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Inhomogeneous electronic state near the insulator-to-metal transition in the correlated oxide VO,
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We investigate the percolative insulator-to-metal transition (IMT) in films of the correlated material vana-
dium dioxide (VO,). Scattering-type scanning near-field infrared microscopy and atomic force microscopy
were used to explore the relationship between the nucleation of metallic regions and the topography in
insulating VO,. We demonstrate that the IMT begins within 10 nm from grain boundaries and crevices by
using mean curvature and statistical analysis. We also observe coexistence of insulating and metallic domains
in a single crystalline grain that points to intrinsic inhomogeneity in VO, due to competing electronic phases

in the IMT regime.
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I. INTRODUCTION

Correlated oxides of transition metals commonly tend to
be heterogeneous on diverse length scales ranging from sub-
nanometers to microns.'~® Origins of inhomogeneity in these
materials is a subject of ongoing debate. In some materials
like high-T, cuprates,’ doping of carriers by dopant atoms
was argued to be the source of inhomogeneity. Other corre-
lated materials are stoichiometric, as is the case of vanadium
dioxide (VO,). Yet inhomogeneity is invariably present. It is
clear that the detailed microscopic origin of inhomogeneity
in correlated systems will depend on the specific properties
of the material at hand. Nevertheless, one finds remarkable
similarities that possibly point to the same organizing prin-
ciples of nanoscale phase separation in these materials.

Among the striking common features in correlated oxides
is the observation that inhomogeneity is reinforced near
phase transitions. Multiple scanning-probe microscopies re-
veal nanoscale inhomogeneity in the vicinity of phase tran-
sitions in correlated materials.!~®1%!! In the vicinity of phase
transitions, the system is driven to the point where two dif-
ferent ground states have nearly degenerate free energies and
hence any small imbalance including that produced by im-
perfections will drive the system to different competing
states. Even nominally stoichiometric compounds are not
free of imperfections. Realistic samples of correlated oxides
tend to have dislocations, impurities, oxygen vacancies,
twinning, and grain boundaries. It has been hypothesized that
such imperfections could serve as nucleation centers for the
newborn phase during phase transitions.'?"1® These defects
play the role of pinning centers that stabilize one phase ver-
sus another. Hence we would expect that even in materials
where inhomogeneity is intrinsic in origin, imperfections
will have an important role as pinning centers that reveal
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competing states. Experimental evidence for the role of im-
perfections in phase transitions has been scant primarily be-
cause the defects that could serve as nucleation centers have
length scales on the order of nanometers or less while there
are few nanoscale probes that can be used to simultaneously
visualize defects and the seeding of a new phase.

VO, exhibits an insulator-to-metal transition (IMT) at T
~340 K with 4 orders of magnitude change of the dc
resistance.!”!® In previous work, we employed scattering-
type scanning near-field infrared microscopy (s-SNIM) to di-
rectly observe the IMT in a polycrystalline film of VO,.%!°
With the aid of s-SNIM, we have demonstrated that the IMT
in the bulk of the VO, film proceeds via nucleation, growth,
and percolation of metallic domains in the insulating host.
These metallic domains in the heterogeneous system exhibit
enhanced optical mass compared to the macroscopic high-
temperature rutile metal.»!® This result indicates that elec-
tronic correlations are vital for the occurrence of the IMT
and for the presence of the energy gap in insulating VO,.
Further evidence for the importance of electronic correla-
tions is provided by the observation of photoinduced IMT in
V0,.20

In this paper, we present a systematic study of the influ-
ence of local topography and the polycrystalline nature of the
VO, film on the nucleation and growth of metallic domains
in insulating VO,. The s-SNIM technique allows us to inves-
tigate infrared contrast produced by electronically dissimilar
phases. This technique also allows us to simultaneously ob-
tain topographic images based on atomic-force microscopy
(AFM). We acquired detailed and simultaneous infrared and
topographic images of the VO, film in the IMT regime. Ex-
panding and building on previous work,®!° we obtained op-
timized topographic images over smaller areas which en-
abled us to demonstrate the correlation between the film
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FIG. 1. (Color online) (a) Maps of the second harmonic of the amplitude of the scattering signal collected from the same 2 X2 um? area
upon heating the VO, film through the IMT. Higher amplitude [light blue (light gray), white] corresponds to the metallic state of VO, while
lower amplitude [dark blue (dark gray)] corresponds to the insulating state. Four newly formed metallic puddles are marked as 1, 2, 3, and
4 on the T=341.0 K map. (b) The temperature dependence of the resistance of the VO, film upon heating and cooling through the IMT.

morphology and the nucleation of metallic puddles in the
insulating host.

This paper is organized as follows. Sec. II gives a brief
overview of sample growth and characterization and de-
scribes the basics of the s-SNIM method. Presentation and
analysis of data follows this in Sec. III. In Sec. III, we first
establish that the topography remains essentially unchanged
through the IMT. We then seek to determine where the me-
tallic islands initially nucleate in the sample and whether film
morphology influences the location of nucleation sites. We
demonstrate that the metallic puddles nucleate primarily near
sample defects like grain boundaries. We also show that me-
tallic and insulating regions coexist in single crystalline
grains, which is a consequence of competing electronic
phases intrinsic to VO,. A summary is provided in Sec. IV.

II. SAMPLES AND EXPERIMENTAL METHOD

Highly oriented granular VO, films approximately 100

nm thick were grown on (1012) oriented sapphire (Al,O5)
substrates using the sol-gel method. Details of sample
growth and characterization are provided in Ref. 21. The
resistance of the VO, film is plotted in Fig. 1(b) and shows
the hysteretic IMT upon heating and cooling. Thin films
were used instead of single crystals because the IMT can
cause single crystals to fracture.'® Our thin films have proven
to be robust, even after experiencing numerous cycles
through the IMT.'%?? Thus, data obtained using thin-film
samples grown on sapphire substrate are reproducible and
can provide information about the intrinsic properties of
VO,.

The s-SNIM technique uses an AFM in tapping mode to
probe the optical properties of materials at the nanoscale
while simultaneously acquiring topographic images of the
sample surface.>® The s-SNIM technique relies on polarizing
the AFM tip with incident infrared radiation. The extended
dipole model, in which the polarized AFM tip is modeled as
a spherical dipole, is used to describe the near-field interac-
tion of the tip with the sample.'®?* The coupled quasielec-
trostatic equations of interaction between the tip dipole and
the sample can be solved to obtain an effective polarizability
of the system, given by

(1) = “a PR (1)

l_lﬁﬂa+dﬁf

where a=4ma*(€—-1)/(€+2) is the polarizability of the tip
dipole, B=(€,—1)/(&+1) is the response function of the
sample, a is the effective radius of the spherical dipole, and
72(t)=z¢[ 1 +cos(Q1)] is the tip-sample distance. Here, () is the
tapping frequency and z; is the amplitude of oscillation. The
near-field scattering signal E is given by

E, % agy(1+1,)°E;. (2)

Here E; is the incident electric field and r, is the Fresnel
reflection coefficient for p-polarized light. The (1+r,)* factor
accounts for the contribution to the near-field signal due to
light reflected by the sample.!>>2¢ Since a,(f) depends on
the sample’s complex dielectric function € and the near-field
signal depends on a.x(f), the model predicts a contrast in
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near-field scattering amplitude from materials with different
optical properties.?” Further details of the extended dipole
model for the specific case of VO, are given in Ref. 19.

A home-built AFM with Pt-coated silicon tips was used to
map the sample surface and to perform scattering-type scan-
ning near-field infrared microscopy. The VO, sample was
heated through the IMT, and topographic and near-field in-
frared images presented in this work were obtained at closely
spaced temperature values near the transition temperature.
The images were acquired with tapping frequency ()
=25 kHz and tapping amplitude z,=40 nm.>* A CO, laser
with frequency w=930 ¢cm™' provided the mid-infrared ra-
diation. It is shown elsewhere'® that there is a significant
difference between the optical constants of insulating and
metallic phases of VO, at this frequency. Thus, the dipole
model of the near-field interaction predicts an easily measur-
able contrast between the scattering amplitude from the me-
tallic and insulating phases at this frequency. We employed a
pseudoheterodyne detection scheme with second-harmonic
demodulation to extract the genuine near-field scattering
amplitude.?® The spatial resolution of s-SNIM is determined
by the radius of curvature of the tip and the spatial resolution
in our experiment is =15 nm. The near-field interaction ex-
tends to a depth of approximately 20-40 nm into the sample
and therefore probes the IMT on length scales on the order of
50 unit cells.?”

III. EXPERIMENTAL DATA AND ANALYSIS

Maps of the near-field infrared scattering amplitude span-
ning the IMT temperature range are shown in Fig. 1(a). The
contrast between the scattering amplitude of metallic and
insulating phases is evident, in qualitative agreement with
the predictions of the dipole model.® High near-field scatter-
ing amplitude, which corresponds to the metallic regions of
VO,, is shown as light blue (light gray) and white. Lower
scattering amplitude, corresponding to the insulating phase,
is indicated by dark blue (dark gray). These images confirm
the percolative nature of the IMT, originally reported in Refs.
8 and 19. The optimized topographic images that were ac-
quired simultaneously with the infrared images in the present
work, however, reveal new aspects of the IMT that have not
been apparent in earlier works reporting the near-field con-
trast. In order to reveal the correlation between the nucle-
ation of the metallic regions and the thin-film morphology,
we acquired the topography and near-field infrared data with
greater temperature resolution compared to earlier reports.®!°
At T=296.0 K, the sample is entirely in the insulating phase
and the map shows only small variation in near-field signal,
discussed below [Fig. 2(b)]. By 7=341.0 K, many small re-
gions with increased scattering amplitude appear, signaling
the nucleation of metallic puddles. Four of the larger metallic
regions are marked on the image acquired at 7=341.0 K
shown in Fig. 1(a). As the IMT progresses, the metallic do-
mains grow and connect until the entire sample is in the
metallic phase.

We start the detailed analysis of our topography and near-
field images by pointing out that a weak near-field amplitude
contrast is present even at room temperature [Fig. 2(b)]. We
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FIG. 2. (Color online) (a) Topography, (b) near-field scattering
amplitude (second-harmonic demodulation) map, [(c) and (d)] line
profiles taken from top to bottom in (a) and (b), and (e) near-field
amplitude distribution at room temperature. The near-field signal is
higher where the topography is lower. This is evident in the line
cuts [(c) and (d)] that demonstrate the anticorrelation between to-
pography and near-field amplitude. Note that the room-temperature
distribution of near-field amplitude (e) is essentially symmetric
about the peak, indicating the presence of a single (insulating)
phase.

observe that the near-field amplitude signal is slightly higher
in topographic valleys and lower on topographic hills by
comparing the topography [Fig. 2(a)] to the near-field ampli-
tude [Fig. 2(b)]. The line cuts shown in Figs. 2(c) and 2(d)
illustrate this anticorrelated behavior. The contrast present at
room temperature is much smaller than that observed at
higher temperatures with coexisting insulating and metallic
regions. The distribution of the near-field amplitude in Fig.
2(b) is plotted in Fig. 2(e). A single peak with symmetric
amplitude distribution at room temperature implies that the
entire sample is in the insulating phase. Small variations in
near-field signal are likely caused by the sample’s local to-
pography and by experimental noise. The dependence of
near-field scattering amplitude on mean tip-sample distance
predicted by the dipole model in Eq. (1) causes the signal to
be slightly higher in topographic valleys and slightly lower
on topographic hills for features somewhat larger than the tip
size. This is because the average distance between the vari-
ous points on the convex tip surface and a contacting con-
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FIG. 3. (Color online) Line profiles taken at the same position in
topographic and near-field maps (a) demonstrate that topography
remains unaltered while near-field signal greatly increases while
heating through the IMT. Drift of the scan area was taken into
account to ensure that the profiles were taken at the same location at
each temperature. The topographic profiles in (b), offset for clarity,
are essentially the same throughout the IMT. The near-field scatter-
ing amplitude (c) increases by approximately 1 order of magnitude.
Note that the scale for the topographic images is the same as in Fig.
2(a) and the scale for the near-field images is the same as in Fig. 1.

cave sample is smaller than for a contacting convex sample.
Since the average grain size is larger than the tip size, we
expect this small variation in near-field signal due to topog-
raphy. Therefore, we propose that the finite width of the dis-
tribution in Fig. 2(e) can be partly attributed to topographic
variations.

We wish to emphasize that the variations in near-field
contrast due to changing optical constants in the IMT regime
are substantially larger than the variations due to topographic
artifacts. Furthermore, the topography of the films remains
unaltered across the transition. Figure 3 shows the line pro-
files of topographic and near-field amplitude maps (panel a)
taken at the same position on the sample at various tempera-
tures. The near-field images are shown on the same scales as
those in Fig. 1(a). It is apparent that the topography [Fig.
3(b)] remains essentially constant as temperature increases.
In contrast to topography, the near-field signal [Fig. 3(c)]
increases significantly. We can therefore conclude that this
increase in the near-field signal solely results from the dra-
matic change in optical constants due to the transition from
insulator to metal.

The near-field scattering amplitude distribution at repre-
sentative temperatures between 7=341 K and T=344 K is
displayed in Fig. 4 (solid black line). The distribution that
was initially symmetric at room temperature [Fig. 2(e)] ac-
quires an asymmetric tail on the high-amplitude side as the
temperature enters the IMT regime (Fig. 4). As the tempera-
ture continues to increase, the asymmetry grows and a sec-
ond peak appears in the distributions of images taken above
T=342.6 K. Thus, we infer that these tails and peaks corre-
spond to distinct phases of VO,. The entire distribution shifts
to the high-amplitude values as the IMT nears the end. These
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FIG. 4. (Color online) Representative near-field scattering am-
plitude distributions in the IMT regime, taken from maps shown in
Fig. 1. As the temperature approaches the IMT, the raw distribution
(solid black lines) develops an asymmetric tail, signifying the be-
ginning of the phase transition. As the temperature increases, the
tail grows into a peak, corresponding to the dominance of the me-
tallic phase in the sample. We adopted the following protocol to
discriminate between metallic and insulating regions. The dominant
peak is symmetrized (dashed lines depict the majority phase) and
the difference between the raw distribution and symmetrized peak
gives the minority phase [light blue (light gray) lines].

results agree with those obtained using different data, pre-
sented in our previous work.>!® The low-amplitude peak in
Fig. 4 is centered on the amplitude signal originating from
the insulating phase. Likewise, the high-amplitude peak is
centered on the scattering amplitude from the metallic re-
gions. The extended dipole model [Egs. (1) and (2)] predicts
the scattering amplitude from metallic regions to be approxi-
mately three times the amplitude from the insulating regions.
This can be seen in Fig. 4 and is more evident when the
histograms in the phase-coexistence regime are normalized
to the insulating peak position. A more extensive discussion
of the raw and normalized histogram plots is provided in
Ref. 19.

Guided by the temperature evolution of the near-field con-
trast in Fig. 4 we are able to divide the near-field amplitude
maps of Fig. 1(a) into insulating and metallic regions. We
first assume that the main peak in the amplitude distribution
due to the insulating phase remains symmetric at tempera-
tures above room temperature. Thus any asymmetry of dis-
tributions with the enhancement of the signal amplitude on
the right-hand side of the peak indicates an increase in the
contrast due to newly formed metallic regions. This increase
in near-field amplitude is two—five times the median ampli-
tude in the insulating phase. The finite distribution of near-
field amplitudes from the metallic regions can be attributed
to variations in topography and to experimental noise as dis-
cussed previously for the insulating phase.

Having assigned the low-amplitude peaks in Fig. 4 to the
insulating phase, we symmetrize this portion of the distribu-
tion by mirroring the left portion about the well-defined
peak. When most of the amplitude distribution has shifted to
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T=341.0K

40 nm

FIG. 5. (Color online) Panel (a) shows high near-field signal
overlaid on a 2 umX2 um topographic image taken at T
=341 K. Metallic regions exhibit high near-field signal and are
shown in red. Larger metallic puddles are marked 1, 2, 3, and 4 as
in Fig. 1. Panel (b) shows the same near-field amplitude data over-
laid on the curvature H of the topography. White corresponds to
large positive H, black to large negative H. (c) A sketch showing
that the hills in topography correspond to negative H and the val-
leys correspond to positive H.

the high-amplitude peak at higher temperatures, we symme-
trize by mirroring the right portion about the new peak po-
sition. By calculating the difference between the actual data
(solid black lines) and symmetrized peaks (dashed lines) in
Fig. 4, we obtain the contribution of the minority phase [light
blue (light gray) lines] to the scattering amplitude. By the
minority phase we mean metallic domains at lower tempera-
tures and insulating domains at higher temperatures. By
marking points in the near-field amplitude maps originating
from the “difference peak,” i.e., those pixels which have
scattering amplitude equal to or larger than the value of the
peak of the difference curve, we are able to assign locations
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FIG. 6. Histogram displaying the number of metallic puddles
with centroid a given distance from grain boundaries.

of the metallic regions near the onset of the IMT.

We overlaid these images of the difference contrast with
the topography images in order to compare the two. Figure
5(a) demonstrates the results of the procedure described for
the images obtained at 7=341 K.** This diagram shows the
topographic image with metallic regions marked in red. As in
the raw near-field data shown in Fig. 1(a), four main regions
(marked as 1-4) of high near-field amplitude are clearly vis-
ible by 7=341.0 K. In addition, a close inspection of Fig.
5(a) reveals that there are many tiny metallic regions lying
on grain boundaries. In order to explore the relation between
the grain boundaries and the location of metallic puddles
more easily, we calculated the curvature H of the topography,
using the standard definition

( (05)2)0725 489S &S ( (as)z)ﬁzs
1+\— | | —S-2—— +\ 1+ =) | =
ax) Jay* Toxdydxdy dy) ) ox?
(O D

1+ — | +|—

ax dy
(3)

where S=S(x,y) is the graph of the surface.’! The absolute
value of H is largest at points where the direction of the
surface normal changes most rapidly, i.e., H is large negative
at the peaks of topographic “hills” and large positive at the
bottom of topographic “valleys” [see Fig. 5(c)]. We identify
the valleys as grain boundaries. A representative image of H,
overlaid with the near-field signal from the metallic regions
(for T=341 K), is displayed in Fig. 5(b). This image rein-
forces the observation that metallic domains first nucleate
around and between grain boundaries. To quantify this ob-
servation, we located the centroid of each metallic puddle
and measured the distance from the centroid to the nearest
grain boundary, which we associate with a maximum in H.
We then documented the distributions of these distances.
These distributions are displayed as histograms for represen-
tative temperatures in Fig. 6. The histograms clearly demon-
strate that a vast majority of the newborn puddles are located
extremely close to grain boundaries (within =10 nm). Ad-

H=

N | =

115115-5



FRENZEL et al.

0.5 um——

— 0.5 um——I

T

30 : " T=342.0K]

&0 — Distribution

2.0 ---- Symmetrization |
Difference

N
o

Distribution (relative units)
& &

=4
o

L\"\.“—V\«.—\A n

05 10 _ 15 2.0 25
Near-field amplitude (rel. units)

FIG. 7. (Color online) Panels (a) through (d) are topography
images overlaid with regions of high near-field infrared signal (me-
tallic regions) in red color. Panels (a) through (d) show a grain that
is partly insulating and partly metallic. The grain boundary shown
by a thick blue line was determined from the corresponding map of
mean curvature H. In these panels, we vary the “cutoff point,” at
which we separate the metallic regions (red) from the insulating
regions. These images indicate that the observation of phase coex-
istence in a single grain is not affected by the choice of cutoff point.
Panel (e) shows the values of the cutoff points used to create the
near-field maps of metallic regions in (a)—(d).

ditionally, the four larger puddles marked in Figs. 1(a) and 5
are either located in grain boundaries or regions of depressed
topography. Therefore, we deduce that the IMT nucleates
near imperfections such as grain boundaries and crevices.
These regions may correspond to sites of increased stress and
strain in the film. It is also possible that the electronic prop-
erties at the grain boundaries are different from those in the
bulk of the grains. Our results therefore suggest that local
inhomogeneities in electronic structure and/or strain fields
serve as nucleation sites for the metallic instability.*> This
observation is in agreement with several previous studies
that have detected a change in the critical temperature of the
IMT in VO, thin films due to effects such as variation in
charge-carrier density,3*3* stress,>>3 strain,!'¥” and grain
size.!1213

Another interesting observation is the occurrence of phase
coexistence within single crystalline grains in the VO, film.
One example of this behavior is shown in Fig. 7. The grain
marked in Fig. 7(a) is partly metallic and partly insulating.
There is some uncertainty in the precise identification of the
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extent of metallic regions in the grain [see Figs. 7(a)-7(d)].
However, it is clear that the grain is partly metallic, indepen-
dent of the cutoff chosen to identify the metallic regions [see
Fig. 7(e)]. Coexistence of metallic and insulating electronic
states within a single grain clearly points to phase separation
being an intrinsic attribute of the IMT in VO,. Thus the role
of grain boundaries is to tip the balance locally from the
insulating phase to the metallic phase near the IMT when the
free energies of these phases are nearly the same.

IV. SUMMARY AND OUTLOOK

Recent advances in diverse scanning-probe techniques
have significantly enhanced experimentalists’ abilities to
study correlated electron systems at the nanoscale. Our work
highlights a unique potential of AFM-based scanning infra-
red techniques for exploration of correlated electron matter.
In this work, we have used simultaneous atomic force mi-
croscopy and scattering-type scanning near-field infrared mi-
croscopy to investigate the insulator-to-metal transition in
VO, at the nanoscale level. We show that the IMT is a com-
plex phenomenon, and exhibits nanoscale competition be-
tween phases and sensitivity to film morphology. This com-
petition between phases and sensitivity to defects often
results in real-space inhomogeneity that is revealed using our
s-SNIM technique.

The discussion of inhomogeneity in correlated materials
tends to differentiate between the inhomogeneity due to in-
trinsic effects, such as competing electronic ground states
versus extrinsic effects, such as imperfections, defects, and
impurities. We explicitly demonstrate that VO, is the case
that spans both limits. On the one hand by tuning tempera-
ture, we drive our material to the point of phase transition
where metallic and insulating states are very close in energy,
albeit the difference remains finite in case of the first-order
transition in VO,. One would naturally expect intrinsic inho-
mogeneity in this correlated material due to spatial variations
in the electronic degrees of freedom. On the other hand, even
if the inhomogeneity is intrinsic, any extrinsic perturbation
will couple to competing order parameters and favor one
state or another. Hence near the phase transition, any infini-
tesimal perturbation will cause local nucleation of competing
phases. Therefore, the distinction between extrinsic and in-
trinsic inhomogeneity is blurred near a phase transition.

We have determined that local topography has an effect
on the location of the insulator-to-metal transition’s nucle-
ation sites. We have demonstrated empirically that the metal-
lic islands nucleate at or near grain boundaries and crevices,
where variation in electronic properties and strain fields may
combine to locally favor the IMT. Despite the fact that de-
fects serve as nucleation sites of the metallic regions, we also
find that competing electronic phases are at the heart of in-
homogeneity in the IMT regime in VO,. This follows from
the observation of phase coexistence between insulating and
metallic regions in a single crystalline grain. A single crys-
talline grain is expected to contain few defects and phase
coexistence in a grain reveals the true first-order nature of the
IMT arising from competing electronic phases.
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