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Optical study of competition between ordering and metallicity in La2À2xSr1¿2xMn2O7
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1Institut für Angewandte Physik, Universita¨t Hamburg, Jungiusstraße 9, D-20355 Hamburg, Germany

2Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439
~Received 14 August 2002; revised manuscript received 6 February 2003; published 15 April 2003!

We study by spectroscopic ellipsometry the optical in-plane anisotropies in La222xSr112xMn2O7 with
0.32<x<0.40 above and below the metal to insulator~MI ! transition. Spectral-weight changes in the optical
conductivity occur at a cross-over temperatureT85280 K for all dopings. Local ordering of orbital and charge
degrees of freedom sets in doping dependently at temperatures of 145 K<T* <310 K. Below the MI transi-
tion we observe for all dopings exceptx50.36 a vanishing of the charge ordering and an isotropic and metallic
state at low frequencies, whereas the local orbital ordering persists. Forx50.36 we observe two different
characteristic developments of the ordering processes, one being compatible with the parabolic doping depen-
dence onT* established by the other doping levels and the second showing ordering at a temperature slightly
above the MI transition. We argue that our observations are compatible with a phase separation scenario.

DOI: 10.1103/PhysRevB.67.134417 PACS number~s!: 78.20.2e, 75.30.2m, 75.40.2s
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The microscopic phase separation occuring in stron
correlated perovskites has been invoked to explain many
culiar phenomena, such as the pseudogap state in cupra
the proximity between metallic and charge-ordered state
manganites.1–7 Moreover, the question of how lowered d
mensionality, yielding a predominantly two-dimension
~2D! system, influences the interplay between local order
phenomena and global ground-state properties, is of cru
importance to understand the competition or coexistence
tween states with different magnetic and electro
characteristics.1–3

La222xSr112xMn2O7 ~LSMO327! is the naturally layered
n52 member of the Ruddelsden-Popper ser
(La,Sr)n11MnnO3n11.8 Like its cubic perovskiten5` rela-
tive, it can exhibit the colossal magnetoresistance effec
magnetic-field induced transition to a metallic state. Due
the 2D nature of LSMO327, the 3D ferromagnetic orderi
is weaker; therefore, the metal-to-insulator transition te
peratureTMI is reduced to 106–131 K and the in-plane co
ductivity differs by 2–4 orders of magnitude compared to
out-of-plane conductivity.9,10 Within the paramagnetic range
evidence for a residual reduced ferromagnetism has b
measured.11 Moreover, striped features have been predic
from an orbital-degenerate double exchange model ab
TMI .12

The anisotropies of the optical properties of a material
provide information on ordering phenomena on differe
length scales.13–16As different spectral regions can be attri
uted to distinct optical processes a determination of
source of the related ordering process is possible.17,18 Spec-
troscopic ellipsometry measures relative amplitude a
phase changes of light reflected from a sample and, t
does not require the mandatory Kramers-Kronig analyse
reflectometry studies. This technique allows very accur
measurements of the complex dielectric function and
anisotropies.19–21As has been shown recently in pseudocu
manganites, detailed information on the temperature ev
tion of the optical anisotropies of charge and orbital order
are valuable to understand the cooperative coupling betw
the different degrees of freedom.13–15
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Here we report on a spectroscopic ellipsometry study
the in-plane anisotropic dielectric function of LSMO32
with 0.32<x<0.40 covering the midinfrared to deep ultra
violet spectral range at temperatures between 25 and 47
The temperature evolution of the dielectric function can
described in essentially three steps. First, we find a cro
over temperature in the spectral weight development at d
ing independent value ofT85280 K. Second, we find in the
insulating phase below a crossover temperatureT* between
145- and 310-K optical anisotropies, that are doping dep
dent, in the high- and low-energy regions, evidencing orb
and charge ordering, respectively. The doping dependenc
T* shows a parabolalike shape similar toTMI . Third, below
TMI'125 K, we find a suppression of the charge order
and a development of a long-range metallic state. Rem
ably, the short-range orbital anisotropy that was clamped
the onset of charge ordering persists in the metallic state
indicates remaining local orbital order. Our results supp
the phase separation scenario in layered manganites.7

We have performed our experiments with the extend
Sentech SE850 that covers a spectral range from 0.48 to
eV by using a Fourier-transform spectrometer below 1.5
and a grating spectrometer above 1.4 eV. The basic exp
mental configuration is shown in Fig. 1. The LSMO32

FIG. 1. Experimental setup. Ellipsometry measures in reflect
the polarization ellipse from incident linearly or circularly polarize
light. The sample is turned by 90° around thec axis, yielding the
‘‘ca’’ and ‘‘cb’’ spectra, respectively, in order to obtain anisotrop
information.
©2003 The American Physical Society17-1
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single crystals with 0.32<x<0.40 used for this study wer
synthesized as described elsewhere.8 They have been wel
characterized in the literature and show aTMI developing
from 106 K atx50.32 to 131 K forx50.36 and 115 K for
x50.40.8,9,11,22–26The samples were cleaved out of the a
grown crystal boules yielding monocrystalline mirrorlikeab
plane surfaces without polishing. The crystalsx50.36-ii and
0.38 have been cleaved directly prior to measurement in
der to rule out the influence of surface degradation and c
tamination. The samples were mounted on pieces of sa
blasted silicon and placed in an ultra-high vacuum cryos
The windows show no measurable depolarization effects
to their stress-free mounting. Typical base pressures at r
temperature were 331028 mbar. The differentially pumped
revolvable cryostat holds a reference sample simultaneo
with a crystal in order to check for freezeout or other a
facts. The reference sample is a 400 nm SiO2 layer on bulk
Si. The measured amplitude and phase changes were
verted into the dielectric functione 5 e 1 1 i e 2 by using
the model for an isotropic semi-infinite material.19 This as-
sumption is well justified as the observed optical anisotrop
in the energy range from 0.48 to 5.6 eV are generally w
compared to the overall signal.

Figure 2 shows the optical conductivitys5e0e2v for
LSMO327 with 0.32<x<0.40 at four temperatures. A
samples show basically the same trends with tempera
and only a small variation with doping. For clarity we ha
split the spectral range into three regions of interest. We
the spectral range between 0.5 and 0.8 eV the ‘‘free cha
carrier’’ region, because it is mostly sensitive to the existe
or absence of a Drude reponse atv50. The energy range
between 0.8 and 2.2 eV is denoted the ‘‘bound charge
rier’’ region, as it reflects mainly the existence of trapp
charges and is sensitive to charge ordering.13 Finally, we la-
bel the energy region larger than 3.5 eV as the ‘‘orbita
region. It is dominated by optical transitions between the
2p and Mn-eg levels and, thus, should be very sensitive
specific orbital configurations and ordering.13,15,18 Figure 2
shows a constant increase of spectral weight in the ‘‘f
charge carrier’’ region with decreasing temperature that
comes strongly promoted when the sample enters the m
lic state. The small enhancement of the spectral weight ab
TMI is clearly related to the shifting of the ‘‘bound charg
carrier’’ peak towards lower energies. This peak vanishe
the charges are released in the metallic state and form
Drude response. The orbital spectral region shows no t
perature dependence when cooling from 425 K down to
K, but below 300 K develops a clear decrease of spec
weight.

Figures 3~a!–3~c! show the integrated spectral weight
the three spectral regions indicated in Fig. 2. The data h
been normalized to correct for the slight overall offset due
different doping. In Fig. 3~d! we show the integral over th
complete measured spectral range. Overall, the tempera
dependence shows striking similarities among the differ
samples. Indeed, we find for all samples in the ‘‘free cha
carrier’’ region in Fig. 3~a! a continuous increase of the spe
tral weight that develops a distinct anomaly at the me
insulator~MI ! transition. Even more drastic are the chang
13441
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in the ‘‘bound charge carrier’’ region in Fig. 3~b!. It shows a
linear increase of roughly 10% with decreasing temperat
from 475 to 300 K, and saturates in a temperature ra
between 280 and 130 K. In the metallic state below 130
the ‘‘bound charge carrier’’ region dramatically loses spect
weight and saturates at roughly 50% of its maximum val
Figure 3~c! displays the temperature evolution of the spect
weight in the ‘‘orbital’’ region. It is constant down to roughl
280 K, where a first drop occurs. This loss continues d
into the metallic state. Figure 3~a!–3~c! establish the exis-
tence of two characteristic temperatures, one of which
clearly connected to the MI transition at'130 K and the
other to an additional effect developing around 280 K. W
label this second crossover temperatureT8. The integrated
spectral weight in Fig. 3~d! shows that, especially below
TMI , spectral weight is lost to the Drude peak, which is to
large extent located outside our frequency range. Th
seems to be an additional shift of spectral weight at 280
i.e., T8, to an energy region that is not directly accessed

FIG. 2. Optical conductivity of LSMO327 with different dopin
levels at different temperatures as indicated. The spectral ran
named ‘‘free’’ and ‘‘bound charge carriers’’ as well as ‘‘orbital’’ ar
marked.
7-2
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our measured range. On the other hand, the constant val
the integral over the total energy range aboveT8 shows that
the gain of spectral weight in the low-energy ranges@Figs.
3~a! and 3~b!# in this temperature region is balanced by
redistribution towards higher energies within the measu
spectral range. The observedT8'280 K coincidences with a
reported step in the in-plane magnetization for thex50.40
sample.26

To obtain additional information about the observ
anomalies we have investigated the development of op
anisotropies. They can occur if local properties have on
typical length scale of the light a preferred orientation. T
emergence of a preferred orientation is ordering. Thus, s
anisotropies can indicate the existence of orbital or cha
ordering. For this purpose we measured the dielectric fu
tion in two in-plane configurations that are 90° rotated
each other around thec axis ~see Fig. 1!. The planes of
incidence of these two measurements are denoted as

FIG. 3. Normalized integrated optical conductivity changes
four different spectral ranges corresponding to the ‘‘free’’~a! and
‘‘bound charge carrier’’~b! as well as ‘‘orbital’’ ~c! spectral ranges
In ~d! we show the integrated spectral weight over the total m
sured spectral range.
13441
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and ‘‘cb.’’ We point out that optical anisotropies measur
this way evidence orderings even in the case of multidom
structures, since a prerequisite for optical anisotropy on
averaged scale is that the individual domains are anisotro
However, if a multidomain structure occurs, the magnitu
of the observed optical anisotropy of the average struc
will be lower than for a single domain sample.

Figure 4~a! shows the completely isotropic high
temperature dielectric function. Even the enlarged plot ofe1
in the spectral range around 3.5 eV shows no signs of opt
anisotropy. This situation changes at 275 K@see Fig. 4~b!#.
Here we clearly see the simultaneous appearance of op
anisotropies ine1 and e2, both, in the ‘‘bound charge car
rier’’ region around 1 eV and in the ‘‘orbital’’ region aroun
4 eV. These anisotropies are further enhanced at lower t
peratures. It should be noted that both the increased vol
fraction of the ordered phase and increased correla
lengths can result in increased anisotropy. Moreover, fr
the simultaneous appearance of anisotropy at 0.5 and at

r

-

FIG. 4. Evolution of the optical anisotropy in the complex d
electric function (x50.34). e1 and e2 are denoted by solid and
dashed lines, whereas the two 90° rotated dielectric functions
noted as ‘‘ca’’ and ‘‘cb’’ are represented by black and gray line
respectively. The insets displaye1 on an expanded scale. Th
dashed vertical lines show the points choosen for evaluation ofDe1.
7-3
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eV we conclude that the growth of ordered domains
LSMO327 is significantly faster than, e.g.,
Bi0.8Ca0.2MnO3, where the optical anisotropy develops ov
a wider temperature range from short to long wavelength13

At 125 K, slightly above the MI transition, the data strong
resemble those of charge and orbital orde
Bi0.8Ca0.2MnO3, displaying large anisotropies around 1 a
3.5 eV ine1.13 Based on this analogy, we associateT* with
the onset of charge and orbital order in LSMO327. Howev
close to the plasma frequency in the 50-K data in Fig. 4~d!,
representing the ‘‘Drude’’ contribution,e1 displays an isotro-
pic behavior, whereas the the same pair of spectra sh
large anisotropies around 3.5 eV. In the following we foc
on e1, as it gives a direct measure of the optical anisotrop
related to charge and orbital degrees of freedom.13 e1 ande2

are Kramers-Kronig related, implying that spectral featu
will not appear at exactly the same frequency in both qu
tities. As an example, at 1 eVe1 is dominated by the plasm
response and represents the metallicity~i.e., free charges!,
wherease2 represents an overlap between the Drude tail
contributions coming from inter-band processes. When m
suring at finite frequencies, the best way of obtaining inf
mation about the free carriers is to analyzee1 rather thane2.
We evaluateDe15ue1,ca2e1,cbu/Ae1,ca

2 1e1,cb
2 shown in Figs.

5~a! and 5~b! for the charge and orbital channels at 1.05 a
4.25 eV, respectively. This parameter accurately refle
charge and orbital ordering even in a multidoma
crystal.13,14

In Fig. 5~a! we show the evolution of optical anisotropy
the charge channel between the MI transition tempera
TMI and the anisotropy onset temperatureT* for all dopings.
Figure 5~b! shows the development of an optical anisotro
in the orbital channel.T* derived from the orbital channe
equalsT* derived from the charge channel for all samp
with the exception of thex50.40 sample, whose onset o
anisotropy is significant only in the charge channel. Rema
ably, the anisotropy clearly persists belowTMI only in the
orbital channel whereas it vanishes in the charge chan
i.e., close to the plasma frequency, when entering the me
lic state.T* is 200 K for thex50.32 sample, develops t
290 K for x50.34 and 0.38, where it is also close toT8 as
clarified in Fig. 3, and to 200 K forx50.40.

Our results show that even though the orbital anisotro
appears at the same temperature as the charge anisotro
seems to be unaffected by the MI transition. This sugge
that locally orbital ordered clusters develop and persist r
tively unchanged in the metallic state. This idea is not
disagreement with the observed long-range metallicity,
cause the low-frequency part of the data will most likely
affected by the global properties of the sample.27 AboveTMI
quasistatic Jahn-Teller distortions are reported from neu
and x-ray scattering studies.28,29 This connects very well to
our observation of charge and orbital ordering betweenTMI
and T* . But our results demonstrate, that the vanishing
those Jahn-Teller distortions belowTMI does not imply the
vanishing of the orbital order. However, it does contrast w
the observation atT* that orbital and charge orderings see
to be clamped to each other, has also been observed
13441
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Bi0.8Ca0.2MnO3 in the charge-ordered state.13 The most plau-
sible explanation for these observations would be a pha
separation scenario, where local degrees of freedom rel
to short-range charge and orbital ordering and global prop
ties such as the development of a Fermi liquid become se
rated atTMI .30,31 This could be also viewed as a transitio
from a charge-ordered smectic structure melting into a m
tallic nematic phase belowTMI .32 In the latter the anisotropy
would be controlled by the parameterv fq. Hence, the anisot-
ropy vanishes in the long wavelength limit but remains fin
on a local scale.32

Since Fig. 5 depicts aT* value rising from x50.32
through x50.34 and fromx50.40 throughx50.38, the
highestT* value should be expected close tox50.36 at a
temperature above 290 K, connecting to the maximumTMI
value at this specific doping. However, the investigatedx
50.36 samples showed a peculiar behavior that deserves
ther discussion. In Fig. 6 we comparee1 of two differentx
50.36 sample surfaces taken from the same sample.
surface 0.36-i is the original surface cleaved out of the

FIG. 5. Evolution of the order parameterDe1 representing the
optical anisotropies in the charge at 1.05 eV~a! and in the orbital
channels at 4.25 eV~b!. T* for different dopings as indicated. Th
100-K anomaly in~b! for x50.40 is the result of a sign reversal i
e1,ca2e1,cb.
7-4
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grown crystal boule and the 0.36-ii surface has been clea
off the same sample just prior to the mesurements. In
6~b! the original 0.36-i surface shows an anisotropy alrea
at 310 K. It evolves down to the MI transition and vanish
below the MI transition in the energy range around t

FIG. 7. Comparison of the optical anisotropy parameter of d
ferent x50.36 sample surfaces at different energies: 0.36-i
0.36-ii belong to the same samples, and 0.36-iii to a differ
sample.

FIG. 6. Comparison of the ‘‘ca’’ and ‘‘cb’’ dielectric functions
e1 of two differentx50.36 surfaces~0.36-i and 0.36-ii! of the same
sample.
13441
ed
g.
y
splasma frequencyv0. But in contrast to all samples dis
cussed before, a strong anisotropy ine1 opens up below 0.8
eV forming a second crossing ofe1 and the zero line at
roughly 0.5 eV in only one measured direction~see Fig. 6!.
This indicates the existence of an additional bound state
the mid to far infrared range weakening free charge mot
in one but not the other direction. In contrast, in Fig. 6~b! the
cleaved surface shows no anisotropy ine1 at 300 K. At tem-
peratures below the MI transition, the charge channel ani
ropy vanishes and the orbital channel anisotropy persist
seen in Fig. 6~c!. This behavior is similar to the the dat
shown in Fig. 5.

In addition to these two surfaces, we measured the 0.3
surface of a different sample that was not freshly recleav
This original surface exhibits a behavior that is similar to t
freshly cleaved 0.36-ii surface. Thus the effect measured
the 0.36-i surface does not result from surface degradati

For a better understanding, we compare in Fig. 7 the te
perature dependent anisotropy of the threex50.36 sample
surfaces. In order to cover the low-energy anisotropyDe1

observed at the 0.36-i surface, we also evaluated the an
ropy at 0.525 eV, as shown in Fig. 7~a!. Besides from the
0.36-i surface, all otherx50.36 surfaces show no significan
anisotropy in this low energy range. This means, that
0.36-i surface is the only one that develops nanometer s
domains embedded in an unordered matrix, that connec
structures comparable to the wavelength of the incom
light, i.e., '1.5m, providing the prerequesite to see a pr
ferred orientation in the area probed by the spot, i.e.,'
millimeters. Figure 7~b! shows the anisotropy at 1.05 eV. A
this energy all surfaces show isotropy well below the M
transition in consistence with the other investigated dopi
~Fig. 5!. Above the MI transition up to 310 K only the 0.36
surface has a significant anisotropy indicating charge ord
ing, whereas the 0.36-ii and 0.36-iii surfaces stay isotrop
In Fig. 7~c! the orbital anisotropy is present below the M
transition as it is for all other samples indicating orbital o
dering below the MI transition. It decreases with increas
temperature until it vanishes atT0.36-ii, iii* of 145 K for the

-
d
t

FIG. 8. The onset temperature of optical anisotropyT* , optical
conductivity spectral weight cross-over temperatureT8, and the
metal to insulator temperatureTMI vs doping.
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KUNZE, NALER, BÄCKSTRÖM, RÜBHAUSEN, AND MITCHELL PHYSICAL REVIEW B 67, 134417 ~2003!
0.36-ii and 0.36-iii surfaces close to the MI transition and
T0.36-i* of 310 K for the 0.36-i surface. Hence, for one and t
same doping, we find two differentT* values. Overall, the
0.36-i surface behaves fundamentally different not only
cause of the higherT* value but also because the char
ordering is reflected at a lower energy being developed
presumably metallic state below 132 K. Interestingly, in t
‘‘orbital’’ range @see Fig. 7~c!# all three investigated surface
show a similar sudden increase of anisotropy below the
transition.

Figure 8 highlights the doping dependence ofT* , T8, and
TMI . T* exhibits a curved shape that is qualitatively simi
to TMI . The maximumT* value being atx50.36 connects
well to the exposed role of this specific doping like the hig
est TMI value and the lack of lattice anomalies at the M
transition.24 In addition, the lowT* value found at the othe
x50.36 surfaces puts this specific doping into our focus
interest.

It has been debated that short-range ordering in form
stripes might well be responsible for the pseudogap phas
the cuprates.3,33,34 Results on layered manganites indica
that short-range charge and orbital ordering can be m
,

D.

d

,

l.

W.

.
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Y.
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responsible for an unconventional state preceding a MI tr
sition at lower temperatures.

In conclusion, we have shown that LSMO327 exhib
three critical temperatures signaled by dramatic change
the dielectric function. First, atT8'280 K, a loss of spectra
weight over the entire investigated spectral range~0.5–5 eV!
is observed, and precedes the onset of the formation o
optically anisotropic state atT* between 200 and 310 K
depending on the doping level, signaling the onset of orb
and charge ordering. This onset temperature drops to 14
for certainx50.36 sample surfaces. Second, below the me
to insulator transition at around 125 K, we find a suppress
of the charge ordering and the development of a long-ra
metallic state. However, the anisotropy in the orbital ene
range'4.25 eV, that was clamped to the onset of cha
ordering, persists in the metallic state indicating remain
local orbital order. Thus, our results support the phase se
ration scenario in layered manganites.
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Merkt, M.V. Klein, and S.L. Cooper and financial suppo
through the DFG via Ru773/2-1.
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31M. Fäth, S. Freisem, A. A. Menovsky, Y. Tamioka, J. Aarts, and
A. Mydosh, Science285, 1540~1999!.

32V. Oganesyan, S. A. Kivelson, and E. Fradkin, Phys. Rev. B64,
195109~2001!.

33T. Timusk and B. Statt, Rep. Prog. Phys.62, 61 ~1999!.
34I. Panas, A. Snis, and F. Bawa, J. Low Temp. Phys.117, 419

~1999!.
7-6


