Chapter 5

Doping dependence of chemical
potential in Nd;_,Sr,;MnOs

Part of this chapter has been published in

e “Photoemission Study of Perovskite-type Manganites with Stripe Or-
dering” by K. Ebata, H. Wadati, M. Takizawa, K. Maekawa, A. Fu-
jimori, A. Chikamatsu, H. Kumigashira, M. Oshima, Y. Tomioka, H.
Kuwahara, and Y. Tokura, J. Supercond. Nov. Magn. 20, 543-546
(2007).

5.1 Introduction

Systems with intermediate and small band width such as Nd;_5Srz;MnO;
(NSMO) and Pr;—,Ca,MnO3 (PCMO) exhibit the so-called CE-type anti-
ferromagnetic (AF) charge-ordered (CO) phase in the doping region around
the half-doping z = 0.5 as shown in the phase diagram of Fig. 5.1 [5.1, 2, 3].
A stripe formation has been found in the CO phase of La;_;Ca,MnO; or
PCMO [5.4, 5, 6, 7. The periodicity of the stripes in La;,Ca;MnOs or
PCMO changes gradually with hole doping and temperature [5.4, 5, 6, 7].
The carrier concentration dependence of the chemical potential provides
deep insight into the electronic structure of materials. In Chapter 3, we have
described the suppression of the chemical potential shift (Au) as a function
of carrier concentration due to incommensurate charge modulation in PCMO
[5.8]. Also, a pinning of the Ay due to static or dynamic stripe formation was
observed for Las_,Sr;CuOy4 and La,_,Sr,NiO4 [5.9, 10]. The suppression of
Ay occurs when the periodicity of stripes changes with hole doping. On
the other hand, the Ay in La;_,Sr,MnO; (LSMO), which has the widest
bandwidth among the manganites, exhibited a monotonous shift without
indication of chemical potential pinning [5.11, 12]. PCMO thin films grown
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Figure 5.1: Electronic phase diagram of Nd,_,Sr,MnO,. PI: Paramag-
netic insulating phase; CI: Spin-canted insulating phase; FM: Ferromagnetic
metallic phase; FI: Ferromagnetic insulating phase; CO/OOI: Charge-orbital
ordered insulating phase; AFM: Antiferromagnetic metallic phase; AFI: An-
tiferromagnetic insulating phase [5.1, 3|.

on LaAlOg (001) substrates, which show the suppression of the CO phase
due to a compressive strain, exhibits a monotonous chemical potential shift
at least up to x = 0.5, too [5.13, 14, 15]. It is therefore considered that
there is no intrinsic stripe formation in the strained PCMO films with the
suppressed CO phase as well as in LSMO.

In this chapter, we have measured the doping-dependent chemical po-
tential shift of the intermediate-bandwidth system NSMO by core-level pho-
toemission spectroscopy. A suppression of the Apu was observed near and in
the CE-type CO composition range of NSMO, related to the incommensu-
rate charge modulation.

5.2 Experimental

Single crystals of NSMO (z = 0.4, 0.45, 0.5, 0.55, 0.6, and 0.7) were pre-
pared by the floating zone method [5.1]. These samples were supplied by
Prof. H. Kuwahara of Sophia University and Dr. Y. Tomioka and Prof. Y.
Tokura of National Institute of Advanced Industrial Science and Technol-
ogy. X-ray photoemission measurements were performed using a Mg Ka
source (hv = 1253.6 e¢V) and a SCIENTA SES-100 analyzer. The energy
resolution including the x-ray source and the analyzer was about 800 meV
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but we could determine the shifts of the core levels to an accuracy of & 40
meV when the spectral line shape was almost independent of chemical com-
position as in the previous studies of chemical potential shift [5.8, 16]. The
measured binding energies were stable, judged from the fact that the gold
4fr2 core-level spectrum was nearly unchanged throughout the measure-
ments. All the photoemission measurements were performed under the base
pressure of ~ 1071° Torr at room temperature. The sample surfaces were
repeatedly scraped in situ with a diamond file to obtain clean surfaces. The
cleanliness of the surfaces was checked by the weakness of contamination-
or degradation-related feature on the higher binding energy side of the O 1s
peak.

5.3 Results and discussion

Figure 5.2 shows the spectra of the O 1s, Sr 3d, Nd 3d and Mn 2p core levels.
The vertical lines mark the estimated positions of the core levels employed in
the present study. For the O 1s core level, we have used the midpoint of the
low binding-energy slope because the line shape on the higher binding energy
side of the O 1s spectra is known to be sensitive to surface contamination
or degradation. We have also used the midpoint for the Sr 3d core level for
the same reason. The shifts of the Nd 3d and Mn 2p core levels have been
determined from their peak position because the line shapes of the Nd 3d
and Mn 2p core levels slightly changed with composition and the midpoint
position depended on the peak width.

In Fig. 5.3(a), we have plotted the binding energy shift AEp of each
core level as a function of hole concentration. One can see that the O 1s, Sr
3d and Nd 3d core levels are shifted in the same direction, while the Mn 2p
core level moves in the opposite direction. The opposite shift of the Mn 2p
core level can be ascribed to the change of the Mn valence with hole doping
[5.8]. Therefore, we conclude that the nearly same shifts of the O 1s, Sr 3d
and Nd 3d core levels reflect the Ay, and take the average of the shifts of
the three core levels as a measure of Ay in NSMO [5.8].

In Fig. 5.3(b), we have plotted the Ap of NSMO as a function of
carrier concentration thus deduced. A clear downward chemical potential
shift with hole concentration is observed in the regions z < 0.45 and 2 2
0.55, as reported for LSMO [5.11]. However, a weak suppression of the shift
is observed in and near the CE-type CO composition range 0.45 < z S 0.55,
corresponding to the narrow region of the CO phase in the phase diagram of
NSMO as shown in Fig. 5.1 [5.1, 3]. The PCMO shows a strong suppression
of the Ap in and near the CE-type CO composition range as shown in
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Figure 5.2: Core-level photoemission spectra of Nd, ,Sr,MnQ; taken with
the Mg Ko line. (a) O 1s; (b) Sr 3d; (¢) Nd 3d; (d) Mn 2p. The intensity
has been normalized to the peak height.

Chapter 3 [5.8]. Such a chemical potential pinning was not observed in
bulk and thin film LSMO in which the CO phase was not found. PCMO
thin films grown on LaAlOy substrates, where the CO phase was suppressed
by compressive strain from the substrates, did not exhibited the pinning of
chemical potential up to z = 0.5, too [5.14, 15, 11, 12]. If the suppression
is due to an electronic phase separation as the thermodynamic relationship
suggests, the phase separation can occur only on a microscopic scale as
in the bi-stripe or Wigner-crystal model suggested for La,_,Ca,MnO; for
x > 0.5 [5.4, 5| because the accumulation of long-range Coulomb energy has
to be avoided. Although our measurements were performed for the PI phase
above the CO transition temperature in NSMO, the fluctuations of CO state
in NSMO observed in the PI phase by means of x-ray scattering studies
[5.17] seems to be sufficient to suppress the Ap. Therefore, we attribute
the suppression of the Ap to a charge self-organization such as the stripe
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Figure 5.3: Core-level shifts and chemical potential shift. (a) Binding energy
shifts of the O 1s, Sr 3d, Nd 3d, and Mn 2p core levels as functions of carrier
concentration z: (b) Chemical potential shift Ap in Nd,_;Sr;MnOy as a
function of carrier concentration x.

formation on a microscopic scale. For the CE-type CO composition range
of NSMO and PCMO, it is considered that the rigid-band picture breaks
down as in the case of high-T,. cuprates in the underdoped region, where the
pseudogap is opened [5.8, 9, 18].

Since the Monte Carlo simulation on a one-orbital model has suggested
that the effect of disorder has influence on the Ap, disorder strength in
NSMO has to be evaluated [5.19]. According to the variance of the ionic
radii of the A-site cations, the effect of disorder in NSMO as well as that
in PCMO and LSMO is relatively small [5.20]. The suppression of Ap in
NSMO and PCMO is therefore consistent with the weakness of disorder
effect [5.20].



72 Chapter 5. Doping dependence of chemical potential in ...

5.4 Conclusion

We have experimentally determined the doping dependence of the chemical
potential in NSMO by means of core-level photoemission spectroscopy. We
observed a suppression of the shift with hole concentration near and in the
CE-type CO composition range of NSMO. We have explained this suppres-
sion as due to a charge self-organization such as stripes on a microscopic
scale as in the case of the PCMO.
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Chapter 6

Temperature dependence of
chemical potential

in Nd;_,Sr,MnOs;

Part of this chapter has been published in

e “Photoemission Study of Perovskite-type Manganites with Stripe Or-
dering” by K. Ebata, H. Wadati, M. Takizawa, K. Maekawa, A. Fu-
jimori, A. Chikamatsu, H. Kumigashira, M. Oshima, Y. Tomioka, H.
Kuwahara, and Y. Tokura, J. Supercond. Nov. Magn. 20, 543-546
(2007).

6.1 Introduction

Historically, the magnetic and transport properties of manganites have been
understood in terms of double-exchange (DE) interaction between the local-
ized ty, electrons and the itinerant e, electrons [6.1, 2, 3]. In this model, the
kinetic energy gain of the holes doped into the e, band is maximized when
the spins of the ty, electrons are aligned in the same direction, thereby stabi-
lizing the ferromagnetic ground state. However, it has been pointed out by
Millis et al. [6.4] that the DE model is insufficient to explain the huge change
in the resistivity under a magnetic field and the high resistivity above the
Curie temperature (T¢). They have proposed a model including the dynam-
ical Jahn-Teller (JT) distortion of the MnOg octahedra in addition to the
DE interaction and reproduced the experimentally observed behavior of the
resistivity. It has also been proposed that the extraordinary enhancement
of the resistivity in the manganites may result from the emergence of lattice
polarons in the paramagnetic insulating (PI) phase [6.4, 5, 6, 7]. Koo et al.
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Figure 6.1: X-ray scattering results for (Ndy.125Sm0 875 )0.525T0.4sMnO3 (T =
133 K) [6.5]. (a) Temperature dependence of the scattering intensity in the
vicinity of one Bragg point due to diffuse scattering. (b) Butterfly-shaped
pattern of the diffuse scattering around the Bragg peak.

[6.8] have found that lattice polarons in Nd.79193sMnOj3 are strongly sup-
pressed by applying magnetic field and do not completely disappear at high
fields, corresponding to an admixture of the “conducting” and “insulating”
carriers. From x-ray scattering and neutron scattering studies 6.5, 6, 7],
indeed, the diffuse scattering due to the lattice polarons has been observed
in the high-temperature PI phase of manganites and gradually disappears
with decreasing temperature in the ferromagnetic metallic (FM) phase as
shown in Fig. 6.1. On the other hand, several local structural studies
have suggested that a dynamical or local JT distortion persists in the FM
phase, too. X-ray absorption fine structure (EXAFS) studies have shown
that the lattice distortion of the MnQOg octahedra is found in the FM phase
of Lay _,Ca,MnOs at low temperatures (6.9, 10]. From the pair-density func-
tion analysis of pulsed neutron diffraction data, the local JT distortion has
been observed in the FM phase of La,_,Sr,MnOs [6.11]. If the JT distortion
exists in the FM phase, the degeneracy of the e, band may be lifted already
in that phase.

In order to obtain insight into the competition between the DE mech-
anism and the lattice-polaron effect, the measurement of chemical potential
shift (Au) as a function of temperature gives much insight. According to the
DE model, temperature-dependent chemical potential shift occurs due to the
change in the e, bandwidth as schematically shown in Fig. 6.2 [6.12]. If the
e, band is split by JT distortion and the one-orbital DE model becomes rel-
evant, the chemical potential is shifted upward for hole concentration 2<0.5
with decreasing temperature and downward for z>0.5 [6.12]. If one takes
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Figure 6.2: Schematic pictures of the temperature-dependent DOS due to
the DE interaction in FM phase for £<0.5. (a) Degenerate two-orbital
model; (b) One-orbital model resulting from the Jahn-Teller splitting. i,
Te and 2 denote the chemical potential, the Curie temperature and the hole
concentration, respectively.

into account the double degeneracy of the e, orbitals [Fig. 6.2(a)], a down-
ward shift with decreasing temperature would be expected in the FM phase
for 0<z<1 because the up-spin band of the e, orbitals is less than half-filled
in the Ry_;A;MnOs compounds. Therefore, the temperature-dependent
chemical potential shift is sensitive to the splitting of the e; band and there-
fore to the dynamical/local JT effect. Schulte et al. [6.13] have investigated
the change of the work function in La; 5Sr; §Mn,O7 as a function of temper-
ature by measurements of photoemission spectra and attributed the change
to the temperature-dependent shift of chemical potential. Alternatively, the
chemical potential shift can be deduced from the shifts of photoemission
spectra because the binding energies of the spectra are measured relative to
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Figure 6.3: Electronic phase diagram of Nd,_,Sr,MnO,. PI: Paramag-
netic insulating phase; Cl: Spin-canted insulating phase; FM: Ferromagnetic
metallic phase; FI: Ferromagnetic insulating phase; CO/OOI: Charge-orbital
ordered insulating phase; AFM: Antiferromagnetic metallic phase; AFI: An-
tiferromagnetic insulating phase [6.14, 15].

the chemical potential. We employ the latter method in this work.

Nd; ,Sr;Mn0O4 (NSMO) is a suitable system for clarifying the rela-
tionship between the DE interactions and the existence of lattice polarons
because it shows the FM phase for z < 0.5 and the so-called CE-type anti-
ferromagnetic (AF) charge-ordered (CO) phase in the doping region close to
the half-doping 2 = 0.5 as shown in Fig. 6.3 [6.14, 15]. In this work, we study
the chemical potential shift in NSMO as a function of temperature by mea-
surements of core-level photoemission spectra. We found that the chemical
potential shift was large in the low-temperature part of the FM phase as pre-
dicted by the DE model and dynamical/local JT effect and was suppressed
at high temperatures near T.. We consider that the different behaviors with
temperature to be related to the competition between the DE interaction
and the lattice-polaron effect. We also observed the temperature-dependent
chemical potential shifts in the CE-type AF charge-ordered (z = 0.5), A-
type AF metallic (z = 0.55 and 0.6), and C-type AF insulating (z = 0.7)
phases of NSMO.
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6.2 Experimental

Single crystals of NSMO (z = 0.4, 0.45, 0.5, 0.55, 0.6, and 0.7) were prepared
by the floating zone method [6.14]. These samples were supplied by Prof. H.
Kuwahara of Sophia University and Dr. Y. Tomioka and Prof. Y. Tokura
of National Institute of Advanced Industrial Science and Technology. X-ray
photoemission spectroscopy measurements were performed using the photon
energies of hv = 1253.6 eV (Mg K «). All the photoemission measurements
were performed under the base pressure of ~ 10719 Torr at 20-330 K. The
samples were repeatedly scraped in situ with a diamond file to obtain clean
surfaces. The cleanliness of the sample surface was checked by the reduction
of the shoulder on the high binding energy side of the O 1s core level. Pho-
toelectrons were collected using a Scienta SES-100 electron-energy analyzer.
The energy resolution was about 800 meV. The measured binding energies
were stable, because the gold 4f;/; core-level spectrum did not changed in
the measurements with the accuracy of £10 meV at each temperature.

6.3 Results and discussion

In Fig. 6.4, we have plotted the spectra of the O 1s, Sr 3d, Nd 3d and Mn
2p core levels in NSMO with z = 0.4. The vertical lines mark the estimated
positions of the core levels used in the present study. We employed the
midpoint of the low binding-energy slope for the O 1s core level because the
line shape on the higher-binding energy side of the O 1s spectra is known to
be affected by surface contamination or degradation. We also employed the
midpoint for the Sr 3d and Mn 2p core levels. As for the Nd 3d core level,
80 % of the peak height of the low binding-energy slope was used because
the line shape near the midpoint on the lower-binding energy side slightly
changed with temperature. ‘
Recently hard x-ray photoemission spectroscopy has revealed that a
well-screened feature is observed on the low binding-energy side of Mn 2ps/;
main peak in the FM phase of La;_,Sr,MnQOj3 thin films [6.16, 17]. The
well-screened peak is known to originate from core-hole screening through
the evolution of density of states at the Fermi level [6.16, 17]. This peak was
not clearly observed in our measurements due to lower energy resolution and
partly due to the short mean free paths of the emitted low kinetic energy
electrons. However, because the doping-dependent shifts of the Mn 2p and
O 15 core levels of the La;_,Sr,MnO; observed by hard x-ray measurements
are in good agreement with that in soft x-ray measurements owing to the
low intensity of the well-screened peak [6.16, 17, 18, 19], we consider that the
well-screened peak does not influence on the estimation of core-level shifts.
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Figure 6.4: Core-level photoemission spectra of Ndg Srg4MnO; taken with
the Mg Ka line. (a) O 1s; (b) Sr 3d; (¢) Nd 3d; (d) Mn 2p.

Figure 6.5(a) shows the binding energy shift of each core level as a func-
tion of temperature for NSMO with x = 0.4. One can see that the observed
binding energy shifts with temperature were approximately common to the
O 1s, Sr 3d, Nd 3d and Mn 2p core levels. In the measurements of the
doping-dependent chemical potential shift in Pr;_,Ca,MnOs, all the core
levels have shown identical shifts with hole concentration except for the Mn
2p core level, where the effect of chemical shift is superimposed [6.20]. Here,
all the core levels including the Mn 2p core level exhibit similar shifts with
temperature in contrast to the measurements of doping-dependent core-level
shifts [6.20]. Therefore, we assume that the shifts of the core levels are largely
due to the chemical potential shift, and take the average of the shifts of the
four core levels as a measure of Au as a function of temperature in NSMO.

Figure 6.5(b) shows the temperature-dependent chemical potential shift
in NSMO with z = 0.4. We observed a large upward chemical potential shift
with decreasing temperature in the FM phase of NSMO at low temperatures.
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Figure 6.5: Core-level shifts and chemical potential shift in Ndg¢SrgaMnOy.
(a) Binding energy shifts of the O 1s, Sr 3d, Nd 3d, and Mn 2p core levels
as functions of temperature relative to 290 K; (b) Chemical potential shift
Ay as a function of temperature. T denotes Curie temperature.

Furukawa [6.12] proposed an anomalous temperature-dependent chemical
potential shift below T¢ due to the DE interaction through the change of
the e, bandwidth with temperature. He also predicted that the magnitude
of the shift was estimated to be about 0.1 eV when the ¢, bandwidth was of
order ~ 1 eV [6.12]. If the ¢, band remains degenerate in the FM phase of
NSMO, one would expect to see a downward chemical potential shift with
decreasing temperature based on the DE interaction because the up-spin
band of the e, orbitals is less than half-filled for 0<z<l. On the other
hand, if the degeneracy of the e, band is lifted by the dynamical/local JT
distortion, the upward chemical potential shift with decreasing temperature
is predicted because the band is more than half filled for z<0.5 (see Fig. 6.2).
Therefore, we attribute the large upward shift of the chemical potential with
decreasing temperature in the low-temperature FM phase of NSMO to the



82 Chapter 6. Temperature dependence of chemical potential in ...

change in the width of the JT-split e, band caused by the DE mechanism.
The magnitude of the observed shift is in quantitative agreement with the
results of the one-orbital DE model [6.12].

We consider that the temperature-dependent splitting of the e, band
may also influence the temperature-dependent chemical potential shift in
the FM phase of NSMO. The intensity of the diffuse scattering due to JT
effect gradually increases with increasing temperature in the FM phase near
Te, which may indicate further increase of the energy splitting of the e,
level [6.5, 6, 7]. EXAFS studies have indeed indicated that the transition
from the PI phase to the FM phase involves a decrease of the JT distor-
tion but that the magnitude of the JT distortion remains substantial and
becomes nearly temperature-independent within the FM phase [6.9]. If tem-
perature dependence of the JT distortion were the dominant cause of the
temperature-dependent chemical potential shift, the temperature-dependent
shift would be even stronger at higher temperatures for the one-orbital case
and the suppression of chemical potential shift in NSMO within the FM
phase near T cannot be explained. At high temperatures near Ty in the
PI phase, the diffuse scattering due to the formation of lattice polarons has
been observed by means of x-ray scattering and neutron scattering studies
(6.5, 6, 7]. We consider that the suppression of the shift in the FM phase
at high temperatures is connected with the influence of the lattice polarons
and the DE model is no more effective at those high temperatures.

In Fig. 6.6, we compare Ap for NSMO (z = 0.4) with the shifts of the
O 1s core level (in the process of increasing temperature) and the valence
band of La;_Sr,MnO;s (z = 0.2, 0.3 and 0.4), Ayu for bilayered system
Lag_2,51142:Mny07 (z = 0.4) and correlated hopping model of Mn3+/Mn**
mixed-valence state as a function of temperature [6.13, 21, 22, 23, 24, 25].
We consider that the temperature-dependent shifts of the O 1s core level
and the valence band for La;_.Sr,MnQOj are ascribed to the temperature-
dependent change in Ap. For NSMO and La;_;Sr,MnOs, the Ap curves
show similar temperature dependences in the sense that the chemical po-
tential is shifted upward with decreasing temperature. We consider that
the shifts are understood in terms of the DE interaction (and possibly the
temperature dependence of the splitting of the e, band caused by the dynam-
ical/local JT effect) [6.5, 6, 7, 12]. An upward chemical potential shift by
applying magnetic field has also been observed in La;_.Sr,MnQOs, which may
be ascribed to the DE interaction in the JT split e, band [6.26]. However,
the Ay for the bilayered compound Lay_2;51115,MnyO7 reported by Schulte
et al. [6.13] is opposite to the prediction of the DE model. They specu-
lated that the two dimensionality might affect the temperature-dependent
chemical potential shift, but its origin remains as an open question.
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Figure 6.6: Comparison of the chemical potential shift Ap in Nd; _.Sr,MnQOy
(x = 0.4) with the shifts of the O 1s core level (in the process of increasing
temperature) and the valence band of La, ,Sr;MnOj (z = 0.2, 0.3 and 0.4
with T = 310, 370, and 370 K, respectively) [6.22, 21|, Ap for the bilayered
system Lay_ 2,51 42, Mn,07 (z = 0.4 with T &~ 125 K) [6.13] and correlated
hopping model of Mn** /Mn** mixed-valence state. The spectral shifts have

been translated to the chemical potential shift, assuming that the spectral
shifts are primarily close to the chemical potential shift.

Also, we have compared the experimentally observed shifts with the
results of the correlated hopping model in the splitting of the ¢, band due
to the dynamical/local JT distortion [6.23, 24, 25]. The correlated hopping
model is given by Ap = —kg ln(-":ﬁ) x T + const., where gy and g4 are
the spin-orbital degeneracies of Mn** and Mn*", respectively and x is the
fraction of Mn** ions [6.23, 24, 25]. The parameters were fixed at gy = 5,
g1 = 4 and z = 0.4, corresponding to the Mn*"/ Mn*t mixed-valence state
in the split of the e, band. We have plotted the calculated Ap as shown
by a dashed line in Fig. 6.6 [6.23, 24, 25]. The result is in qualitative
agreement with the observed chemical potential shift in high-temperature
region of NSMO with z = 0.4.

For other hole concentrations of NSMO, too, we confirmed that the ob-
served temperature-dependent shifts were common to the O 1s, Sr 3d, Nd
3d and Mn 2p core levels and deduced the temperature-dependent chemical
potential shifts by taking the average of the shifts of the four core levels.
Fignre 6.7 shows the Ay for NSMO with z = 0.45 as a function of tem-
perature. The shift Ay was suppressed just below the T¢: as in the case of
z = 0.4, in accordance with the enhancement of the diffuse scattering due to
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Figure 6.7: Chemical potential shift in Ndg 5551045 MnO3. Tz denotes Curie
temperature.

the lattice polarons [6.5, 6, 7]. We attribute the shift in the low-temperature
region of the FM phase for z = 0.45 to the DE interaction (and the temper-
ature dependence of the splitting of the e, band due to the dynamical/local
JT effect) as in the case of z = 0.4. [6.5, 6, 7, 12]. The magnitude of the
observed shift for z = 0.45 is smaller than that for x = 0.4, consistent with
the one-orbital DE model resulting from the JT splitting [see Fig. 6.2(b)].

Figure 6.8 shows the Ay for NSMO with z = 0.5 as a function of temper-
ature. The large upward shift with decreasing temperature observed below
the T is attributed to the opening of a gap, as has been found for the CE-
type CO phase of Pr;_.Ca,MnOy [6.27]. That is, if the chemical potential
is located near the bottom of the upper band and the CO gap is gradu-
ally opened with decreasing temperature, the chemical potential would be
shifted upward with decreasing temperature. Indeed, Kuwahara et al. [6.28]
investigated the doping dependence of Seebeck coefficient in NSMO and
found that the NSMO with z = 0.5 shows electron-type conduction. It has
been reported from the studies of tunneling spectroscopy and photoemission
spectroscopy that the CO gap of NSMO shows a temperature dependence
[6.29, 30]. For the A-type AF metallic phase of NSMO with 2 = 0.55 and
0.6, we observed an upward chemical potential shifts with decreasing tem-
perature as shown in Fig. 6.9(a) and 5.9(b), probably related to the nature
of the two-dimensional metal. An upward shift with decreasing temperature
was also observed for C-type AF insulating phase (see Fig. 6.9(c)).

In Fig. 6.10, we have summarized the chemical potential shift in NSMO
as a function of temperature and hole concentration. In the case of the hole-
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Figure 6.8: Chemical potential shift in Ndg 5SrsMnOs. T and Teo denote
Curie temperature and charge-ordering temperature, respectively.

concentration-dependent chemical potential shift, the shifts of only the Mn
2p core level was different from those of the O 1s, Sr 3d and Nd 3d core
levels because of the change of the chemical-shift term [6.20]. Therefore, we
deduced the hole-concentration-dependent chemical potential shift by taking
the average of the shifts of the O 1s, Sr 3d and Nd 3d core levels. We found
the suppression of the doping-dependent chemical potential shift near and
in the CE-type CO composition range of NSMO as discussed in Chapter 5.

6.4 Conclusion

We have measured the chemical potential shift as a function of temperature
in NSMO by means of core-level photoemission spectroscopy. We have found
an anomalous upward chemical potential shift with decreasing temperature
in the low-temperature region of the FM phase and its suppression in the
high-temperature region of the FM phase near Tp. We attribute the large
shift in the low-temperature region to the change of bandwidth due to the
DE interaction (and possibly the temperature dependence of the splitting of
the e, level caused by the dynamical/local JT effect.) Also, the suppression
of the shift at higher temperatures is ascribed to the influence of lattice-
polaron formation. Furthermore, we observed an upward chemical potential
shift with decreasing temperature in the CE-type AF charge-ordered, A-type
AF metallic, and C-type AF insulating phases.
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Chapter 7

Effects of filling and bandwidth
control on the chemical
potential in manganites

7.1 Introduction

Key features to understand the complex phase diagram as shown in Fig. 7.1
and the colossal magnetoresistance (CMR) of the perovskite-type mangan-
ites as a function of hole concentration and chemical pressure are the double-
exchange (DE) interaction and the instabilities toward the spin, charge and
orbital ordering [7.1, 2, 3, 4]. In this chapter, we have suminarized the
doping-dependent chemical potential shift of the small-bandwidth system
Pr;_Ca,MnO3 (PCMO), the intermediate-bandwidth system Nd; _,Sr,MnO;
(NSMO) and the large-bandwidth system La;_;Sr;MnOs (LSMO) by core-
level photoemission spectroscopy and discussed the shifts as a function of
both hole concentration and average A-site ionic radius (r4). We observed
the pinning of the chemical potential shift Ay with hole concentration near
and in the CE-type antiferromagnetic (AF) charge-ordered (CO) composi-
tion range and also found the shifts as a function of (r,) induced by the
orthorhombic distortion and the DE interaction.

7.2 Experimental

Single crystals of LSMO (z = 0.2, 0.3, 0.4, 0.45, 0.5, and 0.55) were prepared
by the floating zone method [7.5]. These samples were supplied by Dr. Y.
Tomioka and Prof. Y. Tokura of National Institute of Advanced Industrial
Science and Technology. X-ray photoemission measurements were performed
using a Mg K« source (hv = 1253.6 V) and a SCIENTA SES-100 analyzer.
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Figure 7.1: Schematic phase diagram of the perovskite-type R;_;A;MnOs
in the hole concentration-bandwidth plane at low temperatures. F, A, CE,
C, and G denote ferromagnetic matallic, A-type antiferromagnetic, CE-type
antiferromagnetic, C-type antiferromagnetic, and G-type antiferromagnetic
phases, respectively [7.1, 2, 3, 4].

The energy resolution including the x-ray source and the analyzer was about
800 meV. The measured binding energies were stable, because the gold 4f;/,
core-level spectrum did not changed in the measurements with the accuracy
of £10 meV. All the photoemission measurements were performed under
the base pressure of ~ 107 Torr at room temperature (RT). The sample
surfaces were repeatedly scraped in situ with a diamond file to obtain clean
surfaces. The cleanliness of the surfaces was checked by the weakness of
contamination- or degradation-related feature on the higher binding energy
side of the O 1s peak.

7.3 Results and discussion

Figure 7.2 shows the spectra of the O 1s, Sr 3d, La 3d and Mn 2p core
levels at RT. The vertical lines mark the estimated positions of the core
levels employed in the present study. For the O 1s core level, we used the
midpoint of the lower binding energy side of the peak to estimate the core-
level shift because the higher binding energy side of the O 15 peak is sensitive
to surface contamination and degradation. We have also used the midpoint
for the Sr 3d and La 3d core levels for the same reason. As for the Mn 2p
core level, the peak position was used because the line shapes of the Mn
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Figure 7.2: Core-level photoemission spectra of La,_.Sr,MnOjy taken with
the Mg Ka line at room temperature. (a) O 1s; (b) Sr 3d; (¢) La 3d; (d)
Mn 2p. The intensity has been normalized to the peak height.
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Figure 7.3: Binding energy shifts of the O 1s, Sr 3d, La 3d, and Mn 2p core
levels as functions of carrier concentration z at room temperature.
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Figure 7.4: Comparison of the chemical potential shift in Nd,_,Sr,MnO,
with those in Pry_,Ca,MnO4 and La;_.Sr,MnOj at room temperature (a)
and 80 K (b). [7.6, 7]. The relative chemical potential position have been
aligned so that the (extrapolated) data for the same A-site average ionic
radius (r4) and z coincide (denoted by open symbols).

2p core levels slightly changed with composition and the midpoint position
depended on the peak width.

In Fig. 7.3, the binding-energy shifts of the O 1s, Sr 3d, La 3d and
Mn 2p core levels at. RT are plotted. One can see the shifts of only the Mn
2p core level was different from those of the O 1s, Sr 3d and La 3d core
levels because of the change in the chemical-shift term [7.6]. Therefore, we
deduced the doping-dependent chemical potential shift in LSMO by taking
the average of the shifts of the O 1s, Sr 3d and La 3d core levels as shown
in Fig. 7.4(a) [7.6]. The Ap of LSMO at RT was almost the same as that
at ~ 80 K [7.7).

We extrapolated each set of the Ap data and set the Apu for same A-site
average ionic radius (r,) identical as shown in Fig. 7.4(a). For example,
the PCMO and NSMO data have been aligned at x = 0.167. We have
also deduced the corresponding results at 80 K using the shifts of core-level
spectra of LSMO, NSMO and PCMO measured at 80 K as shown in Fig.
7.4(b) [7.7] (see Chapters 3 and 6). The shift in PCMO at 80 K was strong
in the CO region < 0.5 as reported in the results of valence-band shift at
80 K in contrast to that in PCMO at RT (7.6, 8]. As shown in Fig. 7.4, the
incommensurate charge modulation in PCMO exists in a wider range of the
carrier concentration at RT than at 80 K as observed by electron diffraction
or x-ray resonant scattering [7.9]. On the other hand, the suppression of the
Ap in PCMO at 80 K was observed in the CO region z = 0.5. The shifts
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with z reflect the evolution of the periodicity of stripes in PCMO (7.8, 9].

Figure 7.5(a) and 7.5(b) show Ap in the plane of (r,) and x at RT
and 80 K and the resulting Ap is linearly interpolated by the experimental
data [7.4, 6, 7|. In large-bandwidth systems with no CE-type CO phase,
the chemical potential are shifted monotonously with carrier concentration,
probably because stripe effects are negligible. In intermediate- and small-
bandwidth systems, both Ap curves show similar doping dependences in
the sense that the pinning of the Au as a function of z due to the incom-
mensurate charge modulation was observed in and near the CE-type CO
composition range. The clear difference in the doping dependence of the
chemical potential shifts reflects the existence and absence of the CE-type
CO phase. The results thus indicate that the tendency toward charge self-
organization around x ~ 0.5 such as stripe formation is indeed enhanced
with decreasing bandwidth.

We note that a downward chemical potential shift was generally ob-
served with increasing (r4) at RT and 80 K as shown in Fig. 7.6(a) and
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7.6(b). The overall downward shift with increasing (r4) may be related
to the decrease of the orthorhombic distortion. The hybridization between
the e, and t;, orbitals becomes weak and the chemical potential is shifted
downward due to a decrease of the energy level of the e, electons. Change of
(ra) by chemical substitutions gives bandwidth control through the chemical
pressure. Note that if z is fixed constant, the bandwidth of Ry, A, MnO; in-
creases with increasing (r4). The large-bandwidth systems have been known
as conducting ferromagnets, where the itinerant e, electrons mediate the fer-
romagnetic interaction between the neighboring Mn®+ and Mn** through the
DE interaction. In order to estimate the Ay induced by the DE interaction,
we have subtracted the averaged chemical potential shift (Ap) from the Ay
with (r4), in which we consider that the shift due to the orthorhombic distor-
tion does not depend on the carrier concentration. In Fig. 7.6(c) and 7.6(d),
we have plotted the subtracted shifts Ay — (Ap) at RT and 80 K. In the
range of FM phase 0.3 < z < 0.5, one can see an upward chemical potential
shift Ay — (Ap) with increasing bandwidth. The upward chemical poten-
tial shift with decreasing temperature was observed in the low-temperature
region of the FM phase of NSMO with z = 0.4 and 0.45 because of DE
interaction under the Jahn-Teller (JT)-split e, band [7.10]. Furukawa [7.11]
has predicted theoretically that in a DE system a large upward chemical po-
tential shift with decreasing temperature in the FM phase due to the change
of the bandwidth using the one-orbital model. Therefore, we attribute the
upward shifts with increasing bandwidth to the DE interaction under the
JT-split e, band.

7.4 Conclusion

We have experimentally determined the doping and band-width dependences
of the chemical potential in LSMO, NSMO, and PCMO by means of core-
level photoemission spectroscopy. We observed a suppression of the shift
with hole concentration near and in the CE-type CO composition range due
to the change of periodicity of stripes with hole doping. Also, we found a
downward chemical potential shift with increasing (r4) due to the decrease
of the orthorhombic distortion. After subtracting the shift induced by the
orthorhombic distortion, an upward chemical potential shift with increasing
bandwidth was realized in the region of FM phase 0.3 < z < 0.5, which we
attribute this shift to the DE interaction in the JT-split e, band.
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Chapter 8

Observation of photoinduced
effects in manganites studied
by x-ray photoemission
spectroscopy

8.1 Introduction

The CE-type antiferromagnetic (AF) charge-ordered (CO) state is energeti-
cally nearly degenerate with the ferromagnetic metallic (FM) state, in which
double-exchange interaction dominates [8.1]. The phase transition from the
CE-type CO phase to the FM phase can be driven by external stimuli such
as light illumination [8.2, 3], magnetic field [8.4], and electric field [8.5].
Photo-induced phase transitions observed in the manganites are interesting
in terms of creating novel optoelectric devices. Miyano et al. [8.2] succeeded
in inducing an insulator-to-metal transition in Pr;_,Ca;MnOj3 (PCMO) by
the illumination of laser pulses in cooperation with an electric field. It has
been considered that photoexcited carriers make the CE-type CO state col-
lapse, and FM domain produces a continuous conducting paths under the
application of electric field as shown in Fig 8.1(a) [8.3, 6]. Here, the CE-
type CO state in PCMO is stabilized in the wide hole concentration range
between z ~ 0.3 and 0.75 because of its small bandwidth [8.4, 7]. In a recent
photoemission study of PCMO, we have observed the opening of an energy
gap near the Fermi level (Er) below the CO transition temperature and a
downward chemical potential shift (Ap) with increasing temperature (8.8].
A large drop of the resistivity has been observed in Pr;_;(Cay—ySry)MnO3
thin film by light illumination even without any assisting electronic field as
shown in Fig. 8.1(b) [8.9, 10]. In an x-ray photoemission spectroscopy (XPS)
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Figure 8.1: Photo-induced insulator-to-metal transition in manganites
[8.1, 3, 9, 10]. (a) Resistance change in Pr,_,Ca,MnOj; with z = 0.3 upon
the 7 ns pulse laser irradiation for a voltage of 10 V applied to the sam-
ple electrodes separated by a 0.2 mm gap. Inset represents the region of
the current path (8.1, 3]. (b) Temperature dependence of resistance for
Pri_,(Ca,_,Sr,),MnOjy thin film with = 0.45 and y = 0.25. The irradia-
tion of 100 laser pulses brings the large drop of resistance (dashed line with
downward arrow) (8.9, 10].

study of Pry_,(Ca;_,Sr,),MnOjy thin film, enhancement of spectral weight
at the Fermi level (Ey) was observed after laser illumination, indicating the
increase of the FM volume fraction [8.11]. Okimoto et al. [8.12] observed
a persisitent increase of magnetization by photoexcitation in 1 % Cr-doped
PCMO thin film.

It has also been reported that a suppression of ferromagnetic spin cor-
relation occurs in the FM phase of manganites when the down-spin Mn 3d
electrons are photo-excited. Matsuda et al. [8.13] found an increase of the
spectral weight of interband transition between the exchange-split e, bands
in the FM phase of (Ndy5Smg5)06Sre.4MnO; thin film and ascribed it to
a photo-induced demagnetization. Liu et al. [8.14, 15| observed changes
in transmission and resistivity in the FM phase of LagSrgsMnO5 due to
the excitation of down-spin Mn 3d electrons. It has been shown by XPS
that Nd; ,Sr,MnQOj3 (NSMO) exhibits a large chemical potential shift with
increasing temperature in the low-temperature region of the FM phase be-
cause of a change in the width of the Jahn-Teller-split ¢, band induced by
double-exchange mechanism as discussed in Chapter 6 [8.16].
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Figure 8.2: Schematic picture of the experimental setup.

In the present work, we have performed XPS measurements on PCMO
with z = 0.3 and NSMO with z = 0.4 under light illumination and observed
reversible chemical potential shifts in PCMO and NSMO that can be as-
cribed to the effect of photoexcitation. Spectral weight at Fp was enhanced
under light illumination in the CE-type CO phase but not in the paramag-
netic insulating (P1) phase of the PCMO, consistent with the photo-induced
mechanism described above.

8.2 Experimental

Single crystals of PCMO with the carrier concentration of z = 0.3 and
those of NSMO with the carrier concentration of z = 0.4 were grown by
the floating-zone method. The growth techniques and the physical prop-
erties of the crystals were described in Refs.[8.4, 17]. These samples were
supplied by Dr. Y. Tomioka and Prof. Y. Tokura of National Institute
of Advanced Industrial Science and Technology and Prof. H. Kuwahara of
Sophia University. XPS measurements were performed using the Mg Ka
source (hr = 1253.6 eV). All the photoemission measurements were per-
formed under the base pressure of ~ 1071% Torr at 15-300 K. The samples
were repeatedly scraped in situ with a diamond file to avoid surface con-
tamination and degradation. The cleanliness of the sample surfaces was
checked by monitoring the contamination/degradation-related features on
the higher-binding-energy side of the O 1s core level. Photoelectrons were
collected using a Scienta SES-100 electron-energy analyzer. The energy res-
olution including the light source was about 800 meV. The stability of the
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Figure 8.3: Core-level photoemission spectra of Pr;_,Ca,MnOj; taken with
hv = 1253.6 eV before, during and after light illumination at 100 K. (a) O
1s; (b) Ca 2p; (¢) Pr 3d; (d) Mn 2p.

measured binding energies was confirmed by measuring the gold 4f;/, core-
level spectrum within the accuracy of £10 meV at each temperature. A
Xe discharge lamp was used as the excitation light source and provided the
light with A = 280-400 nm, which almost coincides with the charge-transfer
optical transition energy from the O 2p band to the Mn 3d fy,, and Mn
3d e, states [8.14]. A schematic picture of experimental setup is shown in
Fig. 8.2. The light intensity at the sample position was ~ 8 mW /cm?. We
confirmed that the increase of temperature at the sample position measured
under light illumination did not exceed 1.5 K.

8.3 Results and discussion

8.3.1 Pr,_,Ca,MnO;

Figure 8.3 shows the photoemission spectra of the O 1s, Ca 2p, Pr 3d, and
Mn 2p core levels in PCMO with z = 0.3 at 100 K under light illumination.
All the core-level spectra are shifted toward lower binding energies when
light was illuminated. In order to estimate the magnitudes of the shifts
under light illumination, we have used the midpoint of the low binding-
energy slope for the O 1s core level because the line shape on the higher
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Figure 8.4: Core-level shifts in Pry 7Cag sMnQOj before, during and after light
illumination at 100 K (a) and 290 K (b).

binding energy side of the O 1s spectra is sensitive to surface contamination
or degradation. We have also used the midpoint method for the Ca 2p and
Mn 2p core levels. As for Pr 3d core level, 70 % of the peak height of the low
binding-energy slope was employed because the line shape near the midpoint
on the lower-binding energy side slightly changed under light illumination.

In Fig. 8.4(a), we have plotted the binding energy shift of each core level
in the CO phase at 100 K for PCMO with z = 0.3 under light illumination.
One can see that the observed shifts were approximately common to all
the core levels. Therefore, we interpret the core-level shifts shown in Fig.
8.4(a) as due to the chemical potential shift and take the average of the
shifts of the four core levels as a measure of Ap. We consider that the
photo-induced chemical potential shift is an intrinsic effect and not due to
surface degradation or heating effect because the shift was reversible and the
increase of temperature measured under light illumination did not exceed 1.5
K. Once the light was turn off, all the core levels went back to the initial
energy positions. At 290 K, i.e., in the high-temperature PI phase, on the
contrary, no photo-induced chemical potential shift was found as shown in
Fig. 8.4(b).

The valence-band spectra of PCMO with z = 0.3 at 100 and 290 K
under light illumination are shown in Fig. 8.5(a) and 8.5(b), respectively.
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Figure 8.5: Valence-band photoemission spectra of Pry7Cag3MnQOg before,
during and after light illumination in the CO (T = 100 K) and PI (T' = 290
K) phases taken with hv = 1253.6 eV. Entire valence band at 100 K (a) and
290 K (b); Spectra near Ep at 100 K (¢) and 290 K (d).
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Figure 8.6: Photo-induced chemical potential shift at 100 and 290 K plotted
with the temperature-dependent chemical potential shift in Pry7CagsMnOjy
[8.8]. Tco denotes the charge-ordering temperature.
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The spectra have been scaled so that the integrated intensity in the entire
valence-band region is normalized. The spectra consisted of structures la-
beled as A, B, C, and D, which are assigned to the Mn 3d-O 2p bonding
state, the non-bonding O 2p state, the Mn 3d ty, plus the Pr 4f states and
the Mn 3d e, state, respectively [8.18]. A shift toward lower-binding energies
of the valence band is observed under light illumination in the CO phase at
100 K while no such a shift is observed for the PI state at 290 K, consistent
with the photo-induced chemical potential shift. As for the spectral weight
near Ep, it is enhanced in the CO phase but not in the PI phase under
light illumination as shown in Fig. 8.5(c) and 8.5(d). The results suggest a
partial meltiing of the CO states upon photoexcitation and creation of local
formation of the FM domains. It has been reported from XPS measurements
that the spectral weight near Ep in the Pry_;(Ca;_,Sr, ), MnOj; thin film is
enhanced in the CO phase after light illumination [8.11].

Fiebig et al. [8.3] observed a photo-induced insulator-to-metal transi-
tion in PCMO with z = 0.3 with assisting electric field. They also reported a
temporal evolution of the reflectivity change in the same sample using pump-
and-probe spectroscopy, indicating the melting of the CO phase induced by
excited electrons [8.6]. We consider the Ay under light illumination to be
related to the melting of the CO phase by the excited electrons.

There has not been any report that the light illumination without any
external field can stabilize the FM state in PCMO. On the other hand, in a
recent work on Pri_,(Ca;_,Sr,):MnO3 thin film, it has been reported that
the FM state is stabilized by light illumination without any assisting exter-
nal field [8.9]. In a theoretical study which takes into account the double-
exchange interaction and Jahn-Teller distortion, it has been shown that the
energy of the CO state is always lower than that of the FM phase in PCMO,
while either FM or CO phase becomes stable for Pr;—;(Ca;—ySr,).MnOs in
a reasonable parameter range [8.19].

The temperature-dependent chemical potential shift in PCMO has been
deduced from the shift of the valence-band photoemission spectra in Ref.[8.8]
as shown in Fig. 8.6. The upward chemical potential shift occurs with
decreasing temperature due to the opening of the CO gap [8.8]. In Fig. 8.6,
we have plotted the photo-induced chemical potential shift with the results of
the temperature-dependent chemical potential shift in PCMO with z = 0.3.
One can see the reversible chemical potential shift in the CO phase. The
CO phase can be controlled by light illumination as well as temperature.
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8.3.2 Nd1 mermMnOg

In Fig. 8.7, we have plotted the spectra of the O 1s, Sr 3d, Nd 3d, and Mn
2p core levels in the FM phase of NSMO with = 0.4 at 15 K under light
illumination. We have employed the midpoint of the low binding-energy
side for the O 1s, Sr 3d and Mn 2p core levels to evaluate the core-level
shifts. As for the Nd 3d core level, 80 % of the peak height of the low
binding-energy slope was used because the line shape near the midpoint on
the lower-binding energy side slightly changed under light illumination.

Figure 8.8(a) shows the binding energy shift of each core level in the
FM phase under light illumination. One can see that the O 1s, Sr 3d, Nd
3d, and Mn 2p core levels are shifted in the same direction. Therefore, we
take the average of the shifts of the four core levels as a measure of Ay,
as in the case of PCMO. The chemical potential is shifted downward when
the light is illuminated. After the light was turned off, all the core levels
came back to the initial energy positions as shown in Fig. 8.8(a). On the
other hand, we did not observe a photo-induced chemical potential shift
in the high-temperature PI phase (see Fig. 8.8(b)). One can see that the
photo-induced phase transition is observed in the FM phase but not in the
PI phase. Valence-band spectra of NSMO in the FM and PI phases under
light illumination are shown in Fig. 8.9. The spectra have been scaled so
that the integrated intensity in the entire valence-band region is normalized.
The valence band is shifted toward lower binding energies in the FM phase
under light illumination, but not in the PI phase, consistent with the results
of the core-level shifts.

An increase of spectral weight of the interband transition between the
exchange-split e, bands has been observed in the FM phase of Sm-doped
NSMO thin film by the excitation of the down-spin Mn 3d electrons from
O 2p band [8.13]. Liu et al. [8.14] have shown that a transient transmis-
sion change caused by the down-spin electrons occurs in the FM phase of
La;_,Sr,MnO; thin film at room temperature. They have also observed a
resistivity change induced by the down-spin electrons in La;_Sr,MnO3 thin
film [8.15]. Therefore, we consider the chemical potential shift in the FM
phase of NSMO to be connected with the photo-induced suppression of the
ferromagnetic spin correlation.

The downward shift of the chemical potential with increasing temper-
ature has been observed in the low-temperature region of the FM phase of
NSMO due to double-exchange interaction in the Jahn-Teller-split ¢, band
[8.16]. We have plotted the observed shift under light illumination with the
results of temperature-dependent chemical potential shift in NSMO with
z = 0.4 as shown in Fig. 8.10 [8.16]. Note that the present shift under
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Figure 8.7: Core-level photoemission spectra of Ndg¢Srg4MnOjy taken at
hv = 1253.6 eV before, during and after light illumination at 15 K. (a) O
1s; (b) Sr 3d; (¢) Nd 3d; (d) Mn 2p.
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Figure 8.8: Core-level shifts in Ndg 6Srg 4MnQOj before, during and after light
illumination at 15 K (a) and 300 K (b).
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Figure 8.9: Valence-band photoemission spectra of Ndg¢Srg 4MnOy before,
during and after light illumination in the FM (7' = 15 K) (a) and PI (T =
300 K) (b) phases taken at hy = 1253.6 eV.

T T T v T

Photoinduced Nd, ¢Sr, ,MnO,

o

-

o
T

(=]

=

o
e

S

(=]

o
T

Chemical potential shift Au (eV)
o
o
o o
T T

L i L M
100 200 300
Temperature (K)

Figure 8.10: Photo-induced chemical potential shift at 15 and 300 K plotted
with the temperature-dependent one in NdygSrg4MnOjy [8.16]. T¢ denotes
the Curie temperature.

light illumination is not related to a heating effect, but should be related to
a photo-induced effect. The downward shift in the FM phase under light
illumination can be ascribed to the photo-induced demagnetization induced
by excitation of the down-spin carriers. The bandwidth of Jahn-Teller-split
e, electron becomes narrower due to the photo-induced demagnetization,
which will lead to the downward shift of chemical potential.
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8.4 Conclusion

We have observed the reversible chemical potential shifts and changes in
the valence-band spectra under light illumination in PCMO and NSMO by
means of XPS. The downward chemical potential shift and the enhancement
of the spectral weight near Er under light illumination were observed in the
CO phase of PCMO, which we ascribe to the melting of the CO state. Also,
a large chemical potential shift under light illumination was realized in the
FM phase of NSMO, indicating the suppression of the ferromagnetic-spin
correlation induced by the excitation of down-spin Mn 3d carriers.
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Chapter 9

Summary and future prospects

In the preceding chapters, we have presented photoemission results on mixed-
valence manganites Pr;_,Ca,MnO; (PCMO), Nd; _,Sr,MnO; (NSMO), and
- Laj._;Sr;MnO3 (LSMO), where the charge self-organization is thought to
play a significant role in complex phenomena such as colossal magnetoresis-
tance (CMR) and spin, charge, and orbital ordering. Our main findings are
summarized as follows.

In Chapter 3, we have studied the chemical potential shift and changes
in the electronic density of states near the Fermi level (Er) as a function of
carrier concentration in PCMO (0.2 < z < 0.65) through the measurements
of photoemission spectra. The shift was suppressed for z 2 0.5 and was
recovered for z < 0.5 in the low-temperature CE-type antiferromagnetic
(AF) charge-ordered (CO) phase. In the high-temperature paramagnetic
insulating (PI) phase, the suppression of the shift was observed near and
in the CE-type CO composition range. We consider this observation to be
related to the evolution of the periodicity of stripes or its fluctuations with
hole doping. Together with the previous observation of monotonous chemical
potential shift in LSMO, we conclude that the tendency toward the charge
self-organization increases with decreasing bandwidth. In the valence band,
spectral weight of the Mn 3d e, electrons in PCMO was transferred from ~
1 eV below Er to the region near Fr with hole doping, leading to a finite
intensity at Er even in the PI phase for z 2 0.3, probably related with the
tendency toward charge self-organization. The finite intensity at Er in spite
of the insulating transport behavior is consistent with fluctuations involving
ferromagnetic metallic (FM) states.

‘ In Chapter 4, we have described the temperature dependence of the
photoemission spectra of PCMO with z = 0.25, 0.3 and 0.5. For z = 0.3
and 0.5, we observed a gap in the low-temperature CE-type CO phase and
a pseudogap with a finite intensity at the Er in the high-temperature PI
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phase. Within the CO phase, the spectral intensity near Er gradually in-
creased with temperature. These observations are consistent with the results
of Monte Carlo simulations on a model including charge ordering and ferro-
magnetic fluctuations. For z = 0.25, on the other hand, little temperature
dependence was observed within the low-temperature ferromagnetic insulat-
ing (FI) phase and the intensity at Er remained low in the high-temperature
PI phase. We attribute the difference in the temperature dependence near
Er between the CO and FI phases to the different correlation lengths of
orbital order between both phases. Furthermore, we observed an upward
chemical potential shift with decreasing temperature due to the opening of
the gap in the FI and CO phases. The doping dependent chemical potential
shift was recovered at low temperatures, corresponding to the disappearance
of the doping-dependent change of the modulation wave vector as observed
in Chapter 3. Spectral weight transfer with hole concentration was clearly
observed at high temperatures but was suppressed at low temperatures. We
attribute this observation to the fixed periodicity with hole doping in PCMO
at low temperatures.

In Chapter 5, we have experimentally determined chemical potential
shift as a function of carrier concentration in NSMO using core-level photoe-
mission spectroscopy. A suppression of chemical potential shift was observed
in and around the CE-type CO composition range of NSMO, indicating that
there is charge self-organization such as stripe formation or its fluctuations
in this range as in the case of PCMO.

In Chapter 6, we have studied chemical potential shift as a function of
temperature in NSMO by measurements of core-level photoemission spectra.
For ferromagnetic samples (z = 0.4 and 0.45), we observed an unusually
large upward chemical potential shift with decreasing temperature in the
low-temperature region of the FM phase. This can be explained by double-
exchange (DE) mechanism if the e, band is split into non-degenerate bands
by dynamical/local Jahn-Teller effect. The shift was suppressed near the
Curie temperature (), which we attribute to a crossover from the DE to
lattice-polaron regimes. The result was compared with the temperature-
dependent chemical potential shifts in other phases of NSMO, namely, those
in the CE-type AF CO (z = 0.5), A-type AF metallic (z = 0.55 and 0.6),
and C-type AF insulating phases (z = 0.7).

In Chapter 7, we have summarized chemical potential shift as a function
of carrier concentration and bandwidth in PCMO, NSMO, and LSMO by
measurements of photoemission spectra. Different behaviors of the doping-
dependent chemical potential shifts between PCMO, NSMO and LSMO re-
flect the different strengths of the tendency toward the charge self-organization.
With increasing bandwidth, we observed a downward chemical potential
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Figure 9.1: Temperature dependences of resistivity in Pr(Srg;Cag.g)2MnyO7
for the current direction along the a and b axes [9.15, 16]. Insets represent
the charge and orbital ordering in the CO1 and CO2 phases.

shift, probably due to the reduction of the orthorhombic distortion. After
subtracting this contribution common to the three systems, we extracted an
upward chemical potential shift with increasing bandwidth in the ferromag-
netic metallic region 0.3 < x < 0.5, which we attribute to the enhancement
of DE interaction in the Jahn-Teller-split e, band.

In Chapter 8, we have studied changes in the core-level and valence-band
photoemission spectra under ultraviolet-light illumination in PCMO and
NSMO. We observed a downward chemical potential shift and enhancement
of spectral weight near the Er when the CE-type CO phase of PCMO was
illuminated, which we attribute to a partial melting of the CO phase. We
also found a downward chemical potential shift when the FM phase of NSMO
was illuminated. We ascibe this to the suppression of the ferromagnetic spin
correlation by photogenerated down-spin carriers.

While we have revealed the origins of various complex phenomena in
the mixed-valence manganites, many problems remain to be settled in fu-
ture in order to fully understand the electronic properties of these systems.
First, further studies including x-ray scattering and neutron scattering are
required for the FI phase of PCMO in order to elucidate the relationship
between the suppression of chemical potential shift and the change of the
modulation wave vector with hole doping in this composition range. Second,
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Figure 9.2: Temperature dependences of the incommensurability ¢ of the
stripes for Lay_,Sr.NiOy4 [9.19].

systematic studies using model Hartree-Fock calculations will be useful to
gain further insight into the spin, charge, and orbital ordering in PCMO.
Recently, the formation of Zener polarons has been proposed in PCMO with
z = 0.4 from neutron diffraction data [9.1]. Also. for x > 0.5, bi-stripe
or Wigner-crystal model may be realized for La;_,Ca,MnO3 and PCMO
[9.2, 3]. It is shown by means of model Hartree-Fock calculations that the
orbital polarons are stabilized in the PCMO with z = 0.25 [9.4]. Thirdly,
more detailed measurements of temperature-dependent chemical potential
shift in bilayered-system Lag_2,S1112,Mn,O7 using photoemission spectros-
copy will provide us valuable information about the applicability and limi-
tation of the DE model. The reported chemical potential shift as a function
of temperature for the Lag_2,5r; 2, MnsO; with 2z = 0.4 is opposite to that
for the three-dimensional system such as NSMO and LSMO [9.5]. DE model
including the dimensionality may provide an important clue for understand-
ing the chemical potential shift with temperature in the Lay_5,5r1 15, MnyO7.
Fourthly, angle-resolved photoemission spectroscopy (ARPES) studies will
be necessary to discuss the band structures and Fermi surfaces of the three-
dimensional manganites such as PCMO and NSMO in detail. One can di-
rectly determine the k-resolved electronic structure by ARPES measure-
ments. ARPES studies for layered manganites have revealed the impor-
tance of electron-phonon coupling for pseudogap or gap formation and the
existence of quasiparticle states [9.6, 7, 8, 9]. So far, the difficulty encoun-
tered in using ARPES to study the three-dimensional systems has been the
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preparation of smooth surfaces at an atomic level because of the lack of a
cleavage plane. Recently, high-quality single-crystal thin films grown by the
pulse laser deposition have become available for perovskite-type oxides and
the band structure of three-dimensional manganites have been investigated
using in situ ARPES on samples prepared by the pulse laser deposition
[9.10, 11, 12, 13, 14]. Fifthly, it will be interesting to investigate the elec-
tronic structure of bilayered-system Pr(Sry ;Cag.g)sMnyO7 using ARPES and
core-level photoemission spectroscopy [9.15, 16]. This compound shows a
spontaneous rotation of the stripes with temperature. The resistivity curves
of Pr(Srg1Cagg)2Mny0O7 show two distinet anomalies at Too; ~ 370 K and
at Tooz ~ 300 K, which is related to the thermally induced rotation of
the stripes by 90° as shown in Fig. 9.1 [9.15, 16]. Lastly, the charge self-
organization such as stripe formation on a nanometer scale has also been
recognized in layered-structure cuprates and nickelates. The suppression of
chemical potential shift as a function of carrier concentration has been found
in Lay_,Sr,NiO4 and underdoped Lay_.Sr,CuO, and has been attributed to
the incommensurate charge modulation by means of photoemission spectros-
copy [9.17, 18]. A commensurate-to-incommensurate crossover with temper-
ature has been observed in the stripes of the Lay_,Sr,NiQ, from synchrotron
radiation x-ray diffraction study as shown in Fig. 9.2 [9.19). More system-
atic studies of the doping and temperature dependences of chemical poten-
tial in these compounds will shed further light on the complex phenomena
in strongly correlated electronic systems.
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