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Competition between lattice distortion and charge dynamics
for the charge carriers of double-layered manganites

J.-H. Park
National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 11973-5000

T. Kimura
Joint Research Center for Atom Technology (JRCAT), Tsukuba, Ibaraki 305, Japan

Y. Tokura
Department of Applied Physics, University of Tokyo, Tokyo 113, Japan

~Received 7 August 1998!

We have investigated the characteristics of the charge carriers of the double-layered manganites,
La222xSr112xMn2O7 (x50.35, 0.40!, using polarized O 1s x-ray absorption spectroscopy. When the system
undergoes the insulator to metal transition, the spectral weight is transferred to the absorption threshold,
analogous to the Drude weight in optical absorption. The charge carriers in the metallic phase contain com-
parable amounts of in-plane and out-of-plane character. This result is due to the competition between the
tetragonal lattice distortion and the charge dynamics that force the charge carriers out of and in the plane,
respectively.@S0163-1829~98!51844-9#
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With the recent success of synthesis, double-layered m
ganites, La222xSr112xMn2O7, have attracted much attentio
scientifically and technologically due to their exotic elect
cal and magnetic properties.1–3 Similar to the doped manga
nese perovskites,4,5 the system undergoes a paramagnetic
sulator ~PI! to ferromagnetic metal~FM! transition upon
cooling through the Curie temperature (TC) and exhibits a
large negative magnetoresistance aroundTC .1,3 Structurally,
the material consists of intrinsic atomic scale magne
multilayer tunnel junctions: each ferromagnetic meta
MnO2 bilayer sheet is separated by a nonmagnetic insula
~La,Sr!2O2 layer~I!, i.e., a virtually infinite array of FM/I/FM
junctions. Hence, the characteristics of the charge carrie
expected to be directly related to the electrical and magn
properties. The charge carriers are the result of the ch
dynamics of electron hopping. Thus, in most low
dimensional systems@quasi-two-dimensional~2D!/1D sys-
tems#, the carriers are expected to lie mainly in the dynam
layers/chains, which are crystallographically formed. Ho
ever, in the transition-metal oxides~TMO’s! which are
known to be strongly correlated systems, the orbital ene
splitting induced by the lattice distortion can also strong
affect the characteristics of the charge carriers. In this asp
the layered manganites may provide some insight on how
local lattice distortion competes with the charge dynam
for the charge carriers.

The metal sites in most TMO systems have octahedral
symmetry (Oh), in which each TM ion is surrounded by si
oxygen ions, MO6, and the TM 3d orbital splits into triplet
t2g and doubleteg orbitals. In the layered systems, the s
symmetry of the TM ion becomes tetragonal (D4h) due to
the lattice distortion with the elongation of the out-of-pla
M-O bonding lengths and the shortening of the in-plane M
ones.6 Then theeg orbital energy splits so that thex22y2

in-plane orbital energy is separated from the 3z22r 2 out-of-
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plane one as schematically described in Fig. 1@here the en-
ergy differenceD[«(3z22r 2)2«(x22y2) is positive#.

In high TC cuprate systems, the parent compound c
tains Cu21 (d9), which has the 3d orbital full except for one
x22y2 state. Then the doped hole is expected to go into
3z22r 2 state due to Hund’s rule. However, both the latti
distortion and the charge dynamics cooperatively force
charge carriers to lie in the CuO2 plane. The hole takes th
opposite spinx22y2 state lying in the dynamic CuO2 plane
resulting in the singlet ground state, the so-called Zha
Rice singlet state.7 D, induced by the lattice distortion, i
effectively large enough to overcome the Hund’s rule e
change energy, and the reduction of the in-plane Cu-O b
length enhances the in-plane hopping energy thus stabili
the singlet ground state.8 Indeed, in the cuprates, the charg
carriers were reported to have mostly in-plane charact9

Similar arguments can also be applied to the layered
chained nickelates.10,11

The situation is completely different in the manganite
The ionic state of the parent manganese is Mn31 (d4) which

FIG. 1. Schematic diagrams of the tetragonal distortion of M6

octahedron and the 3d orbital energy splitting by the octahedra
(Oh) and the tetrahedral (D4h) site symmetries. The occupation
are presented for the Cu21 (3d9) and Mn31 (3d4) ions under the
D4h symmetry.
R13 330 ©1998 The American Physical Society
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has the same spint2g
3 eg

1 configuration due to Hund’s rule
Here theeg occupation stays in the out-of-planeeg orbital
(3z22r 2), which is energetically lowered by the tetragon
distortion. Thus the doped hole can only go into the out-
plane 3z22r 2 state. The lattice distortion forces the char
carriers out of the plane opposite to the charge dynamics,
the characteristics of the charge carriers are determine
the competition between the lattice distortion and the cha
dynamics.

High-quality La222xSr112xMn2O7 (x50.35, 0.40! single
crystals were grown by the floating-zone method.1,2 The
FM-PI transition was observed in resistivity and magneti
tion measurements atTC'130 K for x50.35 and TC
'120 K for x50.40. Both the in-plane and interplane res
tivity exhibit large drops aroundTC upon cooling. The x-ray
absorption spectroscopy~XAS! measurements were pe
formed at the renewed U4B beamline at the National S
chrotron Light Source at Brookhaven National Laborato
The incoming photon was set to have;97% linear polariza-
tion and;0.2-eV resolution. Bulk-sensitive~;2000-Å prob-
ing depth! fluorescence yield spectra were recorded usin
high-sensitivity seven element germanium array detec
and the spectra obtained were normalized by the photon
The characterization of the charge carriers using the po
ized XAS requires very careful preparation of the samp
and the experimental settings.~1! The samples were prepare
to have the surface normal tilted 45°63° from both thec
axis and theab plane. Only with this orientation can th
azimuthal rotation method, as shown in Fig. 2, provide
different polarization geometries without any optical pa
variations, which could contribute experimental artifacts.~2!
The uncertainty in the photon energy was minimized by
multaneously recording the O 1s XAS spectrum of NiO, as a
reference, which shows a sharp isolated single peak
531.7-eV photon energy.12 This uncertainty is expected to b
less than 10 meV.

Figure 2 shows O 1s XAS spectra of
La222xSr112xMn2O7 (x50.35) for two different polarization

FIG. 2. O 1s XAS spectra of La1.2Sr1.8Mn2O7 for Eic andE'c
polarization geometries represented in the figure and the differe
of the spectra.
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geometries, i.e.,Eic andE'c, and the difference of the two
spectra. The overall line shapes are quite similar to thos
the spectra obtained from total electron yield.13 The normal-
ized absorption coefficient at an energy greater than 580
well above the absorption threshold, was the same wit
0.5% for the different geometries. The absorption is ass
ated with the O 1s→2p dipole transition. In the O22 ion, the
2p orbital is full but strong hybridization with the unoccu
pied Mn, 3d/4s, La 5d/4f , and Sr 3d/4s states induces O 2p
holes. Thus the spectra reflect the unoccupied conduc
band that consists of states with Mn 3d/4s, La 5d/4f , and Sr
3d/4s character. The most interest lies in the spectra near
absorption threshold, and the spectra covering the first 3
~528–531 eV! above threshold represent the Mn 3d
conduction-band states that come mainly from the Mn41

sites. As can be seen in the figure, the spectra in this re
show a double-peak feature inEic geometry compared with
a single-peak feature inE'c geometry. Due to the dipole
selection rules, the absorption coefficients inEic and E'c
geometries reflect the O 2pz ~out-of-plane! and O 2px,y ~in-
plane! character hole states, respectively. The O 2pz/2px,y

holes are mostly due to hybridization with the Mn 3d
eg-orbital, 3z22r 2/x22y2, andt2g-orbital states. Therefore
the double-peak feature corresponds to the O 2pz holes re-
sulting from hybridization with the 3z22r 2 and t2g unoccu-
pied state at the low and high energies, respectively, w
the single-peak feature is the O 2px,y holes caused by hy
bridization withx22y2 andt2g unoccupied states, which ar
energetically close to each other. Due to the absorption
ergy differenceD8 for the 3z22r 2 and x22y2 character
states, the difference spectrum in the region exhibits a p
and a dip that correspond to the 3z22r 2 and thex22y2

character states, respectively.13

One may consider the energy differenceD8 to be the or-
bital energy differenceD. However, the absorption energ
corresponds to the sum of the core-hole energy and the
bital state energy.14 Due to the selection rule, the O 1s core
holes for the different absorption states are located at dif
ent oxygen sites. For the 2px,y (x22y2) and 2pz (3z22r 2)
states, the holes are at the oxygen sites in and out of
MnO2 plane, respectively. Because of the different chemi
environments, the core-hole energy is expected to be dif
ent for the different oxygen sites, i.e.,D5D82d, whered is
the core-hole energy difference at the in- and out-of-pla
oxygen sites. In the previous studies of the highTC cuprates,
d was observed to be 0.3–0.5 eV.9 For the manganites, we
also obtainedd50.460.1 eV as described below, and thu
the orbital energy differenceD in the manganite is deter
mined to be 0.460.2 eV, which is much smaller thanD
;2 eV expected in the cuprates.8 Such a large reduction inD
can be attributed to thecompetitiveaction of the lattice dis-
tortion and the charge dynamics in the manganites, oppo
to thecooperativeaction in the cuprates. Indeed, the tetra
onal distortion of the MnO6 octahedron is much smaller tha
that of CuO6 in the cuprates; in the manganites,3,15 the in-
plane bond length is shorter than the out-of-plane one o
by a few percent, which is much smaller than the;20%
difference in the cuprates.16

In order to study the charge carriers in the metallic pha
we have performed temperature dependent O 1s XAS mea-
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surements throughTC . Figure 3 shows the O 1s near-edge
XAS spectra of ~a! La1.3Sr1.7Mn2O7 (x50.35) and ~b!
La1.2Sr1.8Mn2O7 (x50.40) taken at three different tempera
tures forEic andE'c. The results are basically the same fo
both samples. The overall line shape of the spectra are nea
identical for the different temperatures except for sma
variations near the absorption threshold. In the insulatin
phase, the density of states~DOS! is zero at the Fermi level
(EF), the insulating gap feature, but when the system unde
goes the insulator to metal~I-M ! transition upon cooling, the
DOS changes and builds up atEF . Thus the DOS change in
the conduction band appears in the O 1s XAS spectrum and
the spectral weight is transferred to the absorption thresho
analogous to the Drude weight in optical conductivity mea
surements. This spectral weight transfer is observed for bo
Eic andE'c.

The spectral variations are represented by the differen
spectra,DrXAS(T)5rXAS(T)2rXAS ~150 K!, shown in the
bottom panels in Fig. 3. For bothEic andE'c, the variation
increases with cooling fromT580 K to 25 K without sig-
nificant change in the line shape. As can be seen in the fi
ure, DrXAS exhibits a peak at the threshold and the pea
intensity increases with further cooling. These results ind
cate that DOS (EF) builds up upon cooling through theI –M
transition and then increases with further cooling, as o
served in the doped manganese perovskites.17,18 The peak
has an;0.7-eV width, which is very similar to the expected
O 1s core-hole lifetime broadening seen in most transition

FIG. 3. Temperature-dependent O 1s XAS spectra@rXAS(T)#
for Eic and E'c of La222xSr112xMn2O7; ~a! x50.35 and~b! x
50.40. The bottom panels show the corresponding spectral var
tions,DrXAS(T)5rXAS(T)2rXAS ~150 K!, with temperature as de-
scribed in the text.
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metal oxides. The peak position is different byd50.4
60.1 eV for the different geometries since the O 1s core-
hole energy of the out-of-plane oxygen site is smaller th
that of the in-plane oxygen site due to the different chemi
environments as discussed above. The peak intensity ra
of the out-of-plane (Eic) O 2pz to the in-plane (E'c) O
2px,y are estimated to be 5365% to 4765% for the
x50.35 sample and 5565% to 4565% for the x50.40
sample,19 indicating that the charge carriers have simi
amounts of in-plane and out-of-plane character.DrXAS for
the Eic shows a relatively large dip at an energy sligh
above the threshold peak in comparison with that for
E'c. This may indicate a large reduction of the spect
weight from the 2pz(3z22r 2) states than the
2px,y(x

22y2) states through the insulator to metal tran
tion. These results indicate that not only the in-plane but a
the out-of-plane physical quantities are important for t
physical properties of the manganites. In recent photoem
sion studies,20 which are very surface sensitive, the spec
exhibit only a gap feature, almost no spectral weight atEF ,
rather than the metallic Fermi cutoff even in the metal
phase. At the surface, the out-of-plane interaction is d
rupted, and DOS (EF) is expected to be suppressed cons
erably.

Estimating the absolute value for charge carriers or
DOS (EF) using the threshold peak intensity is impossible
the present time. However, one can compare the peak in
sity with that of manganese perovskites, which are rat
well studied. Figure 4 shows the temperature-dependen
1s XAS spectra of a La0.7Sr0.3MnO3 single crystal withTC
'360 K. The overall line shape is similar to that of th
double-layered manganites. The spectra reflect the O 2p hole
induced by the strong hybridization with the unoccupied M
3d/4s, La 5d/4f , and Sr 3d/4s states, and the region of th
first 3 eV above the absorption threshold again comes ma

ia-

FIG. 4. Temperature-dependent O 1s XAS spectra@rXAS(T)#
and the spectral variations,DrXAS(T)5rXAS(T)2rXAS ~370 K!, of
La0.7Sr0.3MnO3. A small dip appearing at;528.3 eV inDrXAS ~80
K! and DrXAS ~200 K! is due to the considerably smaller phono
broadening at 80 and 200 K relative to that at 370 K.
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from the Mn 3d eg and t2g unoccupied states of the Mn41

sites.17 Here the energy splitting of thex22y2 and 3z22r 2

orbitals does not appear since the system is cubic and
local tetragonal Jahn-Teller distortion is expected to aff
only the Mn31 sites, but not the Mn41 sites.21 The O 1s
near-edge XAS spectra clearly show the spectral varia
upon cooling throughTC , and the variation increases wit
further cooling. The difference spectra,DrXAS(T)
5rXAS(T)2rXAS ~370 K!, shown in the bottom panel of th
figure, also exhibits the absorption threshold peak induced
the spectral weight transfer associated with the growing
the DOS atEF . The overall line shape ofDrXAS(T) gener-
ally agrees with that for the double-layered manganites.
threshold peak intensity inDrXAS ~80 K! of La0.7Sr0.3MnO3
is observed to be about 1.5 times larger than that inDrXAS
~25 K! of La1.3Sr1.7Mn2O7, indicating that DOS atEF is
somewhat smaller in the latter system. HereT580 K in the
re

c

he
t

n

y
f

e

cubic manganite is a similarT/TC value withT525 K in the
double-layered manganite, and the relative peak inten
was estimated per Mn.22

In summary, we have investigated the characteristics
the charge carriers of the double-layered mangani
La222xSr112xMn2O7 (x50.35, 0.40). Despite the characte
istics of the layered structure, the charge carriers have c
parable amounts of in-plane and out-of-plane character
both systems, resulting from the competition between
local lattice distortion and the charge dynamics, which forc
the charge carriers out of and in the plane, respectively.
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