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Atomic-scale images of charge ordering in a mixed-
valence manganite.
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Transition-metal perovskite oxides exhibit a wide range of extraordinary but
imperfectly understood phenomena. Charge, spin, orbital, and lattice degr ees of
freedom all undergo a der-disorder transitionsin regimesnot far from wherethe
best-known of these phenomena, namely high-temperature superconductivity of the
copper oxides', and the ‘ colossal’ magnetor esistance of the manganese oxides*?, occur.
Mostly diffraction tedhniques, sensitive ather to the spin or theionic core, have been
used to measure the order. Unfortunately, because they are only weakly sensitiveto
valence dectrons and yield superposition of signals from distinct mesoscopic phases,
they cannot directly image mesoscopic phase coexistence and charge ordering, two key
features of the manganites. Her e we describe thefirst experiment to image darge
ordering and phase separation in real spacewith atomic-scale resolution in a
transition metal oxide. Our scanning tunneling microscopy (STM) data show that
charge order iscorrelated with structural order, aswell aswith whether the material
islocally metalli c or insulating, thus giving an atomic-scale basis for descriptions® of
the manganites as mixtures of eledronically and structurally distinct phases.

The material chosen for our experiments is Biy.xCaxMnOz; (BCMO). For trivalent
Bi and dvalent Ca, the Mn ions arein amixed valence state Mn***. At high temperature,
Mn** and Mn™ randamly occupy the manganese sites. Uponreducing the temperature,
these cdions are believed to arder, yielding an increased lattice periodicity visible to X-ray
and reutron dffradior’. For our nominally x=0.76samples, grown from a BiO flux, this
ocaurs at Tco=250K, as established using SQUID magnetometry. We performed the STM
experimentsin utrahigh vacuum at a base presaure of 5 10° Torr. Previously pubished
STM investigations of manganites primarily focused onspedroscopy of the density of
states averaged over many atoms®’, and demonstrated phese separationinto metallic and
insulating regions on submicron®, but not atomic length scales. In contrast, STM with
atomic resolution hes alrealy been achieved for cuprates and revealed inhomogeneities in
the superconducting order on atomic length scdes’°.

BCMO single aystals do nat cleave naturaly, and preparing flat and atomicdly
clean surfaces suitable for STM isamajor challenge. It turned ou that cleaning the a-
grown samplesin ethanol with a mtton stick shortly before loading into the vacuum
chamber, allowed us to obtain reproducible topographic images with atomic resolution. The
STM tips were made of etched tungsten wires. Typicd tunreling parameters during
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imaging were 0.2rA and 0. for the set current and sample bias respectively. The
piezoel ectric scan aduators were cdi brated to an acairacy of 4% by imaging layered
graphite aystals at diff erent temperatures.

As one might exped based onthe rather crude surfacepreparation, STM fail ed to
yield atomic resolution over large portions of the surface. We mainly saw a broad range of
diff erent nanometer scde textures. However, we repeaedly foundclean terraces afew
100rm? wide where gomic resolution was routinely achieved. The room temperature image
in Fig. 1A clearly shows the square lattice expeded for the (010) face of BCMO (simple
cubic notation). The wrrespondng lattice @nstant 8,=3.8+0.6A isin good agreement with
the value of 3.77A determined by X-ray diffraction™*2. At room temperature, we
sometimes also olserve a‘vV2apxv2ay' lattice with the unit cell douded along [101],
coexisting with the ordinary square lattice (Fig. 2A). The ait, shown in Fig. 2B, along one
crystallographic axisin Fig. 2A suggests a homogeneous charge distribution among the
atomic sitesin the aubic (disordered) region, whereas charges appear redistributed among
aternating atomic sites in the ordered region, generating the doutded unit cell. The most
natural interpretationisthat thereislocd charge ordering, namely the dternation o Mn®*
and Mn™ ions, as pasited in the simplest descriptions of mixed valence manganites.
Conductance spectra aquired in al areas where the doulded unt cdl is gable
systematically show more insulating characteristics than those measured in cubic regions
(Fig. 2C). This validates the sssociation d charge ordering with a metal-insulator transition
—the cariers are locali zed and the materia is insulating when charges are distributed in a
set spatial pattern rather than fluctuating with time & ead site. The metalli ¢ state isnot an
espedally good metal, with a semi-metalli ¢ spedrum superposed onasmall ohmic term
(inset to Fig. 2C). The energy at which the deviations from ohmic behavior beame
apparent isaround 0.1eV, which is also where astrong non-Drude contribution beginsto
dominate the opticad conductivity for simil ar samples at room temperature'®. The gap for
the insulating spedrum coll eded for the regions at room temperature where the douded
unit cdl occurs, is~0.7€V. Thisisvery similar to the gap ore can deducefrom the opticd
conductivity measured at 150K, when the bulk of the aystal is charge-ordered™®. At a
qualitative level, the spectra of Fig. 2C look strikingly simil ar to thase measured by Féth et
al.® ontheisostructural compound(La,Ca)MnOs;. Whil e their lower hole doped samples
ladk a charge-ordering phase transition, their finding of spectroscopic inhomogeneities nea
the metal-insulator transitionis very consistent with ou results. Fig. 2isremarkable
becaise it shows the first datato connect the diff erent tunreling spedrato dstinct phases at
the @omic scde.

When the sample is cooled below Tco, the vV2apxV2a, | attice beames the dominant
structure (Fig. 3). The arrent-voltage spedra of these regions always gow insulating
characteristics grikingly similar to thase measured in the ordered regions above T, as
illustrated in Fig 4. Fig. 3A displays alarge region of uninterrupted v2agxv2ay order of
predsely the type seen at the upper right of Fig. 2A. Thereisa dear moduation of the
height as well as the pasitions of the @oms away from the vertices of a square lattice A
more thorough analysis of Fig. 3A reveds afiner structure, characterized by aternating
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long and short interatomic distances (ID) along the main crystall ographic axes (Fig. 3B).
The short ID form regular zigzag chains acrossthe entire scanned area(yellow linesin
Figs. 3A and D), thus bre&king the aystal symmetry. The distortion amplitude, which is
the diff erence between long and short ID, can be inferred directly from histograms of all 1D
measured along the aubic unit cdl vedors (Fig. 3C). This distortion, generally in excessof
0.5, istoo large to ascribe to the Mn atoms alone. On the other hand, the bright spotsin
STM images such as Fig. 3A, match the gical oxygens stting over the manganese sites on
the (010) surface acording to X-ray experiments™ (Fig. 3D). The X-ray data™* show that
the MnOg octahedra aetilted by an angle 6 of about 10°, hence shifting the apicd oxygen
by adistance d;=0.34A away from the vertices of the square lattice, where d;=auosin(8),
and ayo=1.94A isthe Mn-O bondlength. The tilti ng is nat uniform, rather the octahedra
form a zigzag pattern where neighbauring oxygens are ather separated or brought closer by
roughly 2dy. For alattice constant of 3.77A, these shifts doud yield alatticewith
aternating interatomic distances of 3.1A and 4.4}, in excdlent agreement with o STM
images (Fig.3C). Interestingly, the room temperature images bear asimil ar distribution o
short andlong ID. However, in contrast to the low temperature images, the short ID are
more randamly distributed (Fig. 1B). Static disorder in the oxygen tilts***° therefore
appeasto be anrealed on codling through T¢o, Yielding aregular zigzag pattern. Although
the predse temperature where this happens at the surface has not been identified in the
present experiments, these resultsill ustrate on alocd scde the ideathat ordered lattice
distortions, espedaally tilts of the MnOg octahedra, are important for stabili zing the charge-
ordered state in manganites'®.

Fig. 3A contains not only information about the geometry of the aystal face
exposed, but also abou the *heights' of its features. It is natural to ask whether the goparent
‘height’ moduationis derived simply from amoduation o atomic coordinates (possble
surface reconstruction), or whether it indicates amoduation d the dedronic
wavefunctions centered at the @om cores. The last paragraph’s analysis of the in-plane
displacements shows that the STM contrast consistently reflects the tilti ng of the MnOg
octahedra. The goex oxygensill ustrated as the larger blue spheresin Fig. 3D, move a
certain dstance perpendicular to the (010) plane when the octahedra distort and tilt dueto
the Jahn-Teller (JT) effect induced by a central Mn®*. Since al octahedraaretilted by
approximately the same angle (6=10°), the gpex oxygens are dl displaced by roughly the
same distance do=ayo(1-cos(0)). Thus, the tilti ng of the octahedra caana accourt for the
observed corrugation. On the other hand, the JT distortion o the order 0.05-0.1A%7
happens exclusively for octahedra centered at Mn®". Taking this together with the fad that
the octahedra are tilted, the JT distortion will then acourt for at most 0.1A of the height
moduation at the goicd oxygen sites. What we see insteal — as clealy demonstrated by the
histogram in Fig. 3E — are goparent height diff erences between neighbouing atomic sites
which are frequently larger than 0.1A. Thus, the measured corrugation reeds an additi onal
contribution, which is most likely due to dff erent wavefunctions resporsible for the
tunneling between the two neighbauring octahedra and the STM tip. The most natural
explanationisthat the Mnions at the canters of these octahedra have different charges and
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therefore different orbital occupancy, which aff ects the tunreli ng through the gicd
oxygens that cgp the planes exposed to ou STM experiments.

The charge-ordered STM images discussed so far consistently show aMn*®* to Mn**
ratio of 1:1, in apparent contradiction with diffraction data>? (which show a periodicity of
~4/ 23y rather than the vV2a; we seé for crystals prepared foll owing the same procedures
and with the same nomina doping. There ae many passble explanations for this
discrepancy. Thefirst isto apped to the surface sensitivity of STM, and assert that the
surfaces behave differently from the bulk. Indeed, such an argument has been made for
Sr,RuQ, the only other transition metal oxide withou copper for which atomic resolution
STM data have been reported®, The ayreement of our atomic coordinates with those
deduced from bulk X-ray crystal ography (Fig. 3D) spe&ks against a surface recnstruction
onthe scde of that seen for Sr,RuO,. Furthermore, the agreement of the tunneling gap
shown in Fig. 4 with the optica gap™® (another bulk probe) also speaks against a surface
effect. Thisleaves the possbili ty that even though the bulk charge ordering transition for
our crystalsis as sarp as any previously reported, the dfedive dopng may not be x=0.76
at al surfaces. Besides the surface which may aff ed the actual locd dopng, thereisthe
posshility of phase separation into (commensurate) charge-ordered phases uponcodling
through Teo™. It isworth nating that what distinguishes our experiments from previous
STM work onmanganites is that we have @omic resolution for asmall, rather than zero
fradion d the aystal surface eposed. Thisleaves the possbili ty that the remaining
fradion would exhibit structures consistent with bulk diffradion data for the nominal
composition o the sample. The fad that the measured opticd gap*® correspondsto a
smoath rise in condvctivity rather than ahard orset is consistent with coexistence even in
the bulk, of distinct ordered phases with different periodicities and dfferent gaps.

We have presented the first atomic-scd e images of any manganese oxide using
scanning tunneling microscopy. The images display many of the phenomenathat have been
paosited for the manganites, most notably charge ordering, of which STM is the most dired
probe because of its ensitivity to the outer valence eledrons — diffradion and transmisson
eledron microscopy, which have been the tods for theinitial exploration of the darge
ordering phenomena, are dl primarily sensitive to atomic core positions rather than the
outer eledrons. We have been able to associate the metalli ¢ and insulating current-voltage
characteristics with distinct atomic-scde structures.
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Figure 1 STM mapping of the paramagnetic phase of
Big.24Cag.76MnO3 at 299 Kelvin. A 3.4x3.1 nm? image
with well resolved square lattice (ap=3.8+0.6A). B The
intensity profile reveals a random distribution of short
and long interatomic distances (indicated by arrows)
along the main crystallographic axes.
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Figure 2 Topographic and spectroscopic atomic
scale signatures of phase separation into metallic
and insulating regions in the paramagnetic phase of
Bio.24Cag 76MNnO3 at 299 K. A 3.5x3.5 nm? STM image
of a grain boundary (yellow line) between an
insulating v2agxv2ag charge-ordered region (upper
right) and a more metallic homogeneous cubic region
(lower left). B Intensity profile extracted along the
orange line in A. Note the larger amplitude
modulation in the ordered region due to charge
ordering. C Charge-ordered regions with the
V2apxV2ay lattice (purple) yield insulating di/dV(V)
characteristics, while the disordered cubic regions
(green) are characterized by more metallic dI/dV(V)
characteristics (numerical derivatives normalized to
the metallic junction resistance R=V/l at 0.7V). The
low bias part of the corresponding (V) data are
shown in the inset. The spectra were taken at the
yellow crosses on the 3.7x2.9 nm? STM images
(white squares = cubic unit cell).
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Figure 3 Atomic scale STM
mapping of the charge ordered
phase of Bip24Cagp76MNn0O3 at 146
Kelvin. A 4.8x3.6 nm?image of
the V2apxv2ay lattice (white
square = cubic unit cell). B
Intensity profiles extracted along
the main crystallographic
directions in A. They show the
distortion of the atomic positions
away from the cubic vertices with
alternating short and long
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interatomic distances (arrows). C
Bimodal distribution into short
(3.04£0.2A) and long (4.5+0.3R)
interatomic distances along [100]
and [001]. D X-ray refined crystal
structure of the (010) plane of the
isostructural compound La;-
xCayMnO3 (x=%2) adapted from

e - Ref.11 superposed on a

mlesatamic amphiludé [prm) magnlfled area Of A (17X17 nmz)

For purposes of illustration, the

apical oxygens are sketched larger than the in-plane oxygen. E The amplitude
difference between neighbouring atomic sites peaks above 10pm, too large to be
solely due to structural distortions determined by X-ray diffraction.
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Figure 4 Identical lattice and electronic structures of
the insulating v2agxv2a, regions observed in the
paramagnetic room temperature phase and the
charge-ordered low temperature phase. The gap in
the differential tunneling conductance (numerical
derivatives normalized to the 299 Kelvin junction
resistance R=V/I at 0.8V) is essentially the same
(~0.7eV) at 299 Kelvin (purple) and at 146 Kelvin
(blue) . The STM constant current images (4.5x3.5
nm?) reveal the same lattice structures in regions
where the insulating spectra were measured (yellow
crosses). The white squares correspond to the cubic
unit cell. For the 8 (out of 34) W tips for which atomic

resolution was obtained, there was 100% correspondence between the different
structural phases and the conducting or insulating nature of the spectra.



