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Abstract: The metal-insulator transition in correlated materials is usually coupled to a symmetry-
lowering structural phase transition. This coupling not only complicates the understanding of the
basic mechanism of this phenomenon but also limits the speed and endurance of prospective
electronic devices. Here, we design and demonstrate an isostructural, purely electronically-driven
metal-insulator transition in epitaxial heterostructures of an archetypal correlated material
vanadium dioxide. A combination of thin-film synthesis, structural and electrical characterizations,
and theoretical modeling reveals that an interface interaction suppresses the electronic correlations

without changing the crystal structure in this otherwise correlated insulator. It stabilizes a non-
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equilibrium metallic phase, and leads to an isostructural metal-insulator transition. This discovery
will provide insights into correlated phase transitions and may aid the design of device

functionalities.

Main Text:

Understanding metal-insulator transitions in strongly correlated materials is one of the
major challenges in condensed matter physics (1-5), with implications for both fundamental
science and technology (6, 7). Correlated materials exhibit strong coupling between charge, spin,
and lattice degrees of freedom, so that the metal-insulator transition is almost always accompanied
by an associated structural phase transition. This coexistence obscures the underlying physics, and
makes it difficult to disentangle the different intrinsic interactions controlling the metal-insulator
transition. Furthermore, the structural transition generally limits the ultimate switching speed (9,
10) and endurance (6, 11) of ultrafast electronic devices (6-8) based on the metal-insulator
transition in these correlated materials. Achieving an isostructural metal-insulator transition is thus

of great interest.

As a model system for this study, we choose the archetypal correlated material vanadium
dioxide (VO2) (12-27). VOz2 is metallic at high temperatures and becomes insulating near room
temperature (341 K in bulk) (12); the metal-insulator transition is accompanied by a structural
phase transition from the high-temperature rutile structure to the low-temperature monoclinic
structure via the formation of V-V dimers along the c-axis. There has been extensive debate over
whether the primary mechanism of the metal-insulator transition in VO: is an electron-lattice
interaction (Peierls transition) (13) or an electron-electron interaction (Mott transition) (14), and it

IS now accepted that both Peierls and Mott physics are important (15, 16). In particular, recent
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ultrafast photoexcitation experiments (21, 22) have revealed the presence of a non-equilibrium
metallic monoclinic state in addition to the known bulk equilibrium phases, i.e., insulating
monoclinic and metallic rutile phases. This metallic transition in photoexcited monoclinic VO2
could originate from the dynamically screened Coulomb interaction (22), assisted by an
electronically one-dimensional characteristic of V-V dimers (27), and suggests a route for an
isostructural metal-insulator transition: If the metallic monoclinic phase could be stabilized, rather
than just being transient, we could achieve an isostructural metallic transition in insulating

monoclinic VOo..

To this end, we consider a nanoscale bilayer consisting of two VO layers with different
transition temperatures (T1 and Tz in Fig. 1A). In this bilayer, a rutile/monoclinic heterostructure
can occur at intermediate temperatures between T1 and T2, in which interval the desired metallic
monoclinic phase might be stabilized, e.g., via a collective carrier delocalization (19). To
experimentally realize such a bilayer, we needed to achieve control over the transition temperature
in a VO2 layer; to do that, we utilized an intrinsic point defect, i.e., oxygen vacancy (29), and the
resulting electron doping. Introducing a minute amount of oxygen vacancies can lower the
transition temperature of VO2 without compromising the sharp metal-insulator transition (30). By
changing the oxygen partial pressure during film growth (figs. S1-S4) (28), we prepared an
artificial bilayer (Fig. 1B, inset), fully coherent on TiO2 (001) substrate, consisting of slightly
oxygen-deficient VO2-s and stoichiometric VO2 layers. Each individual 8nm thick VO2-s and VO2

layers have transition temperatures of T1 ~ 279 K and T2 ~ 287 K, respectively (Fig. 1A).

To visualize the oxygen vacancy profile in the bilayer, we carry out atomic-scale imaging
using scanning transmission electron microscopy (STEM) (28). In STEM, the low angle annular

dark field (LAADF) image is very sensitive to the strain fields from oxygen vacancies (29),
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whereas the high angle annular dark field (HAADF) image is dominated by the (high-Z) cation
sites. Our HAADF image (left in Fig. 1B) shows little intensity change across the VO2 s/VO2
interface (denoted by the white dashed line). In contrast, the LAADF image (right in Fig. 1B)
displays a noticeable, abrupt intensity change across the VO2s/VO2 interface, emphasizing the
oxygen deficiency in the VO2-s layer. Our results show that introducing a small amount of oxygen
vacancies, rather than extrinsic dopants, creates a chemically sharp interface with a sub-1-nm
width (fig. S5) and leads to a quasi-homogeneous, single crystalline character of the bilayer.
Electron energy loss spectroscopy (EELS) measurements (fig. S6) independently quantify the
oxygen vacancy difference between the layers. Considering this nanoengineered oxygen vacancy

profile, we expect two distinct transition temperatures in the top VO2-s and bottom VO: layers.

Using Raman spectroscopy (28), we monitored the structural phase transition in the VO2-
s/VO2 bilayer (Figs. 2, A and B). With decreasing temperature, several noticeable Raman peaks
(e.g., w1, w2, and w3 peaks in Fig. 2A) arise suddenly from the monoclinic distortions during the
structural transition (31, 32). Our quantitative analysis (Fig. 2B) clearly shows the two-step
structural phase transition in the VO2-s/VO2 bilayer, contrary to the single-step transition in a VO2
single layer. Using temperature-dependent X-ray diffraction measurements (Figs. 2, C-E) (28) and
phase-field simulations (fig. S14), we furthermore confirm the two-step structural phase transition
in the bilayer. This two-step structural phase transition can be explained by two separate structural
transitions, i.e., at T ~ 279 K for the top VO2 s layer and at T ~ 287 K for the bottom VO: layer.
At intermediate temperatures between T ~ 279 K and 287 K (as shown by green color in Figs. 2B
and E), the top VO2-s and bottom VOz2 layers have rutile and monoclinic structures, respectively,

which forms the desired rutile/monoclinic heterostructure (Fig. 2B, inset).
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We explore the electronic phase transition in the VO2-s/VO2 bilayer, by measuring the
electrical resistivity (Fig. 3A) and carrier concentration (fig. S7). In stark contrast to the two-step
structural transition, our bilayer shows a single-step, collective metal-insulator transition at T ~
279 K. The electronic phase transition of the bilayer looks nearly identical to that of a VO2-s single
layer (black dotted line in Fig. 3A), which means that in the VO2 s/VVO2 bilayer, the electronic
phase (i.e., metallic or insulating) of the VO: layer collectively follows that of the VO2s layer.
Notably, when an ultrathin (~2 nm) TiOz layer is inserted between VO2s and VOg, the VO2-
s/Ti02/VO2 system exhibits a two-step metal-insulator transition (fig. S8). This confirms the
intrinsic effect of the rutile/monoclinic interface on the observed single-step, collective metal-

insulator transition in the VO2-s/VOz2 bilayer.

Taken together, our observation of the two-step structural and single-step electronic phase
transitions unambiguously confirms the emergence of a stable metallic monoclinic phase in the
VO2.s/VOz2 bilayer. With the decrease in temperature, the bottom VO2 layer exhibits the rutile-to-
monoclinic structural transition at T ~ 287 K (Fig. 3B), but global metallicity of the whole bilayer
remains unchanged (Fig. 3A and fig. S7). This is consistent with the explanation that, when
interfaced with the metallic rutile VO2-s layer, the bottom VO2 layer becomes a stable metallic
monoclinic phase. This interface-induced bulk carrier delocalization (19) plays a decisive role in
the single-step metal-insulator transition. Importantly, Fig. 3C shows little change in the peak
positions of w2 and ws, attributed to the ionic motion of V-V dimers (23, 32), during the metal-
insulator transition at ~279 K. This directly illustrates the isostructural metal-insulator transition

without any crystalline structure change at ~279 K in the bottom stoichiometric VO2 layer.

To further understand the emergence of isostructural metal-insulator transition, we carry

out theoretical modeling of the rutile/monoclinic heterostructure. First, we perform non-spin-
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polarized density functional theory (DFT) calculations (28) with Hubbard U correction for
properly predicting the insulating monoclinic ground state in bulk VOz2 (33). The calculated density
of states of the heterostructure (Fig. 4A) manifests the metallic nature in the monoclinic region
(Fig. 4B and fig. S10), consistent with our experimental observation (Fig. 3). Inside the monoclinic
region, the electronic structure is strongly modified, resulting in significant band gap narrowing.
This is largely driven by hole doping of the monoclinic region (fig. S12), stemming from the
different work functions of the rutile and monoclinic phases (34). Such a hole doping reduces
electronic correlations, causing a complete collapse of the band gap in monoclinic VO2 (22).
Simultaneously, from the DFT results, we infer that the rutile/monoclinic heterostructure has a
very small interfacial energy (28), which may also play a role in stabilizing the metallic monoclinic

phase.

To explore the effects of electronic correlations and interfacial energy, we use a generalized
Landau thermodynamic approach implemented in phase-field modeling (28). The Landau
potential incorporates two different order parameters, #s describing the structural transition [i.e.,
from rutile (s = 0) to monoclinic (ys = 1) phase] and #ec describing the electronic correlations,
which controls metal-insulator transition [i.e., from metal (yec = 0) to insulator (yec = 1)]. We find
only two bulk equilibrium phases, i.e., the metallic rutile phase with little electronic correlation
(7s = nec = 0) at high temperatures and the correlated insulating monoclinic phase (s = nec = 1)
at low temperatures (fig. S13). However, in addition to these bulk equilibrium phases, we predict
the presence of a non-equilibrium metallic monoclinic phase with suppressed correlation (s = 1
and nec = 0), as represented by the local minimum in the energy landscape just below the transition

temperature (Fig. 4C).
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We now employ phase-field modeling to investigate phase stabilities in the experimentally
studied rutile/monoclinic heterostructure. Figure 4D shows the total energy of the
rutile/monoclinic heterostructure, as a function of the thickness tm of the monoclinic layer. The
interfacial energy between metallic rutile and metallic monoclinic phases is naturally smaller than
that between metallic rutile and insulating monoclinic phases in the phase-field model, owing to
the homogeneous 7ec in the former case (28). When tm is below critical thickness tc, the interfacial
energy contribution dominates over the bulk energy contribution, and as a result, the metallic
monoclinic phase with suppressed correlation (i.e., 7ec = 0) becomes energetically preferred and
stabilized (fig. S14). It is noteworthy that our experimental and theoretical results have consistently
demonstrated the isostructural metal-insulator transition in device-relevant thin-film geometries of
genuine VOg2, without necessity of specific conditions, such as non-equilibrium condition (21-24)
or surface state (5, 25). Stabilizing the monoclinic structure through our bilayer approach separates

the electronic and structural phase transitions, in contrast to previous reports (35, 36).

There has been a growing interest in non-equilibrium states in correlated materials (21, 22,
37), because of the opportunity to discover exotic physics not exhibited in equilibrium. Ultrafast
spectroscopies have been mainly used for exploring non-equilibrium states; our study paves a way
to stabilize and explore the non-equilibrium phase (e.g., metallic monoclinic state in VO2) in a
controlled way. As VOz is a simple spin-1/2 system with one d electron (38), it will be intriguing
to study the spin and orbital physics in the stabilized metallic monoclinic phase. We anticipate that
our approach for artificial stabilization of non-equilibrium states will be generally applicable to
correlated materials, so that a variety of unconventional phenomena can be designed through

heterostructure engineering.
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Fig. 1. Design of an artificial VO,-s/VVO; bilayer. (A) Electrical resistivity measured as a function
of temperature of 8-nm-thick epitaxial VO2 and VO2-s single layer films on (001) TiO2 substrates.
The oxygen vacancy concentration ¢ is roughly estimated as ¢ ~ 0.01 (fig. S3). (B) HAADF- and
LAADF-STEM images of the VO2 s/\VVO2 bilayer (inset) projected along [100]. Yellow lines show
the average line profile of the HAADF (left) and LAADF (right) image intensities. White dashed

lines represent a nominal interface between VO2 and VOz.s.
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Fig. 2. Structural phase transition in VO._s/VVO bilayer. (A) Raman spectra of VO2 (8
nm)/VO2 (8 nm) bilayer at various temperatures. Raman peaks from the monoclinic distortion are
denoted by w1, w2, and ws. (B) Relative monoclinic portion as a function of temperature, estimated
from monoclinic Raman intensity in (A). Inset: a schematic for atomic structure of VO2_s/VO2
bilayer at intermediate temperatures. (C) X-ray diffraction (XRD) (00L) scans of VO2_s/VO2
bilayer, measured on cooling. (D) Representative XRD peaks at several temperatures.
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monoclinic portion as a function of temperature, estimated from XRD peak analysis in (D). Insets

show the measured electron diffraction patterns of the bilayer at low and high temperatures.
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Materials and Methods
Thin film fabrication

VO: epitaxial thin films were grown on rutile TiO2 (001) substrate using the pulsed laser
deposition (PLD) method. A KrF excimer laser (248 nm) beam was focused on the vanadium metal
target to an energy density of ~2.0 J cm~2 and pulsed at 10 Hz. VO films were grown at a substrate
temperature of 300 °C and oxygen partial pressures (Poz) ranging from 12 to 24 mTorr. The
stoichiometric VO and slightly oxygen-deficient VO2-s films were deposited at Po2 of 21 and 18
mTorr, respectively. [We roughly estimated the J value to be ~0.01 (Fig. S3).] The crystal structure
of the films was determined using a high-resolution four-circle XRD machine (Bruker D8
advance). Figures S2A-C represent the results of XRD 26-w scans, rocking curve, and reciprocal
space mapping (RSM), respectively, for our VO films. The full width at half maximum (FWHM)
of rocking curve was measured as small as 0.017° (Fig. S2B), indicating the excellent crystalline
quality of VO2-s/VO: bilayer. From the RSM data (Fig. S2C), we confirmed that the VO2-s/VO2
bilayer is fully coherent with the TiO2 substrate without any strain relaxation. Film surfaces were
imaged by atomic force microscopy (AFM; Fig. S2D).

We roughly estimated the concentration of oxygen vacancies in the films from the
measured unit-cell volume. According to the empirical model, the unit-cell volume V can be
expressed as follows (39):

r, =A-V*-B (Eq. S1)

where rw is the ionic radius of the cation, V is the unit cell volume, and A and B are constants.
From the relationship between rm and V in rutile oxides, we determined A and B to be 0.4555 and
1.2001, respectively (Fig. S3A). By assuming oxygen-deficient VO2-s for simplicity, we can
define the effective cation radius as (40):

hy =(1-26)-1,, +(25) T, =058+0.125 (Eq. S2)

where rvs+ and rvs+ are the ionic radii of V4" and V3, respectively. The values for these radii are
all available from the work of Shannon (41). Then, we determined the ¢ values (i.e., the
concentration of oxygen vacancies) from the measured unit-cell volume as follows (Fig S3B):

_ 04555 X (Vstoichiometric + AV )1/3 _178001
0.12

where Vstoichiometric and Vstoichiometric + AV are the unit cell volume of stoichiometric VO2 and oxygen
deficient VO2-s, respectively. As shown in Fig. S3B, the ¢ value was roughly estimated as ~0.01
for the VO2-s5 film grown at Poz = 18 mTorr. Note that since the precise determination of the
oxygen-vacancy concentration is very elusive, this estimation method should be meaningful only
for the relative comparison.

The VO2-s/VO2 bilayer was prepared, by first growing the VO2 layer at Po2 = 21 mTorr
and then growing the VO2-s layer at Po2 = 18 mTorr (Fig. S1). For confirming that the Po2 variation
after growth doesn’t affect the physical properties of the already-grown VO films, we prepared
two samples (Fig. S4): Whereas one sample was grown and cooled at Po2 = 21 mTorr, the other
was grown at Po2 = 21 mTorr, then annealed for 10 minutes at a reduced Po2 = 17 mTorr, and
cooled at Poz = 17 mTorr. Figure S4 exhibits the XRD and transport data for those samples,
showing negligible change in sample properties even after the additional annealing at the reduced

o

(Eg. S3)
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Po2. This indicate that while the Poz variation during growth affects the oxygen stoichiometry and
the resulting metal-insulator transition of VVO2 films, the Po2 variation after growth doesn’t affect
those much, consistent with other previous works (29).

To check if the sequence of VO2-s and VO: layer in the bilayer affects the phase transitions,
we grew two different bilayers, i.e., VO2-s/VVO2 and VO2/VO2-s bilayers, on TiO2 (001) substrate.
The VO2/VO2-s bilayer was prepared, by first growing the VO2-5 layer at Po2 = 18 mTorr and then
growing the VOz layer at Po2 = 21 mTorr. As shown in Fig. S7TA, the sequence of VO2-s and VO2
layer in the bilayer didn’t induce any change in phase transitions. The metal-insulator transitions
of both the VO2-5/VO2 and VO2/VO2-s bilayers follow that of the VO2-; single layer.

Scanning transmission electron microscopy (STEM) and EELS

For electron microscopic analysis, we prepared the thin, electron-transparent sample using
the conventional method (mechanical thinning to ~10 pm or less; and ion beam milling to electron
transparency at an acceleration voltage of 0.5-3.5 kV using an Ar ion beam). The atomic structures
were observed using a STEM (JEOL JEM-2100F, JEOL Ltd., Japan) with an aberration corrector
(CEOS GmbH, Heidelberg, Germany); and its probe diameter and convergence angle of the beam
were ~0.9 A and ~ 24 mrad under the acceleration voltage of 200 kV, respectively. The collection
semiangles of the detectors for high angle annular dark field (HAADF) and low angle annular dark
field (LAADF) imaging were greater than 80-200 and 30-60 mrad, respectively. The obtained
STEM images were local wiener filtered to reduce background noise (HREM Research Inc.,
Japan).

In contrast to the HAADF, so called Z-contrast, which provides the atomic weight, LAADF
can provide the qualitative information of the atomic dechanneling mainly caused by the strain or
the vacancies due to the low-order diffractions of electrons, close to the on-axis (29, 42, 43). As
shown in Fig. S5, the HAADF and LAADF contrasts are profiled for better visualization, wherein
the stronger LAADF contrast from the upper half indicates the existence of oxygen vacancies.
LAADF image confirms that our film consists of VO2 and VO2-s layers.

Energy loss spectra were obtained at 200 kV using an electron energy loss spectrometer
(EELS; Quantum GIF, Gatan, United States) with an energy resolution of 0.8 eV (Fig. S6).
Theoretical calculation of V-L23 and O-K edge EELS were performed by using the DFT
calculation, CASTEP embedded in Materials Studio (Biovia, United States). For the calculation,
a 3 x 3 x 3 supercell of rutile VO2 was used; the interactions among the electrons were calculated
by using the core-hole method; and the electronic interactions were treated as the local density
approximation.

Suppression of the first peak in V-L23 and the second peak in O-K is related with the less
electron density in p-V and s-O orbitals caused by the oxygen vacancies. The measured EELS data
for the VO2 and VO2-s layers were consistent with the calculated results for VO2 and VOu.9s (Fig.
S6).

Electrical transport measurements

We monitored the metal-insulator transition in VO2 films by measuring their electrical
resistivity as a function of temperature. Electrical resistivity was measured using a four-contact
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van der Pauw technique. For the transport measurements, we tried both indium and aluminum
metal contacts, and found little change in the data. We observed that the metal-insulator transition
(e.g., the transition temperature) of VO2-s/\VVO2 bilayer was almost identical to that of VO2-s single
layer (Fig. 3A). If the VO2 and VO2-s layers in the bilayer are independent with each other without
any interaction, there should be clear two-step signature in the metal-insulator transition, as shown
in Fig. S8A. To confirm this, we intentionally suppressed the interfacial effect by inserting an
ultrathin (~2 nm) TiOz layer between VO2-s and VOz2. The VO2-s/TiO2/\VO2 trilayer showed a clear
two-step metal-insulator transition (Fig. S8B), which verifies the interfacial effect as the intrinsic
origin of the collective, single-step metal-insulator transition in the VO2-s/\VVO2 bilayer.

Hall measurements were conducted sourcing a DC current and sweeping the magnetic field
over arange of =7 T to 7 T. All Hall data were linear with respect to magnetic field. Consequently,

we fit to a single-band model, using n,, = to extract the carrier density (Fig. S7B). In

dv,,
.t-
aB
the previous expression, | is the DC current sourced, Vn the Hall voltage, t the thin-film thickness,
and q the electron charge.

Raman spectroscopy

Raman spectra of VO thin films grown on TiO2 (001) substrates have been measured in
backscattering geometry normal to the film surface using a Jobin Yvon T64000 triple spectrometer
equipped with a liquid nitrogen cooled multichannel charge coupled device detector. We tried
several excitation wavelengths, visible (442 and 488 nm), and UV (325 and 363.8 nm). It was
found that with visible excitation the spectra are dominated by the substrate signal. 363.8-nm
excitation was chosen as it resulted in a stronger signal from VOz2 films. Spectra were measured in
the temperature range 250-300 K using a variable temperature closed cycle helium cryostat. The
high-temperature metallic phase of bulk VO: has a tetragonal rutile structure with space group

D;: (P42/mnm) and four Raman-active phonons (31). In metallic phase, the phonon peaks are very

broad and weak; they are hardly observable even in the bulk (31, 44). In our thin film samples, the
spectra above the transition temperature contain the TiO2 substrate features only. The low-

temperature phase has a monoclinically distorted structure with space group C;. (P21/c). The unit

cell doubles in size in the monoclinic phase, which has 18 Raman-active phonons (9Ag and 9By
modes). In the low-temperature spectra, seven Ag modes can be distinguished at 151, 225, 196,
316, 393, 457, and 499 cm™ (two more Ag modes that should appear around 595 and 618 cm™ are
masked by strong peak of the TiO2 substrate at 612 cm™). Also, three By modes can be seen at
335, 437, and 812 cm'%; the others being either too weak or overlapped by the substrate features.

We obtained the temperature dependence of relative Raman intensity of two most intensive
VO:2 peaks (i.e., w2 and ws near 196 and 316 cm™), which originate from the monoclinic distortion
in VO2 (Fig. 2B). The integrated intensities of these peaks were normalized by the integrated
intensity of the 612 cm™ peak of TiO2 substrate. Initially at high temperatures, VO is in the
tetragonal rutile phase, and the intensity of the monoclinic VO: peaks is essentially zero. With
decreasing temperatures, the Raman peaks of monoclinic VO2 appeared suddenly during the rutile-
to-monoclinic structural phase transition (Figs. 2A and B). Our Raman spectroscopy

21


kimberlyholling
Text Box
This is an author-produced, peer-reviewed version of this article. The final, definitive version of this document can be found online at Science, published by the American Association for the Advancement of Science. Copyright restrictions may apply. doi: 10.1126/science.aam9189


This is an author-produced, peer-reviewed version of this article. The final, definitive version of this document can be found online at Science,
published by the American Association for the Advancement of Science. Copyright restrictions may apply. doi: 10.1126/science.aam9189

measurements showed that the VO2-s/\VVO2 bilayer has a two-step structural phase transition (Fig.
2B), whereas the VO single layer has a single-step structural phase transition (Fig. S9).

X-ray diffraction measurement

We monitored the rutile-to-monoclinic structural phase transition by conducting X-ray
diffraction (XRD) (00L) scans on cooling. Before the measurement, sample was aligned using the
(002) reflection of the TiO2 substrate. Due to the increased out-of-plane lattice during monoclinic
distortion, the center L (Reciprocal Lattice Units-RLU) position of the XRD peaks is shifted from
~2.080 (for high-temperature rutile) to ~2.072 (for low-temperature monoclinic). Based on this,
we fit the measured XRD peaks using two Gaussian curves (shown as red and blue curves in Fig.
2D) with the L values of 2.080+0.0005 RLU (for rutile) and 2.072+0.0005 RLU (for monoclinic).
We estimated the relative monoclinic portion as Amc/(Amc + Ar), Where Ar and Awmc correspond to
the area under the two fitted Gaussian curves. In Figs. 2C and D, we normalized the maximum
peak intensity with the value at 300 K.

Density functional calculation

The calculations were performed using density functional theory (DFT) as implemented in
Vienna ab initio simulation package (VASP) (45, 46). Non-spin-polarized calculation and
Hubbard U correction were used since all spin-polarized calculations employing local density
approximation (LDA (+U)), Perdew-Burke-Ernzerhof (PBE (+U)), or Heyd-Scuseria-Ernzerhof
(HSE) hybrid functional method did not properly predict an insulating monoclinic ground state
(33). The projected augmented wave (PAW) method was used to approximate the electron-ion
potential (47). To treat exchange and correlation effects, we used LDA (48) within the semi-
empirical + Hubbard U (LDA + U) approach (49, 50) and a rotationally invariant formalism (51),
for a better description of the localized transition metal d electrons. Here we used Us = 3.8 eV and
Jd = 0.8 eV for the rutile structure’s V-3d orbitals and Us = 4.63 eV and Ju = 0.7 eV for the
monoclinic structure’s V-3d orbitals to produce the correct ground state phase. In the middle of
the Coulomb correction, fine tuning of U values was made to fit the band gap of the monoclinic
phase and the gap between O2p and V3d states of the rutile phase. 3s?3p®3d®4s? and 2s?2p*
valence electron configurations were used for vanadium and oxygen, respectively. For the
relaxation of internal co-ordinate, we used ionic convergence criterion of [0.01] eV/A with a plane-
wave cutoff energy of 500 eV (for rutile and monoclinic bulks, and rutile/monoclinic superlattice).
I'-centered k-mesh of 6 x 3 x 1 was employed in tetrahedron method with Bldchl corrections.

For heterostructure, 1 x 2 x 10 unit cell [(rutile)s/(monoclinic)s] supercell was used. To
describe relaxed and abrupt (001)rutile interfaces in the heterostructure, seven and eight VO:2 layers
of rutile and monoclinic phases near the abrupt interface, respectively, were fixed. The rutile and
monoclinic unit cells include 2 and 4 VO: layers, respectively. The in-plane lattice parameter was
fixed, while the out-of-plane lattice parameter and the internal co-ordinates were relaxed. The in-
plane lattice parameter, a = b = 4.5446 A, was used, and the out-of-plane lattice parameters, 2.8512
A and 5.5300 A, were used for rutile and monoclinic regions, respectively. After the relaxation of
superlattices, three layers of the rutile phase near the relaxed interface showed the dimerization of
V-V-V, resembling a monoclinic phase and out-of-plane lattice parameter was 41.707 A. Then, 6-
unit-cell-thick layer in the superlattice was treated as the monoclinic phase (Fig. 4A).
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Figure S10 shows a layer-resolved profile of the density of states (DOS) and V-V-V bond
angle in the superlattice. Within the cell size used in our calculations, the whole monoclinic region
exhibited a metallic characteristic, i.e., non-zero DOS at Fermi energy (Er). To check possible
contribution from structural relaxation (i.e., variation of monoclinic distortion and the V-V-V bond
angle) at interfaces, we considered the abrupt interface (i.e., lower interface in Fig. S10A), as well
as the relaxed broad interface (i.e., upper interface in Fig. S10A). We found that the metallization
of monoclinic VO2 occurred regardless of the types of interfaces. Furthermore, we calculated the
density of states by capturing local monoclinic structures within the monoclinic region of the
superlattice (Fig. S11), and found that the local structural modification itself did not cause any
metallicity in monoclinic VO2. This result excludes main contribution of the interfacial structural
relaxation and indicates a purely electronic origin behind the metallization of monoclinic VO..

The relaxed and abrupt (001)ruile interface energies (Eirel, Eiabr) were calculated by
subtracting the bulk energies of monoclinic and rutile phases from the total energy of the
monoclinic (n)/rutile (m) (001)rute Superlattices (Fig. S10A):

E .. =E. —NE,c. —mE;-E (Eq. S4)

i,rel i,abr

Ei,abr = (EHS,fix _nEMC _mER)/ZA (Eq- 85)

Here, n and m are the number of unit cells, Emc and Er are the bulk energies of monoclinic and
rutile phases per unit cell, respectively. Ens is the total energy of the superlattice, Ens;ix is the total
energy of the superlattice before relaxation, A is the in-plane lateral area of a unit cell, and a factor
of two takes into account the presence of two interfaces in the superlattice. The calculated interface
energy Eirel Was found to be small Eirel = 69 mJ m=2, comparable to accuracy of our calculations.
This value is much smaller than typical interfacial energies ~1 J m= in metal/insulator interfaces
(52, 53).

Figure S12 shows the calculated density of states of hole-doped and electron-doped
monoclinic VO2. We found that increasing hole concentration causes a significant band gap
narrowing, whereas the electron doping doesn’t much affect the gap. The gap decreases with the
increasing hole doping (i.e., lower d band occupation) and finally collapses at high hole doping,
which can be interpreted as the decrease in the strength of electron correlation (22). Notably, the
density of states of the hole-doped monoclinic VO2 looks similar to that of the metallic monoclinic
region in the rutile/monoclinic superlattice (Fig. 4B).

Landau theory and phase-field simulation

The metal-insulator and structural transition in VO2 can be characterized by an electron-
correlation order parameter »ec and a structural order parameter zs, respectively. nec denotes the
electron spin density correlation between the electrons of two adjacent V atoms, and #s
characterizes the dimerization of the V atoms. Nonzero xec indicates the formation of the
dynamical singlet and consequently the spin gap (15), corresponding to the insulating phase, while
nec = 0 refers to the metallic phase. The bulk molar Landau potential can be written as
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where ai, b, €1, az, bz, ¢z, g1, and gz are coefficients of the Landau polynomial, and are fitted based
on the transition temperature and the entropy of transformation measured in this work and other
experiments (54). The values of all the coefficients are listed in Table S1. Note that the
experimental data are not enough to uniquely determine all the coefficients. However, the analysis
and phase-field simulations are not very sensitive to the values of all the individual coefficients as
long as they reproduce the critical features such as transition temperatures and relative stabilities
of different phases, and thus the physics presented in the main text is insensitive to the choice of
some of the coefficients.

In the phase-field simulations, the gradient energy is taken into account
1 1
Fass = J 4T KV 7ec)* + ko (V)] (Eq. S7)

The gradient energy coefficients ki and k2 are positive and fitted to the interfacial energy of
50 mJ m~2, which is arbitrarily chosen between an experimental estimation of 25 mJ m2 (55) and
a calculated upper bound of 69 mJ m=2 from our DFT simulation. Although the experiments cannot
distinguish the contribution from the variation of #ec and that of s, we can make a reasonable
assumption that k1 > kz since the bulk free energy of the electronic order parameter is of the same
order with that of the structural order parameter in Eq. S6 based on the coefficients in Table S1
and the interfacial energy of a metal-insulator interface is typically larger than that of an interface
separating two pure structural domains (the metal-insulator interfacial energy has the typical value
~1Jm (52, 53), whereas the interfacial energy of two pure structural domains is within the range
0.01-0.2 I m=2 (56, 57)). The values of the gradient energy coefficients are listed in Table S1.

The energy landscapes of the bulk Landau potential at different temperatures are shown in
Fig. S13. Above the transition temperature Ter, the rutile phase (yec = 0, #s = 0) appears as the
global minimum, i.e., the stable phase. Below the transition temperature, besides the insulating
monoclinic stable phase (yec = 1, #s = 1), we can also see a local minimum with order parameters
nec = 0 and ns = 1, which is identified as the metastable metallic monoclinic phase. The metastable
metallic monoclinic phase disappears below Tm ~ Tpr — 12 K.

For VO2-s5, we assume that the Curie temperatures Tec and Ts in Eq. S6 are decreased by the
same amount, i.e., 10 K. The decrease may be caused by the off-stoichiometry and/or the tensile
strain from the bottom VO: layer, since the transition temperature in VOz2 is decreased under a
tensile strain (58). Note that for the individual VO:-s layer, although the transition temperature is
decreased, the electronic transition and structural transition are always coupled. However, for the
V02-s/VO2 bilayer geometry, when the temperature Tm is between the transition temperature of
VO2 and VO2-s layers, the situation is different. At Tm, the VO2-s layer is in the metallic rutile
phase. For the VO: layer, the possible phases can be the insulating monoclinic or metallic
monoclinic phases. Across the metallic rutile/insulating monoclinic interface, both the order
parameters #ec and s vary spatially, while across the metallic rutile/metallic monoclinic interface,
only ns varies, which results in smaller interfacial energy in the latter. This conclusion is
insensitive to the specific value of ki and k2 under the condition that both ki and k2 are positive,
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which is almost always true. Denoting the interfacial energy difference between the two cases as
Afint, and the bulk molar free energy difference between insulating monoclinic phase and metallic
monoclinic phase as Afy (Figs. S14A and B), one can calculate a critical thickness (Vm is the molar
volume of the rutile phase)
_ Afinth
t, A (Eqg. S8)

below which the total free energy of the metallic monoclinic/rutile geometry will be lower than
that of the insulating monoclinic/rutile geometry, resulting in a stable metallic monoclinic phase
in the VO2 layer. Therefore, although the metallic monoclinic phase has a larger bulk free energy
than the insulating monoclinic phase, it can be stabilized below a critical thickness due to the
smaller interfacial energy. Note that the specific value of tc depends on the choice of ki and ko.

Next we employ phase-field simulations to confirm the above hypothesis (59). The order
parameters are evolved by solving the time-dependent Ginzburg-Landau (TDGL) equations
O0Mc L oF & ong oF

=L , Egs. S9 and 10
at EC 577EC 6’1’ S 5778 ( q )

where L . and Lg are the kinetic coefficients related to the domain wall mobility, and F is given
by F = [ fydn+F

aao - 1N Fig. S14C, we present the phase-field simulations of the stable phases of

the bilayer system at different temperatures. As can be seen, the metallic monoclinic phase is
stabilized at T = 283 K in the VO2 layer due to the interaction between the two layers.
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Fig. S1. Growth of VO._s/VO; bilayer. (A and B) By changing the oxygen partial pressure (Po2)
during film growth [as shown in (A)], we can prepare the VO2-s/VVO2 bilayer nanostructure [as
shown in (B)], which has two distinct transition temperatures in its upper (i.e., VO2-5) and lower
(VO2) layers.
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Fig. S2. Structural characterization of VO2-5;/VO? bilayer. (A) X-ray diffraction (XRD) 26-w
scans of VO: single layer, VO2-s single layer, and VO2-s/VO2 bilayer. We also represent the
simulated result for VO2-s/VVO2 bilayer, which is well matched with the experimental data. (B)
Rocking curve of the XRD (002) reflection for VO2-s5/\VO2 bilayer. (C) XRD reciprocal space map
around the (112) reflections of TiOz substrate and VO2-s/VO: bilayer. (D) Atomic force
microscopy image of VO2-s/VO2 bilayer, showing smooth surface of the film.
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Fig. S3. Rough estimation of oxygen stoichiometry. (A) Linear relationship between rm and V3
in rutile oxides. (B) The measured unit cell volume and the estimated oxygen-vacancy
concentration ¢ in the VO films, as a function of oxygen partial pressure (Poz2) used during film
growth.
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Fig. S4. No effect of the “after-growth’ change of Poz. (A) X-ray diffraction (XRD) 26-w scans
of two VO2 samples. Red line is for the sample that was grown and cooled at Po2 = 21 mTorr. Blue
line is for the sample that was grown at Po2 = 21 mTorr, annealed for 10 minutes at a reduced Poz
=17 mTorr, and cooled at Po2 = 17 mTorr. (B) Electrical resistivity as a function of temperature
for two VO2 samples in (A).
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Fig. S5. Nanoengineered oxygen stoichiometry. (A and B) High angle annular dark field
(HAADF) (A) and low angle annular dark field (LAADF) (B) images, which are sensitive to V
atomic lattice and oxygen vacancy, respectively. Yellow lines indicate measured contrast profile
through atomic columns and white dashed lines represent a nominal interface between VO: and
VO2-s. (C) Derivative of the fitted line (solid blue) for the LAADF contrast profile in B.
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Fig. S6. EELS analysis of oxygen stoichiometry. (A) LAADF-STEM image of VO2-s/VO2
bilayer. (B) Measured V-L2;3 (a and b peaks) and O-K edges (c, d, and e peaks) for the top VO2-5
(red) and bottom VO: (blue) layers of VO2-s/VVO2 bilayer. (C) Calculated EELS data for the
vanadium L3 (left) and oxygen K (right) edges. Blue and red lines correspond to VO2 and VOz1.9s,
respectively.
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Fig. S7. Transport measurement. (A) Electrical resistivity as a function of temperature on
cooling for VO2-s (8 nm)/\VVO2 (8 nm) bilayer (red line), VO2 (8 nm)/VO2-5 (8 nm) bilayer (blue
line), and 8-nm-thick VO2-s single layer (black dotted line). (B) Carrier concentration as a function
of temperature on cooling for VO2-s (8 nm)/VVO2 (8 nm) bilayer. Black solid line is the guide to
eyes.
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Fig. S8. Metal-insulator transition of the trilayer. (A) Predicted metal-insulator transition on
cooling for the simply parallel-connected 8-nm-thick VO2 and 8-nm-thick VO2-s layers without

any interfacial interaction. (B) Measured metal-insulator transition on cooling for the VO2-5 (8
nm)/TiOz (2 nm)/VO2 (8 nm) trilayer.
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Fig. S9. Metal-insulator and structural phase transitions of VO single layer. Metal-insulator
and structural phase transitions, measured on cooling in VO single layer, show a single-step
feature.
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Fig. S10. Calculated electronic structure of the rutile/monoclinic heterostructure. (A)
Calculated atomic structure for 6-unit-cells (including 23 planes of VO2) of monoclinic VO,
sandwiched by rutile VO2. While we fixed the atomic positions of two-unit-cell monoclinic region
near the lower interface as bulk-like, we allowed full atomic relaxation in all other monoclinic
regions. (B) Calculated density of states for each layer as a function of energy E — Er. Gray color
indicates the regions that have the density of states, lower than 0.05. We also represent the values
of V-V-V bond angle along the [001]ruile axis, an indication of monoclinic distortion, for each
layer by open red squares.
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Fig. S11. Density-of-states calculation for the captured local monoclinic structure. (A) We
captured a local monoclinic structure (denoted by M1, M2, M3, M4, and M5) in the
rutile/monoclinic superlattice, and then used it as a bulk structure for the density of states
calculation. (B) Calculated density of states for a bulk monoclinic employing the captured local
monoclinic structures.
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Fig. S12. Calculated electronic structure of hole- and electron-doped monoclinic VO,. (A)
Calculated density of states of hole-doped monoclinic VO2, which show a significant band-gap
narrowing with increasing the hole concentration. (B) Calculated density of states of electron-
doped monoclinic VOz, which show a negligible band-gap narrowing with increasing the electron
concentration.
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Fig. S13. Simulated phase transitions in bulk VO,. (A) Free energy landscape of bulk VO: at

287 K (left) and 292 K (right). (B) Temperature dependence of #s and nec, which make the global
minimum in free energy (i.e., equilibrium phase) at each temperature.
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Fig. S14. Emergence of stable metallic monoclinic phase. (A) A schematic of bulk molar Landau
potential, showing the non-equilibrium (metastable) metallic monoclinic phase, as well as
equilibrium (stable) insulating monoclinic phase. (B) A schematic of total energy per area as a
function of thickness in the rutile/monoclinic heterostructure. (C) Stable states, calculated by
phase-field simulations, of the VO2-s/\VVOz2 bilayer for temperatures of T = 291 K, 283 K, and 277
K. The arrows represent the two-component order parameter (s, #7ec), and the color represents the
norm (ys? + nec?)®®. Thickness of each layer is set to be below tc ~ 9.4 nm.
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Table S1.
The values of Landau coefficients we use.
a1 b1 C1 Tec a 07}
8626 J/mol -1675 J/mol 1294 J/mol 273K 5176 J/mol -668.3 J/mol
C2 Ts 01 02 k1 ko
696.5 J/mol 283 K 0.8625 J/mol 155.3 J/mol 0.40 eV/nm 0.16 eV/nm
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