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Abstract: Epitaxial ultra-thin oxide films can support large perceenel strains well
beyond their bulk counterparts, thereby enabling straigireeering in oxides that can tailor
various phenomena. At these reduced dimensions (typieallp nm), contributions from
the substrate can dwarf the signal from the epilayer, makirgjfficult to distinguish
the properties of the epilayer from the bulk. This is esgBciaue for oxide on oxide
systems. Here, we have employed a combination of hard Xmayoglectron spectroscopy
(HAXPES) and angular soft X-ray absorption spectroscopA$X to study epitaxial
VO,/TiO, (100) films ranging from 7.5 to 1 nm. We observe a low-tempeeat300 K)
insulating phase with evidence of vanadium-vanadium (\dM)ers and a high-temperature
(400 K) metallic phase absent of V-V dimers irrespective h fihickness. Our results
confirm that the metal insulator transition can exist at atodimensions and that biaxial
strain can still be used to control the temperature of iteditaeon when the interfaces
are atomically sharp. More generally, our case study hyhldi the benefits of using
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non-destructive XAS and HAXPES to extract out informati@garding the interfacial
quality of the epilayers and spectroscopic signaturescéstea with exotic phenomena at
these dimensions.

Keywords: heteroepitaxial systems and interfaces; rational desigranoscale materials;
structure-function relationship

1. Introduction

With advancements in high quality thin film growth of stropglorrelated oxides, such as molecular
beam epitaxy (MBE) and puled-laser deposition, there issexated interest in oxide electronids-§].
Transition metal oxides in particular are an exciting clalsmaterials that may lend their properties to
future devices. Their partially-filledd-states are comparable in energy to the valence 1)s-states,
but due to the greater angular momentum, they do not rangardsoin the nucleus. This causes
their behavior to be intermediate between localized ameiéint, while the electrons are highly
interacting, often giving rise to collective phase traiosis that can be activated under various external
stimuli [2,4,5]. This can often result in exciting phenomena, includingesgonductivity, colossal
magneto-resistance and metal-insulator transitionsthEBumore, coherent oxide/oxide heteroepitaxial
film growth provides the opportunity to tailor these propestvia biaxial strain §]. In fact,
ultra-thin films can support large percent level strains aredrobust over millions of cycles through
electronic-structural phase changes, both of which arewknto cause fracturing in their bulk
counterparts 7-9]. This makes this class of materials of great interest frasth fundamental and
technological perspectives.

The metal insulator transition (MIT) is perhaps the mostitexg emergent phenomenon
that may be utilized in next-generation oxide electronissich as non-volatile memoryl(),
Mott field effect transistors 11,12], smart window coatings13,14] and thermal and chemical
sensors I5-17]. Widely considered amongst the most suitable candidateshese technologies
is vanadium dioxide 9,12,1819]. VO, exhibits an abrupt and ultrafast MIT near room
temperature that can be triggered by small, therr2@?2[l], chemical R2], mechanical 23] and
electrical R4,25] perturbations By applying tensile/compressive epitaxial strain alomg rtutile c-axis,
the thermally-induced transition temperature,(F) can be tuned over a rangermabre thant-40°C [26],
although the complex physics, especially neagy;#, is still poorly understood7]. The exact
mechanism of the transition remains under intense debdtide Wwoth theory and experiments point
to cooperation between a Peierls-type and a Mott-typeitrang28-30]. In fact, it has been suggested
that epitaxial strain can even shift the MIT mechanism froorenPeierls-like to more Mott-like3[1].
There are also at least three distinct structural phasesliiga under varying strains, with a solid state
triple point at 65°C and zero strain3d2-34).

The use of X-ray photoelectron spectroscopy (PES) and oxyigeedge X-ray absorption
spectroscopy (XAS) to examine the occupied and unoccupeadrenic structure of transition metal
oxides has long been establish88439], and they remain important tools today for epitaxial titios
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metal oxide films 40]. The high temperature metallic and low temperature irisudegphases of VQ
can be easily distinguished using X-ray photoelectron tspgcopy, either from the appearance of a
Fermi edge 29| or from the core-leveline-shapes41]. Meanwhile, soft XAS is highly sensitive to the
vanadium-vanadium (V-V) dimers because of the pronoundgitbbdichroism of thel,-_,» orbital (also
referred to ag/*), associated with the dimers. The resultant orbital ditm is obvious in both the O
K- and theV L;,-edges30,38]. These methods are ideal for cleaved surfaces of bulk dsystat thin
films require more considerations. In the case ohbVDe MIT is highly sensitive to the quality of the
interface 2-44]. Meanwhile, the surface preparation of atomically-cl&&@, for PES measurements
IS non-trivial.

Hard X-ray photoelectron spectroscopy (HAXPES) is becgnain increasingly important technique
for studying the bulk properties of solids, due to the highekic energy of the emitted photoelectrons
combined with the exceedingly high photon flux of modern $yatron sources. Traditional PES
of transition metal oxides is often hindered by the need fear surfaces. Even careful surface
preparation techniques, such as gentle ion bombardmeatwaieimperature annealing in an Qartial
pressure, can often reduce the transition metals to lowiglatgn states at the surface, e.g., Mrof
manganites45,46]. This is a severe problem for MQwhere even the partial reduction of vanadium
at the surface can result in the formation of variougOy metastable phases that can still display
metal-insulator transitions. These surface reductioneissan be circumvented by use of HAXPES,
which increases the effective probing depth and reducesehesitivity to attenuating carbonate and
hydroxyl overlayers compared to traditional PE&,f18]. The orbital and elemental sensitivity of
XAS already reduces the need for atomically-clean surfadée ability to combine O K-edge XAS
and HAXPES ofex situ samples free of surface reduction makes it very appealimgstiadying
transition metal oxides40,49], including VO, [44]. Moreover, the effective probing depth of HAXPES
enables one to study the electronic and chemical propertibaried interfaces for ultra-thin epitaxial
films [50,51]. However, the inherent properties of ultra-thin oxidedexheteroepitaxial films can create
some difficulties for both experiment and analysis. The smalme of the oxide film combined
with spectral contamination from the oxide substrate caken@xpounding useful information difficult.
Additionally, at these dimensions, one needs to considefudy both the film surface, as well as the
interface quality.

Here, we describe a methodology in which HAXPES and XAS cantiieed to study ultra-thin
oxide/oxide heteroepitaxial films with phase changing belraWe present HAXPES of the core-levels
and valence band and XAS at the O K-edge, each above and beéothérmally-induced MIT in
VO,/TiO, (100) epitaxial films. With this approach, we demonstrat the MIT can be observed
in films as thinas 1 nm.

2. Experimental Section

Epitaxial VO, thin films were grown on rutile Ti©(100) single-crystal substrates by reactive MBE in
a Veeco GEN10. Substrates were prepared by etching andlengnteehave clean and well-defined step
and terrace microstructured surfacé2,$53. Vanadium metal and distilled ozone were co-deposited
onto the substrate held at 28C under a distilled ozone background pressure of>1.00-¢ Torr.
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Sample thicknesses were estimated from the atomic layevtgrates as determined by monitoring
the oscillations in reflection high energy electron diffrac (RHEED). A detailed account of a similar
sample growth on Ti@(001) substrates is reported elsewhei®4] [Temperature-dependent electrical
transport was measured using the standard van der Pauwmdapethod, where the sample was contacted
with gold wires and silver paint. These studies confirmedabafilms display MITs for film thicknesses
of 7.5-2.5 nm $5. Our TEM studies confirmed an atomically sharp interfacettie@ 7.5 nm sample,
but this constitutes a separate work.

The HAXPES measurements were performed at the Nationalutesbf Standards and Technology
(NIST) bending magnet beamline X24a at the National Syrtotind_ight Source (NSLS) at Brookhaven
National Laboratory. Measurements were performed usinigatiom energy of h = 4 keV and a pass
energy of 500 eV, with a corresponding Gaussian instrunhbBrdgadening of 0.45 eV. The binding energy
axes were referenced to both the Ay/4fand Fermi edge of a Au foil in electrical contact with the film.
The take-off angle was 830 maximize bulk sensitivity. HAXPES was performed on sagspt room
temperature and at an elevated temperature of 375 K.

XAS of the O K-edge was measured in total electron yield (TE¥)de at beamline U4b of the
NSLS by measuring the sample drain current and was norndabyethe current from a clean gold
mesh placed in the incoming beam to compensate for fluctuatbthe incoming photon intensity. The
energy resolution was set at 180 meV. The photon energy ages ealibrated using the Tisk and
O K absorption edge features of a rutile Fi€ingle crystal. The incident photon beam was at normal
incidence to the sample surface with the linear polarinatector parallel to thegaxis of the VQ films.

For the XAS studies, the samples were measured at room tatnpeand at an elevated temperature
of 400 K.

3. Results and Discussion

3.1. Probing Depth

Both HAXPES and XAS (in TEY mode) depend on photon-in, elattout processes. A schematic
of this general process is shown in FigureThe photoelectrons, once generated, must travel through
some length of the material before they escape the surfateaanbe detected either with an electron
analyzer (HAXPES) or from the drain current (TEY XAS). Typi@scape lengths are of the order of
nanometers or less, although they are highly dependenteokinietic energy of the electron. For films
with a thickness of only a few nanometers, it should be gpdieid that the detected electrons will have
originated from both the film and substrate beneath.

3.1.1. HAXPES

Figure2a shows the HAXPES spectra of the O 1s, V 2p and Ti 2p core leedllscted from six thin
film samples with varying film thickness, as well as a rutil©Fsingle-crystal substrate for reference.
The spectra are displayed normalized to the O 1s peak itgdosiclarity, since both oxide materials
contain two oxygens per cation. The O 1s shows a single peaka3® eV, while the V and Ti 2p core
levels each manifest as doublet peaks due to spin-orbitisgli The Ti 2p peaks are each symmetric,
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indicating a single Ti" oxidation state in all samples. The V 2p peaks, however, siheWoulder on
the high binding energy side, indicating some surface diadehas likely occurred in each film. The
thickness of each film is reflected by the relative signalnsiiy from the V 2p and Ti 2p core lines. The
thickest film of 7.5 nm shows a strong V 2p signal, while moghefsignal originating from the substrate
is attenuated by the film. On the other end, the thinnest filrh pim shows a very weak V 2p signal,
while the corresponding Ti 2p peaks are only slightly dirsit@d as compared to the bare substrate.

hv

Figure 1. A schematic representation of our Y@Ims of a thickness, t, grown epitaxially on our
TiO> (100) substrates. The photoelectrons, once generated travsl through some length of the
material before they escape the surface and can be detected.
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Figure 2. (a) X-ray photoelectron spectroscopy (HAXPES) spectra ctie from six VQ/TiOy
(100) thin films with thicknesses varying from 7.5 to 1 nim) Gormalized HAXPES signal intensity
of the V 2p; , and Ti 2, versus film thickness.

Peak fitting was carried out to obtain quantitative deptblxesi information. All fits were performed
using a Shirley background and Voigt line shapes consistéht Silversmitet al. [56]. The Ti 2p
region was peak fit using two peaks representing the jih2md 2p,,. The O 1s and V 2p core levels
were fit concurrently using a single peak for the O 1s and tvakgéor each spin-orbit split V 2p peak
with separation of 1.15 eV representing*vand \P* contributions to the overall intensity. The total
normalized intensity of the Ti 2p, and V 2/, peak fits, respectively, are plotted in Figutie as a
function of film thickness. These peak fits were used to exartha interfacial quality of these films.

In the hard X-ray regime, the emitted photoelectrons haffecently large kinetic energy, such that
the forward scattering is the dominant interaction withgbkd, thus we can ignore the effects of elastic
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scattering 47]. This means that the profile of escaping electrons shodldwcan exponential decay
with the distance the electron must travel in order to estia@asolid. Because of this, the intensity of a
single photoelectron peak, which is proportional to the hanof photoelectrons reaching the detector,
I can be represented as:

=7° / e dz (1)
0

where!" is the unattenuated intensity at the point of origiis the depth from the sample surface and
is the effective attenuation length7]. Referring to Figurel, if a perfect interface is assumed for a film
of known thickness, photoelectrons can traverse a maximum length ef ¢/ sin ¢ through the film,
whered is the angle of photoelectron emission relative to the sarapiface (take-off angle). Thus, the
signal originating from the film is given by:

]}10(1_6#&) (2)

Similarly, the signal originating from the substrate is:

1% exem? (3)

These functions were used to fit the data for varyinghown in Figure2b, where in this case,
the V 2p;/, signal represents the film and Ti 2pis the substrate intensity. Both fits independently
yield 1/A = 0.42 4+ 0.03 nnt!, corresponding to an effective attenuation length of 2.88 nThis
means that\o, ~ Atio,, Which is to be expected due to the close binding energiesefp core
levels and similarities between these materials, e.gictsire, density and atomic weight. Alternatively,
depth-resolved information can be gained by varyirigr a given film thickness in principle; however,
in this cased is fixed to maximize our probing depth.

Agreement with these exponential fits requires two thinglsat the nominal film thicknesses
are accurate and that the interfaces are reasonably abfemttunately, the thicknesses are often
well-calibrated from then situ REED oscillations during MBE growth, as they are in this cashis
means that this approach is a convenient non-destructeegdure to investigate the quality of the
interface in contrast to the more typical techniques, esputter depth profiling and cross-sectional
transmission electron microscopy (TEM).

We now turn our attention to the oxidized surface. So far, weehconsidered the entire thickness
of the film, i.e., both the expected & and the VV* from the oxidized overlayer. When considered
separately, the two contributions behave very differeaslya function of film thickness. FiguBa shows
the peak fitting for the 7.5 nm and 1 nm samples. THe Weak is much larger for the thicker 7.5 nm
film, while the \P* peak intensities are comparable.

Figure3b shows the ¥ and \/* contributions separately for the whole sample set. Fros) thtan
be observed that the the'Vis roughly constant across each sample, revealing that ihao correlation
with film thickness. This indicates that the the naturabiyrfing oxidized layer has likely reached its
limiting thickness §8]. In contrast, the ¥ can be fit with the same exponential function as the total
V 2ps, intensity, although rigidly lowered by a constant valueisTib due to the overlayer attenuating
the V' signal, and because it is of similar thickness on each saritjglees not significantly effect the
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exponential character. Additionally, from thé VvV ratios and knowledge of, we can also estimate
the inherent thickness of the oxidized overlayer on oueapesed samples. Here, we find an average
value of~0.35 nm, although we do not expect an atomically sharp imterbetween the overlayer and
film. This thickness notably should be considered as a ciooreto each nominal film thickness, since a
small portion of the stoichiometric ViCfilm is lost to this oxidation.
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Figure 3. (a) HAXPES spectra collected from the 7.5 and 1 nm films. Peaksfitsv the
contributions of \A* from the film and VT from the overlayer; if) normalized HAXPES signal
intensity of the V 2p,, showing the V}+ and the VV* contributions separatehersus film thickness.

A summary of the depth-resolved analysis from HAXPES is showFigure4. Each sample shows
the~0.35-nm oxidized overlayer (orange) on top of the \pilayer (purple) of different thickness with
an abrupt interface to the TiGsubstrate (blue). To the right, the experimentally-deteeah intensity
profile is shownj.e.,, e=*/*, where\ = 2.38 nm. One advantage of HAXPES, compared to the more
conventional use of soft X-rays is not just the maximum dep#t can be probed, but the fact that for
the thinner samples, the entire film can be probed within tise tivo \, which corresponds to 87% of
the total signal. This means that all of the regions of irderiee., overlayer, film and substrate, can
contribute significantly to the collected spectra.
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Figure 4. A summary of the depth-resolved HAXPES analysis of the sixAI®, (100) thin films.
To the right is the exponential profile of the HAXPES probirapth for comparison.
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3.1.2. XAS

Figure5 shows the XAS spectra of the TyL-, V L3 »- and O K-edges of four VOfilms of different
thickness as compared to a TiGubstrate. The V {,-edge, which has a turn on at515 eV, and the
O K-edge at~529 eV are near enough in energy that they can be measurdyliaasisingle spectra.
XAS in the TEY mode is considered surface sensitive, singg dominated by inelastically-scattered
low-energy electrons. The exact probing depth is difficalfjuantify, but the effective escape depth
of these electrons is estimated to be below 5 nm for XAS in tfe X%-ray range $9]. With our
methodology, it is simple to verify this experimentally. & mtensity variation of the Ti and V L-edges
follows a qualitatively similar trend to the Ti and V 2p coreds in the HAXPES due to the different
sample thicknesses. Here, the signal from the Ti L-edge odonger be observed for the 5 nm-thick
film, and the V L-edge has reached a maximum intensity. Thog/slthat the maximum probing depth is
indeed less than 5 nm for these films. For films below this thesls, the O K-edge should contain both
information from the oxide film and the oxide substrate araging from beneath, making interpretation
somewhat difficult.
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Figure 5. TiLjss-, V Lso- and O K-edge XAS spectra of four \WIiO, (100) films of different
thickness and a Ti@single crystal for reference.

3.2. Temperature-Dependent Electronic Sructure

As VO, films approach nanoscale dimensions, various exotic phases been predicted, such as
half metallicity and semi-Dirac cone$(,61]. With the interface quality established and the surface
well-characterized, we can now confidently study the effe€tfilm thickness on the thermally-induced
MIT. To investigate the temperature dependence of therelactstructure, we compare the 5-nm and
1-nm VG, films. The 5-nm film is of sufficient thickness to avoid spelct@ntamination in the XAS,
while the HAXPES can still probe the entire film effectively.

Figure6a shows temperature-dependent changes to the V 2p cor¢ll&XES spectra for the 5-nm
and 1-nm VQ films. The resulting peak fits are shown for the low tempegatlir< T,,;r) insulating
phase. This is to highlight that the only significant spdadtiifierence between the two films is the
difference in the relative intensity of the’V/V**+ peaks expected from the different Y&m volumes
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being sampled. Despite these differences, the high temyser@ > T,,;r) measurements display clear
changes from the low temperature spectra of each film. Beththm and 1-nm films develop a similar
shoulder structure on the lower binding energy side of edt¢heoV 2p peaks. This shoulder is due to
the screening channel only present in the metallic statebssrved by Eguctst al. [41]

a- T T I T T T I T T T I T T T I T b- T I T | T I T T I T | T I T | T I T | T I T | T C- T T T I T
02p Valence band F

™ > — T>Tur > -

§ % — T<Tur % 5nm

] = E

S 3 3

> N N

G T vad T

S E £ -

£ 2 |1nm il N = 1nm
||||||||||||| ) P IR O O AN A A A A O B A I R .|||' oe

524 520 516 512 10 8 6 4 2 0 -2 2 1 0 -1
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 6. (a) V 2p HAXPES measured above (red) and below (blug);F for two VO4/TiOy
(200) films with thickness of 5 nm and 1 nm, respectively. Ffigtkg results are shown for the low
temperature measuremen) (alence band HAXPES; ana)(an expanded view of the topmost V
3d states of the same two samples.

Perhaps the most direct spectroscopic measure of the MITtleei valence band HAXPES spectra.
The valence band consists of a broad O 2p-derived band4rdmo 9 eV and a distinct V 3d feature near
the Fermi level (). Figure6b shows the valence band HAXPES normalized to the O 2p banithdor
two films, with an expanded view of the V 3d states showdnBelow T,,;7, the 5-nm film displays
the V 3d as a clear peak just below 1 eV. In contrast, when nmedsibove J,;r, there is a pronounced
increase of spectral weight ai-EThis is consistent with the changes associated with the dbServed
in thick (~40 nm) films also grown on Ti©(100) substrates3fl]. For our 1-nm film, similar changes
with temperature are observed, although the signal frorivtBe is much weaker. Notably, these spectra
are shown multiplied by five times after normalization to @e&p band. This is because of the O 2p
contribution from the TiQ substrate to the valence band spectra. The comparablsitytemthe 5-nm
film after this multiplication further attests to the acatyaf the film thickness. This confirms that the
electronic transition is not disrupted, even at a film thiessof 1 nm.

The O K-edge XAS spectra below, of these two films are shown in Figure In Figure7a, the
spectra are compared to the O K-edge of a bare Bi@bstrate. The 5-nm film shows three features
corresponding to the unoccupied band at~529.5 eV, the ¢* band located just above thef and the
broadero* band at~532 eV. The presence of thg*deature confirms that there are indeed V-V dimers
in the 5-nm film in the low temperature insulating phase, @geted. The 1-nm film shows clear spectral
mixing from VO, and TiG;. From this spectra alone, it is not possible to discern aagratvidence of a
d* feature, especially due to the overlapping Tif@ature at 531 eV.

To investigate whether the V-V dimers persist in thin fiimswdoto 1 nm, we look to the
temperature-dependent changes shown in FighreAfter careful normalization, the 1-nm film does
appear to show spectral changes from low to high temperatomiéar to that on the 5-nm film, where
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the d| vanishes completely for &T,,;r. Since the O K-edge of TixOdoes not show any changes with
temperature, the only changes must be associated with thefiM®© Figure 7c shows the difference
spectra of the O K-edge measurements, [ir<r,,,,1 — [ir>7,,,,]- Fromthis, itis clear that the 5-nm film
and 1-nm film show near identical orbital changes with terafuge. This spectral signature confirms that
even for the 1-nm film, the V-V dimers are formed in the insalg@phase, consistent with the monoclinic
M1 crystal structure, and vanish at high temperatures,istamg with the rutile crystal structure.
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Figure 7. (a) O K-edge XAS from two VQ/TiO, (100) films with thicknesses of 5 and 1 nm and a
TiO5 single-crystal referenceb) O K-edge XAS from the same two VIO, (100) films measured
above (red) and below (blue)yf;r; (c) intensity difference between high and low temperature O
K-edge measurements for the two films.

4. Conclusions

We have presented in this paper HAXPES and XAS studies &-tlin oxide/oxide heteroepitaxial
films. A convenient, non-destructive methodology to chimaze the film surface and interface and
to study the phase-change behavior of correlated oxiderialstées described. Here, this methodology
is used to demonstrate that high quality ¥DO, (100) films with sharp interfaces display spectral
signatures of the MIT for films as thin as 1 nm. For all film tmelsses (7.5-1 nm), we observe a
low temperature insulating phase containing V-V dimers arfdgh temperature metallic phase with
no evidence of dimers. Our findings demonstrate that thensitrproperties of the MIT for V@TiO,
(100) remain unchanged even for less than 1 nm of materiali@ent to about two unit cells for
this orientation).

Acknowledgments

Louis F. J. Piper and Nicholas F. Quackenbush acknowledgpostfrom the National Science
Foundation under DMR-1409912. Hanjong Paik and Darrell Ghl@n acknowledge the financial
support of the Office of Naval Research through Award No. N@B01-1-0665. This work made use of
the Cornell Center for Materials Research Shared Fagilitiich are supported through the National
Science Foundation Materials Research Science and Emgige€enter program (DMR-1120296).
This work was performed in part at the Cornell Nanoscale liacia member of the National
Nanotechnology Infrastructure Network, which is suppatig the National Science Foundation (Grant



Materials 2015 8 5462

No. ECCS-0335765). The National Synchrotron Light Souscguipported by the U.S. Department of
Energy, Office of Science, Office of Basic Energy Sciencegdeu@ontract No. DE-AC02- 98CH10886.
Beamline X24a is supported by the National Institute of 8&ads and Technology.

Author Contributions

Louis F. J. Piper and Nicholas F. Quackenbush organized esgjried the study. Hanjong Paik
and Darrell G. Schlomgrew and characterized the ultra-thin films. Nicholas F. ¢geabush and
Joseph C. Woicilperformed the HAXPES measurements. Nicholas F. QuackarandgDario A. Arena
performed the XAS measurements. Nicholas F. Quackenbudgh_anis F. J. Piper performed the
analysis and prepared the manuscript. All authors read jppicbeed the manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Mannhart, J.; Schlom, D.G. Oxide interfaces—An oppatyufor electronics. Science 2010
327,1607-1611.

2. Takagi, H.; Hwang, H.Y. An emergent change of phase foctedaics. Science 201Q
327, 1601-1602.

3. Chambers, S.A. Epitaxial growth and properties of dopausition metal and complex oxide films.
Adv. Mater. 201Q 22, 219-248.

4. Harrison, W.A. Electronic Sructure and the Properties of Solids: The Physics of the Chemical
Bond; Dover Books on Physics; Dover Publications: New York, N'GAJ 2012.

5. Cox, P.A.Transition Metal Oxides. An Introduction to Their Electronic Structure and Properties;
The International Series of Monographs on Chemistry; OUR@Ix Oxford, UK, 2010.

6. Cao, J.; Wu, J. Strain effects in low-dimensional traosimetal oxides.Mater. Sci. Eng. R Rep.
2011 71, 35-52.

7. Schlom, D.G.; Chen, L.Q.; Eom, C.B.; Rabe, K.M.; Strejffe K.; Triscone, J.M. Strain tuning of
ferroelectric thin films.Ann. Rev. Mater. Res. 2007, 37, 589-626.

8. Woicik, J.C. Local structure determination in strainager semiconductorsSurf. Sci. Rep. 2014
69, 38-53.

9. Zhou, B.Y.; Ramanathan, S. Mott Memory and Neuromorpleei€es. |IEEE Proc. 2015 103,
1-22.

10. Nakano, M.; Shibuya, K.; Okuyama, D.; Hatano, T.; OnpKawasaki, M.; Iwasa, Y.; Tokura, Y.
Collective bulk carrier delocalization driven by electiatsc surface charge accumulatioNature
2012 487, 459-462.

11. Newns, D.M.; Misewich, J.A.; Tsuei, C.C.; Gupta, A.; 8¢B.A.; Schrott, A. Mott transition field
effect transistor Appl. Phys. Lett. 1998 73, 780-782.

12. Pergament, A.L.; Stefanovich, G.B.; Velichko, A.A. @aiElectronics and Vanadium Dioxide
Perspective : A Reviewd. Sel. Top. Nano Electron. Comput. 2013 1, 24-43.



Materials 2015 8 5463

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Huang, Z.; Chen, S.; Lv, C.; Huang, Y.; Lai, J. Infrareduecteristics of V@thin films for smart
window and laser protection application&ppl. Phys. Lett. 2012 101, 1-5.

Kats, M.A.; Sharma, D.; Lin, J.; Genevet, P.; BlanchdRd, Yang, Z.; Qazilbash, M.M.;
Basov, D.N.; Ramanathan, S.; Capasso, F. Ultra-thin peatesorber employing a tunable phase
change materialAppl. Phys. Lett. 2012 101, doi:10.1063/1.4767646.

Kim, B.J.; Lee, Y.W.; Chae, B.G.; Yun, S.J.; Oh, S.Y.; KiM.T.; Lim, Y.S. Temperature
dependence of the first-order metal-insulator transitionViIO, and programmable critical
temperature sensoAppl. Phys. Lett. 2007, 90, 2005—-2008.

Strelcov, E.; Lilach, Y.; Kolmakov, A. Gas sensor basadntetal-insulator transition in VO
nanowire thermistorNano Lett. 2009 9, 2322-2326.

Baik, J.M.; Kim, M.H.; Larson, C.; Yavuz, C.T.; Stucky,; Wodtke, A.M.; Moskovits, M.
Pd-sensitized single vanadium oxide nanowires: Highlpoesive hydrogen sensing based on the
metal-insulator transitionNano Lett. 2009 9, 3980-3984.

Tomczak, J.M.; Biermann, S. Optical properties of datezl materials—Or why intelligent
windows may look dirty.Phys. Status Solidi Basic Res. 2009 246, doi:10.1002/pssb.200945231.
Yang, Z.; Ko, C.; Ramanathan, S. Oxide electronicszinig ultrafast metal-insulator transitions.
Ann. Rev. Mater. Res. 2011, 41, 337-367.

Morin, F.J. Oxides which show a metal-to-insulator $iaon at the neel temperature.
Phys. Rev. Lett. 1959 3, 34-36.

Goodenough, J.B. The two components of the crystalpdgcatransition in VQ. J. Solid
Sate Chem. 1971 3, 490-500.

Marezio, M.; McWhan, D.B.; Remeika, J.P.; Dernier, FSbructural aspects of the metal-insulator
transitions in Cr-doped VO Phys. Rev. B 1972 5, 2541-2551.

Pouget, J.P.; Launois, H.; D’Haenens, J.P.; Merend®&i¢e, T.M. Electron localization induced
by uniaxial stress in pure VO Phys. Rev. Lett. 1975 35, 873-875.

Stefanovich, G.; Pergament, A.; Stefanovich, D. Elealiswitching and Mott transition in VO

J. Phys. Condens. Matter 200Q 12, 8837—-8845.

Stoliar, P.; Rozenberg, M.; Janod, E.; Corraze, B.; dmant, J.; Cario, L. Nonthermal and purely
electronic resistive switching in a Mott memorighys. Rev. B 2014 90, 1-6.

Muraoka, Y.; Hiroi, Z. Metal-insulator transition of \{@hin films grown on TiQ (001) and (110)
substratesAppl. Phys. Lett. 2002 80, 583-585.

Lazarovits, B.; Kim, K.; Haule, K.; Kotliar, G. Effectd strain on the electronic structure of YO
Phys. Rev. B 201Q 81, 1-9.

Eyert, V. The metal-insulator transitions of VA band theoretical approachnn. Phys. 2002
11, 650-702.

Koethe, T.C.; Hu, Z.; Haverkort, M.W.; Schul} ler LangabeC.; Venturini, F.; Brookes, N.B.;
Tjernberg, O.; Reichelt, W.; Hsieh, H.H.; Lin, H.ét;al. Transfer of spectral weight and symmetry
across the metal-insulator transition in ¥@Phys. Rev. Lett. 2006 97, 1-4.

Haverkort, M.W.; Hu, Z.; Tanaka, A.; Reichelt, W.; Stselv, S.V.; Korotin, M.A.;Anisimov, V.1,;
Hsieh, H.H.; Lin, H.J.; Chen, C.Tet al. Orbital-assisted metal-insulator transition in YO
Phys. Rev. Lett. 2005 95, 4-7.



Materials 2015 8 5464

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Laverock, J.; Preston, A.R.H.; Newby, D.; Smith, K.E&|IS, S.; Piper, L.F.J.; Kittiwatanakul, S.;
Lu, JW.; Wolf, S.A.; Leandersson, Met al. Photoemission evidence for crossover from
Peierls-like to Mott-like transition in highly strained VOPhys. Rev. B 2012 86, 1-5.

Cao, J.; Gu, Y.; Fan, W.; Chen, L.Q.; Ogletree, D.F.; ClkenTamura, N.; Kunz, M.; Barrett, C.;
Seidel, J.;et al. Extended mapping and exploration of the vanadium dioxitess-temperature
phase diagramiNano Lett. 2010 10, 2667-2673.

Atkin, J.M.; Berweger, S.; Chavez, E.K.; Raschke, M.Bao, J.; Fan, W.; Wu, J. Strain
and temperature dependence of the insulating phases ohear the metal-insulator transition.
Phys. Rev. B 2012 85, 1-4.

Park, J.H.; Coy, J.M.; Kasirga, T.S.; Huang, C.; FeiHunter, S.; Cobden, D.H. Measurement of
a solid-state triple point at the metal-insulator trasitin VO,. Nature 2013 500, 431-434.

De Groot, F.M.F.; Grioni, M.; Fuggle, J.C.; Ghijsen,Sawatzky, G.A.; Petersen, H. Oxygen 1s
X-ray-absorption edges of transition-metal oxidBys. Rev. B 1989 40, 5715-5723.

Van Elp, J.; Wieland, J.L.; Eskes, H.; Kuiper, P.; Sawgtt.A.; de Groot, F.M.F.; Turner, T.S.
Electronic structure of CoO, Li-doped Co0O, and LiGo®hys. Rev. B 1991, 44, 6090-6103.
Chen, C.; Sette, F.; Ma, Y.; Hybertsen, M.; Stechel, Bulkes, W.; Schulter, M.; Cheong, S.W;
Cooper, A.; Rupp, L.etal. Electronic states in L.a ,Sr,CuQ,, s probed by soft-X-ray absorption.
Phys. Rev. Lett. 1991 66, 104-107.

Abbate, M.; de Groot, F.M.F.; Fuggle, J.C.; Strebel, Kopez, F.; Domke, M.; Kaindl, G.;
Sawatzky, G.A.; Takano, M.; Takeda, ¥;al. Controlled-valence properties of Lg SrxFeQ and
La;_,.SrxMnG; studied by soft-X-ray absorption spectroscopiiys. Rev. B 1992 46, 4511-4519.
Fujimori, A.; Hase, |.; Namatame, H.; Fujishima, Y.; To&, Y.; Eisaki, H.; Uchida, S.;
Takegahara, K.; de Groot, F.M.F. Evolution of the spectuaiction in Mott-Hubbard systems
with d1 configuration.Phys. Rev. Lett. 1992 69, 1796-1799.

Zhang, K.H.L.; Du, Y.; Sushko, P.V.; Bowden, M.E.; Shattandan, V.; Sallis, S.; Piper, L.F.J.;
Chambers, S.A. Hole-induced insulator-to-metal traositin La _,SrxCrQ; epitaxial films.
Phys. Rev. B 2015 91, 1-9.

Eguchi, R.; Taguchi, M.; Matsunami, M.; Horiba, K.; Yamato, K.; Ishida, Y.; Chainani, A.;
Takata, Y.; Yabashi, M.; Miwa, D.et al. Photoemission evidence for a Mott-Hubbard
metal-insulator transition in VO Phys. Rev. B 2008 78, doi:10.1103/PhysRevB.78.075115.
Fan, L.L.; Chen, S.; Luo, Z.L.; Liu, Q.H.; Wu, Y.F.; Song, Ji, D.X.; Wang, P.; Chu, W.S,;
Gao, C.;et al. Strain dynamics of ultra-thin VOfilm grown on TiG, (001) and the associated
phase transition modulatiofNano Lett. 2014 14, 4036—-4043.

Muraoka, Y.; Saeki, K.; Eguchi, R.; Wakita, T.; Hirai, ;wokoya, T.; Shin, S. Spectroscopic
evidence of the formation of (V,Ti)Dsolid solution in VQ thinner films grown on Ti@ (001)
substratesJ. Appl. Phys. 2011, 109, doi:10.1063/1.3549835.

Quackenbush, N.F.; Tashman, J.W.; Mundy, J.A.; Sdlis,Paik, H.; Misra, R.; Moyer, J.A.;
Guo, J.H.; Fischer, D.A.; Woicik, J.Cet al. Nature of the metal insulator transition in ultra-thin
epitaxial vanadium dioxideNano Lett. 2013 13, 4857-4861.

De Jong, M.; Bergenti, |.; Dediu, V.; Fahlman, M.; Maidi, Taliani, C. Evidence for Mfi" ions

at surfaces of Lg Sry sMnQOs thin films. Phys. Rev. B 2005 71, 2-5.



Materials 2015 8 5465

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

S7.

58.

59.

Piper, L.F.J.; Preston, A.R.H.; Cho, S.W.; DeMasi, Ahe@, B.; Laverock, J.; Smith, K.E.;
Miara, L.J.; Davis, J.N.; Basu, S.Ngtal. Soft X-ray spectroscopic study of dense strontium-doped
lanthanum manganite cathodes for solid oxide fuel celliappbns. J. Electrochem. Soc. 2011,
158, B1523-B1531.

Dallera, C.; Braicovich, L.; Duo, L.; Palenzona, A.; Racione, G.; Paolicelli, G.; Cowie, B.C.C.;
Zegenhagen, J. Hard X-ray photoelectron spectroscop\sit8éty to depth, chemistry and orbital
character. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip.
2005 547, 113-123.

Borgatti, F.; Torelli, P.; Panaccione, G. Hard X-ray ffflectron spectroscopy of transition
metal oxides: Bulk compounds and device-ready metal-oxiterfaces. J. Electron Spectros.
Relat. Phenom. 2015 in press.

Wadati, H.; Fujimori, A. Hard X-ray photoemission spestopy of transition-metal oxide thin
films and interfacesJ. Electron Spectros. Relat. Phenom. 2013 190, 222-227.

Conti, G.; Kaiser, A.M.; Gray, A.X.; NemNhIAk, S.; PaiAlsson, G.K.; Son, J.; Moetakef, P.;
Janotti, A.; Bjaalie, L.; Conlon, C.Set al. Band offsets in complex-oxide thin films and
heterostructures of SrTi@laNiO; and SrTiQ/GdTiO; by soft and hard X-ray photoelectron
spectroscopyd. Appl. Phys. 2013 113, doi:10.1063/1.4795612.

Wahila, M.J.; Lebens-Higgins, Z.W.; Quackenbush, NRishitani, J.; Walukiewicz, W.;
Glans, P.A.; Guo, J.H.; Woicik, J.C.; Yu, K.M.; Piper, L.F.Bvidence of extreme type-Ill band
offset at buried n-type CdO/p-type SnTe interfacebys. Rev. B 2015 91, 1-7.

Yamamoto, Y.; Nakajima, K.; Ohsawa, T.; Matsumoto, Yojiuma, H. Preparation of atomically
smooth TiQ single crystal surfaces and their photochemical propeipn. J. Appl. Phys. 2005
44,511-514.

Floating-Zone Grown Crystal; CrysTec GmbH: Berlin, Germany, 2002.

Paik, H.; Moyer, J.A.; Spila, T.; Tashman, J.W.; MundyA.;J Shukla, N.; Lapano, J.M,;
Engel-herbert, R.; Zander, W.; Muller, D.A.; Datta, S.; Behn, P.; Schlom, D.G. Transport
properties of ultra-thin VQfilms on (001) TiQ grown by reactive molecular-beam epitaXdppl.
Phys. Lett. 2015 submitted.

Paik, H.; Moyer, J.A.; Tashman, J.W.; Jerry, M.; ShukM; Zander, W.; Schubert, J.;
Engel-Herbert, R.; Datta, S.; Schiffer, ;al. Thickness and orientation dependent transport
property of ultra-thin V@ films grown on TiQ (101), (100), (111), and (110) by molecular-beam
epitaxy. 2015 to be submitted.

Silversmit, G.; Depla, D.; Poelman, H.; Marin, G.B.; dey§e, R. Determination of the V 2p
XPS binding energies for different vanadium oxidationestgds, to Vi, ). J. Electron Spectros.
Relat. Phenom. 2004 135, 167-175.

Briggs, D.; Seah, PPractical Surface Analysis, Auger and X-ray Photoelectron Spectroscopy;
Practical Surface Analysis; Wiley: Hoboken, NJ, USA, 1990.

Cai, N.; Zhou, G.; Mller, K.; Starr, D.E. Tuning the litmig thickness of a thin oxide layer on
Al(111) with oxygen gas pressurhys. Rev. Lett. 2011, 107, 1-4.

Stohr, INEXAFS Spectroscopy; Springer Series in Surface Sciences; Springer: Berliiéleerg,
Germany, 2013.



Materials 2015 8 5466

60. Pardo, V.; Pickett, W.E. Half-metallic semi-dirac4pogenerated by quantum confinement in
TiO,/VO5 nanostructuresPhys. Rev. Lett. 2009 102, 2-5.

61. Yao, T, Liu, L.; Xiao, C.; Zhang, X.; Liu, Q.; Wei, S.; Xi&. Ultrathin nanosheets of half-metallic
monoclinic vanadium dioxide with a thermally induced phasasition. Angew. Chem. Int. Ed.
2013 52, 7554—7558.

(© 2015 by the authors; licensee MDPI, Basel, Switzerland. s Hiticle is an open access article
distributed under the terms and conditions of the Creativem@ons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



	Introduction
	Experimental Section
	Results and Discussion
	Probing Depth
	HAXPES
	XAS

	Temperature-Dependent Electronic Structure

	Conclusions

