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Chemical potential landscape in band filling and bandwidth-control of manganites: Photoemission
spectroscopy measurements
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We have studied the effects of band filling and bandwidth-control on the chemical potential in perovskite
manganites R;_,A, MnOj; (R: rare earth, A: alkaline earth) by measurements of core-level photoemission spec-
tra. A suppression of the doping-dependent chemical potential shift was observed in and around the CE-type
charge-ordered composition range, indicating that there is charge self-organization such as stripe formation or
its fluctuations. As a function of bandwidth, we observed a downward chemical potential shift with increasing
bandwidth due to the reduction of the orthorhombic distortion. After subtracting the latter contribution, we
found an upward chemical potential shift in the ferromagnetic metallic region 0.3 <x<<0.5, which we attribute
to the enhancement of double-exchange interaction involving the Jahn-Teller-split e, band.
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Perovskite-type =~ manganites ~ with  the  formula
R,_,A.MnO;, where R is a rare-earth and A is an alkaline-
earth metal, exhibit a complex phase diagram as a function
of band filling and bandwidth, and competition between
these phases leads to remarkable phenomena such as colossal
magnetoresistance and the spin, charge, and orbital ordering
of Mn 3d e, electrons as shown in Fig. 1."* Key features to
understand the complex phase diagram are double-exchange
interaction and the instabilities toward spin, charge, and or-
bital ordering. Systems with small and intermediate band-
widths such as Pr;_,Ca,MnO; (PCMO) and Nd,_,Sr,MnO;
(NSMO) exhibit the so-called CE-type antiferromagnetic
(AF) charge-ordered (CO) phase in the doping range around
half doping x=0.5, but this tendency disappears in systems
with large bandwidths such as La;_,Sr,MnO; (LSMO). This
clearly demonstrates the importance of band filling and
bandwidth to understand the physical properties of the man-
ganites.

The electron chemical potential u is one of the most fun-
damental physical quantities of strongly correlated electron
systems. The shift of u as a function of electron density n
corresponds to the charge compressibility « or the charge
susceptibility . through x=(1/n%)(dn/du) or x.=dn/du,
and can be measured through the shifts of photoemission
spectra since binding energies in the spectra are experimen-
tally referenced to w, namely, the Fermi level. Since n is
determined by the number of electrons in a unit cell and the
unit cell volume and the bandwidth are closely related with
each other, it is highly important to study the chemical po-
tential shift A as a function of both band filling and band-
width. Recently, suppression of Au as a function of hole
doping has been observed in and near the CE-type CO com-
position range of PCMO, and its correlation with the changes
of the periodicity of the stripe fluctuations has been pointed
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out’ Pinning of chemical potential by static or dynamic
stripe fluctuations in La,_ Sr,CuO, and La,_,Sr,NiO, has
also been observed in the composition range where the peri-
odicity of charge order changes with band filling.>” A in
LSMO, which has the widest bandwidth among the manga-
nites, exhibited a monotonous shift without indication of
chemical potential pinning, reflecting that there is no intrin-
sic stripe formation in LSMO.%° As for the effect of double-
exchange interaction on Ay, an upward Ay with decreasing
temperature has been found in the low-temperature part of
the ferromagnetic metallic (FM) phase and attributed the
shift to the change of bandwidth under Jahn-Teller-split e,
band induced by double-exchange interaction.!® This obser-
vation is consistent with the theoretical prediction using one-
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FIG. 1. Schematic phase diagram of the perovskite-type manga-
nites R;_,A,MnO; in the band filling (hole concentration)-
bandwidth plane at low temperatures (Ref. 4). FM, A, CO, C, and G
denote the ferromagnetic metallic, A-type antiferromagnetic,
charge-ordering, C-type antiferromagnetic, and G-type antiferro-
magnetic phases, respectively.
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FIG. 2. (Color online) Core-level photoemission spectra and
chemical potential shift in Nd;_,Sr,MnO3 at 300 K. (a), (b) Photo-
emission spectra of the O ls and Sr3d core levels; (c) Binding
energy shifts of the O 1s, Sr 3d, Nd 3d, and Mn 2p core levels as
functions of hole concentration x; (d) Chemical potential shift Au
as a function of carrier concentration x.

orbital double-exchange model by Furukawa.!!

In this Rapid Communication, we address the issue of the
effect of bandwidth-control on Au through the core-level
photoemission measurements of the doping-dependent A of
the small-bandwidth system PCMO, the intermediate band-
width system NSMO, and the large-bandwidth system
LSMO, and deduce the Au as a function of both band filling
and bandwidth. In addition to the suppression of the doping-
dependent Ay for hole concentrations near and in the CE-
type CO composition range, we observed Au as a function
of the A-site ionic radius (r,) induced by the orthorhombic
distortion and double-exchange interaction.

Single crystals of NSMO (x=0.4, 0.45, 0.5, 0.55, 0.6, and
0.7), LSMO (x=0.2, 0.3, 0.4, 0.45, 0.5, and 0.55), and
PCMO (x=0.2, 0.25, 0.3, 0.35, 0.4, 0.5, 0.6, and 0.65) were
prepared by the floating zone method.!>!? X-ray photoemis-
sion measurements were performed using a Mg Ka source
(hv=1253.6 eV) and a SCIENTA SES-100 analyzer. The
measured binding energies were stable because the gold 4f5,,
core-level spectrum did not change in the measurements with
the accuracy of =10 meV at each temperature. All the pho-
toemission measurements were performed under the base
pressure of ~1071° Torr at 300 and 80 K. The sample sur-
faces were repeatedly scraped in sifu with a diamond file to
obtain clean surfaces.

Figures 2(a) and 2(b) show the spectra of the O ls and
Sr 3d core levels, respectively. The vertical lines mark the
estimated positions of the core levels employed to evaluate
the shifts. For the O ls core level, we used the midpoint of
the low binding-energy slope because the line shape on the
higher binding-energy side of the O ls spectra is known to
be sensitive to surface contamination or degradation. We also
used the midpoint for the Sr 3d core level for the same rea-
son. The shifts of the Nd 3d and Mn 2p core levels (not
shown) have been determined from their peak positions be-
cause their line shapes slightly changed with composition.
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In Fig. 2(c), we have plotted the binding-energy shift AE,
of each core level as a function of hole concentration. One
can see that the O 1s, Sr3d, and Nd 3d core levels are
shifted in the same direction while the Mn 2p core level are
shifted in the opposite direction. The opposite shift of the
Mn 2p core level can be explained by the change of the Mn
valence with hole doping.> Therefore, we conclude that
nearly the same shifts of the O ls, Sr 3d, and Nd 3d core
levels reflect Au, and take the average of the shifts of the
O 1s, Sr3d, and Nd 3d core levels as a measure of Aw in
NSMO.?

In Fig. 2(d), we have plotted Au of NSMO thus deduced
as a function of carrier concentration. The measured shift is
indeed due to the band structure and not caused by correla-
tion effects of the high-energy photoemission process.®” A
clear downward Ag with hole concentration is observed in
the regions x=<0.45 and x=0.55, as reported for LSMO.3
However, a weak but clear suppression of the shift is ob-
served in and near the CE-type CO composition range 0.45
=x=0.55, corresponding to the narrow region of the CO
phase in the phase diagram of NSMO as shown in Fig. 1.13%
The PCMO shows a stronger suppression of Ay in and near
the wider CE-type CO composition range.’ Such a chemical
potential pinning was not observed in bulk and thin film
LSMO3? in which the CO phase does not exist and in PCMO
thin films grown on LaAlOj; substrates, where the CO phase
was suppressed by compressive strain from the substrates,
t0o.!3 If the suppression is due to an electronic phase sepa-
ration as the thermodynamic relationship suggests, the phase
separation should occur only on a microscopic scale as de-
scribed by the bistripe or Wigner-crystal model suggested for
La;_,CaMnO; with x=0.5 in order to avoid the accumula-
tion of long-range Coulomb energy.'*!> Although our mea-
surements were performed for the PI phase above the CO
transition temperature in NSMO, Au seemed to be influ-
enced by the fluctuations of the CO state. This is consistent
with the fact that such fluctuations have been observed in the
PI phase of NSMO by means of x-ray scattering.!®

We have also determined the doping-dependent Ax in
LSMO at 300 K by measurements of core-level photoemis-
sion spectra as shown in Fig. 3(a). Here, we have deduced
the doping-dependent Au of LSMO by taking the average of
the shifts of the O 1s, Sr3d, and La 3d core levels as
before.® The Ay of LSMO at 300 K was almost the same as
that at ~80 K.

In the rest of this Rapid Communication, we shall deduce
the chemical potential shift Ax as a function of bandwidth,
too. First, we extrapolated each set of the doping-dependent
A data under the assumption that Au’s for the same doping
and the same A-site average ionic radius (r,) should coin-
cide, as shown in Figs. 3(a) and 3(b). For example, the
PCMO and NSMO data at 300 and 80 K have been aligned
at x=0.167. Here, the shift in PCMO at 80 K was strong in
the CO region x=<0.5 compared to 300 K, as reported for
valence-band spectra.>!” The incommensurate charge modu-
lation in PCMO exists in a wider range of the hole concen-
tration at 300 K than at 80 K, as studied by electron diffrac-
tion or x-ray resonant scattering.'® Correspondingly, the
suppression of Ax in PCMO was observed in a wider region
x=0.3 at 300 K than at 80 K in the CO region x=0.5. Thus
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FIG. 3. (Color online) Chemical potential
shift Ap as a function of A-site average ionic
radius (r4) and hole concentration x. (a), (b)
Comparison of the Ap in Nd;_,Sr,MnOs3,

Chemical potential shift Ay (eV)
)
—

1oL NSMO | -== NSMO i
| —e= PCMO -e— PCMO
-1.2F —— LSMO T=#&= LSMO [J. Matsuno etal.] -
1 1 1 1 1 11l 1 1 1 1
0 02 04 06 08 100 02 04 06 0.8

X, carrier concentration

X, carrier concentration

1.0 Pr;_,Ca MnOs, and La,_,Sr,MnOj; at 300 and 80
K (Refs. 5 and 8). The relative chemical potential

1.42-

(c)

1.404 T=300 K

Cox iy
T=80K 2 05
- . .

positions have been aligned so that the (extrapo-
lated) data for the same (r,) and x coincide. (c),
(d) A interpolated from the data in (a) and (b) in

- 02 the x—(r,) plane at 300 K and 80 K (Refs. 3, 5,
| 04 and 8). FM, PI, and CO denote approximate lo-

I cation of the ferromagnetic metallic, paramag-
=06 2 netic insulating, and charge-ordering phases,

respectively.

T T T T T
02 03 04 05 06 0702 03 04 05 06 0.7

X, carrier concentration

the doping-dependent Ay is well correlated with the change
in the periodicity of stripes for PCMO.!"-18

Figures 3(c) and 3(d) shows A in the x—(r,) plane and
the resulting A is linearly interpolated from the experimen-
tal data.>>® In large-bandwidth systems without CE-type CO
region, the chemical potential is shifted monotonously with
carrier concentration because stripe effects are negligibly
weak. In the intermediate-and small-bandwidth regions, Au
curves show characteristic doping dependences in the sense
that the pinning of chemical potential as a function of x due
to the incommensurate charge modulation was observed in
and near the CE-type CO composition range. The clear con-
trast in the doping dependence of the chemical potential
shifts between the wide-bandwidth and narrow-bandwidth
systems reflects the existence and absence of the CE-type
CO phase, respectively. The results thus indicate again that
the tendency toward charge self-organization around x~ 0.5
such as stripe formation is indeed enhanced with decreasing
bandwidth.

If the chemical potential shift Au is plotted as a function
of (r,) as shown in Figs. 4(a) and 4(b), a downward Au with
increasing (r,) is commonly observed. The overall down-
ward shift with (r,) would be related to the decrease in the
orthorhombic distortion. Because the hybridization between
the e, and 1,, orbitals caused by the orthorhombic distortion
raises the e, level and lowers the 1,, level, the weakening of
the e,-1,, hybridization will lower the e, level and thus low-
ers the chemical potential. The large (r4)’s on large-
bandwidth systems are known as conducting ferromagnets,
where the itinerant e, electrons mediate ferromagnetic inter-
action between neighboring Mn** and Mn** ions through
double-exchange interaction. In order to extract Au induced
by double-exchange interaction, we have subtracted the
doping-averaged chemical potential shift (Au) as a function

X, carrier concentration

of (ry) from the measured Au. Here, we consider that the
shift due to the orthorhombic distortion does not depend on
the hole doping. In Figs. 4(c) and 4(d), we have plotted the
resulting differences Au—(Au) as a function of (r4). In the
composition range 0.3<x<<0.5, where the FM phase ap-
pears, one can see an upward shift Au—(Au) with increasing
(ry4) and hence increasing bandwidth. The upward Au with
decreasing temperature has been observed in the low-
temperature region of the FM phase of NSMO with x=0.4
and 0.45 because of double-exchange interaction with the
Jahn-Teller-split e, band.'” Furukawa'! has predicted theo-
retically using the one-orbital model that in a double-
exchange system, a large upward Au occurs with decreasing
temperature in the FM phase due to the increase in the band-
width. If the e, band remains doubly degenerate in the FM
phase for x<<0.5, one would expect to see a downward Au
with increasing bandwidth [see, Fig. 4(e)]. Therefore, we at-
tribute the upward shifts with increasing bandwidth to the
double-exchange interaction with the Jahn-Teller-split e,
band as shown in Fig. 4(f), consistent with the temperature-
dependent Ap.'°

For the bandwidth (r4)-controlled chemical potential
shift, if du/d(ry)~0, there is a possibility of separation into
two “phases” with different (r,) values with the same x. In
the bandwidth-controlled system Prg ss(Ca;_,Sr,)o4sMn0Os, it
is reported that there is a bicritical point in the electronic
phase diagram at around y~0.25, in which the CE-type CO
and the FM phases compete each other.! Since the present
results as a function of {r,) have only a few data points for
each x, more detailed measurements are necessary to explore
whether du/Kr,) ~0 occurs near the FM-CO boundary in
the manganite phase diagram.

In conclusion, we have experimentally determined the
doping and bandwidth dependences of the chemical potential
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FIG. 4. (Color online) Chemical potential
shift A as a function of the A-site ionic radius
(ra). (@) Ap at 300 K; (b) A at 80 K; (c) Dif-
ference between the Au and the average shift
_ Au—(Aw) at 300 K; (d) Au—(Au) at 80 K; (e)
Schematic pictures of the density of states (DOS)
in the region of ferromagnetic metallic (FM)
phase x<<0.5 for degenerate two-orbital model;
| (f) Schematic pictures of the DOS in the region
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of FM phase x<0.5 for one-orbital model result-
ing from the Jahn-Teller splitting.

in the perovskite-type manganites by means of core-level
photoemission measurements of LSMO, NSMO, and PCMO.
We observed a suppression of the Au for hole concentra-
tion near and in the CE-type CO composition range. We
have found correlation between this suppression and the
change of the periodicity of stripes with hole doping.
Also, we found a downward Au with increasing (r,)
due to the decrease in the orthorhombic distortion. After
subtracting the filling-independent part of this shift, an
upward Ap with increasing bandwidth was found to be

realized in the FM phase for 0.3 <x<<0.5, which we attribute

to the double-exchange interaction in the Jahn-Teller-split e,
band.
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