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Deviation from bulk in the pressure-temperature phase diagram of V,0j; thin films
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We found atypical pressure dependence in the transport measurements of the metal to insulator transition
(MIT) in epitaxial thin films of vanadium sesquioxide (V,03). Three different crystallographic orientations and
four thicknesses, ranging from 40 to 500 nm, were examined under hydrostatic pressures (P;,) of up to 1.5 GPa.
All of the films at transition exhibited a four order of magnitude resistance change, with transition temperatures
ranging from 140 to 165 K, depending on the orientation. This allowed us to build pressure-temperature phase
diagrams of several orientations and film thicknesses. Interestingly, for pressures below 500 MPa, all samples
deviate from bulk behavior and show a weak transition temperature (7,) pressure dependence (d7./d P, =
1.2 x 1072 £0.3 x 1072 K/MPa), which recovers to bulklike behavior (3.9 x 1072 £ 0.3 x 1072 K/MPa) at
higher pressures. Furthermore, we found that pressurization leads to morphological but not structural changes in
the films. This indicates that the difference in the thin film and bulk pressure-temperature phase diagrams is most
probably due to pressure-induced grain boundary relaxation, as well as both plastic and elastic deformations in

the film microstructure. These results highlight the difference between bulk and thin films behaviors.
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I. INTRODUCTION

The metal to insulator transition (MIT) in vanadium
sesquioxide has been a topic of intense study; V,03 has an
unusual MIT because it coincides with a structural phase
transition (SPT) and a magnetic phase transition (MPT) [1,2].
The co-occurrence of multiple phase transitions raises not only
interesting questions about the underlying driving mechanisms
but also presents new opportunities for device applications,
such as infrared imaging, spintronic devices, resistive switch-
ing devices, field-effect transistors, and magnetoelastically
coupled recording media [3-8].

The MIT in V,03 has been studied in a vacuum as a
function of temperature and applied voltage both in bulk and
in thin films [2,9—12]. Furthermore, the pressure dependence
of MIT has been studied in bulk in the (V;_,Cr,),03 system
[13—15]. In this system, the MIT can be induced by decreasing
the temperature (at sufficiently small Cr concentration), by
decreasing x or by increasing the pressure P. Studies have
suggested that doping with Cr is equivalent to an applied
pressure (x = 0.01 corresponds to 4 kbar). The occurrence of
the MIT and the SPT with a complex phase diagram suggests
a coupling between electronic and lattice degrees of freedom.
The question whether this coupling remains when the material
is clamped to a substrate is of fundamental importance. For
instance, in some materials, the pressure dependence deviates
from its bulk behavior. This is mainly due to (i) geometric
anisotropy that arises when grain size is commensurate with
the film thickness, making the film quasi-two dimensional,
(i) substrate clamping that affects thin films under pressure
by fixing their in-plane elastic response [16], or (iii) complex
thin film microstructure that can affect many properties by
changing local strain [17-19]. All the above properties can
be distinguished by studying the film response with pressure,
varying either the film thickness or the film orientation. A
detailed analysis of the pressure dependence of the MIT in

2469-9950/2017/95(15)/155132(6)

155132-1

V,03 thin films was lacking in the literature, before the present
studies.

In this paper, we present temperature-dependent transport
measurements of V,0j3 thin films under pressure as a function
of both film thickness and crystallographic orientation in
the low positive pressure regime (vacuum to 1.5 GPa) and
compare them to bulk measurements. We examine three
different crystallographic orientations to investigate substrate
clamping effects and four different thicknesses to research
geometric anisotropy and out-of-plane relaxation. Structural
and morphological measurements before and after pressuriza-
tion provide information on the microstructural changes due
to pressurization.

II. EXPERIMENTAL

The V,05 thin films were prepared in a high-vacuum sputter
deposition system with base pressure of 1 x 1077 Torr. All
samples were grown on Al,O3 substrates. Four different film
thicknesses, 40, 60, 100, and 500 nm, were prepared on (0 1 2)
r-plane orientation of Al,O3. Furthermore, 100 nm V, 05 films
were also grown on (1 0 0) m-plane and (1 1 0) a-plane Al,O3
orientations. All growth was performed at 750 °C in 4 mTorr
of ultrahigh purity (UHP) Ar by rf magnetron sputtering at
100 W of a V,05 target. The x-ray characterization, including
x-ray reflectivity (XRR) for thickness measurements, as well as
x-ray diffraction (XRD) and reciprocal space mapping (RSM)
for structural measurements, was carried out using a Rigaku
SmartLab x-ray diffractometer. Fitting to the XRR data was
done using MotoFit complex scattering length density (SLD)
fitting functionality [20]. The morphology of the thin films
at room temperature was investigated with a Veeco scanning
probe microscope operating in a tapping mode as an atomic
force microscope (AFM).
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FIG. 1. The RSM for V,05 100 nm films grown on different orientations of Al,O3. The data at g, = 0 represents the typical out-of-plane
measurement. The RSM for film grown on (a) a-plane (1 0 0) out-of-plane orientation. Both V,0; and Al,O; peaks are visible. Both in-plane
and out-of-plane crystallographic orientations in V,0; follow the Al,O3 orientations. Films grown on (b) r-plane (0 1 2; sapphire peaks are not
visible due to a slight miscut in the substrate) and (c) m-plane (1 1 0). For the (2 2 0) plane, only the V,0; peak is visible because the Al,O;
peak is outside the scan range. In (b) and (c), faint polycrystalline rings (two to three orders of magnitude more faint than the associated peaks)
are visible, suggesting that a small portion of the film is polycrystalline. The measurements were done without a monochromator to increase the
overall diffraction intensity, which resulted in the presence of several contamination lines. The primary x-ray wavelength is 1.5406 A associated
with Cu Ka1; however, significant contributions to the detected signal come from Cu Ka2 (A = 1.5444 A) and W L1 (A = 1.0248 A). For
example, in Fig. 3(a), the (300) peak has another peak below the (300)V,0; associated with the W L1 of (300)Al,O; and an even more faint

fourth peak from W L1 of (300)V,0;.

Pressurization was performed at room temperature from
atmospheric pressure to 1.5 GPa in a hydrostatic pressure cell
Pcell 30 from Almax EasyLab using a 5 ton press. Pentane
was used as the pressure medium, which does not chemi-
cally interact with V,03. Pressure was calculated using the
resistance of a manganese manometer placed inside the cell,
before and after the temperature scan. Resistance of the V,03
film was concurrently measured during pressurization. Both
resistance measurements were performed in a pseudo-four-
probe configuration with a Keithley 6221A ac current source
and Keithley 2181A nanovoltmeter. The applied pressure as
measured by the press manometer was also recorded. This
showed the expected linear relationship with the pressure as
measured by the manganese manometer inside the cell.

The MIT measurements were performed by placing the
pressurized Pcell 3000 into a Quantum Design Physical Prop-
erty Measurement System (PPMS)-DynaCool with electrical
contacts connected to an external Keithley 6221A ac current
source and Keithley 2181 A nanovoltmeter similar to the ones
used during pressurization. A 100 nA constant current was
applied, and the voltage drop was measured. The low current
was needed to accommodate the very large resistance change
in the sample. The electrical transport measurement setup and
the cryostat were controlled using a custom routine in the
National Instruments LabVIEW software. The pressure cell
was initially cooled at 10 K/min to a starting temperature well
above the transition and then allowed to stabilize for 1 h. To
measure the cooling branch of the MIT, the temperature was
decreased at a rate of 0.1 K/min to a final temperature below
the MIT. Finally, the temperature was raised at 0.1 K/min to
the starting temperature to measure the heating branch of the
MIT. A slow temperature scan rate was used to minimize the

internal thermal lag inside the pressure cell, while measuring
both decreasing and increasing temperature branches of the
MIT. Once the full MIT hysteresis was measured, the pressure
cell was heated to 300 K and left for 1 h to stabilize. It was then
removed from the cryostat and further pressurized to the next
pressure value after which the resistance measurement process
was repeated. Because of possible pressure media leaks,
the pressure cell could not be depressurized to a controlled
pressure (above atmosphere).

III. RESULTS AND DISCUSSION

Results of x-ray RSM of 100 nm V,0; films grown
on r-plane (0 1 2), m-plane (1 0 0), and a-plane (1 1 0)
orientations of Al,O3 are shown in Fig. 1. All of the
films follow the in-plane and out-of-plane crystallographic
directions of the substrate and are thus epitaxial. This means
that we can control which crystallographic orientation of V,03
is unclamped when pressurized. The V,03 lattice constants
are identical to bulk values, within the resolution of the
measurement system. This is surprising since there is a lat-
tice mismatch (aal,0, = 4.785 A, av,o, = 4.9492 A, caj,0, =
12.991 A, ev,0, = 13.9980 A). A possible explanation is the
presence of an intermediate interfacial layer, as previously
reported for VO, and other oxide heterostructures [21] or
a weak overlayer-substrate interaction, as present in many
lattice mismatched epitaxial systems [22]. Note that the elastic
moduli for bulk V,03 and Al,Os; are 400 and 450 GPa,
respectively, with weak directional dependence. Furthermore,
thin films tend to have larger elastic moduli than bulk, which
means the V,03 can be even harder.
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FIG. 2. Resistance versus temperature dependence at different
pressures for (a) r plane, (b) a plane, and (c) m plane. The transition
temperature decreases monotonically with increased pressure. Only
absolute resistance measurements are reported because the samples
were small <1 mm?) and the variation in the geometry of the indium
contact point made accurate evaluation of resistivity across the
sample difficult. However, the magnitude and shape of transition is
comparable or better to those previously reported in literature (larger
change, sharper transition) [18,23]. The difference in shape of the
curves can be attributed to interfacial microstructure [18,24].

The pressure and temperature dependences of the resistance
of the thin films grown on the three different orientations are
shown in Fig. 2. All of the films present a MIT with roughly
four orders of magnitude resistance change and display a
thermal hysteresis between the cooling and warming branches
of about 10 K. The transition temperature of the MIT is defined
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FIG. 3. Structural and microstructural characterization of a
100 nm V,0; thin film grown on r-plane AL,Os: (a) XRD of the
(0 1 2) out-of-plane peak before and after pressurization. Since
the pressure cell accepts only very small sample sizes (less than
1 x 1 mm?), the pattern after pressurization is noisier. (b) AFM image
after pressurization; (c) XRR data and fit of data, before pressurization
(x? = 0.0198). Reflectivity data after pressurization not shown since
Very noisy.

as the inflection point in the logarithm of the resistance of
the cooling branch. We chose the cooling branch to avoid
a possibility of minor loops in the hysteresis. All of the
measurements start with the sample at room temperature
(at which pressurization occurs), where the material is in
the metallic state. Then, the film is monotonically cooled
into the insulating state, and, after reaching the minimum
temperature, it is warmed back to room temperature. Once at
room temperature, the pressure in the pressure cell is increased,
and the temperature scan is repeated.
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FIG. 4. Transition temperature as a function of pressure. In both panels, the dashed line represents the experimental single crystal bulk
behavior [28]. (a) Phase diagrams plotted as a function of crystallographic orientation for 100 nm thin films. (b) Phase diagrams plotted as a
function of film thickness for r-cut sapphire. The uncertainty in pressure was determined from a pressure measurement before and after the
temperature sweep. The 3 K uncertainty in transition temperature is a worst case uncertainty in the location of the inflection point in the curve.

The cooling and heating branches do not close at low
temperature because of the persistence of microinclusions of
metallic domains in the insulating phase even after most of
the transition has occurred. This has been previously observed
using first order reversal curve (FORC) measurements in VO,
[25]. The substrate dependence of the transition temperature
and hysteresis loop shape has also been observed under
vacuum measurements and was attributed to two factors
[18,23]. First, various Al,O3 substrate orientations substrates
have different surface terracing. The resulting morphology
generates strain in the V,0;3 grains, which can be modified
by annealing the substrate before growth. Second, various
substrate orientations have different lattice mismatches. These
two factors are also the reason why it is very difficult to grow
V,03; with several orders of magnitude MIT on c-plane (1 0
0) Al,O3 [18].

The XRD patterns and AFM images before and after the
pressurization are shown in Fig. 3. Figure 3(a) shows the (0 12)
Bragg peak of a 100 nm V,03 grown on the r-plane Al,O3
before and after pressurization. There is no change in the peak
position, which suggests that there are no structural changes.
Figure 3(b) shows an AFM image of the same film. Analysis
of the latter for pressure effects on the microstructure reveals
changes in roughness. For example, for this particular sample,
three areas, several millimeters apart, were measured before
and after pressurization. The root-mean-square roughness
changes from 7.5 nm before to 6.1 nm after pressurization
(p-value < 0.001). This suggests that while pressurization
does not induce atomic scale structural changes, it does
cause microstructural changes. Furthermore, the numerous
morphological indentations seen in the AFM image can yield
additional mechanisms for strain relaxation. Figure 3(c) shows
XRR with a fit for nominally 100-nm-thick V,0; film grown
on the r-plane Al,O3. The fitis performed by using a two-layer
model with a 100 nm bottom layer (1 nm roughness) and an
8 nm top layer (3.3 nm roughness), with lower density on top
of a 1.2 nm rough substrate. The top layer is likely oxygen
oversaturated due to exposure to air. The differences between
the fit and the data in the low Q range are probably due to the top
layer having a nonuniform electron scattering length density

(eSLD). The real part of the eSLD is linearly proportional to
the material density. The fitted real part of the eSLD of the

bottom layer of the 100 nm film is (36.2 £ 0.2) - 10’6/1&2, as

compared to the nominal value of 38.8 x 1076/ Az, for the bulk
counterpart. Literature values of the imaginary component
of the eSLD were used [26]. This strongly implies that the
V;,0; thin film has a density 6.6% lower than the bulk
material.

The pressure-temperature phase diagrams extracted from
the transport measurements in Fig. 3 are displayed in Fig. 4.
Figure 4(a) shows that different crystal orientations have
different transition temperatures. The m-plane and r-plane
oriented films have transition temperatures consistently above
that of the bulk material, while the a-plane oriented film has
a transition temperature below the bulk material. Figure 4(b)
shows the phase diagram for different thicknesses: 40-, 60-,
100-, and 500-nm-thick films grown on r-plane sapphire. The
40 nm film shows a transition temperature shifted to lower
temperatures, because the film thickness is lower than the
lateral grain size, which possibly affects the long-range order
responsible for the MIT. Furthermore, at lower thicknesses,
interfacial effects become more predominant. The 100- and
500-nm-thick films show nearly identical behavior since
their thickness is larger than the lateral grain size. At room
temperature, the boundaries expected are only low-angle
grain boundaries [27]. At low temperature, below the MIT,
additional boundaries appear due to crystal twining.

The most striking result appears when a constant 7 offset is
subtracted from each of the curves in Fig. 4. The new pressure
dependences are shown in Fig. 5: the pressure dependence of
all samples grown on different orientation substrates and with
different thicknesses collapse onto two single master lines that
significantly deviate from the bulk behavior. Thin films present
two pressure dependence regimes. Below 500 MPa, a weaker
pressure dependence than in bulk is observed, with a critical
temperature-pressure slope of 1.2 x 1072 K/MPa. This region
is referred to as the small slope regime. In contrast, above
500 MPa, the pressure dependence is similar to the bulk behav-
ior with a temperature-pressure slope of 3.9 x 1072 K/MPa,
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FIG. 5. Transition temperature as a function of pressure, with
a constant T offset subtracted from each of the phase diagrams in
Fig. 4. All data collapse onto two master lines (below 600 MPa,
slope —0.012 £ 0.003K/MPa and above 600MPa, —0.039 +
0.003 K/MPa); a small slope region and a large slope region. Dashed
line represents the experimental single crystal bulk behavior with a
slope of 0.05 K/MPa [28].

which we refer to as the large slope regime. Moreover, the
difference between large and small slope regimes is much
more pronounced than the variation of the V,0; thin film
behavior with either crystallographic orientation or thickness,
which suggests that they are physically relevant.

We propose that the two-slope regime is due to the effective
porosity of the films. As observed in the AFM images
[Fig. 3(b)] and XRR data [Fig. 3(c)], the films are not uniformly
dense, which allows for reversible grain boundary relaxation
when pressurized. As the films are epitaxial (Fig. 1), they
are clamped to the substrate and relax back to the porous
state when the pressure is removed. The small morphological
changes seen in the AFM images are due to small plastic
deformations in the relaxation process.

This mechanism has been extensively studied for foam
materials, which also exhibit a kink in their stress-strain
dependence, showing a low stress dependence at low pressure
and bulklike behavior at high pressure [29-31]. In fact,
qualitatively the change in slope in Fig. 5 is consistent with a
simple model that assumes the pressure to be isotropic in the
substrate and the film to be experiencing a reduced in-plane
pressure due to strain relaxation within boundaries. Then,
with increasing pressure, the relaxation mechanism becomes
exhausted and the film behaves bulklike (see Supplemental
Material [32]).
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IV. CONCLUSIONS

Pressure-dependent measurements help understanding the
nature of the MIT and the SPT in V,0;. The thin film
dependence of V,0j3 in the application-relevant low positive
pressure regime between 0 and 1.5 GPa is reported. We have
found that a transition temperature of V,Oj3 thin films show two
pressure dependencies: smaller than in bulk below 500 MPa
and similar to bulk, above 500 MPa. This feature is unique
to all thin films measured in this paper and has not been
observed in the bulk counterpart. Furthermore, the effect is
largely independent of film orientation or thickness, which is
likely because the films are not fully compact (thin film density
is 6.6% lower than bulk value) and undergo strain relaxation
when pressurized. This strain relaxation occurs both in grain
boundaries and in morphological defects in the film. When the
stress relaxation mechanisms become exhausted, the behavior
of the film becomes the same as in bulk. These findings are
further supported because there are no structural changes in
the films before and after pressurization, while there is a slight
change in the film microstructure. This is especially relevant
for developing SPT-based heterostructure devices since they
often operate through elastic coupling with the V,03 layer.
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