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We have studied the concentration-dependent near-Fermi-level valence-band electronic structure of
Smy;Cagg_,Sr;MnO; (x =0, 0.1, 0.3, and 0.6) using high-resolution ultraviolet photoelectron spectroscopy
(HRUPS) across the metal insulator transition. At low temperatures (50 and 100 K), a transformation from
pseudogap type behavior (x = 0and 0.1) to insulating behavior (x = 0.3 and 0.6) is observed with an increase in Sr
content. While at the high temperatures, the metalliclike density of states appears up to x = 0.3 and then vanishes at
x = 0.6. The temperature-dependent spectra reveal a changeover from pseudogap to metalliclike states for x = 0
above its magnetic cluster-glass ordering temperature (110 K). In the case of x = 0.1, the temperature-dependent
change in the density of states is quite different from that of x = 0 due to the weaker cluster-glass component
and exhibits an interesting spectral weight transfer in the high-temperature paramagnetic phase. These findings
would immensely help in understanding the puzzling charge transport scenario in Smg ;Cagg_, Sr, MnO; from a

microscopic point of view.
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I. INTRODUCTION

The tuning of the physical properties of manganites
(Ri_xA;MnO3, where R and A are trivalent-rare earth and
divalent-alkaline earth ions, respectively) is basically governed
either chemically by changing the concentration and nature of
the R and A cations [1,2] or physically by applying external
stimuli viz. pressure [3-7], magnetic field [8—10], electric
field [11-13], etc. Both physical and chemical parameters can
dramatically influence the internal structure such as Mn3* (d*)/
Mn**(d?) ratio, lattice distortion, and spin state. The electronic
occupation at the Mn site and the lattice distortion controls,
respectively the band filling and e, bandwidth, thereby
greatly influence the electronic properties of manganites. Vast
majority of the scientific literature available so far is based
on hole doped manganites because of their alluring colossal
magnetoresistive effect [2]. Relatively less attention is paid to
the electron doped system, which possesses somewhat similar
as well as significantly different properties from its hole doped
counterparts. Concerning the study on R;_,Ca,MnOs, it is
known that the paramagnetic (PM) state on the electron doped
side exhibits metallic behavior even with a small injection
of carriers (x > 0.95), in contrast to the hole doped side
that exhibits insulating behavior [14-16]. In particular, the
study on electron doped Smy ;Cag 9, Sr,MnOj3 has attracted
great attention because of its unique structural, magnetic,
and charge transport properties [16—19]. The observation of
high-temperature thermoelectric response in electron-doped
CaMnO; by Wang et al. [20] has added more momentum from
an applied science point of view. Smg | Cag ¢MnO; corresponds
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to a ferromagneticlike metallic cluster-glass phase (with Curie
temperature T¢ ~ 110 K) embedded in a G-type antiferromag-
netic (AFM) matrix. With the substitution of Sr for Ca (x =
0.1), the metallic state gets suppressed exhibiting an insulating
behavior towards the low-temperature side (below ~110 K).
With the gradual increase in Sr concentration (x = 0.1-0.6),
the insulating behavior becomes more pronounced and extends
over a wide temperature range. From a magnetic point of view,
the ferromagnetic (FM) component diminishes progressively
with the increase in x and almost vanishes for x ~ 0.2.
Surprisingly, an evolution of C-type antiferromagnetism sets
in for the composition range, 0.2 < x < 0.6, with the Neel
temperature (7) ranging from 100 K to 240 K, and coexists
along with the G-type phase in the low-temperature regime. In
addition to sharply varying transport and magnetic phenomena
in Smy ;Cag 9, Sr,MnO3 with Sr doping, the structural study
based on neutron diffraction by Martin er al. [17] also
demonstrates a clear change in the crystal symmetry from
Pnma to I14/mcm with the increase in Sr content.

Despite all such intriguing electronic/structural phenomena
associated with Smg ;Cagg_,Sr,MnOs3, hardly anything is
yet explored about the near Fermi energy, Ep electronic
structure of this system. Since the charge transport and
metallic magnetism is influenced greatly by the electronic
states available close to EF, it would be ideal to investigate
how the near Er electronic structure evolves when the system
goes from a metallic to insulating state with an increase in
Sr concentration. The detailed accurate knowledge about the
near Ef electronic structure will elucidate our understanding
in relation to the different competing electronic/magnetic
phases manifested by Smg ; Cag 9, Sr,MnOj3. Keeping abreast
of all the information, we have undertaken a high-resolution
photoemission study of Smg ;Cagg_,Sr,MnO;3 (x =0, 0.1,
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0.3, and 0.6) at various temperatures focusing on the few meV
range in the vicinity of Er to capture the underlying physics
and shed light for further investigations. The high-energy
resolution in this photoemission study enabled us to reveal
interesting subtle features and their evolution with composition
and temperature as discussed below.

II. EXPERIMENT

The polycrystalline samples of Smg ;Cag g—, Sr;MnO3, x =
0, 0.1, 0.3, and 0.6 were prepared using the high temperature
solid state reactions method. The details of the sample
preparation technique were published elsewhere [17]. Purity
of the samples was confirmed by x-ray powder diffraction
patterns exhibiting highly pure samples in single phase. The
studies of the structural, transport, and magnetic properties of
these samples were published earlier [17]. The high-resolution
ultraviolet photoelectron spectroscopy measurements were
performed using a monochromatic He I (21.2 eV) photon
source. The photoelectrons were collected using a Gammadata
Scienta R4000WAL electron energy analyzer equipped with
an ultrahigh vacuum experimental chamber. Since the spectral
intensity at the Fermi level is week in these materials, the
energy resolution was set at 5 meV instead of 1.5 meV to
have improved signal to noise ratio that enabled studying the
finer changes near the Fermi level. The sample surfaces were
cleaned using scrapers (fine grained diamond files) under a
base vacuum better than ~1.0 x 10! mbar before taking the
data at each temperature. Separate scrapers were used to clean
each sample, and reproducibility of the data was verified after
each cleaning cycle. The low-temperature measurements were
carried out using an open cycle helium cryostat by pumping
liquid helium through the sample manipulator.

III. RESULTS AND DISCUSSION

The Sr concentration-dependent valence-band spectra of
Smyg ;Cag 9, SryMnO3; (x =0, 0.1, 0.3, and 0.6) at 50 K is
presented in Fig. 1. The observed features in the spectra (Fig. 1)
are the characteristics of manganites studied earlier [21-28].
However, our present focus here is to investigate the finer
variations of the electronic states in the vicinity of the Fermi
level. The valence-band spectra of manganites are mainly
dominated by the Mn 3d and O 2p states. The spectroscopic
signatures corresponding to these states are clearly observed
in the figure. The broad feature appearing at around 5.8 eV
(marked D) is due to the Mn-O bonding states. The features
in the energy range 1.5-4 eV binding energies are attributed
to Mn 3d t,, (marked B) and nonbonding O 2p (marked C)
contributions. The most important feature is a tail-like structure
near the Fermi level, Er (marked A) corresponding to the Mn
3d e, states. The high-resolution spectra corresponding to the
near Er e, states will be shown in the subsequent section,
where the spectra have been normalized to the integrated
intensity in the binding energy range around 0.25 eV.

The electronic states near the Fermi level are mostly
responsible for governing the electronic properties of these
materials. From our high-resolution photoemission study, we
observed various unique changes associated with the near E g
states as a function of Sr concentration as well as temperature
for Smy Cag9—,SryMnO;3. The x-dependent near-Ef states
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FIG. 1. (Color online) The valence-band spectra of
Smg Capg_,Sr,MnO; at 50 K for various concentrations x =
0, 0.1, 0.3 and 0.6 are produced using high-resolution ultraviolet
photoelectron spectroscopy (HRUPS) having photon energy
21.2 eV (He I). The mark A corresponds to the e, states of the
MnOs octahedra, the mark B corresponds to the f,, states, mark
C corresponds to the nonbonding O 2p states and the mark D
corresponds to the bonding states of the MnOg octahedra.

for Smg ;Cag g, Sty MnO3 at 50 K are presented in Fig. 2(a).
For the x = 0 sample, the density of states is finite at £ . With
the increase of x, the density of states gradually decreases and
reaches a minimum for x = 0.3 and 0.6, with almost no finite
states at the Fermi level. Moreover, no distinct spectral change
is observed between x = 0.3 and 0.6 at 50 K. At 7 = 100 K,
the spectral change as a function of x [Fig. 2(b)] exhibits
almost similar behavior as compared to that at 50 K, except a
little difference between x = 0 and 0.1, which corresponds
to a relatively smaller change than the former case. Most
interestingly, the concentration-dependent high-temperature
(200 and 295 K) spectra [Figs. 2(c) and 2(d)] are found to
be different than that of the low-temperature ones. At both
200 and 295 K, the finite number of states are observed at the
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FIG. 2. (Color online) The high resolution near Ef e, states of
Smy 1 Capg_,Sr,MnO; (x = 0, 0.1, 0.3 and 0.6) at 50 K (a), 100 K
(b), 200 K (c) and 295 K (d).
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FIG. 3. (Color online) (a) The high resolution near Er e, states
of Smg ;CagoMnOj; at 50, 100, 200, and 295 K respectively. The
buttom inset shows the comparison of 50 and 100 K spectra and the
top inset shows the comparison of 200 and 295 K spectra. The solid
lines marked on the spectra distinguish the band edge at different
temperatures. (b) The difference of 50 K spectra from that of 100,
200, and 295 K.

Fermi level for x = 0, 0.1, and 0.3, whereas the corresponding
states vanish for x = 0.6. Moreover, a careful inspection of the
high-temperature spectra reveals a relatively less electronic
occupation near the E for x = 0.3 as compared to that of
x = 0and0.1. However, no noticeable change in the electronic
occupation is observed between the spectra for x = 0 and
x = 0.1 at 200 and 295 K, respectively.

In Figs. 3 and 4, we present the temperature evolution
of near-Ef spectra for two cluster glass phases (x = 0 and
0.1) down to 50 K. For x =0 [Fig. 3(a)], no appreciable
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FIG. 4. (Color online) The high resolution near E e, states of
Smy  Cag gSrp;MnO; at 50, 100, 200, and 295 K respectively. The
bottom inset shows the comparison of 50 and 100 K spectra and
the top inset shows the comparison of 200 and 295 K spectra.
(b) The difference spectra (295 K-200 K) represent the spectral
weight transfer at the Fermi level. (c¢) The difference of 50 K spectra
from that of 100, 200, and 295 K.

PHYSICAL REVIEW B 89, 245131 (2014)

change in the spectral shape is observed, when we increase
the temperature from 50 to 100 K. The inset (bottom) in
Fig. 3 shows a clear comparison of these two spectra. With the
increase in temperature to 200 K, the spectral shape changes
with a slight increase in intensity and a broadening of the e,
band across the Fermi level, which is marked by putting a
line at the band edge. With further increase in temperature
to 295 K, we hardly observe any difference in the spectral
shape as compared to that of 200 K. The inset (top) in Fig. 3
shows the clear comparison of these two spectra. The spectral
variation with the temperature is also presented in Fig. 3(b) as
the difference spectra. Forx = 0.1 (Fig. 4), substantial changes
in the spectra are observed, when we move from the lower
temperature regime (50 and 100 K) to the higher temperature
regime (200 and 294 K). With the increase of temperature
from 50 to 100 K, a small increase of intensity around 30 meV
below the Fermi level is observed. A clear comparison of
these two spectra is shown as the inset (bottom) of Fig. 4.
With further increase of temperature from 100 to 200 K, the
intensity of the spectral weight increases. The magnitude of the
changes is quite large in comparison to that of x = 0. The most
interesting temperature-dependent spectral change for x = 0.1
is observed by further increasing the temperature to 295 K,
which is shown as the top inset in Fig. 4. A clear spectral weight
transfer is observed at 295 K, where some of the electronic
states are transferred towards the conduction band (at/above
the Fermi level) resulting in the broadening of valence-band
spectra. The difference between 200 and 295 K spectra in
Fig. 4(b) is also a clear representation of the spectral weight
transfer. It is also found that the two spectra (200 and 295 K)
cross each other around 15 meV below the Fermi level. The
overall variations of the spectra from the lowest temperature
are presented in Fig. 4(c) as the difference spectra.

To start with the discussion on concentration-dependent
changes in the near Ep electronic states of Smg;Cagg_y
Sr,MnQOs, we have already brought out a few points as men-
tioned in the introduction. Below 110 K, the parent compound
Smy CapoMnO; exhibits a FM-like metallic-cluster glass
phase embedded in a G-type AFM insulating matrix. The
metallic conduction in such phase-separated systems can be
attributed to the small number of electrons (mobile) in the e,
state [24,28,29]. However, the majority of the electrons are
localized forming the G-type AFM insulating phase. Based on
this hypothesis, there will be a finite but suppressed density
of states near the Fermi level, and it will be quite different
from what is generally observed for the conventional metallic
phases. The spectra in Figs. 2(a) and 2(b) clearly indicate the
signature of suppressed density of states for Smy ;CapoMnQOs.
With Sr doping, the FM metallic state gets suppressed, and its
signature is evident by recognizing the decreased density of
states in the e, band [Figs. 2(a) and 2(b)]. Here the density of
e, states for x = 0.3 and 0.6 samples almost disappears with
the formation of an insulating gap at the Fermi level. Based
on earlier reports [22,23,27,28,30-34] the suppressed density
of states at the Fermi level could be due to the disorder/mixed
phase (FM metallic and AFM insulating) and is generally
described in terms of a pseudogap phase. The pseudogaplike
behavior in the Smg;Cagg_,Sr,MnOs system is found to
gradually evolve into normal insulating behavior [Figs. 2(a)
and 2(b)] with the increase in Sr concentration.
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The Sr concentration-dependent electronic structure of
Smyg ;Cag9_,SryMnO3 at various temperatures is found to
be quite interesting. As per earlier reports [16,17,19], the
samples corresponding to x =0, 0.1, and 0.3 exhibit PM
metallic behavior at room temperature, whereas the sample
with x = 0.6 exhibits insulating behavior. In Fig. 2(d), a
clear signature of the high density of e, states along with the
broadening of the valence band has been observed for x = 0,
0.1, and 0.3 in contrast with the case for x = 0.6. While at
200 K, the samples with x = 0 and 0.1 retain metallic behavior
as observed at room temperature, whereas the sample with
x = 0.3 exhibits a decreased metallicity and then insulating
behavior in the case for x = 0.6. This is clearly demonstrated
in Fig. 2(c) that shows a high density of e, states for x = 0
and 0.1 and then decreases for x = 0.3 and shows sharply
diminished e, states for x = 0.6. The reduced metallic carriers
in Smg 1Cagg_,Sr,MnO3 with Sr substitution are linked to its
structural modification. From the x-ray and neutron diffraction
studies [17], it has been observed that, at room temperature, the
system undergoes a structural change from Pnma to I4/mcm
with the substitution of Sr, where the MnOg octahedra get
distorted and elongated along the ¢ axis, leading to weaker
Mn 3d-O 2p hybridization. This can directly influence the
internal band structure resulting in charge localization and
thereby reduced carrier mobility.

To have further insight into the pseudogap behavior of
Smyg ;CagoMnO3, we discuss here the distinct results inferred
from the low- (50 and 100 K) and high- (200 and 295 K)
temperature spectra (Fig. 3). Clearly, we observe a suppressed
density of states at low temperatures (50 and 100 K) in contrast
to the relatively higher density of states at 200 and 295 K.
This suggests that the low-temperature pseudogaplike phase
gradually transforms to a fully metalliclike phase with the in-
crease of temperature. With the introduction of Sr at the Ca site
(x = 0.1), the cluster-glass-like metallic state gets suppressed
in the low-temperature regime, however, the high-temperature
phase remains as metallic as that of x = 0. The spectrain Fig. 4
clearly indicate a transformation to the metallic behavior at
higher temperatures. This phenomena could have its origin
linked to the thermally activated mobile electrons in the
e, states as reported earlier for other manganites [35-37].
Notably, we observe a spectral weight transfer along with
the e, band broadening, when temperature rises from 200
to 295 K (top inset in Fig. 4). This is reminiscent of a phase
transition scenario where the system changes to a different
state as a function of temperature. However, in our case this is
observed in the same high-temperature paramagnetic metallic
state. Had it been only due to the thermal activation process, we
should expect to observe similar effects in other compositions
as well. We conjecture that there must be some kind of inherent
electronic reconstruction taking place in response to the change
of temperature in the paramagnetic state for x = 0.1, which
gives rise to such an effect. It could be a crossover from
bad to good metallic behavior. The detailed understanding
of this anomalous behavior invites further studies including
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theoretical calculations as well. It is to be noted here that a
very recent study on nickelates based on optical conductivity
by R. Jarmillo et al. [38] also observed a similar kind of spectral
weight redistribution in the paramagnetic phase, highlighting
the importance of this effect. In essence, our findings based
on photoemission study highlight unusual phenomena, where
the high-temperature paramagnetic state is found to be more
metallic than the low-temperature phase. This is unlike the case
of well studied double exchange favorable metallic manganites
[24,39-41], where a higher electronic density of states near the
E is observed at low temperatures.

IV. CONCLUSIONS

We presented a comprehensive investigation of the near E
valence-band electronic structure of Smg ;Cagg_,Sr,MnOj3
(x =0, 0.1, 0.3, and 0.6) using high-resolution ultraviolet
photoelectron spectroscopy at various temperatures. Albeit
the substitution of iso-valent Sr at Ca sites that adds neither
electrons nor holes to the system, we find dramatic changes
in the near Ep electronic states. At low temperatures (50
and 100 K), we observed a finite density of states exhibiting
pseudogap behavior for the cluster glass compositions (x = 0
and 0.1). The low-temperature electronic density of states
gradually decreases with the increase of Sr concentration,
and therefore the pseudogap in the parent compound
Smy ;CapoMnO; turns into an insulating gap for x = 0.3 and
0.6. Moreover, noticeable spectral changes were observed at
higher temperatures (200 and 295 K), where a metalliclike
high density of e, states with band broadening was observed
for x =0, 0.1, and 0.3 in sharp contrast to x = 0.6. We have
also studied the temperature-dependent near- E ¢ valence band
of Smy ;Cag9MnOj3 and Smg CaggSryMnO3 and observed
a transformation from low-temperature pseudogaplike states
to metalliclike states with the increase in temperature.
Besides, a spectral weight transfer towards the Fermi level
was also observed for Smg ;CaggSrg;MnO; (by changing
the temperature from 200 to 295 K) that signifies a possible
crossover from bad to good metallic behavior in the
high-temperature paramagnetic phase. We discussed all the
above mentioned results by considering the electronic and/or
magnetic phase separation as well as the structural transition
associated with the Smg ;Cag g, Sr,MnOj3 system.
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