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We study the electronic structure of single-crystal Tby 5Srg sMnQOj3, a non-charge-ordered mixed-valent semi-
conductor which exhibits a glassy magnetic ground state. We use the techniques of soft x-ray photoemission, hard
x-ray photoemission, x-ray absorption, and resonant photoemission spectroscopy to investigate the occupied and
unoccupied electronic states of Tbg sSrgsMnO;3. Core level photoemission and x-ray absorption spectroscopy
allow us to determine the valence states of Tb, Sr, and Mn ions in TbysSrosMnOs;. Model charge transfer
multiplet calculations of core level photoemission and x-ray absorption spectra are employed to separate out the
Mn?** and Mn** states and confirm their relative concentrations. Resonant photoemission spectroscopy across
the Mn 2p-3d threshold shows clear resonant enhancement of the Mn 3d partial density of states and two-hole
correlation satellites. A Cini-Sawatzky analysis gives on-site Coulomb energy U,y ~ 5.5+ 0.2 eV for the
Mn 3d" states and U,; = 0.7 eV £ 0.2 eV for the Mn 3d"*'L! states. The O 1s-2p resonant photoemission
is used to identify the O 2p two-hole correlation satellite which provides U,, ~ 3.4 £0.2 eV for the O 2p
states. Valence band photoemission indicates a small-gap semiconductor (<100 meV) consistent with electrical
transport measurements. The estimated electronic structure parameters of the on-site Coulomb energies, in
combination with the charge transfer energy and the hybridization strength obtained from the model calculations,

indicate that Tby 5Sro sMnOs is a strongly correlated charge transfer type semiconductor.

DOI: 10.1103/PhysRevB.103.245131

I. INTRODUCTION

Perovskite manganite materials have been the subject of
a very large number of studies because of their interest-
ing physical properties such as colossal magnetoresistance
(CMR); charge, orbital, and magnetic ordering [1-8]; and
issues of phase separation [9-12]. The parent trivalent
rare-earth manganese oxide R3* Mn** O%’ (R=La-Dy) and
the divalent alkaline-earth manganese oxide A”* Mn** O%’
(A=Sr, Ba, Ca) are known to be antiferromagnetic insula-
tors due to Mn**-O-Mn>* and Mn**-O-Mn** superexchange
interactions, respectively [13-19]. However, the electrical
and magnetic properties of the mixed-crystal RMnOs-
AMnOs; show fascinating properties such as metal-insulator
transitions, CMR, and various ordering behaviors driven
by spin-charge-lattice coupling [20]. Since the first study
more than 70 years ago which showed ferromagnetism
in the three systems La;_,Ca,MnOs, La;_,Sr,MnOs3, and
La;_,Ba,MnOs3 over a certain range of compositions [21],
extensive studies of the physical properties in mixed crys-
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tals have been reported. The crystal structure of parent
compounds LaMnO3; and CaMnOj; is orthorhombic, while
for intermediate compositions, it becomes rhombohedral.
For example, La;_,Sr,MnO3; compounds are ferromagnetic
metals for 0.1 < x < 0.5 and become antiferromagnetic met-
als for 0.5 <x < 0.9 [1-8,12,13,21]. The La;_,Ca,MnO;
compounds with 0.2 < x < 0.5 are also metallic ferromag-
nets but show charge ordered antiferromagnetism for 0.5 <
x < 0.9 [22-24]. Thus, as a function of x, in the com-
positions La;_,A,MnOj3, the average valence of Mn ions
is changed from 34 (x =0) to 44+ (x = 1) by replacing
La’* jons in LaMnO; with A%T ions, and simultaneously,
the intermediate compositions exhibit a competition between
ferromagnetic and antiferromagnetic orderings. However, sur-
prisingly, the half-doped case with x = 0.5 shows some
differences in their physical properties depending on the A ion,
although they possess an average Mn valence of 3.5. Namely,
LagsCapsMnO; is a ferromagnetic insulator which shows
charge order [22-24], while Lag 551 sMnOj is ferromagnetic
and metallic [25,26]. The origin of this difference is the size
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mismatch between La*" and A%, which randomly occupy
the same crystallographic site [20]. On the other hand, in
another set of experiments which investigated the dependence
of the rare-earth R-ion sizes in the R;_,A,MnQOj; series, the
materials showed unusual physical properties, as discussed in
the following.

The RMnOj; series with R = Gd, Tb, and Dy also contains
antiferromagnetic insulators (7y = 44 K) with an orthorhom-
bic structure [27-29]. The Sr-substituted R; _,Sr,MnQOj series
shows systematic behavior as a function of x, and special
attention was paid to the systems Ry sSrosMnQOs. They are
neither ferromagnetic and metallic nor antiferromagnetic and
charge ordered but are magnetic glassy semiconductors [30].
This behavior is rather unusual compared to the spin-charge
ordered manganites. Further, Tbg sSro sMnO3; (TSMOS50) was
studied in detail for its dielectric, impedance, and transport
properties as well as glassy magnetic properties by electri-
cal and magnetic measurements [30,31]. The results showed
that the temperature-dependent dielectric response exhibits
frequency dispersion in the real (¢’) and imaginary (¢”) parts
of the dielectric constant and supports a thermally activated
relaxation mechanism. Surprisingly, the results showed two
relaxation regions separated by the glassy magnetic transition
temperature (7, = 44 K). The estimated activation energies of
the dielectric permittivity above and below the glassy mag-
netic transition were 47 and 19 meV, respectively. On the other
hand, the activation energy of the electrical resistivity between
80 and 300 K was estimated to be about 30 meV. Although the
results ruled out a typical magneto-electric behavior, coupling
between electric and magnetic properties could be confirmed
for glassy TSMOS50 [31].

While there have been several structural, electrical, and
magnetic studies on TSMOS50, as discussed above [27-31],
no electronic structure studies of TSMOS50 have been reported
to date. Thus, we have carried out a detailed electron spec-
troscopic investigation of TSMOS50 using the techniques of
soft x-ray photoemission spectroscopy (SX-PES), hard x-ray
photoemission spectroscopy (HAXPES), and x-ray absorption
spectroscopy (XAS). We determine the oxidation state of the
elements in TSMOS50 through core level measurements. The
core level Mn 2p PES, Mn 1s PES, and Mn L-edge XAS
spectra were simulated by charge transfer multiplet (CTM)
calculations using the CTM4XAS program for a MnOg clus-
ter model with full atomic multiplets [32]. From valence
band spectroscopy, we identify the Tb 4f, Mn 3d, and O
2p states. Our results confirm that TSMOS50 exhibits a small
semiconducting gap in the valence-band spectrum. Moreover,
based on the Mn 2p-3d and O 1s-2p resonance photoemission
spectroscopy, we observed Mn L3;VV and O KVV two-hole
correlation satellites, which allow us to estimate the on-site
Coulomb correlation energies in the Mn 3d and O 2p mani-
folds. The results show that TSMOS50 is a strongly correlated
charge transfer semiconductor.

II. SAMPLE PREPARATION, CHARACTERIZATION,
AND EXPERIMENTAL DETAILS

TSMOS0 single crystals were grown by the floating-zone
technique using a four-mirror optical-image furnace. The
quality of the TSMOS50 was verified through x-ray Laue
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FIG. 1. The O 1s SX-PES core level spectrum (red circles) of
TSMOS50, measured using an incident photon energy hv = 1200 eV.
The black line overlaid on the spectrum is a least-squares fit obtained
using two Gaussian functions.

diffraction and the powder x-ray diffraction pattern of crushed
single crystals using a Philips X’pert x-ray diffractometer
with Cu K radiation, and the results confirmed a pure sin-
gle phase. The electrical transport properties of TSMOS50
single crystals were reported earlier [31], and it is a small-
gap semiconductor at high temperatures with an activation
energy of 30 (47) meV from resistivity (dielectric) permit-
tivity. The SX-PES and XAS experiments were performed
on a spectrometer with a total-energy resolution of 200 meV
at BL17SU SPring-8 [33,34] using a Gammadata-Scienta
SES2002 electron analyzer. The soft x-ray PES and XAS
experiments were carried out using linear horizontal polar-
ization of the incident photon beam. Samples were cleaved
in situ and measured at 7 = 300 K under a base vacuum
of 4 x 107% Pa. The energy calibration and resolution were
determined from the Fermi-edge (Er) spectrum of a gold
film evaporated on the sample holder. The core level SX-
PES data were obtained in the angle-integrated mode with
an incident photon energy hv = 1200 eV. Resonant PES
spectra were measured across the Mn 2p-3d and O 1s-2p
thresholds, and the spectra were normalized for scan time and
incident photon flux. XAS was recorded in the total electron
yield mode. HAXPES spectra were measured at branch B
of the BM25-SpLine beamline at the European Synchrotron
Radiation Facility (ESRF). The HAXPES measurements were
done with an incident photon energy hv = 14 keV, obtained
using a Si(111) double-crystal monochromator, with an en-
ergy resolution of 1.6 eV measured using the Fermi edge
of Pd metal. HAXPES measurements were carried out in a
vacuum of 4-6 x 1078 Pa. The Mn 1s HAXPES was carried
out at 7 =300 K and T = 80 K, while the Sr 2s and Tb 2p
measurements were carried out at 7 = 300 K.

III. RESULTS AND DISCUSSION

The SX-PES of the O 1s core level spectrum measured
with an incident photon energy hv = 1200 eV is shown in
Fig. 1. The spectrum was fitted using two Gaussian functions
to determine the peak positions. It shows a main peak at

245131-2



ELECTRONIC STRUCTURE OF TBysSR,sMNO;

PHYSICAL REVIEW B 103, 245131 (2021)

T
o Sr 3d PES

Intensity (arb.units)

136 135 134 133 132
Binding energy (eV)

FIG. 2. The Sr 3d SX-PES core level spectrum (red circles) of
TSMO50, measured using an incident photon energy Av = 1200 eV.
The black line overlaid on the spectrum is a least-squares fit obtained
using two Gaussian functions.

529.28 eV binding energy (BE) with a FWHM of 0.9 eV and
a weak secondary structure at 530.34 eV. The main peak BE is
typical of transition metal oxides. For example, the O 1s main
peak of MnO is observed at a BE of 529.25 eV [35,36]. The
weak secondary structure seen in TSMOS50 was also observed
for cleaved surfaces of transition metal monoxides like MnO,
FeO, and CoO single crystals and is attributed to oxygen
nonstoichiometry [35].

Figure 2 shows the Sr 3d SX-PES core level spectrum
measured with an incident photon energy hv = 1200 eV. The
spectrum consists of two peaks which correspond to the spin-
orbit split 3ds;, and 3ds,, features. The peaks are positioned
at BEs of 132.95 eV (3ds;;, with FWHM of 0.9 eV) and
134.65 eV (3d3;, with FWHM of 1.0 eV), respectively. The
BE:s of the Sr 3d features confirm the divalent states of Sr ions
in TSMOS0. It is noted that the Sr 3d SX-PES spectra show
no satellites. Based on a least squares fitting of the spectrum,
the areas of the two peaks are found to be in the ratio 3:2
corresponding to 3ds,, and 3d3, states, consistent with the
expected degeneracy of the spin-orbit split features.

Mn 2p SX-PES of TSMO50 measured with a photon en-
ergy of hv = 1200 eV is shown in Fig. 3. The spectrum
shows two main peaks corresponding to the spin-orbit split
2p3;2 and 2py /> doublet states with binding energies of 643.18
and 654.72 eV, respectively, and an energy separation of
11.54 eV. The spectra are similar to SX-PES spectra reported
for La;_,Sr,MnOj; [37-41]. A broad, weak-intensity satellite
feature is obtained at about 9—11 eV above the main 2p, core
level, and it is ascribed to the poorly screened final state. This
observation implies that the expected satellite feature of the
2p3,2 level overlaps and gets mixed with the 2p;/, main peak
[37]. Since the chemical formula of stoichiometric TSMO50
implies a 1:1 ratio of Mn**:Mn**, in order to separate out
their respective contributions to the Mn 2p spectrum, we have
simulated the Mn** 2p SX-PES (blue curve) and Mn** 2p
SX-PES (green curve) spectra using model cluster calcula-
tions. We used the CTM program [32] to carry out model
cluster calculations, including atomic multiplets and charge-
transferred states to simulate the experimental spectra. In the
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FIG. 3. The experimental Mn 2p SX-PES core level spectrum
(red circles) of TSMOS50, measured using an incident photon energy
hv = 1200 eV and compared with a calculated total spectrum (black
line) obtained using a charge transfer multiplet calculation. The total
calculated spectrum is obtained by adding the calculated spectra for
Mn** and Mn** configurations in a 1:1 ratio.

present case, for the Mn3+t configuration, we use d* and dSLI
basis states, where L' represents a symmetry-adapted ligand
hole state. Similarly, for the Mn*t configuration, we use 43
and d*L' basis states. The initial state and final states can then
be described as a linear combination of the d” and d"*'L!
basis states. Further details of the calculation method are de-
scribed in Refs. [32,42,43]. The Slater integrals were reduced
to 0.8 compared to the Hartree-Fock values. A fair match to
the experimental spectrum was obtained using the electronic
structure parameters for Mn** and Mn**, as shown in Table I.
The black curve in Fig. 3 is obtained by adding the Mn** 2p
SX-PES and Mn** 2p SX-PES calculations with a 1:1 ratio.
In an earlier study on Lag ¢7Pbg 33MnO3, the authors estimated
a Mn**/Mn** ratio of 2:1 using Mn 2p SX-PES [44,45].
Since the estimated on-site Coulomb energy U, is larger than
the charge transfer energy A, defined as the energy difference
between the 3d" and 3d”+II:1 states, the results indicate that
TSMOS0 is a strongly correlated charge transfer type mate-
rial with the lowest energy excitation corresponding to a p-d
type excitation. In comparison, for the electronic parameters
of LagecCag33MnO3 using a cluster model without atomic
multiplets, Zalecki et al. estimated values of Uy; = 6.4 €V and
A = 3.5 eV [46]. On the other hand, Hong et al. estimated
the so-called soft x-ray fluorescence charge transfer energy

TABLE 1. Parameters used for the Mn 2p PES, Mn 1s HAX-
PES, and Mn L-edge XAS calculation: on-site Coulomb energy Uy,
between two d valence electrons, the Coulomb energy U, between
the core hole and valence d electron, charge transfer energy A, hy-
bridization strengths T, and T;,,, crystal field splitting energy 10D,,,
and the number of d electrons n,.

Uga Uea A T, T, 10D, ng

€eV) (V) (V) (V) (V) €V) electrons
Mn3* 5.5 6.5 1.0 3.2 1.6 1.5 4.49
Mn**+ 5.5 6.5 0.0 2.0 1.0 2.6 3.52
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FIG. 4. The experimental Mn 1s HAXPES spectra of TSMOS50,
measured using an incident photon energy hv = 14 keV at low
temperature (7 = 80 K) and room temperature (7 = 300 K), show
negligible changes. A comparison with a calculated total spectrum
(black line) obtained using a charge transfer multiplet calculation
reproduces the experimental spectrum. The total calculated spectrum
is obtained by adding the calculated spectra for Mn*" and Mn**
configurations in a 1:1 ratio.

(SXF-CT), which equals A’, and the soft x-ray fluorescence
band gap (SXF band gap) using O K-edge x-ray emission
spectroscopy (XES) and XAS spectra for the series LaM O3
(M=Cr, Mn, Fe, Co, Ni) [47]. For LaMnOQOs;, the authors re-
ported values of (SXF-CT) = A’ ~ 5 eV and a SXF band gap
of 2.5 eV, but it was explained that these values are necessarily
larger than the physical values of A and the actual band gap,
because A’ was the energy difference between the peak DOS
energies in O K-edge XES and XAS spectra [47].

We carried out Mn 1s core level HAXPES measurements
of TSMOS50 at T = 300 K (red circles) and T = 80 K (blue
circles), as shown in Fig. 4. The spectra show a main peak at
6543.3 eV and a broad satellite feature around 6553 eV but
do not shown any temperature dependence. We also applied
the CTM4XAS program to calculate the Mn** 1s HAXPES
and Mn**1s HAXPES spectra with the same parameters as
presented in Table I. In Fig. 4, we plot the sum of Mn** 1s and
Mn** 1s calculated spectra (black curve) in a 1:1 ratio together
with the experimental spectra. This comparison shows rea-
sonable agreement between the calculated spectrum and the
experimental spectra, thereby confirming the nominal ratio of
1:1 trivalent and tetravalent manganese ions in TSMOS50. It
is noted that the spectra do not show a low binding energy
well-screened peak in Mn 1s HAXPES core level spectra of
TSMOS50. This result is consistent with the fact that TSMOS50
is a semiconductor, in contrast to the Mn 2p and Mn ls
of La;_,Sr,MnOs3, with x = 0.2-0.4, which shows a well-
screened peak on the low binding energy side of the main peak
in the low-temperature metallic phase [39—41,48-50].

The Sr 25 and Tb 2p3,, HAXPES core level spectra are
shown in Figs. 5 and 6, respectively. Both spectra show
a broad single-peak feature. The Sr 2s peak has a BE of
2215.2 eV with FWHM of 5.94 eV, while the Tb 2p;,, peak
has a BE of 7518.6 eV with FWHM of 7.17 eV. The single-
peak spectra obtained here are indicative of a well-defined
Sr** and Tb** in TSMO50.
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FIG. 5. The Sr 2s HAXPES of TSMOS50 measured using an
incident photon energy hv = 14 keV. The black line overlaid on the
spectrum is a least-squares fit obtained using a Gaussian function.

The Mn L-edge XAS spectrum of TSMOS50 is shown in
Fig. 7(a) with two broad peaks corresponding to the spin-orbit
split L3(2p3/2) and Ly(2py2) states. The L3 edge consists
of a main peak at 642.83 eV and a shoulder at 640.9 eV.
The Mn L, edge consists of a main peak at 653.51 eV and
a shoulder at 651.60 eV. By comparing the present Mn 2p
XAS spectrum with reference manganese oxides [51], the
peak positions and the line shapes of TSMOS50 are similar to
SrMn;_,Mo, O3, which consists of a combination of trivalent
Mn?** and tetravalent Mn** states. This similarity is con-
firmed by CTM calculations for the Mn** and Mn*t XAS
spectra obtained using the same electronic parameters as Mn
2p XPS shown in Fig. 3. The combination of Mn>*L-edge
and Mn** L-edge calculations in a 1:1 ratio exhibits a shape
very similar to the experimental Mn L-edge spectrum. These
results confirm the presence of Mn** and Mn** states consis-
tent with the nominal chemical formula of this material.

We next performed the Mn 2p-3d (L-edge) resonant PES
at photon energies labeled A-R, as shown in Fig. 7. The
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FIG. 6. The Tb 2p3,, HAXPES of TSMOS50 measured using an
incident photon energy hv = 14 keV. The black line overlaid on the
spectrum is a least-squares fit obtained using a Gaussian function.
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FIG. 7. Experimental Mn L-edge XAS spectrum (red circles) of
TSMOS50 compared with the total calculated spectrum (black line)
obtained using the CTM calculations for the Mn*" (blue line) and
Mn** (green line) configurations, added in a 1:1 ratio. The Mn 3d
spectral weight between binding energies of 0 and 3 eV obtained
from the Mn 2p-3d resonant valence band photoemission spectra
(Fig. 8) is also plotted for comparison.

Mn Lj-edge and L,-edge resonant PES spectra are shown in
Figs. 8(a) and 8(b), respectively. The spectra show several
features with the valence band states positioned between Ep
and about 12 eV BE. We first discuss the assignments of weak
shallow core level features between ~17 and 24 eV BE. A
weak doublet feature at 17.7 and 18.7 eV BE corresponds to
the St 4p3/, and 4py ), states [52]. The feature at 20.5 eV BE
corresponds to the main multiplet feature of Tb 5p [53]. The
higher multiplet feature of Tb 5p is known to occur at ~2 eV
higher BE and overlaps with the O 2s feature at ~23.3 eV
BE [52,53]. These shallow core level features are marked by
gray dotted lines in Figs. 8(a) and 8(b) and are better seen on
the expanded y scale in Fig. 11(a) below. Further, the intensity
between 7 and 11 eV BE mainly corresponds to the Tb 4f
multiplet states, while the feature at 6 eV BE is attributed
the O 2p band. The character of the Tb 4 f multiplet features
has been confirmed by Tb 3d-4f on-resonance data shown in
Fig. 11 below and discussed later.

As we increase the photon energy from A to F across the
Mn Lj-edge threshold [Fig. 8(a)], we observe a systematic
increase in the spectral intensity of the feature at ~2 eV BE in
the valence band. For higher photon energies above F and up
to J, the spectral intensity of the feature at ~2 eV decreases on
increasing the photon energy. In Fig. 7, we have also plotted
the Mn 3d spectral weight between Er and 3 eV BE obtained
from the Mn 2p-3d resonant valence band photoemission
spectra shown in Fig. 8. The maximum intensity observed at
photon energy F matches the maximum of the XAS L;-edge
intensity in Fig. 7. This indicates that the ~2 eV feature
undergoes a resonance maximum of the Mn 3d partial density
of states (DOS) associated with the L; edge. On increasing
the photon energies further from J to R [Fig. 8(b)], we observe

Mn 2p Resonant PES

Intensity (arb. units)

T
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T Il
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Binding energy (eV)

FIG. 8. The Mn 2p-3d resonant photoemission spectroscopy of
TSMOS50 across L, 3 edges obtained using photon energies labeled
A to R in Fig. 7. The spectral peak intensities marked with red (solid
and dotted) lines identify and show the systematic change of two
L;VV Auger features, as described in the text.

another maxima in the ~2 eV BE feature corresponding to the
L,-edge resonance maximum.

In addition to the ~2 eV resonant feature, we could also
observe large enhancement between 5 and 12 eV BE for
photon energies C to G and between 17 and 25 eV BE for
photon energies L to O. Further, we also see a clear satellite
for photon energies L (hv = 651.64 eV) to O (654.28 eV)
which systematically shifts to higher binding energies from
13 to 15.7 eV BE, as marked in Fig. 8(b) with a red dotted
line and blue tick marks. Since this feature tracks the changes
in the photon energy, it is attributed to an L3V V Auger feature
of Mn 3d character in the valence band DOS. In order to better
see the evolution of this Auger feature we plot the difference
spectra for photon energies B to G (with respect to spectrum
A) and for photon energies L to O (with respect to spectrum
J) in Figs. 9(a) and 9(b), respectively. The spectral peak in-
tensities marked with red (solid and dotted) lines identify and
show the systematic change in two L3VV Auger features for
photon energies from D to G and L to O. Accordingly, we
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FIG. 9. The Mn 2p-3d resonant photoemission difference spec-
tra for (a) photon energies labeled B to G (with respect to spectrum
A) and (b) photon energies labeled L to O (with respect to spectrum
J). The spectral peak intensities marked with red (solid and dotted)

lines identify and show the systematic change in two L;VV Auger
features.

have marked the L;VV Auger features in Figs. 8(a) and 8(b),
as shown by the red lines and blue tick marks. Similarly, we
see another feature in Fig. 9(b) marked by the gray solid line
which is assigned to the weaker L,V'V Auger feature.

In earlier studies on NdsA9sMnO; (A=Ca, Sr) [54]
and LaMn g5Coy 1503 [55], the Mn 2p-3d on-resonant pho-
toemission spectra were reported to show a very broad
continuous L3VV Auger feature spread from 6 to 16 eV. In
contrast, our results show two well-separated L3;VV Auger
features in Fig. 9. Following earlier work on the prototyp-
ical charge transfer insulator NiO [56], the high-BE L;VV
Auger feature is assigned to the mainly Mn 4" states (red
solid lines in Figs. 8 and 9), and the low-BE L3VV Auger
feature is due to mainly d"*'L' states (red dotted lines in
Figs. 8 and 9). Using the Cini-Sawatzky method [57-61],
we can estimate the on-site Coulomb energy for the Mn 3d
states Uy, from the Auger features. We use the equation

TABLEII. The BE of the d" L;VV Auger peak E;yy, the incident
photon energy hv, the energy of the Mn 3d main peak €34, the BE of
the Mn 2p main peak E,,, and the on-site Coulomb energy Uy,.

Epyy hv €34 Ep, Uaa
€V) eV) eV) (eV) V)
L=179 651.6 2.0 643.2 5.5
M=18.7 652.5 2.0 643.2 5.4
N=20.0 653.5 2.0 643.2 5.7
0=20.6 654.3 2.0 643.2 5.5

Uijqg = E>p — (hv — Epyy) — 2€34 [62], where E» ), is the BE of
the Mn 2p main peak (643.18 eV), hv is the incident photon
energy, and E;yy corresponds to BE of the d" Auger peak.
In the equation, 2e3, represents the average two-hole energy
without correlations and is obtained as a self-convolution of
the Mn 3d partial density of states with a main peak position
of €34 = 2 eV. From spectra obtained using photon energies
labeled L-O, we estimate the on-site Uyy; = 5.5 £0.2 eV (see
Table II) for the Mn d" character L;VV Auger feature. For
the d"*'L' L;VV Auger feature at a BE of Ej,,,, while an
interpretation in terms of an on-site Coulomb energy is not
strictly valid, it could be considered to be a measure of an
intersite Coulomb energy U,; [63]. Thus, a corresponding
Cini-Sawatzky analysis givesus a U,y =0.7eV £ 0.2eV (see
Table III), indicative of weak p-d correlations in the strongly
hybridized charge-transferred d"*'L' states. In comparison,
for La,CuQy, based on a three-band Hubbard model [63],
Werner et al. estimated values of the static Uy (w = 0) =
7.0eV and Upy(w = 0) = 1.88 V. The authors also estimated
an on-site Coulomb energy U,,(w = 0) =4.64 eV for the
O 2p states. We also carried out a Cini-Sawatzky analysis
to determine the on-site Coulomb energy for the oxygen 2p
states by measuring the O K-edge XAS and O 1s-2p resonant
valence band PES (Fig. 10). We obtain a value of U,, =
3.4 £ 0.2 eV, as discussed in the following.

Figure 10(a) shows the O 1s-2p (K-edge) XAS spectrum of
TSMOS0. It exhibits a main peak at 529.45 eV, followed by a
weak feature at 531.86 eV and two broad features centered at
535.98 and 543.46 eV. The 529.45 eV main peak, which actu-
ally consists of two features, as seen in the inset, is attributed
to O 2p states hybridized with Mn 3d states, while the features
at higher photon energies are due to O 2p states hybridized
with Sr 4d and Tb 5d states. We then performed O 1s-2p res-
onant PES using photon energies labeled A-D in Fig. 10(a),

TABLE III. The BE of the d"*!L' L;VV Auger peak Ej,,, the
incident photon energy hv, the energy of the Mn 3d main peak €3,
the BE of the Mn 2p main peak E,, and the intersite Coulomb
energy Upy.

EI/,VV hv €34 Ezp Upd
V) V) V) V) V)
L=132 651.6 2.0 643.2 0.8
M=14.0 652.5 2.0 643.2 0.7
N=15.0 653.5 2.0 643.2 0.7
0=15.7 654.3 2.0 643.2 0.6
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FIG. 10. (a) The O K-edge XAS spectrum of TSMOS50. (b) The
O K-edge resonant PES is measured by using photon energy deter-
mined by A-D in (a).

and the obtained spectra are shown in Fig. 10(b). While the O
2p partial DOS does not show a resonant enhancement, we see
a resonance feature at higher BEs which tracks the increase in
the photon energies [Fig. 10(b)]. Since it tracks the photon
energy, it indicates that the feature is an O KVV Auger fea-
ture originating in the O 2p correlations in the valence band.
Based on the equation U,, = Ej; — (hv — Egyy) — 263, the
on-site Coulomb energy in the O 2p state is estimated to be
Upp =3.4£0.2 eV, where E; = 529.28 €V is obtained from
Fig. 1 and €, = 6 €V is the binding energy of the O 2p states
estimated from valence band spectra shown in Fig. 11. Since,
photon energy B (hv = 528.81 eV) lies about 0.5 eV below
the O 1s core level BE (hv = 529.28 eV), the satellite feature
seen in the spectrum obtained with photon energy B lies in the
resonant Raman regime [62]. Hence, we have estimated U,
for spectra obtained using only photon energies C and D (see
Table IV).

This U,, value is considerably smaller than U,, values
estimated for many oxides which showed U,, =5-7 eV
[37,64—71]. In fact, perovskite oxides of the RMO; type
(where R is rare earth and M is transition metal) have shown
a large Uyq of 4 to 6 eV and also a large U,, of 5 to
7 eV [64-68]. Thus, in contrast to other perovskite oxides
as well as other transition metal compounds like VO,, V,0s3,
and high-T. cuprates, TSMOS50 shows a Uzy = 5.5 £0.2 eV,
comparable to or slightly larger than earlier estimates from
Mn compounds, while U,,, = 3.4 £ 0.2 eV is smaller than that

(@)

—— Tb On-res PES
hv=1236.8 eV
—— Tb Off-res PES
hv=1200.0 eV
—— Mn Off-res PES
hv=636.0 eV

Intensity (arb.units)

Intensity (arb. units)

1y ,,.u.m'm . .
1230 1235 1240 1245 1250

Photon Energy (eV)

FIG. 11. (a) The valence band PES of TSMO50 measured at
incident photon energies of hv = 636 eV (spectrum A of Fig. 8),
hv = 1200 eV (Tb off resonance), and hv = 1236.8 eV (Tb on res-
onance). (b) Experimental Tb Ms-edge XAS spectrum of TSMOS0
compared with an atomic multiplet calculation.

estimated for other oxides. The present results suggest that
this smaller value of U,, may be an important characteristic
of TSMOS50 which does not exhibit charge or magnetic order-
ing with a Mn**:Mn** ratio of 1:1, while LagsCasMnOs,
Nd 5Srg.sMnOs, etc., show spin, charge, and orbital ordering
phenomena. Theoretical studies have also shown that strong
on-site Coulomb interactions are the main requirement of
charged ordering in the half-filled manganites [72-74]. In
fact, most of the high-7; cuprates have shown charge ordering
with Uyg and U,, both being large, ~5 to 7 eV [69-71].
The only exception of a small Uy, is the highest-T.. cuprate
HgBa,Ca;Cus0s5 (T. = 134 K), for which it was recently
shown that Uzy ~ 6.5 eV and Uy, ~ 1€V [75].

Here we would like to clarify that while the Cini-Sawatzky
method has been reliably used to estimate on-site element-

TABLE IV. The BE of the Auger peak Exyy, the incident photon
energy hv, the energy of the O 2p main peak ¢,,, the BE of the O 1s
main peak E\, and the on-site Coulomb energy U,,,.

EKVV hv €2p Els Upp
(eV) (eV) (eV) eV) (eV)
C=154 529.4 6.0 529.3 33
D=17.2 531.0 6.0 529.3 3.5
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specific Coulomb correlation energies in several 3d transition
metal (Ti to Cu) compounds [37,57-62,64—71], it is important
to note that the on-site Coulomb correlation energy estimated
using Auger spectra Ugg(auger) 1 not exactly the same as
the average on-site Coulomb energy used in the Hubbard
model Uygtubbard). Udd(augery 1 defined as the energy cost
in going from 2M* — M + M?*, where M is an atom in
a solid. Hence, Ugg(auger)> the Coulomb correlation energy
between two valence holes, is the difference between the first
ionization energy /; and second ionization energy I, i.e.,
Uidcaugery = I — 1. This is expected to be slightly different
from Ujgtubbard), Which corresponds to the energy cost of
2M — M~ + M and Ugg@uvbardy = I1 — A; that is, it is the
difference between the first ionization energy /; and the elec-
tron affinity A. While both values correspond to the difference
in energy between one less electron and one more electron
compared to a reference state, the reference states are M and
M, respectively. These states are obviously not equal, but the
difference in the estimated values of Ugg(auger) and Ugg(Hubbard)
is expected to be small due to screening effects in a solid [76].
For the cluster model calculations used in the present case,
we have used a value of Uyy; = 5.5 eV and have explicitly
included the crystal field splitting 10Dq to describe tg-e,
splitting in the d-electron states. As discussed earlier, the ini-
tial and final states are described using only two basis states,
d" and d"t'L'. In the final states of the core level PES and
XAS calculations, since Uyy and U4 occur only as A — U,y
and A + Uy, — Uy, respectively, the absolute value of Uy, is
only indirectly present in the model [32,42,43]. The fair match
of the calculations with the PES and XAS experimental results
using the same electronic parameters validates the calculation
procedure. It is known that orthorhombic DyMnO; shows a
clear x-ray linear dichroism due to strong orbital polarization
associated with magnetic and orbital ordering [77]. While
TSMOS50 does not show long-range magnetic or charge order-
ing, it may still show some linear dichroism due to short-range
order. Thus, the weak deviations between experiment and
calculations are possibly related to the use of linear horizontal
polarization for the soft x-ray PES and XAS measurements.
Figure 11(a) shows the wide valence band PES of TSMOS50
measured at incident photon energies hv = 636, 1200, and
1236.8 eV to identify all the valence and shallow core states
in TSMOS50. The spectra are normalized for the background
at high BE where there are no spectra features. The last two
energies, 1200 and 1237 eV, are the off-resonant and on-
resonant energies corresponding to the Tb 3d-4f threshold.
The Tb 3d-4f off- and on-resonant incident photon energies
were determined by first measuring the Tb 3d-4 f (Ms- edge)
XAS spectrum. The Tb 3d-4f (Ms-edge) XAS spectrum is
shown in Fig. 11(b), along with atomic multiplet calculations
using the CTM4XAS program. The Slater integral was reduced
to 0.64 times the Hartree-Fock value to get the best match of
the calculation with the experiment. The results confirm that
Tb ions are trivalent in TSMOS50. Thus, we chose an incident
photon energy of hv = 1236.8 eV to correspond to the Tb
3d-4f resonant energy and hv = 1200 eV to correspond to
the off-resonant energy. The valence band spectra measured
with the three different photon energies help us to identify the
Mn 3d, O 2p, and Tb 4f partial DOSs in the valence band
and the shallow core Sr 4p, Tb 5p, and O 2s. In particular the

L L L L L L B B L |

—& Valence band PES
Au_EF
—— Au_EF fit

Intensity (arb.units)

Binding energy (eV)

FIG. 12. Valence band PES of TSMOS50 obtained using the pho-
ton energy hv = 642.06 eV (spectrum E of Fig. 8) compared with the
Fermi edge of the gold reference sample. The inset shows the spectra
near Er plotted on an expanded scale.

Mn 3d partial DOS occurs between the Fermi level and ~4 eV
BE; the Tb states are positioned at ~10.2 eV (6H5/2), ~8.6eV
(°Gs,2), and ~7 eV (°I5),) BE [78,79], and the O 2p states
are centered at about 6 eV BE. We have carefully checked
the energy positions of the Mn t,, band for the on-resonant
Mn 2 p-3d valence band spectra obtained with incident photon
energies C—G (spanning the Mn L3-edge main peak) shown
in Fig. 8, and they are positioned at a BE of 2.0 0.1 eV.
This means the Mn®* and Mn** I, states are degenerate.
Comparing the on- and off-resonant Tb 3d-4 f spectra, it is
understood that the 3S; /2 component of the Tb 4f multiplets
overlaps with the Mn 3d #,,-derived feature at 2 eV BE. It is
known from earlier work [80] on TbRh that the 8S component
of the Tb 4 f multiplets does not show a strong enhancement
in on-resonance spectra due to hybridization effects with Rh
4d states, while the (°H, °G, °I) character Tb final states are
strongly enhanced on resonance. Similarly, the 8S component
hybridizes with the Mn 3d states in TSMOS50 and does not
show strong 3d-4 f resonance enhancement.

The band gap of TSMOS50 was estimated using a linear
extrapolation of the leading edge, as shown in the inset of
Fig. 12. We use spectrum E to estimate this gap as it showed
the highest intensity for the Mn** character e, band on reso-
nance. The energy separation between the valence band edge
of TSMOS50 and Fermi level is taken as an upper estimate
of the band gap of TSMOS50 in the occupied density of
states, and the band gap was found to be <100 meV. This
result confirms that TSMOS50 is a small-gap semiconductor,
and given the lower energy resolution of the photoemis-
sion spectroscopy measurements, it is roughly consistent with
the activation energy of 30-50 meV estimated from elec-
trical measurements [31]. On the other hand, for the series
Lag ¢7Pbg 33Mn | _,Fe, 03, Kowalik et al. used the same proce-
dure to estimate the band gaps and reported values of ~1.7 to
2 eV, confirming the insulating behavior of the series [44].

Finally, based on all the experimental results and the elec-
tronic parameters obtained from calculation for the XAS and
core level spectra, we have obtained a schematic description
of the electronic structure of TSMOS50, as shown in Fig. 13.
Using the known band gap of insulating TbMnOj3 [~0.48 eV;
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FIG. 13. Schematic description of the electronic structure of
(a) pure TbMnO; and (b) TSMOS50.

Fig. 13(a)] [81], it is clear that TSMOS50 becomes a small-
gap semiconductor, with a gap of <100 meV. The strontium
doping in TbMnOj leads to the formation of hole states, but
it does not close the gap in TSMOS50. TSMOS50 is a charge
transfer semiconductor with the on-site Coulomb energy U,
being larger than the charge transfer A. In comparison, for
transition metal fluorides MF,, the charge transfer A was
estimated to vary from ~6 to 7 eV while the on-site Coulomb
energy Uy, was estimated to vary from ~3 to 6 eV, indicating
the fluorides are Mott-Hubbard systems with Uy; < A [82].
Further, the #,, states of Mn?** and Mn** are nearly degener-
ate, while the crystal field splitting for Mn* states is 1.6 eV
and that for Mn*" states is 2.5 eV, as estimated from the model
calculations. This results in a gap essentially determined by
the strongly hybridized occupied Mn** - O 2p states and
unoccupied Mn**-0 2p states, as shown in Fig. 13.

IV. CONCLUSIONS

We studied the electronic structure of single-crystal
Tbg 5519 sMnO3 using soft x-ray photoemission, hard x-ray

photoemission, x-ray absorption, and resonant photoemission
spectroscopy. Core level photoemission and x-ray absorption
spectroscopy combined with model calculations could be used
to determine the valence states of Tb, Sr, and Mn ions in
Tbg 5519 sMnOj3. The spectral features could be explained by
a 1:1 ratio of Mn®* and Mn** states. Resonant photoemission
spectroscopy across the Mn 2p-3d threshold showed two dis-
tinct L3V'V two-hole correlation satellites which are attributed
to the mainly Mn 3d" and 3d"T'L! states. We estimated
on-site Coulomb energy Uyy ~ 5.5 £ 0.2 eV, indicative of
strong Coulomb correlations in the Mn 34" states. The O
1s-2p resonant photoemission showed an O 2p two-hole cor-
relation satellite, and U, was estimated to be ~3.4 =0.2 eV
for the O site. We also estimated intersite Coulomb en-
ergy Upg = 0.7 £0.2¢eV from the d"+'L' correlation satellite.
Valence band photoemission showed a small-gap semicon-
ductor (< 100 meV) which is reduced compared to the parent
TbMnOj3 (~0.48 eV). The estimated electronic structure pa-
rameters of the on-site Coulomb energies, the charge transfer
energy, and the hybridization strength obtained from the
model calculations indicate that Tby sSrysMnO3; can be de-
scribed as a strongly correlated system with significant charge
transfer character.
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