41. In addition, since Cr31 is not a Jahn-Teller
active ion, it will behave as a defect for the OO and t
hopping strength around Cr ions will be enhanced due to
reduced Jahn-Teller polaron narrowing effect. Thus the m
tallic phase could be formed even in NCMO at least arou
Cr ions, if the double-exchange~DE! hopping strength be

FIG. 4. Schematic local density of states of Mn and Cr
Cr-doped NAMO.
u
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comes larger than the AFM SE interaction21,22or the hopping
strength is larger than the intersite Coulomb interaction
tween carriers.23 This picture is consistent with the conce
of relaxor-ferromagnet.4 In the metallic phase, howeve
Cr31 itself does not participate in the DE mechanism b
cause two configurations of Mn31-Cr31 and Mn41-Cr21 are
not degenerate, as observed in the PES above. That is
doped Cr31 ion would just initiate the hopping of carriers i
the system.

In conclusion, the electronic structures of very dilute C
and Ru-doped NAMO have been investigated by employ
RPES. The large resonance enhancement in the 2p→3d
RPES allows us to observe clearly the Cr 3d emission in
very dilute (;1 at. %) Cr-doped NAMO. The Cr 3d states
are observed at;1.3 eV belowEF , corresponding to thet2g

3

configuration of Cr31 ions, which suggests that Creg states
do not participate in the formation of the band nearEF . All
the Cr- and Ru-doped NAMO systems exhibit the clear m
tallic Fermi edges in the Mneg spectra nearEF , consistent
with their metallic ground states. The spectral intensity atEF
is higher for the NSMO-based system than for the NCM
based system. Further, Ru-doped NSMO has higher spe
intensity nearEF than Cr-doped NSMO, consistent with
higherTC for Ru-doped NSMO. The melting mechanism
the Cr- and Ru-doped NAMO can be understood first w
the concept of the hole and electron filling, respective
breaking the commensurate CO quarter-filled state. On to
it, the SE interactions between Mn and impurity Cr/Ru io
as well as the enhanced hopping strength due to the red
Jahn-Teller polaron effect of Cr31/Ru41 ions are expected to
yield the metallic ferromagnetism.

This work was supported by the KRF~Grant No. KRF-
2002-070-C00038! and by the KOSEF through the CSCM
at SNU and the eSSC at POSTECH. PES experiments w
performed at the SPring-8~JASRI Grant No. 2001B0028
NS-np! and at the SRC~NSF Grant No. DMR-0084402!.
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