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Electronic structures of very dilute Cr- or Ru-doped; M, ,,MnO; (NAMO) (A= Ca, Sr) manganites have
been investigated using the Mn and s-2 3d resonant photoemission spectroscdp¥S. All the Cr- and
Ru-doped NAMO systems exhibit the clear metallic Fermi edges in theipectra neaEg , consistent with
their metallic ground states. The Cd 3tates Witktgg configuration are at-1.3 eV belowEg, and the Cre
states do not participate in the formation of the band rigar Cr- and Ru-induced ferromagnetism and
insulator-to-metal transitions can be understood based on their measured electronic structures.

DOI: 10.1103/PhysRevB.68.012410 PACS nuniber75.47.De, 79.66-i, 71.30+h

The Mn-site doping by magnetic cations, such as Cr, Ru(hy) range fir~20 eV—1000 eV) allow us to determine
is known to be a very efficient method to induce metallicity yarious partial spectral weight distributiond®SWs by
and ferromagnetism in the insulating and antiferromagnetice,sing the cross-section effect over a witle range. We
(AFM) Nd;/A;MnO; (NAMO) (A=Ca,Sr)!™* Undoped  have also made a comparison with the Ru-doped
NAMO has the charge/orbital ordereCO/OO quarter- Ndy,SrsMn; ,RU,0; (y=0.05).
filled insulating phase with the CE-type AFM spin ordering. Nd2A1,Mn; T, 0 single crystals A=Ca, Sr;T=Cr,

By doping Ru to NAMO, the Curie temperatufg is even  ry: 0<y<0.1) were grown using the floating zone method.
enhanced. To explain the Cr-induced insulator-to-metal The details of the crystal growing method is described
(I-M) transition, the relaxor-ferromagnet has beeng|sewherd. High-resolutionT2p—3d RPES T=Cr, Mn)

proposed, in which the field-induced-M transition takes experiments were performed at the twin-helical undulator

place due to the growth of ferromagnetféM) microclusters  eam jine BL25SU of SPring-8 equipped with a SCIENTA
in @ matrix of CO/OO state. On the other hand, two valenc ES200 analyzer. Samples were fractured and measured in

states of Ru ions are proposed to explain the Ru"nducevacuum better than 810~ 1° Torr at T=20 K. PES data

ferromagnetisnt. However, these proposals have not beenWere obtained in the transmission mode, with the overall
proved yet and the different behavior of Cr and Ru doping is . ) !
not well understood energy resolution full width at half maximutFWHM) of

To explore the melting mechanism of CO/OO in theseabOUt 80 meV ahv~600 eV. All the spectra were normal-

systems, the main issues to be resolved (aréhe valence ized to the photon flux estimated from the mirror current.
and spin states of impurities aitid) the role of impurities in

Low energy PES experiments were carried out at the Ames/
the metallic band formation. Photoemission spectroscopylontana beamline at the Synchrotron Radiation Center
(PES provides direct information on the electronic struc- (SRO. Samples were fractured and measured in vacuum
tures of the CO manganité€.In this paper, we report the With a base pressure better tharx 80™'* Torr and atT
bulk-sensitivé high-resolution valence-band photoemission=15 K with the FWHM ~80 meV athv~20 eV. All the
spectroscopy study for Cr- and Ru-doped NAMO mangansamples showed a clean single peak in the<Ccadre-level
ites, including resonant photoemission spectroscopygpectra and no 9 eV binding enerdBE) peak in the
(RPES®' near the Mn and Cr@ and Nd 4 and 3 ab-  valence-band spectra.

sorption edges. Using the large resonance enhancement in Figure 1 shows the valence-band spectra of Cr- and Ru-
the 20— 3d RPES® we were able to measure clearly the Crdoped Nd,Ca;,MnO; (NCMO) and Nd;Sr;,,MnO;

3d emission for a very dilute Cr-doped system (NSMO) near the Mn and Cr |23, absorption edges. Large
Ndy/A;,Mn;_,Cr,O3 (A=Ca, Sr;y=0.05, 0.07, corre- enhancement in Mn 2—3d RPES for Cr- and Ru-doped
sponding to only~1 at.%. Therefore this work opens up NAMO is similar to those of the previous report on CO
the possibility of directly observing the local electronic NSMOZ2 As to the resonating behavior of the Md-&lerived
structure of very dilute transition-metal systems. Furtherstates(the left pane), those near~2.3 eV BE andEg(0
more, our PES measurements for a wide photon energy-1 eV) are identified as tht:-gg and eg (x~0.5) majority-
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FIG. 1. Left: The Mn —3d RPES spectra
hv = 575eV

2 | e4sev — of NSMO-5% Ru, NSMO-5% Cr, and
g : ' ' NCMO-7% Cr aroundh»~640 eV. The bump
] structures below the arrow are the Mn LMM Au-
- NSMO-5% Cr ger emission. Right: The Cri2-3d RPES spec-

' : ' [ tra of NCMO-7% Cr and NSMO-5% Cr around

}  NCMO-7%Cr hv~575 eV.
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spin states, respectively’? These RPES measurements re-~120 eV, and~48%: ~24%: ~28% athv~640 eV 16
veal that the high BE features {88 eV) also have the large Therefore thenv=22 eV spectrum can be considered as the
Mn 3d electron character, which is strongly hybridized with O 2p PSW. In thehvy=22 eV spectra, open circles and gray
the O 2 electrons. The broad bump around 10 eV BE-  lines denote that for 2% Cr-doped NSMO and 4% Cr-doped
noted by arrow for hy~643 eV is due to the Mn LMM  NCMO, respectively. The similar line shapeshat=22 eV
Auger emission. indicate that the O @ states are very similar in Cr-doped

In the right panel, the sharp resonating feature arountd\AMO manganites. A$1v increases, the Mn@and Nd 4
~1.3 eV BE indicates strong Crd3character. The absence emissions increase with respect to the (0) @mission, and
of the Cr 3 electron emission ned¢ indicates that doped the Mn 3d and O 2 emissions become comparable to each
Cr ions in NCMO and NSMO are in the localized trivalent
Crt states (gg configuration, and that Cre, states are lo- T T
cated above the Mgy states. In fact, our Cr2 XAS spec-
trum of NAMO (not shown hergis very similar to that of a
formally trivalent CsOs,*2 but quite different from those of
formally divalent or tetravalent Cr compounds. It thus sug- . hv(eV)
gests that Cey states do not participate in the formation of
the band neakEg, nor affect the bandwidth of the, states 643
nearEg . This feature can be understood based on the previ- —
ous finding that Cr spins order antiparallel to the Mn E
subnetworki* and so the hopping between Cr and neighbor-
ing Mn ions is not allowed. This conclusion is supported by
the comparison of the, spectra neakr in Fig. 3.

Figure 2 compares the valence-band spectra of 7% Cr- c
doped NCMO for a widéhv range (22 e¥shv=978 eV). ~ 48:24: 28
The different valence-band line shapes with varyingre-
flect different contributions from different electron character.
Note that these high+ PES spectra can be considered to
represent the bulk electronic staféS.The top three spectra
correspond to the on-resonance spectra in the ldnr-3d, :
Cr 2p—3d, and Nd 31— 4f RPES. Therefore the enhanced Nd 4f: Mn 3d : O 2p ~ 0: 8: 92
features in the top three spectra are due to the BMnG 3d, T T T
and Nd 4 electron emissions. 15 10 5 0

If one assumes Nid (4f3), Mn®%" (3d®—3d%), and the
filled O 2p bands (%) in NCMO, and ignores the reso-
nance effect, then the cross-section ratio of Nd: aMn/Cr FIG. 2. Valence-band spectra of NCMO-7% Cr for 22<eNv
3d : O 2p electrons per unit cell is about1% : ~8%: <978 eV. The spectra are scaled to have approximately the
~92% at hv=22eV, ~16%: ~27%: ~57% at hv same area.
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other athv~638 eV (the Mn 20— 3d off resonancg In )
fact, we have observed that the overall features of Cr- and
Ru-doped NAMO A=Ca, S) are very similar athv
=638 eV, and that the valence band widths for NCMO sys-

hv = 22eV

tems are slightly narrower than those for NSMO systéms, W
which is consistent with the larger ionic size of Sr than for — NSMO-5% Cr%hp
Ca, causing the electron hopping easier. NSMO-2% Cr
The on-resonance spectrum in the Nd-34f RPES e NCMO-4%Cr %
(hv=978 eV) Ref. 18 represents the Nd 2SW owing to © NCMO-7% Cr
the large resonance enhancement. The Rdldrived states
exhibit two broad peaks around 4 eV and~7 eV BE, -'? )
which overlap substantially with the QpXtates between 3-6 2 i .
eV (see thehv=22 eV spectrur No emission is observed @ | hv=643eV
nearEgr where the Mgy bands are located. These observa- £ NSMO-5% Ru
tions suggest that Ndf4states are strongly hybridized with —— NSMO-5% Cr
the O 2 states, but very little with the M, states. Thus wwweemee NCMO-7% Cr “-‘\‘
the Nd 4f states do not participate in the band formation near 5

Er. We have fount! that the Nd 4 PSW's of Cr- and
Ru-doped NAMO A=Ca, Sj, determined from the Nd
4d—4f RPES, are essentially the same as one another and
also very similar to that determined from the Nd-34f
RPES. Considering the difference in the electron mean free hv = 638eV
paths between the Ndd4—-4f RPES and the Nd 8—4f
RPES, this finding indicates that tearfaceNd 4f states are T I Y P s
very similar to thebulk Nd 4f states in NAMO manganites, 600 400 200 E.
which makes a sharp contrast to the case of Ce compdinds.
We interpret the Nd # PSW to represent roughly thef%
ground state, but with the large final-state hybridization to O F|G. 3. NearEg region of the valence-band spectra of
2p orbitals’®*2 Nd;A,Mn, ,T,05 (A=Ca, SK;T=Cr, Ru athy=22 eV (top)
Figure 3 compares the neBf regions of the valence- and at the Mn p—3d on-resonance Hy~643 eV) (middle).
band spectra of Cr- or Ru-doped NCMO and NSMChat  These spectra were obtained with80 meV at FWHM. Bottom:
=22 eV (top), at hv=643 eV (middle, and at hy  the Nearkg spectra at the Mn @—3d off resonance ffv
— 638 eV (bottom. The hy~643 eV spectramiddle), cor- ~638 eV), obtained wiFhv 150 meV at FWHM. The spectra are
responding to the Mn 2—3d RPES, represent the Mey scaled at the peak maxima for edch.
PSW's™*? At hv~643 eV, the metallic Fermi edges are  Now let us discuss the mechanism of thi transition in

clearly observed for all the samples, which is consistent withcr- and Ru-doped NAMO, based on our observations. The
their metallic ground states. In contrast, the spectral intensityindoped CO/OO NAMO is expected to have the ordered
nearEg[I(Eg)] athv=22 eV is very weak in view of the Mn3*/Mn** (3d*3d®) configuration with the CE-type
metallic nature of the samples. This difference arises fronAFM spin ordering. We have found that @5, states are
the fact the O p emissions are dominant av=22 eV and  |ocated well belowEg, resulting in the trivalent Gf state
that the Op states have a negligible contribution négr.  (d®), as shown in the schematic diagram for the local density
This comparison reveals that My states play an important of states(Fig. 4). Then the substitution of a &r (d®) for a

role in determining thé-M transition. For comparison, the Mn3* (d*) site in the CO/OO NAMO will correspond to the
spectra at the off-resonance energy of the Mn-23d RPES  hole filling in the undoped NAMO, and it will play a role
(hv~638 eV) are shown at the bottom, which were obtainedsimilar to the substitution of a M ion for a Mr?™ ion. So
with a lower resolutiofFWHM ~130 meV) than the above one can simply conjecture that these extra carriers, caused by
spectra (FWHM-80 meV)!® For all the cases|(Eg) is  the impurity doping, break the commensurate quarter-filled
lower for the NCMO-based system than for the NSMO-CO/OO stat®’ and transform the CO/OO insulating phase
based system, reflecting the stronger metallic nature fointo the metallic phase. For example, according to the phase
NSMO than for NCMO. Note that the larger Cr-doped diagram of NSMO, the CO/OO insulating phase of half-
NSMO exhibits a highet (E¢) than the smaller Cr-doped doped NSMO with the CE-type AFM is transformed into the
NSMO (seehv=22 eV), and that the Ru-doped NSMO metallic A-type AFM with increasing the hole
shows a highedl (E¢) than the Cr-doped NSMdseehr  concentratiorf:?2 Similarly, one can infer that the substitu-
=638 eV). These features are consistent with the observaion of RU** (d*) into a Mrf* (d®) site will correspond to
tions that the metallic nature increases with the higher Cthe electron filling, and so the CO/OO insulating phase of
doping and thall¢ is higher for the Ru-doped NSMO than half-doped NSMO is transformed into the metallic FM
for the Cr-doped NSMO. phase.

Binding Energy (meV)
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Mn(3d) Cr(3d) comes larger than the AFM SE interactibf®or the hopping
strength is larger than the intersite Coulomb interaction be-
tween carriers® This picture is consistent with the concept
of relaxor-ferromagnet. In the metallic phase, however,
Cr* itself does not participate in the DE mechanism be-
cause two configurations of MA-Cr* and Mif*-Cr?* are

P
- 4
> <> not degenerate, as observed in the PES above. That is, the

doped C#* ion would just initiate the hopping of carriers in
--- —< ------ Ep----- -+ ------ the system.
> In conclusion, the electronic structures of very dilute Cr-
3 and Ru-doped NAMO have been investigated by employing
RPES. The large resonance enhancement in the>2d
RPES allows us to observe clearly the Qi 8mission in
very dilute (~1 at. %) Cr-doped NAMO. The Cr@8states
are observed at 1.3 eV belowEg, corresponding to thtagg
configuration of C¥" ions, which suggests that @y, states
do not participate in the formation of the band né&ar. All
the Cr- and Ru-doped NAMO systems exhibit the clear me-
tallic Fermi edges in the My, spectra neaEg, consistent
Moreover, NCMO which is the stronger CO system WouIdW'th. their metallic ground states. The spectral intensitiat
not exhibit the metallic phase merely with the filling control. ' higher for the NSMO-based system than for the NCMO-
Hence it is likely that not only the valence state but also thé:)ased_ system. Further, Ru-doped NSMO has'h|gher §pectral
spin state and the electronic structure are important. The | p_tensr[y nearEg than Cr-doped NSMO, _conS|stent V_V'th a
calized spin of Ct" affects the spin ordering. The AFM igher T for Ru-doped NSMO. The melting mechamsm n
superexchangéSE) interaction between Gt and neighbor- the Cr- and Ru-doped NAMO can be understood first with
ing Mn** ions will give rise to the so-calledomino effecof the cpncept of the hole and electron f.'”mg’ respectively,
reversing the spin directions of Mi/Mn** in the FM zig- breaking the commensurate CO quarter-filled state. On top of
zag chain of the CE-type AFiLikewise, the FM SE inter- it, the SE interactions between Mn and impurity Cr/Ru ions

3 as well as the enhanced hopping strength due to the reduced

action between RA and neighboring M#i* ions also gives i
rise to the domino effect of reversing the spin directions OfJghn-TeIIer pola}ron effect of @T/Ru“ lons are expected to
yield the metallic ferromagnetism.

Mn3*/Mn**. In addition, since Gr" is not a Jahn-Teller
active ion, it will behave as a defect for the OO and the This work was supported by the KRiGrant No. KRF-
hopping strength around Cr ions will be enhanced due to the002-070-C00038and by the KOSEF through the CSCMR
reduced Jahn-Teller polaron narrowing effect. Thus the meat SNU and the eSSC at POSTECH. PES experiments were
tallic phase could be formed even in NCMO at least aroungperformed at the SPring-8IASRI Grant No. 2001B0028-

Cr ions, if the double-exchang®E) hopping strength be- NS-np and at the SRENSF Grant No. DMR-00844(Q2
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FIG. 4. Schematic local density of states of Mn and Cr for
Cr-doped NAMO.

The above picture of the filling control, however, is not
complete since Cr-doped NSMO is nidttype AFM but FM.
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