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Spatially Inhomogeneous
Metal-Insulator Transition in
Doped Manganites

M. Fith,7 S. Freisem,” A. A. Menovsky,"? Y. Tomioka,?
J. Aarts,™ J. A. Mydosh’

Scanning tunneling spectroscopy was used to investigate single crystals and
thin films of La,_ Ca MnO, (with x of about 0.3), which exhibit colossal mag-
netoresistance. The different spectroscopic signatures of the insulating (para-
magnetic) and metallic (ferromagnetic) phases enable their spatial extent to be
imaged down to a lateral scale of the order of 10 nanometers. Above the bulk
transition temperature T, the images show mostly insulating behavior. Below
T_, a phase separation is observed where inhomogeneous structures of metallic
and more insulating areas coexist and are strongly field dependent in their size
and structure. Insulating areas are found to persist far below T_. These results
suggest that the transition and the associated magnetoresistance behavior
should be viewed as a percolation of metallic ferromagnetic domains.

The phenomenology of the colossal magne-
toresistance (CMR) effect in doped rare-earth
manganites of the type R,_ A MnO; (R is a
trivalent rare-earth ion and A is a divalent
dopant) is described by interdependent tran-
sitions that take place in overlapping temper-
ature ranges. For intermediate doping re-
gimes, a metal-insulator transition (MIT) can
occur, marked by a peak in the electrical
resistivity p at a temperature 7, from a high-
temperature insulating phase (dp/dT < 0) to a
low-temperature metallic phase (dp/dT > 0).
This phase change is accompanied by a tran-
sition from a paramagnetic to a ferromagnetic
phase, marked by the Curie temperature 7, at
which spontaneous magnetization appears
(see Fig. 1). Also in this temperature range,
the local structure undergoes modifications
involving rotations of the MnO, octahedra
and changes of the Mn-Mn bond lengths. An
example of this behavior is shown by the
compound La, ,Ca, ;MnO;, upon which our
report is focused.

Although the theoretical understanding of
the CMR phenomenon is still incomplete,
double exchange (DE) (/), electron-phonon
coupling (2), and orbital ordering effects (3)
are commonly adopted as the main ingredi-
ents. The DE mechanism links the electronic
to the magnetic transition and describes the
hopping of electrons in e, orbitals between
neighboring Mn3* and Mn** sites with
strong on-site Hund’s coupling by an O?~
ion. This charge transport is enhanced in the
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ground state of the system is subtle. Evi-
dence, accumulated from theory (4) and from
experiment (see below), shows that spatial
phase separation may occur between hole-
rich [ferromagnetic metallic (FM)] and hole-
poor (antiferromagnetic insulating) regions.
This tendency should be least for doping in
the middle of the FM regime (for example,
La, ,Ca, ;,MnO,). Still, indications of charge
inhomogeneities were reported at low tem-
peratures from muon spin resonance (J), X-
ray absorption (6), and optical experiments
(7), whereas at high temperatures, polaron-
like inhomogeneities were inferred from neu-
tron scattering experiments (8, 9) and x-ray
absorption (/0). In all cases, the characteristic
length of the localized charges, clusters, or
polarons is of the order of a few lattice spac-
ings, or 1 to 2 nm. All probes mentioned
above yield average information from a mac-
roscopic sample volume and allow only indi-
rect conclusions to be drawn on the micro-
scopic phase distribution. Here, we present
real-space images of the local electronic
properties of La,,Ca,,MnO, across the
MIT, using scanning tunneling spectroscopy
at temperatures between 4 and 300 K and in
high magnetic fields of up to 9 T.

Samples of La, - Ca MnO, were investi-
gated in single-crystalline bulk and thin-film
form, which were characterized by electrical
transport and magnetization measurements
(as in Fig. 1), in addition to x-ray diffraction,
electron probe microanalysis, and high-res-
olution electron microscopy (HREM). The
two single crystals have Ca concentrations
of x = 0.25 and x = 0.3. Epitaxial films of
La, ,,Ca,,,MnO; (/) with thicknesses
between 10 and 100 nm were sputtered
either directly on a SrTiO, substrate or on
an epitaxial YBa,Cu,0, template layer to
guarantee a low-resistive electrical contact
to the sample volume close to the tip. The
tunneling measurements were performed

ferromagnetic state when the local Mn d-shell
spins are parallel. In turn, the hopping elec-
trons promote ferromagnetic order because
they tend to preserve their spin direction. The
random spin disorder in the crossover regime
around T, can be removed at least partially by
applying a magnetic field. This shifts 7. and
T, to higher temperatures and causes CMR
(negative) (Fig. 1). However, the DE mech-
anism alone is insufficient to correctly de-
scribe the high-temperature transport proper-
ties and to quantify the large resistance drop.
At such temperatures, the insulator-like be-
havior results from electron localization
caused by electron-lattice coupling, originat-
ing from local Jahn-Teller distortions at the
Mn** site. These distortions also lift the de-
generacy of the e, orbitals, bringing orbital
order (and disorder) into play.

Given these different interactions with
very similar energy scales, the question of the
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Fig. 1 (left). Temperature dependence of the Mn magnetic moment and electrical resistivity of a
La, ,Ca, ;MnOy single crystal. The dc magnetization was measured in external fields of 0.3 and 3
T; the resistivity curves correspond to zero field measurements (top curve) and fields of 1, 2, 5, and
9 T (bottom curve). g Bohr magneton. Fig. 2 (right). Typical spectra for tunneling into
(La,Ca)MnO, for the metallic (and semimetallic) (T < T.) and semiconducting states (T > T ),
represented by nearly linear (“met."”) and strongly curved (“ins.") I-V characteristics (bottom right)
and by high (“met.”) and low (“ins.") tunneling conductances, di/dV (top left), respectively. Curves
between the extremes indicate intermediate states in the gradual MIT.
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with a scanning tunneling microscope
(STM) with Pt yIr, | tips. For topographic
scanning, the STM was operated at a rela-
tively high bias voltage of typically 3 V in
order to ensure sufficient current from
bands above the semiconducting gap and to
prevent tip-sample contact at low tempera-
tures. Single crystals were cleaved imme-
diately before the measurements, and thin
films were measured instantly after deposi-
tion. In general, STM images show rather
flat and smooth sample surfaces with vari-
ations in height of <20 nm on a lateral
scale of several hundred nanometers. Local
tunneling spectra were obtained by record-
ing the tunneling current / as a function of
bias voltage V at a fixed tip-sample sepa-
ration of the order of 1 nm. We observed a
temperature- and field-dependent gradual
change of the tunneling characteristics that
is expressed in the tunneling current (Fig.
2, bottom right) and the differential tunnel-
ing conductance dI/dV (Fig. 2, top left).
Temperatures well above T, yield typical
semiconductor-like behavior, indicated by
strongly curved I-V characteristics and van-
ishing conductance near the Fermi level at
zero bias, which reflects the insulating en-
ergy gap. Well below T, the I-V character-
istics are almost linear and display substan-
tial zero-bias conductance, pointing to a
finite density-of-states at the Fermi energy,
as for a metal (or semimetal). To the best of
our knowledge, this direct tunneling evi-

dence for the MIT in the (La,Ca)MnO; °

system, which is in agreement with photo-
emission spectroscopy (/2), has not been
reported before. Previously, the MIT was
linked to the appearance of distinct conduc-
tance peaks, despite a contraﬁictory larger
gap, in the bulk ferromagnetic state (/3),
which is not confirmed by our data. Good
tunneling conditions during our measure-
ments were verified by exponential tip-
sample dependence of the current, topo-
graphic scanning without noticeable tip-sample
contact, and independence of the normalized
I-V spectra on the tunneling resistance. For
clarity, we plotted only the positive bias part of
the symmetrical spectra in Fig. 2.

Although the macroscopic MIT close to
T, is obvious in electrical resistivity, the
situation is much different on a microscop-
ic scale; that is, a metallic tunneling char-
acteristic is not found at every location on
the sample. In order to investigate this, we
recorded scanning tunneling spectroscopic
(STS) images simultaneously with topo-
graphic images by using a lock-in technique
with a small (3%) modulation of the bias
voltage, yielding the local differential con-
ductance at a fixed bias of 3 V (dl/dVl, ).
The series of spectroscopic images from a
thin-film sample (Fig. 3) is taken below but
near T, in magnetic fields between 0 and 9
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T. Light colors correspond to high values of
dI/dv], ,, and, thus, to semiconducting tun-
neling behavior (see Fig. 2), whereas dark
colors represent metallic characteristics.
There are spatial variations of the local
electronic properties on a submicrometer
scale, demonstrating a coexistence of me-
tallic and insulating, as well as intermedi-
ate, cloudlike regions. These “clouds™ have
typical sizes of tens of nanometers but can
also form clusters of several hundred nano-

meters. The interpenetration of different.

phases appears self-similar down to an im-
age size of the order of 20 nm. Such length
scales are not compatible with a picture of
homogeneously distributed small polarons,
which are two orders of magnitude smaller,
but it suggests localization effects due to
spatial fluctuations of Coulomb and spin-
dependent potentials as discussed, for ex-
ample, by Coey et al. (14). Random poten-
tial fluctuations are conceivable even in
single crystalline material due to, for exam-
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ple, site disorder of the Ca dopants or
vacancies. By applying a magnetic field
(Fig. 3), a considerable fraction of semi-
conducting (light) regions can be converted
into metallic (dark) regions, resulting in
metallic percolation paths throughout the
sample. Similar to the bulk magnetization,
this evolves fastest for modest fields (=1
T) but continues up to 9 T and is largely
reversible. Despite the fact that, with in-
creasing magnetization, the system be-
comes increasingly metallic, some regions
cannot be changed (even by fields as high
as 9 T). Data very similar to those of Fig. 3
were obtained from a high-quality single
crystal. The images show almost exclusive-
ly semiconducting behavior at temperatures
far above the transition. On lowering the tem-
perature, the system becomes more metallic on
average as expected. However, there are always
regions that remain insulating down to low
temperatures far into the bulk FM state. The
appearance of metallic and insulating regions is

Fig. 3. Generic spectro-
scopic images (0.61 um by
061 pm; scale bar, 100
nm) of the local electronic
structure of (La,Ca)MnO,
taken just below 7_in mag-
netic fields of 0,03, 1, 3, 5,
and 9 T (from left to right
and top to bottom). Parts
of the surface are insulat-
ing (light colors), whereas
others are metallic (dark
colors) or in an intermedi-
ate state. The color repre-
sents the slope of the local
1-V spectrum at a bias of 3
V (see text and Fig. 2). The
data were taken on a thin-
film sample.
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generally not related to the surface topography.
Figure 4 shows a comparison of the tempera-
ture dependence of the CMR ratio [R(0 T)— R(9
T)JR(S T), where R is the sample resistance,
with the relative change in image brightness as
determined from STS images similar to Fig. 3
in 0 and 9 T. There is excellent agreement
between the temperature-dependent field sensi-
tivity of our STS data and the magnetoresistive
properties. This makes us confident that the
tunneling measurements at the sample surface
are representative for the bulk behavior and that
the spectroscopic images can be regarded as
two-dimensional cross sections of the three-
dimensional sample volume.

The observations of the MIT and its spa-
tial variations in the tunneling spectra are
qualitatively the same for the various types of
samples investigated. The cloudlike patterns
signify static electronic inhomogeneities,
which imply the existence of regions with
different Mn oxidation states, meaning hole
concentration. However, the phase separation
is not as clear as in the case of
La, sCa, sMnO,, where microdomains of a
charge-ordered phase can be observed (/5).
Here, the phases do not appear to be fully
metallic nor fully insulating, which might be
a precursor to full separation. The origin of
the observed phase separation is not yet clear,
especially because at our doping concentra-
tion a homogeneous low-temperature state
might be expected, with a dynamic rather
than a static tendency for separation (4). It
seems likely that structural disorder destroys
the fragile balance in the system, which
would help to explain the large length scales.
Variations in the oxygen content are one
possibility. Twinning is another; in both crys-
tals, strong twinning on length scales of
<100 nm was clearly observed by HREM
(16). Such subtle disorder effects are un-
avoidable, even in state-of-the-art material;
they should be taken -into account in the
interpretation of all current experiments and,
in that sense, are an intrinsic part of the
physics of the manganites. In this specific
framework, our STS results force us to view
the CMR as a magnetization-dependent phase
separation that percolates, thereby generating
a MIT.
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Stable Five- and
Six-Coordinated Silicate Anions
in Aqueous Solution

Stephen D. Kinrade,'* Jeffrey W. Del Nin," Andrew S. Schach,’
Todd A. Sloan,” Krista L. Wilson,” Christopher T. G. Knight?

Addition of aliphatic polyols to aqueous silicate solutions is shown to yield high
concentrations of stable polyolate complexes containing five- or six-coordi-
nated silicon. Coordinating polyols require at least four hydroxy groups, two of
which must be in threo configuration, and coordinate to silicon via hydroxy
oxygens at chain positions on either side of the threo pair. The remarkable ease
by which these simple sugar-like molecules react to form hypervalent silicon
complexes in aqueous solution supports a long-standing supposition that such
species play a significant role in the biological uptake and transport of silicon

and in mineral diagenesis.

The chemistry of silicon in the natural world
is dominated by its affinity for oxygen, to
which it is almost always tetrahedrally coor-
dinated. Reports of naturally occurring pen-
taoxo- and hexaoxosilicon centers are very
rare. In silicate minerals, five-coordinate cen-
ters are completely unknown, whereas six-
coordinated silicon only occurs in high-pres-
sure phases such as stishovite (/). In synthet-
ic crystalline materials (including zeolite mo-
lecular sieves), only tetrahedral Si sites have
been reported in cases where all coordinating
atoms are oxygen. Silicate glasses are unique,
however, in that they can contain silicon co-
ordinated to four, five, or six oxygens, even
when formed at atmospheric pressure, al-
though the four-coordinate center remains by
far the most common (2). A number of syn-
thetic organosilicate complexes have been
reported to contain hypervalent silicon (3-9).
For example, mono- and dimeric pentacoor-
dinate silicon glycolates form on dissolution
of silica in ethylene glycol with an alkali-
metal base (3, 4), and are implicated as in-
termediates in the nonaqueous synthesis of
zeolites (6). The corresponding hexaalkoxy-

silicate species result when a group II metal |

oxide is used in place of the alkali-metal base
(5). In aqueous solution, pentaoxosilicon is
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unknown and the hexaoxo-center is docu-
mented only for complexes in which silicon
is chelated by catechol (yielding tris[1,2-ben-
zenediolato]silicate) (/0), 2-hydroxypyridine
N-oxide (/1), tropolone (12), or closely relat-
ed analogs.

In an attempt to understand, on a molec-
ular level, the formation of zeolites and mi-
croporous materials, we have studied the ef-
fects of alcohols and simple organic cations
on the structure of aqueous silicate anions
using 2°Si nuclear magnetic resonance
(NMR) spectroscopy (/3). We have observed
in the course of this work that the addition of
alkyl 1,2-diols to aqueous silicate solutions
produces low concentrations of silicon-dio-
late complexes giving 2°Si NMR signals
around —102 parts per million (ppm). These
peaks closely correspond to those that Blo-
howiak et al. (4) and Herreros et al. (6)
assign to five-coordinated silicon tris-glyco-
late complexes in H,O-free ethylene glycol.
However, the low concentrations of the com-
plexes in aqueous solution prevent further
structural refinement.

We report here that certain aliphatic poly-
hydroxy alcohols readily yield solutions con-
taining high concentrations of stable hyper-
valent silicate anions. The silicon in these
polyolate complexes can be in either five- or
sixfold coordination by oxygen. The com-
plexes are so stable that under favorable con-
ditions they dominate the equilibrium, some-
times to the exclusion of the usual four-
coordinate silicate species. In 11.7-T, 2°Si
NMR spectra of a sodium silicate solution
containing xylitol, three main peaks are noted
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