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Abstract

We investigate the oxygen isotope effect on the VO, metal-insulator transition. Using a novel
method, we synthetize V%0, and V80, crystals, finding a 1-3% phonon softening and a 1.3 K
increase in the metal-insulator transition temperature for the latter. A simple calculation, further
confirmed by density functional theory, shows that this shift can be attributed to changes in the
lattice internal energy. Our results show that lattice dynamics play a key role at setting the
electronic transition temperature, indicating that electronic and structural degrees of freedom
remain strongly coupled at the transition.

Introduction

The metal-insulator transition (MIT) is one of the most actively studied topics in condensed matter
physics, both for its intrinsic fundamental interest [1-4] as well as for potential applications [5-8].
Among the many materials featuring this phenomenon, VO. is arguably the one which has
attracted the greatest attention [9]. As temperature is increased above 68 °C, VO, features
concomitant electronic and structural transitions, evolving from a monoclinic insulator into a rutile
metal [1,9]. In the monoclinic phase, vanadium atoms are dimerized into pairs. Goodenough
initially suggested that this dimerization was responsible for the opening of a gap and the
emergence of an insulating state [10]. It was later shown that dimerization alone cannot fully
explain the gap, without also considering electron-electron correlations [11]. The idea that VO is
a ‘Peierls-assisted Mott insulator’ (or vice versa) became widely accepted [12—16]. In this picture,
both structural distortions and electron-electron repulsion are needed to explain the insulating state.

However, in recent years many works have claimed a decoupling between electronic and lattice
degrees of freedom, not only in VO, but in V203 as well. Such decoupling is often measured as a
transient effect following ultrafast photoexcitation [17-19]. But in many cases, it can also be
observed in equilibrium [20-26] or quasi-equilibrium conditions [27]: within a narrow
temperature range around the MIT, a monoclinic metallic state is claimed. Upon heating, the
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system first undergoes a transition into the metallic state and, a few K later, a structural transition
into the rutile lattice [20]. In contrast to this, other works have reported that, when
metallic/insulating phase fractions are carefully accounted for, no decoupling is observed [28,29],
even in ultrafast timescales [30].

An important piece of the transition puzzle is the influence of lattice dynamics i.e. the role phonons
play at setting the transition temperature. Since the VO2 MIT takes place at relatively high
temperatures, phonons can carry an important portion of the system’s total entropy and internal
energy. Indeed, Budai et al. [2] showed that they contribute 2/3 of the total entropy change across
the MIT, with some works increasing that value to over 80% [31]. Isotope effect has traditionally
been a common tool to experimentally assess the influence of phonons on electronic phase
transitions [32-35]. In the 1970s, Terukov et al. [36] reported a small (<1 K), positive oxygen
isotope effect in partially substituted (21%) VO.. However, the samples were not
stoichiometrically pure, the effect on the vibrational properties of the material was not reported
and its effect on the free energy of the system could not be established.

Here, we use a novel method to synthetize pure, single crystals of V%0, and fully substituted
V180,. We find that the MIT is 1.3 K higher for V80,. Raman measurements show a general
lattice softening in the 1-3% range for V80, compared to VV*°0,. The sign and magnitude of the
observed MIT shift can be accounted for by considering only changes to the lattice free energy,
after performing a simple calculation. Our estimation is even more accurate if we take advantage
of DFT simulations. These results show that phonons play a key role at setting the electronic
transition temperature, supporting the view of a MIT with strongly coupled electronic and lattice
degrees of freedom.

Synthesis of V102 and V!80; single crystals

The most common way to fabricate a sample with 80 is by first synthetizing the compound using
180, and then annealing it at high temperatures in an ‘80 filled ampoule [37-39]. However, this
method would be challenging to realize for VO. due to the complex stoichiometric V-O diagram,
with many Magneli phases closely spaced in oxygen content [40]. We take a completely different
approach. Recently, Zhao et al. [41] showed that VO single crystal microrods can be fabricated
from metallic vanadium foil by applying very large current densities. The process is described in
annex A and Figure 4. Joule heating warms the V foil to temperatures up to 1800 °C. This is enough
to oxidize the foil with atmospheric oxygen and to melt the oxidized vanadium. If the current is
then suddenly switched off, the liquid VOx is quenched and VO single crystals nucleate within a
V205 polycrystalline matrix. The V20s can be removed by submerging it in a Na;COs
solution [41]. This yields clean, single crystal VO rods with lengths up to 300 um and
widths/thicknesses around 10-20 um, as can be seen in Figure 1a. These rods are hollow with an
inner empty space whose size changes from rod to rod. Since all the oxygen is taken from the
atmosphere surrounding the vanadium foil, this method offers an excellent opportunity to fabricate
V180,. By following this procedure in a closed environment filled either with 0, or 20, we
fabricated V0, and V80, single crystals. X-ray diffraction shows that lattice parameters are the
same within experimental resolution (Figures S2 and S3).



Results and discussion

Using silver paste contacts in a four-probe configuration, we characterized the effect of the oxygen
isotope on the MIT. This is shown in Figure 1b. The V80, sample shows a MIT shifted towards
higher temperatures. The sharpness of the transition, common in single crystal VO- [3], allows us
to accurately determine the MIT temperature and its shift. We must note that Figure 1b plots
resistance and not resistivity, since each crystal is different [41] and we have no simple way to
calculate the cross section. But that does not hamper the determination of the MIT temperature.
Since there is slight sample-to-sample variability, we measured multiple crystals to accumulate
statistics. As shown in Figure 1c, we obtain a 1.3+0.3 K higher MIT for V*20..
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FIG 1. (a) Optical image of a single crystal VO, rod. (b) Four-probe resistance vs temperature for V%0,
(empty blue dots) and a V*80, (red dots) crystals, showing the MIT and the shift due to isotope effect. (c)
Transition temperatures for several VO, (left panel) and V80, (right panel) crystals. Both the warming
(orange squares) and cooling (green dots) MIT temperatures are shown. Dotted lines are guides to the eye.
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Figures 2a and 2b show Raman spectra of V%0, and V*80; crystals in the insulating and metallic
state, respectively. The spectra were measured at room temperature with a Horiba LabRAM HR
Evolution spectrometer with a wavelength of 532 nm and a spot size between 1 and 2 um. To
measure in the insulating state, a low laser power (0.6 mW) was used to avoid heating. In order to
acquire the metallic spectrum, a higher laser power (6 mW) was used, which induced local heating
and warmed the sample above the MIT [42]. In both cases a clear phonon softening is observed
for V180, compared to V°O.. This is to be expected since phonon frequencies generally vary with
1/vM, being M the isotope mass. The softening is around 3% for phonon modes >30 meV, and
less than 1% for lower energy modes. This could be anticipated, since high energy modes in VO2
are dominated by oxygen motion. Since the softening is proportional to the phonon energy, high
energy modes experience a larger effect. For instance, a 3% softening implies that a 50 meV mode
is softened by ~1.5 meV, while a 100 meV mode experiences a ~3 meV reduction. The larger
softening for higher energy modes is very clear in Figures 2a and 2b.
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FIG. 2. (a) Raman spectra measured in the insulating phase of V1*O; (blue) and VV*80, (red) crystals. Spectra
were captured at room temperature using low laser power to avoid warming up the sample. Inset: Zoom
into the low energy phonon region. (b) Raman spectra measured in the metallic phase of V1°O, (blue) and
V180, (red) crystals. Spectra were captured at room temperature using a high laser power to induce warming
above the MIT temperature. (c) DFT-calculated phonon dispersion in the monoclinic insulating phase for
V10, (blue) and a V!0, (red). (c) DFT-calculated phonon dispersion of in the rutile metallic phase for
V10, (blue) and a VV*80; (red). The phonon mode with negative energies is unstable at OK.



These results are applicable to the whole k-space, as can be seen in the phonon dispersion curves
calculated by DFT and shown in Figure 2c and 2d. As in the experiments, phonons are softer for
V180,. The softening is around 3% for phonon energies above 30 meV. As observed in Raman,
the softening is larger the higher the mode energy. There is very good agreement between
experimental and DFT calculated phonon branches at the I" point, as shown in Table S1. DFT
calculations were done with VASP [43,44] using a PAW approach. A GGA-PBE [45] exchange-
correlation functional was used, including a DFT+U correction [46-49]. For the calculation of the
phonons we used the Phonopy Package [50]. Further details are discussed in annex 3.

A softening of the overall phonon spectrum implies that the vibrational free energy (FL) is lower
for V80, compared to VV*°0,. But it is lower both for the insulating and the metallic phases, as
schematically depicted in Figure 3. To predict the direction of the isotope shift, we need to
understand which of the two phases (insulator or metal) experiences a larger reduction in F.. For
this we need to consider the phonon density of states (PDOS). Budai et al. [2] measured the VO
PDOS using inelastic neutron scattering, finding that it is shifted towards higher energies for the
insulating phase i.e. the insulating phase has an overall stiffer lattice. Since the insulator has more
high-energy phonon modes, and high-energy modes experience a larger isotope effect (Figure 2),
we expect FL to be lowered more for the insulating state. This makes the insulator
thermodynamically more stable and pushes the transition temperature (Tc) up (Fig. 3), as observed
in the experiments.
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FIG. 3. Schematic representation of free energy vs temperature for the insulating (dashed line) and metallic
(dotted line) phases of V%O (thick blue lines) and V80, (thin red lines). Both the insulating and metallic
phases have lower free energies for V180, but the reduction is larger for the insulator. This shifts Tc to
higher temperatures as depicted. Diagram is not at scale.



Moreover, we can obtain a quantitative estimation of the shift in Tc. At the transition, the free
energies of the insulator and the metal are equal, therefore the critical temperature is T, = AU/AS
(Eg. 1), where AU and AS are the total change of internal energy and entropy across the MIT,
respectively. Starting from this expression, it is easy to obtain a relationship between the critical
temperatures for V%0, (T2®) and V20, (T28):

AU AU +SU (1 +8U/AU®

T =" = =T (L Eq.2
¢ TAS® T AS®eyes  C 1+85/A516> (Eq.2)

Where §U = AU® — AU® and 6S = AS'® — AS'® represent, respectively, the variation in
internal energy and entropy changes due to the different isotopes. In principle, both electronic and
ionic degrees of freedom contribute to AU and AS. However, since lattice parameters and bond
angles are the same for V°0, and V80, (Figures S2 and S3), we assume that 5U and &S are
determined solely by changes in lattice dynamics. Therefore:

SU = f d(hw) u-[(D® — D) — (DE® — DIP)] (Eq.3a)

55 = f d(hw) s- [(DX — D) — (D36 — DIY] (Eq.3b)

Where u and s are the phonon modes energies and entropies, calculated using the well-known
formulas:

1

1
=m; u=(n+§)hw; s=k[(n+1)In(n+1) —ninn] (Egs.4a,b and c)

n
Where n is the mode occupancy and Aw is the single phonon energy of the mode. Meanwhile D38,
D, D and D1? in eq. 3 are the PDOS of the metallic rutile (R) and insulating monoclinic (M)
phases, for V80, and V?*0,, respectively. DA® and Di° are extracted directly from the
experimental data by Budai et al. [2]. D18 and Dj? are estimated by considering a lattice softening
of 3% for Aw > 30 meV and 0.8% for Aw < 30 meV.

With that approximation, we obtain §U = 0.13 + 0.05 meV/atom and T.38S = 0.025 + 0.003
meV/atom. The change in lattice free energy is therefore driven mostly by changes in its internal
energy, rather than its entropy. Inserting these results into equation 2, and using the experimental
values of AU and AS [2], we get T8 — T2 = +2.5 + 1.2 K, which is remarkably similar to our
experiments.

The above calculation uses a crude approximation to estimate the V80, PDOS from the
experimental data: we considered that for V80, all phonon branches are 3% softer above 30 meV,
and 0.8% below 30 meV. But actually, not all branches are equally softer: the Raman mode at 102
meV is 2.9% softer for V180, while the one at 76 meV is 3.6% softer (see Table S1). Following
a similar reasoning as in the above estimation, we used the DFT-simulated PDOS for V¢O, and
V80, to obtain U = 0.10 meV/atom and TS = 0.031 meV/atom. These values yield T28 —
T¢® = +1.5 K. This calculation, further detailed in annex D, is of the order of the experimental



value, and supports our initial estimation. WWe must note that the unstable branch in the rutile phase
is not included in this calculation. This branch, however, experiences a negligible softening.

We must acknowledge that DFT calculations were done without considering anharmonicity or
other factors such as electron polarization, which could have yielded a more accurate PDOS.
However, to obtain an estimate of the isotope effect it suffices to obtain an approximate description
of both phases, and properly determine the effect of changing oxygen isotope. We must note that
all phonon calculations were performed at T=0. It is possible to calculate the phonon dispersion at
finite temperatures [51], but as has been recently shown [52] that the effect of temperature has
only a mild effect on the high frequency phonon modes, which are the ones most affected by the
change in oxygen isotope.

For the above calculations we considered the electronic degrees of freedom unaffected by the
change in oxygen isotope. This was initially justified by XRD (Figs. 5 and 6), which shows similar
static structures for V80, and VV*°0,. However, electron-phonon coupling -which depends linearly
on phonon frequency- is expected to introduce a correction to the total system energy. Contrary to
what is observed in phase transitions triggered by electron-phonon coupling, such as charge
density waves [53], VO2 shows a very weak mode softening as the transition temperature is
approached [2]. The energy of the V-V mode associated with dimerization decreases around 2
meV over an 800 K range. Using this 2 meV value as a crude estimate for the energy due electron-
phonon coupling, we would expect a correction to §U in the order of -0.02 meV/atom, well below
the contribution of pure lattice degrees of freedom. We note that electron-phonon coupling would
reduce the energy of the rutile metal while increasing its entropy, and would therefore push Tc
towards negative values, contrary to what we observe.

Experimentally, AU is found to be 14.4 meV/atom [2]. Considering only lattice effects, we
estimated U from isotope effect to be 0.13 meV/atom. This is around 1% of AU. Since T, =
AU/AS, such change would shift Tc around 1%. This is indeed comparable with our experimental
results, implying that vibrational energies and entropies play a major role at determining the MIT
temperature, at least comparable to that coming from electronic degrees of freedom. This is in
accordance with estimations from Budai et al. [2] and does not support a scenario with decoupled
electronic and structural transitions. If the two transitions took place independently, their
associated AU and AS would be very different [2][31], and their T, = AU/AS would therefore lay
in rather different ranges. This is not what it is observed in experimental reports of decoupled
transitions, which take place within a temperature range smaller than 10 K (<3% of 340 K) [20-
22]. Moreover, an independent MIT would not be expected to feature an isotopic Tc shift of the
magnitude and direction reported here.

Conclusions

Using a novel method [41], we synthetized V0O, and V20, single crystals to study oxygen
isotope effect, finding that the MIT takes place 1.3 K higher for V*0,. We used Raman
measurements and DFT calculations to determine the isotope influence in lattice dynamics, finding
a 1-3% lattice softening for V20, samples.

To understand these results, we analyzed the effect that changing oxygen isotope would have on
Tc, considering only contributions from changes in lattice internal energy and entropy. A lattice
softening reduces the free energy of all phonon modes, this reduction being larger for higher energy



modes. Since in VO, the insulating phase has more high energy phonon modes than the metallic
phase [2], the total lattice free energy is reduced more for the insulator than for the metal. This
results in a higher MIT temperature for V80,, as experimentally observed. Furthermore, we
quantitatively estimated the shift in Tc due to isotope effect both with a simple calculation as well
as with DFT, reaching an excellent agreement with our experiments.

Our results underline the importance of lattice dynamics at determining the MIT temperature. They
support a scenario in which lattice and electronic degrees of freedom remain tightly coupled across
the MIT. Our analysis is simple and general, and could be applicable to other materials, helping
explain other reports of isotope effects and clarifying the role that lattice vibrations play on
different phase transitions.
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Appendix A: Synthesis of V602 and V802 single crystals.

Samples have been grown by thermal oxidation via resistive heating of a piece of Vanadium foil
as reported by Zhao et al. [41]. The V foil (99.9 wt% pure, thickness 0.2 mm) was cut into pieces
of around 20-30 x 6 mm? and connected to a high current source (Lakeshore Model 625) using
two clamps in the home-built setup shown in Fig. 4a. The current was gradually increased up to a
maximum current of 30 — 40 A (depending on the size of the V foil) until the V became
incandescent, and was then abruptly switched off. Fig. 4b shows the color changes of the V foil
upon increasing the current through the foil. As the current is increased the V surface oxidizes and
turns black. Further increase of the current i.e. temperature melts the oxidized V and liquid drops
of VO form on both sides of the foil. As the current is switched off abruptly, the liquid VOx cools
down rapidly and crystallizes into VO2 microtubes on top of a V20s matrix (see [41] for more
details). For the fabrication of V30, microtubes the setup was inserted inside the vacuum chamber
shown in Fig. 4c that was pumped and then filled with 0.3 bar of 20 gas. A transparent window
in the chamber allowed to observe the color changes of the V foil upon heating. Fig. 4d shows a



top-view optical microscopy image of the solidified droplet with VO2 microrods grown on top of
it. SEM images of the microrods are depicted in Fig. 4e and f, and show an array of hollow rods.
Residual V205 solidified on the walls of the tubes was removed by submerging the as-fabricated
product for 30 min in an 309/l aqueous solution of sodium carbonate Na,COs (V205 + Na,CO3 -
2NaVOs + COy).

Electrical transport measurements were done in a 4-point geometry using a Quantum Design
PPMS with electrical contacts done by silver paste.

FIG. 4. (a) Home-built setup to heat the V foil by resistive heating. (b) Color changes of the V foil upon
increasing the electric current through the V foil. (¢) Vacuum chamber that can host the setup shown in
panel a, and be filled with 0, gas. (d) Optical microscopy image showing the VO, microtubes grown on
top of the V foil. (e) Top and (f) side-view SEM image of grown microtube arrays.

Appendix B: X-ray diffraction of V%0, and V180s.

We performed X-ray diffraction to verify that the crystal structure of the V*O, and the V80
samples is identical. In order to get enough counts during the measurements, we detached the VOx
matrix (shown in Fig. 4d) from multiple vanadium foils, and crushed them together. The resulting
product is a mixture of polycrystalline V20s and VO single crystals.

Figure 5 shows the X-ray diffraction patterns of samples synthetized in 0, (top) and 20,
(bottom) atmospheres. A mixture of VO; and V.Os peaks is observed, as expected. Panels in Figure
6 show zoom in views of different 20 ranges of the measurement. The position of the peaks is the
same within experimental resolution, indicating that our V60, an V80, samples have identical
crystal structure. That is also the case for the V2*%0s and V205 polycrystalline matrix.
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FIG. 5. X-ray diffraction of VOx samples synthetized in 10, (top) and 80, (bottom) atmospheres.
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Appendix C: DFT simulations.

DFT calculations were done with VASP [53] using a PAW approach, taking an energy cutoff of
500 eV for the plane wave basis set and a 12 x 12 x 12 Monkhorst-Pack k-point mesh sampling
for Brillouin zone integrations. We used the GGA-PBE [45] exchange-correlation functional and
include a DFT+U correction, with U (V) = 5.2eV and J (V) = 0.8eV. For the calculation of the
phonons, entropies and internal energies from the harmonic approximation, we used the frozen
phonon method as implemented in the Phonopy Package [50]. The interatomic force constants are
computed with a 2 x 2 x 4 supercell. The Raman active irreducible characters of the zone-center
phonon modes are identified with the irreps module in Phonopy. The interatomic force constants
are not expected to be affected by the isotope effect, so the phonon frequencies with different
isotopes are computed by simply varying the atomic mass of oxygen atoms.

There is very good agreement between experimental (Raman) and DFT-calculated phonon

branches at the T" point, as shown in Table 1.

Simulations Experiment

Fre(?ﬁlg)n cy Fre(?slé)e)n cy S — Frequency (**O) | Frequency (*30) [{Lf(‘;eff;(‘)ce
(meV) (meV) (meV) (meV) (%)

0 0 A

0 0 Bu

0 0 Bu

18.24 17.21 Aq 17.63 17.49 0.8
225 22.3 A

26.45 26.22 Aq 23.83 23.64 0.8
26.71 26.65 By 27.75 27.49 0.9
27.85 27.23 By

28.58 28.27 Aq

32.27 30.77 Bu

32.3 30.95 By 32.33 31.52 2.5
33.11 31.62 A

34.52 32.92 A

37.13 35.31 Bu

37.71 35.87 A 38.32 37.17 3
40.05 38.77 Bu

44.24 43.03 A

46.49 45.44 Bu

48.11 46.92 A 48.4 46.8 3.3
50.38 47.72 A

51.22 48.82 Bg
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55.17 52.16 B, 55.08 53.73 2.5
55.26 52.47 Bu
55.88 53.25 A,
56.01 54.85 By 61.75 59.67 3.4
59.3 56.4 A,
61.02 58.17 B,
61.7 58.66 Aq
65.49 61.95 Bu
65.74 62.15 A,
72.68 68.75 By
72.99 69.5 Aq 75.8 73.05 3.6
78.37 74.79 A,
86.6 82.73 A,
87.07 83.17 By
96.72 91.32 B, 102.22 99.29 2.9

TABLE 1. Simulated and experimental (Raman) frequencies of the zone-center phonons for 60
and 80 isotopes in the M1 phase. The character of the irreducible presentation of the phonons is
identified. The Ag and By phonons are Raman active. The frequencies of them are compared with
the experimental peaks, showing good agreement.

Appendix D: Tc shift estimation based on the DFT phonon spectra

At the phase transition temperature Tc, there is a free energy crossover between the R and M1
phases. For the %0 and 80 systems (labeled with superscript 0 and 1, respectively), the free
energies at Tc are:

FO=UR —T2SY = Uy — TOSY, F° = Uy — TESh = Uy — TASY, (Eq. S1)
where U and S are the internal energy and the entropy, respectively. We take T) = 340 K.

The internal energy and the entropy come from multiple sources including the lattice vibrations
and the thermal fluctuation of the electrons. Most of them are independent of the isotope, and can
thus be eliminated when computing the U* and S* by writing them as the sum of the reference
values in the %0 plus an isotope shift.

The internal energy contains the following contributions: (a) the energy at 0 K, which can be
represented by the DFT energy, (b) phonon energy due to lattice vibrations Upn, and (c) the energy
of electrons due to temperature. Only (b) is directly affected by the isotope effect. Thus, for the
M1 phase there is

Uy = Uy + AUy, (EQ. S2)
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where the 4 labels the difference between the 80 and %0 system, the subscript ph means phonon.

For the R phase, the Ur pn can be further divided into the contribution from the hard phonons UR hph
and the soft phonons Ursph. The soft phonons are predominantly from V atoms, which are not
affected by the isotope effect as shown in Fig. 7. Therefore, we approximate:

Ug = Ug + AUg ppr  (EQ. S3)

The entropy S contains the phonon and the electron contributions. Only the phonon contribution
Sph is directly affected by the isotope effect. Therefore, in the M1 phase,

Sy =S%+ASypn  (EQ. S4)

In the R phase, the Srph can also be decomposed as the contribution from the soft and hard phonons,
and only the latter is affected by the isotope effect. Thus,

Sg = SR +ASgnpr  (EQ. S5)
From Eqgn. S1, there is
Ugp =Un+TE(Sk—Sw)  (Eg.S6)
By plugging equations S2 to S6 into Eqg. S1, we arrive at
AUg pph — AUy pn + TE(Sp — Si) = TE(SR + ASgppn — Syt — ASupn)  (EQ. S7)

which gives:

1 AUR hph—AUM ph
Tg = TC1 + po 0 £ (Eq. S8)
1+a s9-sY

ASRhph—ASMmph

where @ = P

The Urhph, Srph » Umph and Srph can be easily obtained as functions of temperature within the
harmonic approximation, as shown in Fig. 8.
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FIG. 7. Phonon density of states projected to the VV and O atoms in (a) the rutile phase and (b) the
monoclinic phase.

At 340K, The shift of the entropies and internal energies from the harmonic approximation are:
ASmph = 0.746 J/(K mol) , AUmph = -173 J/mol, ASrnph = 0.774 J/(K mol) , AUrnpnh = -144 J/mol.
Taking the experimental Sr%-Su°=13 J/(K mol) [2], we get a T2 of 341.5K, i.e. an up shift of A7¢c
= 1.5 K, which agrees very well with the experimental value.

Note that isotope shifts of the phonon entropy in the R and M1 phase almost cancel out (4Srnph =
ASmph). The main contribution to the ATc is mostly from the shifting of the internal energy.
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FIG. 8. Entropy and internal energy of VO2 phonons from the harmonic approximation. (a) In the
Rutile phase. Only stable phonons are included in the calculation. (b) In the M1 phase. All phonons
are considered in this phase.
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