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We study by spectroscopic ellipsometry the optical in-plane anisotropies 4n,\3r , ,,Mn,0; with
0.32<x=0.40 above and below the metal to insulafistl) transition. Spectral-weight changes in the optical
conductivity occur at a cross-over temperatlife= 280 K for all dopings. Local ordering of orbital and charge
degrees of freedom sets in doping dependently at temperatures oft4% K310 K. Below the MI transi-
tion we observe for all dopings except 0.36 a vanishing of the charge ordering and an isotropic and metallic
state at low frequencies, whereas the local orbital ordering persistsx=F0136 we observe two different
characteristic developments of the ordering processes, one being compatible with the parabolic doping depen-
dence orT* 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 nunider78.20—e, 75.30-—m, 75.40-s

The microscopic phase separation occuring in strongly Here we report on a spectroscopic ellipsometry study of
correlated perovskites has been invoked to explain many péhe in-plane anisotropic dielectric function of LSMQO327
culiar phenomena, such as the pseudogap state in cuprateswith 0.32<x=<0.40 covering the midinfrared to deep ultra-
the proximity between metallic and charge-ordered states imiolet spectral range at temperatures between 25 and 475 K.
manganites-’ Moreover, the question of how lowered di- The temperature evolution of the dielectric function can be
mensionality, yielding a predominantly two-dimensional described in essentially three steps. First, we find a cross-
(2D) system, influences the interplay between local orderingpver temperature in the spectral weight development at dop-
phenomena and global ground-state properties, is of cruciahg independent value af’ =280 K. Second, we find in the
importance to understand the competition or coexistence beénsulating phase below a crossover temperailfreoetween
tween states with different magnetic and electronicl45- and 310-K optical anisotropies, that are doping depen-
characteristic$3 dent, in the high- and low-energy regions, evidencing orbital

La,_»,Sh 1 2Mn,0; (LSMO327 is the naturally layered and charge ordering, respectively. The doping dependence of
n=2 member of the Ruddelsden-Popper seriesT* shows a parabolalike shape similarfg, . Third, below
(La,Sr),. ;Mn, 03, 1.2 Like its cubic perovskite= rela-  T),~125 K, we find a suppression of the charge ordering
tive, it can exhibit the colossal magnetoresistance effect, and a development of a long-range metallic state. Remark-
magnetic-field induced transition to a metallic state. Due taably, the short-range orbital anisotropy that was clamped to
the 2D nature of LSMO327, the 3D ferromagnetic orderingthe onset of charge ordering persists in the metallic state and
is weaker; therefore, the metal-to-insulator transition temdindicates remaining local orbital order. Our results support
peratureT,, is reduced to 106—131 K and the in-plane con-the phase separation scenario in layered mangahites.
ductivity differs by 2—4 orders of magnitude compared to the We have performed our experiments with the extended
out-of-plane conductivity:1° Within the paramagnetic range, Sentech SE850 that covers a spectral range from 0.48 to 5.6
evidence for a residual reduced ferromagnetism has beezV by using a Fourier-transform spectrometer below 1.5 eV
measured! Moreover, striped features have been predictecand a grating spectrometer above 1.4 eV. The basic experi-
fromlzan orbital-degenerate double exchange model abovmental configuration is shown in Fig. 1. The LSMO327
TM| .

The anisotropies of the optical properties of a material can |,
provide information on ordering phenomena on different
length scale$®~1®As different spectral regions can be attrib- @
uted to distinct optical processes a determination of the22°"""2-6“'5\O
source of the related ordering process is possibtSpec- =
troscopic ellipsometry measures relative amplitude and
phase changes of light reflected from a sample and, thus
does not require the mandatory Kramers-Kronig analyses o
reflectometry studies. This technique allows very accurate
measurements of the complex dielectric function and its

anisotropies®>'As has been shown recently in pseudocubic  FiG. 1. Experimental setup. Ellipsometry measures in reflection
manganites, detailed information on the temperature evolune polarization ellipse from incident linearly or circularly polarized
tion of the optical anisotropies of charge and orbital orderingight. The sample is turned by 90° around thexis, yielding the
are valuable to understand the cooperative coupling betweeRa” and “cb” spectra, respectively, in order to obtain anisotropy
the different degrees of freedofir.*® information.
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single crystals with 0.32x=<0.40 used for this study were
synthesized as described elsewHefithey have been well
characterized in the literature and showTlg, developing
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"charge carrier"

"freg"

"bound"

from 106 K atx=0.32 to 131 K forx=0.36 and 115 K for il
x=0.40891122-26The samples were cleaved out of the as-  1p00|-
grown crystal boules yielding monocrystalline mirrorliaé®

plane surfaces without polishing. The crystats0.36-ii and 500
0.38 have been cleaved directly prior to measurement in or- 0
der to rule out the influence of surface degradation and con: (b)
tamination. The samples were mounted on pieces of sand 1500/
blasted silicon and placed in an ultra-high vacuum cryostat.  1gggl
The windows show no measurable depolarization effects due

to their stress-free mounting. Typical base pressures at roor 500
temperature were 810 & mbar. The differentially pumped 0
revolvable cryostat holds a reference sample simultaneousl __ 1500 (c)

with a crystal in order to check for freezeout or other arti-
facts. The reference sample is a 400 nm Si@yer on bulk ~ _© 1000
Si. The measured amplitude and phase changes were col G

verted into the dielectric functiom = €, + i €, by using o 900F
the model for an isotropic semi-infinite materfdiThis as- 0
sumption is well justified as the observed optical anisotropies @
in the energy range from 0.48 to 5.6 eV are generally weak 1389
compared to the overall signal. 1000
Figure 2 shows the optical conductivity= ege,w for
LSMO327 with 0.3%x=<0.40 at four temperatures. All S
samples show basically the same trends with temperatur 0
and only a small variation with doping. For clarity we have - ©
split the spectral range into three regions of interest. We call
the spectral range between 0.5 and 0.8 eV the “free charge 1000}
carrier” region, because it is mostly sensitive to the existence
or absence of a Drude reponsewt0. The energy range 00
between 0.8 and 2.2 eV is denoted the “bound charge car: 0
rier” region, as it reflects mainly the existence of trapped 0

charges and is sensitive to charge ordefihginally, we la-
bel the energy region larger than 3.5 eV as the “orbital”
region. It is dominated by optical transitions between the O- FIG. 2. Optical conductivity of LSMO327 with different doping
2p and Mneg levels and, thus, should be very sensitive tolevels at different temperatures as indicated. The spectral ranges,
specific orbital configurations and orderif‘?gl.s'lg Figure 2 named “free” and “bound charge carriers” as well as “orbital” are
shows a constant increase of spectral weight in the “fregnarked.
charge carrier” region with decreasing temperature that be-
comes strongly promoted when the sample enters the metdh the “bound charge carrier” region in Fig.(8). It shows a
lic state. The small enhancement of the spectral weight abov@ear increase of roughly 10% with decreasing temperature
Tw is clearly related to the shifting of the “bound charge from 475 to 300 K, and saturates in a temperature range
carrier” peak towards lower energies. This peak vanishes aketween 280 and 130 K. In the metallic state below 130 K
the charges are released in the metallic state and form thee “bound charge carrier” region dramatically loses spectral
Drude response. The orbital spectral region shows no tenweight and saturates at roughly 50% of its maximum value.
perature dependence when cooling from 425 K down to 30Figure 3c) displays the temperature evolution of the spectral
K, but below 300 K develops a clear decrease of spectralveight in the “orbital” region. It is constant down to roughly
weight. 280 K, where a first drop occurs. This loss continues deep
Figures 3a)—3(c) show the integrated spectral weight of into the metallic state. Figure(8@—-3(c) establish the exis-
the three spectral regions indicated in Fig. 2. The data havience of two characteristic temperatures, one of which is
been normalized to correct for the slight overall offset due toclearly connected to the MI transition at130 K and the
different doping. In Fig. &) we show the integral over the other to an additional effect developing around 280 K. We
complete measured spectral range. Overall, the temperatulabel this second crossover temperatlife The integrated
dependence shows striking similarities among the differenspectral weight in Fig. @) shows that, especially below
samples. Indeed, we find for all samples in the “free chargeTy, , spectral weight is lost to the Drude peak, which is to a
carrier” region in Fig. 3a) a continuous increase of the spec- large extent located outside our frequency range. There
tral weight that develops a distinct anomaly at the metalseems to be an additional shift of spectral weight at 280 K,
insulator(MI) transition. Even more drastic are the changed.e., T’, to an energy region that is not directly accessed by
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Temperature (K) FIG. 4. Evolution of the optical anisotropy in the complex di-
electric function §=0.34). €; and e, are denoted by solid and

FIG. 3. Normalized integrated optical conductivity changes fordashed lines, whereas the two 90° rotated dielectric functions de-
four different spectral ranges corresponding to the “fréa’ and  noted as “ca” and “cb” are represented by black and gray lines,
“bound charge carrier'(b) as well as “orbital”(c) spectral ranges. respectively. The insets display; on an expanded scale. The
In (d) we show the integrated spectral weight over the total meadashed vertical lines show the points choosen for evaluatidrfof
sured spectral range.

and “cb.” We point out that optical anisotropies measured

our measured range. On the other hand, the constant value tbifis way evidence orderings even in the case of multidomain
the integral over the total energy range abd@veshows that structures, since a prerequisite for optical anisotropy on an
the gain of spectral weight in the low-energy ran§Emys.  averaged scale is that the individual domains are anisotropic.
3(a) and 3b)] in this temperature region is balanced by aHowever, if a multidomain structure occurs, the magnitude
redistribution towards higher energies within the measureaf the observed optical anisotropy of the average structure
spectral range. The observéd~ 280 K coincidences with a will be lower than for a single domain sample.
reported step in the in-plane magnetization for ¥0.40 Figure 4a) shows the completely isotropic high-
sample?® temperature dielectric function. Even the enlarged plot;of

To obtain additional information about the observedin the spectral range around 3.5 eV shows no signs of optical
anomalies we have investigated the development of opticanisotropy. This situation changes at 279d€e Fig. 4b)].
anisotropies. They can occur if local properties have on thélere we clearly see the simultaneous appearance of optical
typical length scale of the light a preferred orientation. Theanisotropies ine; and e€,, both, in the “bound charge car-
emergence of a preferred orientation is ordering. Thus, sucher” region around 1 eV and in the “orbital” region around
anisotropies can indicate the existence of orbital or chargd eV. These anisotropies are further enhanced at lower tem-
ordering. For this purpose we measured the dielectric funcperatures. It should be noted that both the increased volume
tion in two in-plane configurations that are 90° rotated tofraction of the ordered phase and increased correlation
each other around the axis (see Fig. 1 The planes of lengths can result in increased anisotropy. Moreover, from
incidence of these two measurements are denoted as “cdhe simultaneous appearance of anisotropy at 0.5 and at 4.25
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eV we conclude that the growth of ordered domains in Ta T Ty T
LSMO327 is significantly faster than, e.g., in T T T T T T T T

Big ¢Ca ,MNnO3, where the optical anisotropy develops over (a) |'5 = 1I.05eV (b) E = 4|.25eV
I
I
I
I

a wider temperature range from short to long wavelentjths. .

At 125 K, slightly above the MI transition, the data strongly ~ 92F I/
resemble those of charge and orbital ordered :
Big.sCa MNnO;, displaying large anisotropies around 1 and i
3.5 eV ine;.1 Based on this analogy, we associdte with 0.0°%
I 1

1

A

1

1

1

1

1

1

the onset of charge and orbital order in LSMO327. However,
close to the plasma frequency in the 50-K data in Figl),4
representing the “Drude” contributiorg,; displays an isotro-
pic behavior, whereas the the same pair of spectra show
large anisotropies around 3.5 eV. In the following we focus
on €,, as it gives a direct measure of the optical anisotropies
related to charge and orbital degrees of freedd®. and e, S _ ook A Ma aia &
are Kramers-Kronig related, implying that spectral features < :
will not appear at exactly the same frequency in both quan-
tities. As an example, at 1 e¥, is dominated by the plasma
response and represents the metalli¢itg., free charges
wherease, represents an overlap between the Drude tail and
contributions coming from inter-band processes. When mea o,
suring at finite frequencies, the best way of obtaining infor- 00 % | we o0 o |
mation about the free carriers is to analyzerather thare,. 5 5
We evaluate\ “1=|e; ., — 61,cb|/‘/621,ca+ 621,cb shown in Figs. :
5(a) and 8b) for the charge and orbital channels at 1.05 and ool :
4.25 eV, respectively. This parameter accurately reflects ' '
charge and orbital ordering even in a multidomain :
crystalt®*4 AN J
In Fig. 5@&) we show the evolution of optical anisotropy in 0.0 4><><>?: %96 ©,° L o Ol|°<><><|><> 0,0 <
the charge channel between the MI transition temperature 100 200 300 400 100 200 300 400
T!V” and the anisotropy onset temperatlitefor gll dopi_ngs. Temperature (K)
Figure 8b) shows the development of an optical anisotropy
in the orbital channelT* derived from the orbital channel FIG. 5. Evolution of the order parametdr: representing the
equalsT* derived from the charge channel for all samplesoptical anisotropies in the charge at 1.05 @ and in the orbital
with the exception of thx=0.40 sample, whose onset of channels at 4.25 e\h). T* for different dopings as indicated. The
anisotropy is significant only in the charge channel. Remark100-K anomaly in(b) for x=0.40 is the result of a sign reversal in
ably, the anisotropy clearly persists beldvy, only in the  €1ca €100
orbital channel whereas it vanishes in the charge channel,
i.e., close to the plasma frequency, when entering the metaBig ¢Ca ,MnO; in the charge-ordered statéThe most plau-
lic state.T* is 200 K for thex=0.32 sample, develops to sible explanation for these observations would be a phase-
290 K for x=0.34 and 0.38, where it is also closeT6 as separation scenario, where local degrees of freedom related
clarified in Fig. 3, and to 200 K fox=0.40. to short-range charge and orbital ordering and global proper-
Our results show that even though the orbital anisotropyies such as the development of a Fermi liquid become sepa-
appears at the same temperature as the charge anisotropytated atTy, 2931 This could be also viewed as a transition
seems to be unaffected by the MI transition. This suggestbom a charge-ordered smectic structure melting into a me-
that locally orbital ordered clusters develop and persist relatallic nematic phase beloWy, .32 In the latter the anisotropy
tively unchanged in the metallic state. This idea is not inwould be controlled by the parametgiy. Hence, the anisot-
disagreement with the observed long-range metallicity, beropy vanishes in the long wavelength limit but remains finite
cause the low-frequency part of the data will most likely beon a local scalé?
affected by the global properties of the saml@bove Ty, Since Fig. 5 depicts &* value rising fromx=0.32
quasistatic Jahn-Teller distortions are reported from neutrothrough x=0.34 and fromx=0.40 throughx=0.38, the
and x-ray scattering studié$2° This connects very well to highestT* value should be expected closexe0.36 at a
our observation of charge and orbital ordering betw&gn  temperature above 290 K, connecting to the maxiniym
and T*. But our results demonstrate, that the vanishing ofvalue at this specific doping. However, the investigaxed
those Jahn-Teller distortions beloVy, does not imply the =0.36 samples showed a peculiar behavior that deserves fur-
vanishing of the orbital order. However, it does contrast withther discussion. In Fig. 6 we compage of two differentx
the observation af* that orbital and charge orderings seem =0.36 sample surfaces taken from the same sample. The
to be clamped to each other, has also been observed feurface 0.36-i is the original surface cleaved out of the as-

x=0.34 |

0.2

I |
I I
1 < I x=0.40 |
I I
I I

1
1
IR T [

<
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FIG. 6. Comparison of the “ca” and “cb” dielectric functions . . : '
€, of two differentx=0.36 surface$0.36-i and 0.36-ji of the same 0.32 0.36 . 0.40 0.44
sample. Doping (x)

grown crystal boule and the 0.36-ii surface has been cleaved FIG. .8 : The onset temperature of optical anisotrdpy opfical
. . ._conductivity spectral weight cross-over temperatiire and the
off the same sample just prior to the mesurements. In Fig, a1 to insulator temperatu,, vs doping.
6(b) the original 0.36-i surface shows an anisotropy already
at 310 K. It evolves down to the MI transition and vanishesplasma frequencywy. But in contrast to all samples dis-
below the MI transition in the energy range around thecussed before, a strong anisotropyeinopens up below 0.8
eV forming a second crossing af, and the zero line at
roughly 0.5 eV in only one measured directiee Fig. 6.
This indicates the existence of an additional bound state in
the mid to far infrared range weakening free charge motion
in one but not the other direction. In contrast, in Figo)ghe

Tur T o.36-ii i T 0.36-
- T T

(a)

T
Energy: 0.525eV

I

I

\ B 0.36i cleaved surface shows no anisotropyinat 300 K. At tem-
0.8/m® : vV 0.36-i peratures below the Ml transition, the charge channel anisot-
I O D6 ropy vanishes and the orbital channel anisotropy persists as
1 seen in Fig. €&). This behavior is similar to the the data
0.41- : ! T shown in Fig. 5.
- $o: . "n g : . Ifn addi]Eiondt_(f)fthese two slurfr;\]ces, we mezfisur:\ld the|0.36-(ijii
o8& Vg@? o) . o surface of a different sample that was not freshly recleaved.
00 ﬁ._ 2 ! This original surface exhibits a behavior that is similar to the
1.2 freshly cleaved 0.36-ii surface. Thus the effect measured on
the 0.36-i surface does not result from surface degradation.

For a better understanding, we compare in Fig. 7 the tem-

perature dependent anisotropy of the thxee0.36 sample
surfaces. In order to cover the low-energy anisotrayy
y observed at the 0.36-i surface, we also evaluated the anisot-
ropy at 0.525 eV, as shown in Fig(af. Besides from the

1
1
1
1
1
1
1
1
1
| ] n
8 8 .8 g 0.36-i surface, all othex=0.36 surfaces show no significant
1
]
1
1
1
1
]
1
]
]
1

101

(b) ,  Energy: 1.05eV

0.8

A"
<
F “
| |

0.4

! anisotropy in this low energy range. This means, that the
Energy: 4.25V 0.36-i surface is the only one that develops nanometer scale
. domains embedded in an unordered matrix, that connect to
structures comparable to the wavelength of the incoming
_ light, i.e., ~1.5u, providing the prerequesite to see a pre-
ferred orientation in the area probed by the spot, ke.,

_ millimeters. Figure ®) shows the anisotropy at 1.05 eV. At

|
0.3F gy

: .
I u
0.0/ lﬂ%% P903¥3

0.2 .I
1

0.1 00%Bos | | ® ! _
% ! "L this energy all surfaces show isotropy well below the Ml
0ok i ,%@ 083828 8 8 8§ transition in consistence with the other investigated dopings
100 200 300 400 (Fig. 5. Above the Ml transition up to 310 K only the 0.36-i
surface has a significant anisotropy indicating charge order-
ing, whereas the 0.36-ii and 0.36-iii surfaces stay isotropic.
FIG. 7. Comparison of the optical anisotropy parameter of dif-In Fig. 7(c) the orbital anisotropy is present below the MI
ferent x=0.36 sample surfaces at different energies: 0.36-i andransition as it is for all other samples indicating orbital or-
0.36-ii belong to the same samples, and 0.36-iii to a differentdering below the MI transition. It decreases with increasing

sample. temperature until it vanishes & z4.; ;; of 145 K for the

Temperature (K)
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0.36-ii and 0.36-iii surfaces close to the Ml transition and atresponsible for an unconventional state preceding a Ml tran-
T5.36.0f 310 K for the 0.36-i surface. Hence, for one and thesition at lower temperatures.
same doping, we find two differefit* values. Overall, the In conclusion, we have shown that LSMO327 exhibits
0.36-i surface behaves fundamentally different not only bethree critical temperatures signaled by dramatic changes in
cause of the higheT* value but also because the chargethe dielectric function. First, &’ ~280 K, a loss of spectral
ordering is reflected at a lower energy being developed in eight over the entire investigated spectral ra(@6—5 e\f
presumably metallic state below 132 K. Interestingly, in thejs observed, and precedes the onset of the formation of an
“orbital” range [see Fig. )] all three investigated surfaces gptically anisotropic state at* between 200 and 310 K
show a similar sudden increase of anisotropy below the Myepending on the doping level, signaling the onset of orbital
transition. _ , and charge ordering. This onset temperature drops to 145 K
Figure 8 highlights the doping dependencel®f T', and ¢, certainx=0.36 sample surfaces. Second, below the metal
Tw - T* exhibits a curved shape that is qualitatively similar, josyjator transition at around 125 K, we find a suppression
to Ty, . The maximumT* Vall."e beln_g_ a1x=Q.36_ CONNECLS ¢ e charge ordering and the development of a long-range
well to the exposed role of this specific doping like the hlgh'metallic state. However, the anisotropy in the orbital energy
eStT’.\".' vgﬂue and_ _the lack of If\ttice anomalies at the M range~4.25 eV, that V\;as clamped to the onset of charge
;ra_nosglg rgurlfr;c?:sdltlgtg’ ttr:]iz ISWT .f.vatljue .f°“r.‘dt at thefother Prdering, persists in the metallic state indicating remaining
s P pecific doping INto our ToCus Ok, o orbital order. Thus, our results support the phase sepa-

interest. . o .
It has been debated that short-range ordering in form O;atlon scenario in layered manganites.

stripes might well be responsible for the pseudogap phase in We acknowledge many stimulating discussions with U.
the cuprate$®3* Results on layered manganites indicateMerkt, M.V. Klein, and S.L. Cooper and financial support
that short-range charge and orbital ordering can be madirough the DFG via Ru773/2-1.
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