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Photoemission spectroscopy study of metal-insulator transition in SrMn,_,Fe O;
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Electronic structures of cubic perovskite oxides of SrMn;_Fe,O3;(0=x=1) have been investigated by
employing photoemission spectroscopy (PES) and soft x-ray absorption spectroscopy (XAS). The spectral
intensity near the Fermi level [/(Eg)] is found to be finite in Fe 3d PES of SrFeOs. I(Ef) increases with x in
Fe 3d PES of SrMn,_,Fe O, while it is negligibly small in Mn 3d PES for all x. The O 1s XAS for SrFeO;
also shows the finite spectral intensity near the Fermi level. These findings provide the experimental evidence
for the metal-insulator transition in SrMn;_Fe O; with decreasing x and imply the importance of Fe 3d
electrons in determining the metallic states in SrMn;_,Fe O5. First principles band structure calculations for
SrFeO3; and SrMnO; support these findings in PES/XAS.
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Since the discovery of colossal magnetoresistance (CMR)
phenomenon in perovskite manganites, the ferromagnetic in-
teraction between transition-metal (7) ions and the metal-
insulator transition (MIT) in perovskite oxides have attracted
much attention. In this aspect, perovskite cubic oxides of
StMn,_,Fe,O; are very interesting, because Fe**(3d*) ion is
isoelectronic with Mn**(34%) ion. SrMn,_[Fe O; with
Mn4+(t§g) and Fe** (1 ge;) ions is expected to demonstrate the
competing spin, charge, and lattice interactions. In contrast
to perovskite manganites, however, StFeO5 shows the metal-
lic behavior when fully oxygenated.!~> Furthermore, SrFeO;
exhibits neither the Jahn-Teller (JT) distortion®* nor the or-
bital ordering,’ which is unusual considering that high-spin
(HS) Fe4+(t%ge;) ions are usually JT active. The metal-
insulator transition (MIT) is observed in SrFeO3_5,3 which is
likely to be accompanied by the charge ordering (CO) of
mixed-valent Fe’*/Fe** ions. With the Mn substitution in
SrFeO;, the system becomes an insulator. Both SrMnOj; and
SrFeO; show the antiferromagnetic (AF) ordering with the
Neel temperatures of Ty=233 K for StMnO; (the G type®)
and Ty=134 K for SrFeOj; (the spiral type).” At an interme-
diate substitution, cubic StMn,_,Fe O3 shows rapid suppres-
sion of both the G- and spiral-type AF ordering and exhibits
the AF ordering and/or the spin-glass behavior.’

Mossbauer measurements®® for SrMn,_,Fe O; revealed
that there are two types of Fe ions for x<<1, which were
considered to be in the charge disproportionation (CD) of
Fe’*(d’)+Fe>*(d?). On the other hand, the analysis of x-ray
photoemission spectra for isoelectronic CaFeO; suggested
that the CO state results from the CD of ligand holes
[2(d’L) — d°L?>+d°] rather than the CD of Fe-d electrons
[2d*—d*+d°] (L: an oxygen hole, or a ligand hole).!!
However, in our recent work based on soft x-ray absorption
spectroscopy (XAS),'? we have shown that both Fe and Mn
ions are formally tetravalent (Mn**,Fe**) in SrMn,_.Fe O.
Hence the valence states of Fe and Mn ions in StMn,;_,Fe, O,
have been controversial.

In this work, we have investigated the correlation between
the electronic structures of SrMn;_ Fe O; and the MIT by
using soft x-ray photoemission spectroscopy (PES) and soft
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x-ray absorption spectroscopy (XAS). These methods are
powerful experimental tools for studying the electronic struc-
tures of solids. Then we have compared the experimental
data with the ab initio band structure calculations.

Polycrystalline samples of stoichiometric StMn,;_ Fe, O3
(0=x=1) were prepared by using a two-step synthesis
methods, as described in Ref. 5. PES experiment was per-
formed at the 2A undulator beamline of Pohang light source
(PLS). Samples were cleaned in sifu by repeated scraping
with a diamond file under the base pressure of
~5X 107" Torr. PES spectra were obtained at room tem-
perature by using a SCIENTA SES100 analyzer. The Fermi
level Er and the overall energy resolution of the system
[FWHM: full width at half maximum] were determined from
the Fermi-edge spectrum of scraped Au metal in electrical
contact with samples. The FWHM of the valence-band PES
spectra was set at ~150 meV at hv~ 600 eV. PES spectra
were normalized to the incident photon flux.

Figure 1(a) shows the valence-band PES spectra of
SrMnOs;, obtained by employing Mn 2p — 3d resonant pho-
toemission spectroscopy (RPES). The marks from A-F rep-
resent the v values, where Mn 2p — 3d RPES spectra were
obtained: A: hv=637 eV, B: hv=640 eV, C: hv=641 eV,
D: hv=642 eV, E: hv=643 eV, F: hv=646 eV. The inset
of Fig. 1 shows the Mn 2p;, XAS of SrMnOj. This
Mn 2p;;, XAS reveals that Mn ions are formally tetravalent
(34% in SrMnO;, which was confirmed in our previous
work.!? It is well known that the 3d electron emissions of 7'
ions are enhanced in T 2p—3d RPES (Ref. 13) and that
T 2p—3d RPES has the advantage of being more bulk rep-
resentative than 7 3p — 3d RPES that occurs at lower hv’s.

It is clearly observed that the feature around ~2 eV bind-
ing energy (BE) is strongly enhanced in Mn 2p — 3d RPES,
indicating that this peak has the large Mn 3d character. The
second feature at ~6 eV BE is due to the O 2p states that
are hybridized to the Mn 3d states [see also Fig. 1(b)]. The
broad features at higher BE’s, which shift away from Eg with
increasing hv (marked with bars), are the Mn Auger peaks
since they appear at constant kinetic energies. These Auger
emissions are also enhanced at the Mn 2p absorption edge,
as observed in other manganese oxides.!* Similarly as in
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FIG. 1. (Color online) (a) Valence-band PES spectra of StMnO;
near the Mn 2p — 3d absorption edge. The Fermi level Eg corre-
sponds to 0 eV in binding energy. The labels of A—F correspond to
the hv’s, marked in the inset. Inset: Mn 2p3/»(L3) XAS of SrMnOj3.
(b) Extraction procedures for Mn 3d PES. See the text for the
details.

StMnO;, Fe 2p —3d RPES also exhibits the resonant en-
hancement of Fe3d electron emission for x>0 in
StMn;_,Fe, O;. The Fe3d resonance occurs around
~2-3 eV BE, indicating that it has the large Fe 3d charac-
ter. The raw RPES data are not shown in this paper, but such
features are recognized in Fig. 2.

Figure 1(b) shows the procedure to extract the contribu-
tions from the Mn 3d PES in the valence-band PES spectrum
of SrMnO;. Black and green curves correspond to the on-
resonance and off-resonance spectra, respectively. The curve,
labeled as “Auger,” denotes the contributions of the Mn
LMM Auger peak, which was explained in Fig. 1(a). The
dotted line, labeled as “BG,” represents the rough estimation
of the inelastic background. Then the difference curve (red),
obtained by subtracting the off-resonance spectrum, the
LMM Auger spectrum, and the inelastic BG from the on-
resonance spectrum, represents roughly the partial spectral
weight distribution of the Mn 3d electrons.!® So we consider
this difference as Mn 3d PES of SrMnOs;.
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FIG. 2. (Color online) (a) Comparison of the extracted Mn 3d
PES and (b) the extracted Fe 3d PES of StMn,_,Fe Os.
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FIG. 3. (Color online) (a) The enlarged comparison of the ex-
tracted Fe 3d PES of SrMn;_.,Fe O;. These Fe 3d PES data are
scaled at the main peak around ~2 eV binding energy. (b) Plot of
the intensity of the Fe 3d PES near Eg versus x in StMn;_,Fe O;.
Error bars are denoted in this figure.

Figures 2(a) and 2(b) show the extracted Mn 3d PES and
Fe 3d PES of SrMn,_,Fe O;(0=x=1), respectively. Each
3d PES spectrum has been determined following the extrac-
tion procedure, which was described in Fig. 1(b). It is found
that, as x varies, the large-energy-scale features of the ex-
tracted Mn 3d PES and Fe 3d PES are more or less un-
changed in SrMn,_,Fe O;. Both the Mn 3d PES in StMnO;
and Fe 3d PES in SrFeO; exhibit a double-peak structures,
one around ~2 eV BE and another around ~6 eV BE. All
the Mn 3d PES spectra of SrMn,_,Fe, O; exhibit a sharp
peak ~2 eV below Eg, which is attributed to the occupied
Mn tggT states for Mn**(3d%) ions'? (] denotes the majority
spin). Fe 3d PES spectra exhibit a rather broad peak centered
around ~2 eV BE and the weak emission near Ep, which
are identified as the occupied Fe t%gT states and elT states,
respectively, since Fe ions are tetravalent (34%) in
StMn,_,Fe,0;."2 The broad feature around 67 eV in BE in
both Mn 3d and Fe 3d PES are the O 2p-Mn/Fe 3d hybrid-
ized states. The large O 2p electron character in Mn/Fe 3d
PES spectra suggests the strong hybridization between
Mn/Fe 3d and O 2p states in SrMn;_,Fe Oj.

The main difference between Mn 3d PES and Fe 3d PES
is that the spectral weight near Eg[I(Eg)] is finite in Fe 3d
PES, while I(Eg) is negligible in Mn 3d PES. Indeed I(Ey) in
Fe 3d PES increases with increasing x (x: the concentration
of Fe ions). This trend is shown more clearly in Fig. 3, which
shows the enlarged comparison of the extracted Fe 3d PES
and plots I(Eg) versus x in SrMn;_,Fe O;. This finding
agrees well with the MIT in SrMn,_,Fe O; with decreasing
x,> and implies that Fe 3d electrons play an important role in
determining the metallic conductivity in StMn,_ Fe O;. Fur-
ther, the broader PES peak in Fe 3d PES than in Mn 3d PES
reflects the larger bandwidth of Fe 3d bands than that of
Mn 3d bands. In other words, Fe 3d electrons are more itin-
erant than Mn 3d electrons, which is due to the stronger
Fe 3d-O 2p hybridization than the Mn 34-O 2p hybridiza-
tion. The large Fe 3d-O 2p covalency is consistent with the
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FIG. 4. (Color online) Comparison of the calculated DOS’s of
SrFeO; (black solid lines) and StMnOj (red dotted lines). From Top
to bottom are shown the total DOS, the Fe/Mn 3d PDOS, the Sr 4d
PDOS, and the O 2p PDOS. Except for the total DOS, which is
shown in the units of (states/eV/spin/f.u.), all the PDOS’s are shown
in the units of (states/eV/spin/atom).

absence of the JT distortion in SrFeOs. This conclusion is
also consistent with the experimental signature of the in-
creasing covalency of the Fe-O bond for larger x in
StMn;_Fe O;, which was concluded from XRD
measurements.’

The origin of the increasing I(Ep) with increasing x in
SrMn,;_,Fe, O needs to be clarified. It probably has some-
thing to do with the polaron formation due to the JT active
Fe** ion. Even though SrFeOj does not exhibit the JT distor-
tion, there will be the dynamical JT phonons that couple with
electron carriers. Then the JT polarons, which are less mobile
than bare carriers, are formed so as to suppress I(Eg) (see
Fig. 5).!* For small x, the polaron hopping hardly occurs, and
I(Eg) would be very weak. With increasing x, the polaron
hopping occurs increasingly, and so I(Ep) will be enhanced.
In this way, one can qualitatively understand the increase of
I(EF) in the Fe 3d PES based on the polaron formation due to
the dynamical JT effect in StMn,_,Fe,O;.

Figure 4 shows the calculated total densities of states
(DOS’s) and partial densities of states (PDOS’s) of SrFeO;
and SrMnO;. These were obtained by using the self-
consistent full-potential linearized augmented plane wave
(FLAPW) band method'’ within the generalized gradient ap-
proximation (GGA).! In these calculations, the ferromag-
netic ground state!'” was assumed for SrFeO; and the G-type
antiferromagnetic ground state was assumed for SrMnOs.
These band structure calculations produce the correct insu-
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FIG. 5. (Color online) (a) Left: the extracted Mn 3d and Fe 3d
PES for SrMnOs and SrFeOs, respectively. (Right) The O 1s XAS
spectra of SrtMnO; and SrFeOs;. (b) Calculated Mn 3d PDOS for
SrMnOj; and Fe 3d PDOS for SrFeOs;.

lating ground state for StMnOj; and the metallic ground state
for SrFeO;. The calculated Mn 3d states show a gap between
the occupied 1,,7 states and the unoccupied 1,,] and e, 1|
states (see the second panel). In StFeO;, the Fermi level lies
in the Fe e, states, and thus the 7,,] bands are fully occu-
pied, the e,] bands are partially occupied, and the 7,,| and
e,| bands are unoccupied. Note that the unoccupied Fe t,,|
bands are located closer to Ep than the unoccupied Mn e,
and 1,,| bands, and the metallic Fermi edge lies in the par-
tially occupied Fe e,| states. Such trends in the peak posi-
tions are consistent with the measured PES/XAS spectra (see
Fig. 5). The main contributions near Er come from the
Fe/Mn 3d states. The Sr 4d states are located far above Eg
and do not contribute to the states near Er. The unoccupied
St 4d states in SrFeOj; are located closer to Er than those in
SrMnOs;. This trend agrees with that in the measured O 1s
XAS spectra.!” The O 2p states exhibit a large hybridization
with Fe/Mn 3d states, and the states between ~—-4 and
~-8 eV are mainly due to the O 2p bands.

Figure 5(a) shows the combined Mn and Fe 3d PES spec-
tra and the O 1s XAS spectra'® of SrMnOs;(x=0) and
SrFeO5(x=1), respectively. The O 1s XAS spectrum'? can
be considered to represent the unoccupied 7 3d, T sp, and
Sr 4d states via the hybridization with the O 2p states. The
lowest-energy peaks in the O ls XAS of SrMnO; and
SrFeO; correspond to the overlapping unoccupied Mn/Fe 3d
e,] and 1,,] states, and the shoulders at the higher energy
side correspond to the unoccupied Mn/Fe 3d e,| states.
Note that both Fe 3d PES and O 1s XAS for SrFeO; exhibit
the finite spectral weight near Eg, while those for StMnO;
exhibit the negligible spectral weight near Eg. This differ-
ence provides experimental evidence for the metallic ground
state of SrFeOj; and the insulating ground state of SrMnOs.
In the O 1s XAS, the lowest-energy peak in SrFeO; lies
closer to Eg than that in SrMnO;, which agrees with the
trend in the calculated PDOS in Fig. 4(b).

Figure 5(b) shows the calculated PDOS for Mn 3d states
of SrtMnO; and for Fe 3d states of SrFeOs. The features of
the gap in SrMnOj5 and the metallic PDOS in SrFeO; agree
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with experiment. Further, the trend in the calculated peak
positions agrees well with that in PES/XAS, suggesting that
the calculated GGA electronic structures for SrMnO; and
SrFeO; support the major findings of the PES/XAS experi-
ment. On the other hand, the absolute peak positions in the
calculated PDOS’s are somewhat different from those in
PES/XAS. But such discrepancies are often found in the
GGA band structure calculations, when the on-site Coulomb
correlation interaction of T 3d electrons is neglected.!®-?
Thus the small differences in peak positions between theory
and experiment indicate the non-negligible Coulomb corre-
lation in Fe/Mn 3d electrons in StMn;_ Fe Os.

In conclusion, the valence-band PES study for
SrMn,_,Fe, O shows that the occupied Mn 3d states with the
t;gT (Mn**) configuration are located about ~2 eV below
Er and that the Fe 3d PES due to the Fe** ions (tggTeéT) are
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broader than the Mn 3d PES. The finite I(Eg) has been ob-
served in the Fe 3d PES of SrFeO; and I(Eg) increases with
increasing x in StMn;_,Fe,O5. These findings agree with the
MIT in StMn,_,Fe, O with decreasing x. In contrast, I(Ep) in
Mn 3d PES is negligibly small for all x, implying that Fe 3d
electrons play an important role in determining the metallic
conductivity in SrMn;_ . Fe O;. The GGA band structure cal-
culations for SrMnOj; and SrFeO; exhibit the same trend in
the peak positions as in the experimental PES/XAS spectra.
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