Ab Initio phonon calculations in metallic and insulating VO,
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Vanadium dioxide (VO3) undergoes a first-order
metal-insulator transition (MIT) from the high tem-
perature rutile phase (R) to an insulating, low tem-
perature monoclinic phase (M1). Several competing
insulating phases exist, with phase boundaries in a
narrow temperature and strain range close to the
MIT [1, 2]. Recently, novel IR and Raman measure-
ments of micro- and nano-structured VO, samples
have become increasingly available; this allows the
phases to be studied while avoiding many difficulties
with bulk samples, such as twinning and cracking on
cycling through the MIT. Theoretical calculations
of vibrational properties can assist in the interpre-
tation of such experiments [3].

We will present first-principles calculations of
phonon frequencies for the various phases and com-
pare these to available measurements for the R, M1,
M2 and T phases. All calculations were done with
the Vienna Ab-initio Simulation Package (VASP)
[6]. Phonon frequencies were obtained through com-
putation of force constants via density functional
perturbation theory and subsequent analysis using
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Figure 1: Rutile phonon frequencies vs Hubbard U
(J was fixed at 0.8 ¢V). Calculations were performed
using experimental and DFT+U optimized lattice pa-
rameters. Vertical line shows U = 5.7 eV; horizontal
line shows experimental A2u frequency.

PHONOPY [7]. To describe correlation effects within the V 3d bands, we used the DFT+U extension of
standard DFT (= GGA). Calculated results can depend sensitively on the numerical value of the effective
on-site electronic interaction parameter, the Hubbard U. A common approach is to tune the value of U in a
semi-empirical way, seeking agreement with available experimental measurements of certain properties. One
can then use the so determined value to make predictions on other aspects of the behavior of the system of

interest. We adopt this approach here.

’ Experiment ‘ Theory ‘

Since the metalic R phase is the parent compound of the various insulating
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Table 1: Comparison of

Ag Raman frequencies for
M2. Values are in cm™".
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phases that we are interested in studying, we focus on its calculated phonon
frequencies and structural instabilities. For example, the M1, M2 and related
phases can be traced to harmonically unstable R-point modes. We find the
unstable R mode (two-fold degenerate) and the A2u I'-mode to be most sensitive
to the value of U. Figure 1 shows the variation of these phonon modes in rutile
VO, as a function of the Hubbard parameter U. With U = 0eV, i.e. regular
DFT, there is no R-point instability. Adjusting U so that the calculated T'-point
A2u mode frequency agrees with experiment yields U = 5.7eV. Previously, IR
phonon calculations in the M1 phase have been reported using a slightly different
value of U [3]; the current work yields similarly good agreement with experiment
for the R and M1 phase. In addition, our comparison of calculated M2 Raman
Ag frequencies with experimental measurement also show good agreement, as
shown in Table 1.

Increasingly measurements are being made on micro- and nano-structured
VO,. Such samples facilitate experimental control of applied stress and external



fields to study the properties of the various phases. For example, recent measurements of M1 to M2 phase
changes have been reported for VOs nano-rods under applied uniaxial strain, showing changes in Raman
active phonon frequencies [2]. Theoretical calculations can help interpret these experiments. We will report
strain dependent phonon frequencies on the different phases.
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Figure 2: Strain-temperature phase dia-
gram showing the VO, triple point.[1] Figure 3: Dispersion curve of rutile VO2 (U = 4.2 V).
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