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ABSTRACT

The modulation of metal-insulator transition (MIT) temperature and phase stability of
thermochromic materials based on all the transition metal doped VO, were systematically studied
using density functional theory (DFT) calculations. The free energies, formation enthalpies, and
Fermi energies of transition metal doped VO, were evaluated from DFT calculations, the cell
volumes and bulk moduli were obtained by fitting the free energies to the Birch-Murnaghan
equation of states, and the decomposition enthalpies and entropies of the transition metal doped
VO, were calculated using both experimental data and DFT calculations. Based on these results,
the MIT temperature was associated with lattice distortion of VO, (M;) upon doping, the
expansion of cell volume and the decrease in f-angle were associated with the decrease in MIT
temperature, and the shrinkage of cell volume and the increase in g-angle the increase in MIT
temperature. And it was also concluded that VO, (M;) doped with high valence cations are more
stable than those doped with low valence cations. These conclusions are consistent with
experimental facts that W-, Mo-, and Re- are the most studied and the most effective dopants for

the reducing of MIT temperature, and La-, Hg-, and Ag-doped VO, undergoes phase separation.
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In addition, DFT calculations without spin-polarization were also carried, and the influences from
spin-polarization were evaluated. Finally, scandium was proposed as a potential dopant for VO, in
view of balanced comprehensive performances.

Keywords: VO,, thermochromic material, density functional theory, materials design,

metal-insulator transition

1. Introduction

Vanadium dioxide (VO,) has been considered as a typical thermochromic coating material
for smart windows to modulate infrared transmission, blocking infrared transmission in summer
and allowing infrared transmission in winter from the solar radiation, because of its reversible
metal-insulator transition (MIT) between a high-temperature metallic tetragonal rutile phase (R)
and a low-temperature semiconducting monoclinic phase (M) at critical temperature (To) . At
transition temperature, VO, converts from a reflective state to a transparent state for the
near-infrared radiation while remaining almost intact for the visible radiation and thus allowing the
modulation of infrared transmission from solar radiation into the building interior by coating VO,
on window glass . By regulating the critical temperature of the coating material VO,, best
modulation effect, allowing more infrared radiation in winter and blocking more infrared radiation
in summer, could be realized ®!. The pristine VO, is almost useless as coating material for smart
windows as its critical temperature is at 68 <C, much higher than the comfortable room
temperature at about 25 <C. Besides suitable critical temperature, the commercial value of a
potential thermochromic coating material depends on its modulation ratio, the ratio of overall
infrared transmission ratio between the summer season and the winter season, and overall visible
transmittance. From these aspects, the pristine VO,, possessing a modulation ratio no larger than

10% and visible transmittance at about 40%, is considered little commercial value as coating



Page 3 of 41

Journal of Materials Chemistry C

material for smart windows . In addition, the unfavorable brownish color of VO, depreciates
further its commercial value . Therefore, the modulation of critical temperature and the
regulation of transmission spectrum both in the infrared and in the visible range are important for
the potential thermochromic coating material based on VO..

The modulation of critical temperature and the regulation of transmission spectrum of VO,
are realized by doping in practice. For example, if a few percent of cations VV** are substituted by
high valence transition metal cations W®*, Mo®*, Ta>*, Nb>*, or Ru**, the critical temperature is
effectively modulated . At a doping level of 7 at.% (atomic percent), the critical temperature of
Mo-doped VO, decreases to 24 <T [, and at a doping level of about 2 at.%, the reversible phase
transition of W-doped VO, decreases to room temperature [l However, Cr** or Fe** doping
increases the critical temperature by approximately 1 or 3 <C per at.% %, In addition, the doping
of Mg?* could effectively regulate its color because the Mg®* dopant induces a blue-shift to the
absorption edge by broadening of the band gap between O-2p and V-3d t,, 14, Besides the
substitution of cation V** with other cations, the substitution of anion 0% with other anions could
also impact the characteristics of VO,. For example, by substitution of 2.93 at.% of O* with F~,
not only the critical temperature could be decreased to 35 <C, but also the O-2p band structure
could be adjusted resulting in better visible transmission and favorable coloring 3. However,
these experimental studies also revealed the difficulties to simultaneously improve the various
properties of VO, and thus its comprehensive performances.

Density functional theory (DFT) calculations are important in the understanding of
characteristics of pristine and doped VO,. For example, Yuan et al. explained the ultrafast
photo-induced MIT in terms of photo-excited holes, which weakens the V-V interaction and

eventually results in the break of V-V dimers, based on DFT calculations **. Zhang, Qu, and Pan
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et al. suggested that the V-V dimerization plays a more critical role in the transition from the VO,
(M) to the VO, (R) compared with the formation of the tetragonal lattice and predicted the
transition temperature of W-doped VO, in terms of energy difference between these two phases >
181 Despite of the great successes of DFT calculations, it is still difficult to accurately predict the
subtle differences between the VO, (M,) and the VO, (R) ). To our knowledge, there is no
known single functional that could simultaneously describe the energy, structure, and electronic
and magnetic properties of the VO, (M;) and VO, (R) phases. The local density approximation
(LDA) and generalized gradient approximation (GGA) functionals could successfully predict the
electronic structure of VO, (R), but failed to the electronic structure of VO, (M;) because of the
strong correlation ™. The Heyd-Scuseria-Ernzerhof (HSE) functional could correctly predict the
VO, (R) phase as metallic only in nonmagnetic configuration, but failed in ferromagnetic and
antiferromagnetic configuration 2%, The GGA+U method, where U is an effective interaction
parameter, could effectively improve the prediction of electronic structures of both VO, (R) and
VO, (M), but the calculated total energies are sensitive to the value of U ¥, As a result of
compromising, the PBE+U method and HSE functional are used, respectively, to predict the
structure and energetics and optical properties of the VO, based material. Such compromising
practices are fruitful as Wei et al. correctly predicted that both VO, (R) and VO, (M;) phases are
energetically stabilized by hydrogenation using the GGA+U method 22, and Hu et al. successfully
reproduced the blue-shift of absorption edge for the Mg-doped VO, using HSE functional 1%,

In order to search for an optimized thermochromic coating material being balanced among
adequate critical temperature, stability, large modulation ratio, and favorable color, a systematic
investigation of the impacts from all the transition metal dopants on the characteristics of VO, will

be carried out using DFT calculations in this work. The impacts of transition metal dopants on the
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MIT critical temperature will be evaluated in terms of lattice distortion of VO, (M;), and the
stabilities of transition metal doped VO, (M;) be evaluated in terms of decomposition enthalpies
and entropies. These calculations will provide essential information for the search of dopants with
optimized comprehensive characteristics of thermochromic coating material based on transition

metal doped VO..

2. Methodology
2.1 Density functional theory calculations

For the sake of consistency, the energies and structural parameters of the pristine or transition
metal doped VO, as well as that of the doping elements (the transition elements), were acquired
from DFT calculations. Periodic boundary conditions were applied to the calculation cells (super
cells) of the pristine or transition metal doped VO,, corresponding to 1x2x2 primitive cells
consisting of sixteen VO, units. And the doping ratio was set to 1/16, or one of the V atoms was
substituted by one doping atom in each super cell.

The PBE functional ! with supplement of a Hubbard U for the V 3d states Y was applied to
predict the structures and energetics using plane wave basis set and pseudo-potentials as
implemented in the VASP program 2>%1. And a Hubbard U at 3.5 eV was used for the vanadium
atom ™ but not the other transition metal dopants or the Hubbard U for the other transition metal
dopants was set to zero. The electronic wave functions, with spin-polarization allowed, were
expanded using the plane wave base functions with cutoff energy of 600 eV and digitized using the

[28]

tetrahedron algorithm with Bl&hl corrections The convergent criterion of geometrical

optimization was set to 0.01 eV-A™ for maximum force acted on each atom. The Brillouin-zone
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integrations were carried out using the Monkhorst-Pack grids with a 4x4x4 mesh for pristine or
transition metal doped VO, and with a 8x8x8 mesh for metallic elements ?%.

Considering that the PBE+U method overestimates the localization effects of d-electrons and
predicts magnetic ground state even for pristine VO, (M,), inconsistent with experimental
observations %, PBE+U calculations without spin-polarization were also carried out for the
pristine VO, (M,), as well as for all the transition metal doped VO, (M;), and were shown in
section 3.5. And the influences of magnetism to the equilibrium lattice parameters, formation
energies, and relative stabilities were discussed.

2.2 Bulk modulus and equilibrium properties

The bulk modulus By and equilibrium volume V, were evaluated by fitting the DFT calculated

free energies to the Birch-Murnaghan equation of states %32,
B;
U(V)=U0+B°V Vo /V) +1 _ BV (1)
B | B,-1 B -1

where U(V) is free energy generated from DFT calculation at 0 K by setting the lattice volume to V,
Uy is the fitted equilibrium free energy and By is the first derivative of bulk modulus with respect
to pressure.

2.3 Stability of transition metal doped VO,

The stability of transition metal doped VO, was evaluated from the decomposition reaction,
M,V 0, - (1-x)VO, +XMO, + x(2-)0O, 2)

And the reaction enthalpy is,
AH =(1-X)A;H[VO,]+XxAH[MO, ]+ x(2 - y)AH[O,] - A H[M,V, ,0,] (3)
where the right side terms are formation enthalpies of VO,, MOy (M represents transition metal),

Oy, and M, V1,0, respectively. And the formation enthalpies for MO, and O, were adopted from
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experimental values as reported in literatures and summarized in table 1 ¥ and the formation
enthalpy for M,V1,O, was approximated as the DFT calculated Helmholtz free energy by
neglecting of the pV term for condensed matter and setting the contribution from entropy to zero at
0 K.
In order to evaluate formation Helmholtz free energy of MV1.40, from DFT calculations, the
following equation was used,
1-x)V+xM+0, >M,V, O, 4)
And the formation Helmholtz free energy of V,_,M,O, at 0 K was evaluated as,
AU[M,V,_,0,]=U[M,V,,0,]-(1-x)U[V]-xU[M]-U[O,] (5)
where the U’s in right side are free energies evaluated from DFT calculations of the corresponding
components. And the A{H[M, V;_,0,] was approximated as A{U[M,V,_,0,] for condensed
matter at 0 K. The Helmholtz free energy for VO, was evaluated from the following reaction,
V+0, > VO, (6)
And the formation Helmholtz free energy of V,_ M, O, at 0 K was evaluated as,
AU[VO,]=U[VO,]-U[V]-UJ[O,] (7
In the DFT+U calculations of transition metals, their crystal structures were referred to the
stable structures at room temperature 41,
The entropy difference between the transition metal doped VO, and pristine VO, was
evaluated from the Bragg-Williams mixing rulel*s),

A, S = kg (xIn x+ (1 x) In(1-x)) (8)

mi
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where kg is the Boltzmann constant, x is the molar fraction of the dopant. In addition, the
contribution from oxygen vacancies and interstitial oxygen atoms was complemented, and the
overall entropy change of decomposition reaction (2) was evaluated as,

AS =A,;, S —x(2-y)AS[O,] 9)
2.4 Calculation procedure and calculated systems and properties

The calculation procedure was as follows: First, the pristine VO, (M) (in terms of V1503,)
and the transition metal doped MV1503, (M = Sc to Zn, Y to Cd, La to Hg, except the radioactive
Tc) were partially optimized using DFT + U method at a series of fixed volumes for every systems.
Second, the calculated free energies and corresponding volumes for each system were fitted to the
Birch-Murnaghan equation of states, and the minimum volume was obtained B*2. Third, another
partial optimized was conducted based on the same DFT + U method, and the crystal parameters,
free energies, Fermi energies were obtained for all the systems. Fourth, the free energies of 29
transition metals (except the radioactive Tc) and oxygen were obtained using the same DFT + U
calculations.

Based on these DFT + U calculations, the formation energies of all the MV503, were
calculated using Eq.(5). The decomposition enthalpies of MV1503, (the decomposition reactions
of Eq.(2)) were calculated based on Eq.(3), where the formation energies of MO, and O, were
adopted from experimental values as reported in literatures and summarized in table 1 Bl The
reaction entropies of Eq.(2) were calculated from Bragg-Williams mixing rule based on statistic

mechanics.

3. Results and discussion

3.1 Structural optimization and equilibrium energies

Page 8 of 41
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We carried out partial structural optimizations of the pristine or transition metal doped VO,
(My) by fixing of the super cell volume at a series of values, and fitted the optimized free energies

to the Birch-Murnaghan equation of states as shown in figure 1. The curve fittings converge
satisfactory except the Fe-, Zn-, Cd-, La-, Os-, Ir-, Pt-doped VO, (M,), for such cases, a By value
of 3.5 was applied. And the fitted equilibrium cell volume V, and bulk modulus By and its first
derivative with to pressure B, were summarized in table 2. Based on the equilibrium cell volume

Vo, a final DFT calculation was carried out and the final lattice parameters a, b, c, and g, free

energy Uy, and Fermi energy E; of the system were obtained as summarized in table 2.

-22.45

-22.50 -\
E & PR—]

22.55 I —

E = Sc-doped VO,
S ® pristine VO
S -22.60 4 2
Cr-doped VO,
] v Mn-doped VO,
-22.65 1
—
_22.70 L] I L] L] L] ' L] L] Ll ] Ll L) L] I
30.0 304 30.8 31.2
V(A%

Fig. 1 Examples of the fitting of optimized free energies to the Birch-Murnaghan equation of

states for pristine and transition metal doped VO,

3.2 Prediction of MIT temperature from DFT calculations

3.2.1 Lattice distortion during the MIT
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Since the VO, (R) and the VO, (M;), belonging to the P42/mnm and P21/c space groups,
respectively, possess different lattice symmetries, a direct comparison of their lattice parameters is
impossible. However, these two phases do share the same atomic arrangement with VOg
octahedrons arranged along their c-axes sharing one common edge, and their most significant
structural difference is the relative distances between two adjacent V atoms: the V-V distances in
VO, (R) are equivalent but that in VO, (M,) are inequivalent varying alternatively. In order to
compare their structural differences between VO, (M;) and VO, (R), we identified corresponding
lattice parameters @', b', ¢' and f' in VO, (R) corresponding to the lattice parameters a, b, cand g in
VO, (M;) as shown in figure 2. And we will focus on the changes in these corresponding lattice
parameters during MIT in the following context.

From the corresponding lattice parameters as shown in figure 2 and table 3 B, it is noticed
that the lattice parameters a and b slightly expand from 5.375 A and 4.526 A for VO, (M,),
respectively, to 5.383 A and 4.554 A for VO, (R) during the MIT. While the lattice parameter ¢
shrinks from 5.753 A to 5712 A, and the f angle decreases from 122.6° to 122.1°
Comprehensively, the cell volume expands from 118.07 A3 to 118.44 A3 during the MIT. Though
the changes in corresponding lattice parameters between VO, (M;) and VO, (R) are small, these
changes do cause great changes in their band structures and optical properties ™ 271,

Based on these observations, we propose that if a dopant causes changes in corresponding
lattice parameters of VO, (M;) resembling to those of VO, (R), the dopant will lower the MIT
temperature. Therefore, the changes in corresponding lattice parameters between the pristine and
the transition metal doped VO, may be used as criteria to screen out any transition metal dopants

that lower the MIT temperature and to cause large changes in band structures and optical

properties.

10
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We noticed an interesting comment about the structure and the g-angle in literatures 3,

The remaining one d-electron in VO, (M;) occupies in the dxz,yz orbit along the c -axis, whereas

the d-electron in VO, (R) is itinerant among the dy,, d,x and dxz,yz orbits. Since the dy, and dx
orbits are perpendicular to the c-axis, the p-angle reflects, to some extent, the ratio of electrons in
dy, and d,c and in dxz,yz . That is to say, if more d-electron occupied dy, and d orbits, the g-angle

will reduce and the structure of doped VO, (M;) will close to VO, (R). In fact, the tetragonal-like
structure of W-doped VO, (M;) (the W is the most studied dopant that reduces the MIT
temperature) has been reported by X-ray absorption spectroscopy coupled with first principle

calculations 81,

Fig. 2 Definition of corresponding lattice parameters between VO, (M;) (left) and VO, (R) (right),

and their experimental values (see table 3).

11
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3.2.2 Relationship between MIT and corresponding lattice parameters

As the temperature increases to T, a low-temperature semiconducting monoclinic VO, (M;)
phase converts into a metallic phase with symmetrical structure of VO, (R). Meanwhile, the
corresponding lattice parameters undergo slight changes, and the expansion of corresponding
lattice volume and the decreasing of $ angle induced by electron redistribution are related to the
decrease in MIT temperature.

The corresponding lattice parameters evaluated from DFT calculations with spin-polarization
for transition metal doped VO, (M;) were summarized in table 2. And the distribution diagram,
which shows the distribution of transition metal doped VO, (M;) on the Vo~f plane, where V, and
f are DFT calculated volume and S-angle of the optimized super cell in terms of Mg 0625V0.937502
(My) in this work, is used to show the structural distortion and similarity of VO, (M) upon doping.
The distribution diagram shows not only the structural distortion of Mg 0625V0.937502 (M), the
greater the distortion, the further the scattering data point from the pristine VO, (M;) on the Vo~3
plane, but also the structural similarity of VO, (M;) doped with various transition metals, the more
the similarity in structures, the closer the scattering data points on the Vo~f plane. From figure 3,
it could be seen that the W-, Mo-, or Re-doped VO, (M;) were distributed at the bottom right
corner of the Vo~f plane, greatest increase in Vo and decrease in . These are the most effective

[5, 39]

doping elements to reduce the critical temperature as reported in experiments . By contrast,

Fe-doping results in greatest volume shrinkage as predicted by our DFT calculations, and the

Fe-doping causes the increase in MIT temperature reported in experiment ¢

. In addition, Pan et
al. suggested that Cr-doping will result in shrinkage of lattice volume, Brown, et al. observed the

increase in transition temperature in Cr-doped VO, ® %, These facts are consistent with our

12
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calculation results as shown in figure 3. From the distribution diagram, it could be seen that most
of the fourth series transition metals caused the volume shrinkage if they are doped to VO, (M,).
On the other hand, the doping of Ru, Rh, Pd, Os, and Ir will cause the expansion of VO, (M,), thus
significantly decrease in MIT temperature. From table 4 where the most studied dopants and their
influences to the transition temperature are summarized, it could be concluded that our
calculations summarized in figure 3 are consistent with experimental observations.

From these observations, it is proposed that the scandium, which causes the expansion of
volume and the decrease in g-angle and is in adjacent to the elements that most effectively causes
the decrease in MIT temperature in figure 3, would be a potential dopant that decreases the MIT
temperature. In addition, the trivalent cation Sc®* possesses no d-electron and the electrostatic
attraction between the trivalent cation Sc®*" and anion O is weaker than that between the
tetravalent cation V** and anion O%, and thus Sc** might induce a blue-shift to the absorption edge

resembling to Mg?* or F~ [4 10131

. The other elements that cause greatest decrease in p-angle
include Cu, Zn, and Co, and cause greatest expansion in volume include La, Y, Hg, Zr, Pt, and Hf.

In order to evaluate the influences of V-V dimerization to the MIT temperature, the V-V
distance changes and V-V dimer distortion angles in the pristine and transition metal doped
M-VO, (M;) were summarized in table 5. In overall, the changes between the long and the short
V-V distances are small, only two dopants, Co and Cu, cause the V-V distance changes greater
than 0.1 A six dopants, W, Re, Mo, Sc, La, and Nb, cause the V-V distance changes greater than
0.01 Aand less than 0.1 A, and the other dopants cause the V-V distance changes less than 0.01 A,
with a maximum value of 0.069 A and an average value of 0.018 A. For the pristine VO, (M), the

short and long V-V distances are at 3.0385 and 3.0390 A, with negligible change. It is difficult to

explain why the dopants Co and Cu cause such large V-V distance changes, since the Cu only

13
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causes moderate MIT temperature decrease [ and Co has not been reported to be effective dopant.

However, the dopants W, Re, Mo, and Nb are among the most effective dopants ever studied as
summarized in table 4. Therefore, it is reasonable to propose that Sc and La might be potential
dopants to decrease the MIT temperature of VO,.

For the V-V dimer distortion angle, the La dopant causes the greatest distortion angle at
162.5< and Sc, Y, Cd, and Hg causes the distortion angle less than 175< and Mo and W cause the
distortion angle at 176.3<and 178.3< respectively. These results are not enough to deduce
decisive conclusions.

In summary, decisive conclusions cannot be deduced that the calculated V-V distance
changes and V-V dimer distortion angles can be related to the MIT temperature of the transition
metal doped VO,, however, these results do provide a hint that a dopant causes V-V distance
change will cause MIT temperature decrease, and Sc and possibly La might be potential dopants

for the modulation of MIT temperature of VO, (My).
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Fig. 3 Distribution diagram of the transition metal doped VO, (M;), labeled by the dopant metal
only, on the Vo~p plane, where Vy and $ are calculated volume and g-angle of the optimized super
cell in terms of Mg 0625V0.037502 (M1) with spin-polarization. The green dash-dot lines represent

the volume and S-angle of the pristine VO, (M;) calculated at the same level of theory

3.3 Formation enthalpies for transition metal doped VO, (M,)

The free energies for the transition metal doped VO, (My), in terms of Mo g625V0.937502 (M1),
were summarized in table 2 and shown in figure 4a. From figure 4a, it could be seen that the free
energies firstly decrease with the group number of dopants in the periodic table of elements and
reach a minimum value at the VB-group, and then increase with the group number. However,
abnormal changes were observed for the 11B-group. When going from the top to the bottom of
every group in the periodic table of elements, the free energies generally decrease for the
IVB-group to the VIlI-group, while increase for the I111B-, IB-, and 11B-groups in the head or tail of
the series of elements. As a result, the Ta-doped VO, (M;) possesses the lowest while Hg-doped

the highest free energies among all transition metal doped VO, (My).

15



Journal of Materials Chemistry C Page 16 of 41

-21.6
- m- Fourth series .A,/ ”ﬁg
J - o- Fifth series i ‘-Ziué. -8Cd
-22.0 - - A- Sixth series / / m-—
/
—~ ,‘o[)'cf
> Co 2 X
~— s D
o . /ﬁh’ Pt
-22.4 4 % Al
o A Mn - /:ﬁu, /AII'
I)a /./ Ve
. .Y\\ , \ el P /(A)s
\ ~m- - 87 s
-22.8 4 ) _-oMo
1 oL _exify , Re
N &7
B =g
7 Ta
-232 ) I I I ! I I I ) I
IIIB IVB VB VIB VIIB VIII VII VIII IB IIB
(a)
=720 < - m— Fourth series A
- e- Fifth series /%x‘AJ .—‘Hg
— 4a-— Sixth series VAN
- Pdo"”/’ N Je
5 -740 4 Rpa’s =2 ¢
g - Pt -
— Ry~ Ir
5 Ar? Os
=4 Az
- =760 1 2" 7 Re
3 Mge
o 7’ g /
“I a coA
7804 YeX L Nbe v
Xre”
\" - Ta
Hf
-800 T T T T T T T T T

1
B IVB VB VIB VIIB VIII VIII VIII IB IIB

(b)
Fig. 4 The free energies (a) and formation enthalpies (b) of transition metal doped VO, (M,).

Notice that the free energy for pristine VO, (M) is compensated by the Hubbard-U term as used in

16
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the DFT calculation and the DFT calculations are carried out with spin-polarization (the dash lines

are only guide to the eyes)

The formation enthalpies for the transition metal doped VO, (M;) are also summarized in
table 1. The calculated formation enthalpy of VO, was -772.2 kJ mol™ at 0 K, comparable to
experimental value of -717.6 kd/mol at 298.15 K 2. Except for the I1IB and IIB dopants, the
formation enthalpies for the Mg 0625V 0.037502 (M1) increase monotonically as the dopant goes from
left to right in the periodic table of elements (figure 4b).

The free energies and formation enthalpies calculated without spin-polarization will be
reported in section 3.5.

3.4 Stability of transition metal doped VO,

The stability of a transition metal doped VO, could be evaluated in terms of Gibbs free energy
of its decomposition reaction. Considering that the Gibbs free energy of the decomposition
reaction (2) could be evaluated as,

AG = AH —TAS (10)
therefore, it is possible to evaluate the stability in terms of decomposition enthalpy and entropy.

In figure 5, it shows the distribution diagram of transition metal doped VO, (M;) at doping
ratio of 1/16 on the AH~AS plane. The decomposition entropy consists of the mixing entropy and
the contributions from oxygen vacancies and interstitial oxygen as shown in equation 9. The VO,
(M;) doped with high valence cation possesses negative decomposition entropy and the
decomposition reaction is unfavorable, or the VO, (M;) doped with high valence cation is more
stable than that doped with low valence cation. In addition, a positive change in decomposition

enthalpy represents that the transition metal doped VO, (M,) is stable. Such prediction of stability

17
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of transition metal doped VO, (M,) is consistent with experimental observations. For example,
experimental observation showed that the Zn-, Y-, and La-doped VO, exhibit phase separation
phenomenon and is thus unstable, in our calculations as shown in figure 5, these metal doped VO,
are among the most unstable systems 3. On the other hand, the W-, Re-, Os-, Ta-doped VO, are
among the most stable systems in experimental observations, and are also the most stable systems
From these considerations, it could be concluded that the

from our calculation prediction &,

Ru-doped VO, is the most stable system among all the transition metal doped VO, (figure 5).
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Fig. 5 Decomposition enthalpies and entropies for the transition metal doped VO, (M;) calculated

using eq. 3 and eq. 9, the DFT calculations are with spin-polarization

From the structural distortion, we proposed that the Sc is a potential dopant for the

modulation of MIT temperature of VO,. Though the Sc does not belong to the group of dopants

forming most stable VVO,, the Sc-doped VO, is in the middle of figure 5 and thus is predicted to be
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stable enough for practical application. Compared to Mg-doped VO,, Sc has a larger diameter and
higher valence than Mg, therefore, the Sc-doped VO, may be more stable than the Mg-doped VO,.
3.5 Influences of spin-polarization to calculation results

The detailed calculation results without spin-polarization were summarized as supplementary
information as tables SI-1 and SI-2. It is interesting that the formation enthalpy for VO, (M;)
calculated without spin-polarization is -713.6 kJ mol™, which is very close to the experimental
value of 717.6 kJmol™ as show in table 1. In overall, the free energies calculated with
spin-polarization (table 2) are lower than those calculated without spin-polarization (table SI-2).
From the free energy differences calculated without spin-polarization to with spin-polarization as
shown figure 6, it could be seen that the free energy differences vary from 0.481 eV to 0.635 eV
with an average value of 0.569 eV. These values are significant in absolute, however, they are
relatively unimportant if we regard these values as systematic errors and thus only the differences
between the individual errors and the average error matter. Compared to the free energy
differences which span a range of only 0.154 eV, the free energies which vary from -23.062 eV to
-21.690 eV, span a range of 1.372 eV. Therefore, it could be concluded that overall conclusions,
which relate to the free energies and properties deduced (enthalpies and stabilities), deduced from
DFT calculations with spin-polarization will not be significantly affected if the spin-polarization

was turned off.
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Fig. 6 The free energies differences calculated without spin-polarization to with spin-polarization,

and the free energies are scaled to one Mg 0625V 0.937502 (M1) unit

From the comparison of cell volumes calculated with or without spin-polarization (figure 7a),
it could be seen that moderate linear relationship between these two sets of cell volumes exists (the
correlation coefficient is 0.779). Again, it could be concluded that the overall conclusions, which
relate to cell volume change, deduced from DFT calculations with spin-polarization will not be
significantly affected if the spin-polarization was turned off.

For figure 7b, it could be seen that the f-angles calculated with spin-polarization vary
irregularly with those calculated without spin-polarization, and there is no obvious relationship
between these two sets of data. Therefore, the conclusions, which relate to the s-angles, deduced
from DFT calculations with spin-polarization might be affected if the spin-polarization was turned

off.
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Fig. 7 Comparison of (a) cell volumes and (b) -angles for the transition metal doped VO, (M;)

calculated with and without spin-polarization
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In overall, it could be concluded that calculation differences with/without spin-polarization
do exist and cannot be ignored, however, the overall conclusions summarized in this study relied
only on the relative values between the pristine and transition metal doped VO, (M;). And the
calculation differences of relative values with/without spin-polarization cancel each other, and the
overall conclusions deduced in this work will not be affected significantly if these conclusions are

not used for the prediction of individual M-doped VO, (M,).

4. Conclusions

Density functional theory calculations based on the PBE+U method were carried out for all
the transition metal doped VO, (M;). The MIT temperature was associated with the lattice
distortion, or changes in volume and s-angle of the transition metal doped VO, (M;). The more the
lattice expansion and S-angle decrease, the lower the transition temperature of the transition metal
doped VO, (M) will be, and the more the lattice shrinkage and f-angle increase the higher the
transition temperature of the transition metal doped VO, (M,).

The decomposition enthalpies of the transition metal doped VO, (M;) were calculated based
on experimental enthalpies of doping oxides and free energies of the doped VO, (M;) from DFT
calculations. And the entropies were evaluated by use of the Bragg-Williams mixing rule and
entropies of oxygen vacancies and interstitial oxygen atoms. Based on these enthalpies and
entropies, the stabilities of the transition metal doped VO, (M;) were evaluated and it was
concluded that the VO, (M;) doped with high valence cations are more stable than those doped
with low valence cations. Especially, the Ru- and W-doped VO, (M;) were the most stable ones

and the La-, Ag- and Hg-doped VO, (M;) were least stable ones and would undergo phase
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separation. These conclusions are important for the selection of transition metal dopants in the
design and preparation of transition metal doped VO, (M,).

Considering the influences from spin-polarization, DFT calculations without
spin-polarization were also carried. It was concluded that calculated free energies with
spin-polarization are lower than those without spin-polarization, however, the relative differences
among various doped systems are insignificant. In addition, there is moderate linear relationship
between cell volumes calculated with and without spin-polarization. Therefore, the overall
conclusions deduced from calculations with spin-polarization will not be affected if these
conclusions are not used for the prediction of individual M-doped VO, (M,).

Finally, Sc was proposed to be a potential dopant to modulate the MIT temperature and to
improve the optical spectrum. In addition, the Sc-doped VO, (M;) was predicted to be stable

enough for practical application.
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Figure Captions

Fig. 1 Examples of the fitting of optimized free energies to the Birch-Murnaghan equation of
states for pristine and transition metal doped VO,

Fig. 2 Definition of corresponding lattice parameters between VO, (M;) (left) and VO, (R) (right),
and their experimental values (see table 3)

Fig. 3 Distribution diagram of the transition metal doped VO, (M;), labeled by the dopant metal
only, on the Vo~f plane, where Vy and S are calculated volume and g-angle of the optimized super
cell in terms of Mg 0s25V0.937502 (M1) with spin-polarization. The green dash-dot lines represent
the volume and S-angle of the pristine VO, (M;) calculated at the same level of theory

Fig. 4 The free energies (a) and formation enthalpies (b) of transition metal doped VO, (M,).
Notice that the free energy for pristine VO, (M;) is compensated by the Hubbard-U term as used in
the DFT calculation and the DFT calculations are carried out with spin-polarization (the dash lines
are only guide to the eyes)

Fig. 5 Decomposition enthalpies and entropies for the transition metal doped VO, (M;) calculated
using eq. 3 and eq. 9, the DFT calculations are with spin-polarization

Fig. 6 The free energies differences calculated without spin-polarization to with spin-polarization,
and the energies are scaled to one Mo 625V 0.037502 (M1) unit

Fig. 7 Comparison of (a) cell volumes and (b) g-angles for the transition metal doped VO, (M;)

calculated with and without spin-polarization
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Table 1. Thermal dynamic properties of the transition metal oxides and Mg gs25V0.93750- (the DFT

calculation are carried out with spin-polarization, units: kJ mol ™ for enthalpy and J & * mol ™ for

entropy)
Oxides AH [oxide] @ AH [MoossVoo3502] ®  AH© AS®@
Sc,03 -1908.8 -781.5 -2.10 4.47
TiO -519.7 -780.5 24.06 10.88
Ti,03 -1520.9 -780.5 9.01 4.47
TiO, -944.0 -780.5 -2.46 -1.94
VO, 7176 -772.2 0.0 0.0
Cr,03 -1139.7 -761.0 1.43 4.47
Crs04 -1531.0 -761.0 5.15 6.60
CrO, -598.0 -761.0 -0.33 -1.94
MnO -385.2 -754.03 6.02 10.88
MnO, -520.0 -754.03 -2.40 -1.94
FeO -272.0 -746.5 5.57 10.88
FesO, -1118.4 -746.5 -0.73 6.60
Fe,03 -824.2 -746.5 -3.18 4.47
Co0 -237.9 -741.2 2.44 10.88
Co030, -891.0 -741.2 -1.25 6.60
Ni,Os -489.5 -738.5 -0.69 4.47
Cu,0 -168.6 -732.0 2.78 17.29
CuO -157.3 -732.0 -1.79 10.88
ZnO -350.5 -744.5 -1.32 10.88
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ZrO;
NbO
NbO;
Nb,Os
MoO;
RuO;
RuO4
Rh,03
PdO
Ag,0
CdO
La,Os
HfO,
Tay05
WO,
WO;
Re,0O7
0OsOq
IrO;

HgO

-1905.3

-1100.1

-405.8

-796.2

-1899.5

-588.9

-305.0

-239.3

-343.0

-85.4

-31.1

-258.4

-1793.7

-1144.7

-2046.0

-589.7

-842.9

-1240.1

-394.1

-274.1

-90.8
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-778.2
-785.9
-777.9
-777.9
-777.9
-764.4
-746.3
-746.3
-741.1
-735.6
7215
-737.5
7724
-790.9
-786.0
-772.8
-772.8
-756.8
-745.9
-741.9

-724.0

-5.24

-6.76

28.64

4.24

-5.36

3.61

3.34

7.45

6.46

6.28

-3.36

-2.62

-71.54

-4.58

-1.83

12.01

-3.81

-5.93

-2.70

0.79

-5.65

4.47

-1.94

10.88

-1.94

-8.35

-1.94

-1.94

-27.59

4.47

10.88

17.29

10.88

4.47

-1.94

-8.35

-1.94

-14.77

-21.18

-27.59

-1.94

10.88
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@ Formation enthalpies for the oxides adopted from Lide R. D. (ed.), CRC Handbook of

Chemistry and Physics, Internet Version, 2005 2%: ® Formation enthalpies for the metal doped
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Mo.0625V0.037502; © Decomposition enthalpies for Mg os25Vo.637502; @) Decomposition entropies for

Mo 0625Vo.037502; (€) adopted from reference [*2],
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Table 2. Equilibrium free energies, bulk moduli and their derivatives with to pressure, lattice parameters, and Fermi energies of the

Mo.0s25Vo.037502 (the DFT calculations are carried with spin-polarization, and the lattice parameters are scaled to four units of

Journal of Materials Chemistry C
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Mo 0625V 0.937502)

Dopants Uy (eV) B (GPa) B; Vo (A% a(A) b (A) c(A) / (deg) Ef (eV)
Sc -22.6605 216 3.85 124.93 5.4587 4.5355 6.0738  123.815 3.22
Ti -22.7590 242 2.40 123.80 5.4421 45174 6.0644  123.860 3.22
V -22.5242 226 4.15 123.57 5.4420 4.5053 6.0775 123.971 3.53
Cr -22.6617 225 4.41 123.14 5.4306 4.5055 6.0671  123.953 3.58
Mn -22.5534 226 4.11 122.89 5.4275 4.5065 6.0531  123.900 3.52
Fe -22.4315 173 3.50 121.14 5.4026 4.4775 6.0389  123.976 3.62
Co -22.3004 206 5.34 122.78 5.4268 4.5160 6.0220  123.697 3.53
Ni -22.1758 222 4.41 122.65 5.4247 4.5021 6.0497 123.886 3.28
Cu -21.9920 204 5.72 123.57 5.4393 45221 6.0406 123732 3.18
Zn -21.9690 219 3.50 124.12 5.4484 4.5280 6.0508  123.747 3.13
Y -22.6433 163 6.42 127.49 5.4956 4.5601 6.1331  123.948 3.20
Zr -22.8532 229 3.62 125.76 5.4700 4.5363 6.1104  123.958 3.22
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Nb -22.8751 222 4.24 125.57 5.4690 4.5418 6.0840 123.806 3.40
Mo -22.7787 215 3.39 125.73 5.4720 4.5482 6.0737 123.719 3.63
Ru -22.4885 292 3.50 123.67 5.4395 4.5096 6.0801  123.981 4.21
Rh -22.3088 227 4.19 124.09 5.4449 4.5154 6.0882  123.999 3.41
Pd -22.1206 235 3.29 124.08 5.4452 45170 6.0810 123.942 3.21
Ag -21.8281 214 5.02 124.93 5.4581 45214 6.1091 124.036 3.10
Cd -21.8733 260 3.50 125.50 5.4679 4.5362 6.0983  123.924 3.20
La -22.4872 197 3.50 130.30 5.5369 4.5878 6.1880 123.973 3.47
Hf -22.9928 227 4.00 125.38 5.4647 4.5324 6.1015 123.934 3.20
Ta -23.0616 223 4.25 125.40 5.4664 4.5387 6.0841  123.827 3.45
Wi -22.9966 209 5.62 125.67 5.4692 4.5426 6.0844  123.761 3.55
Re -22.7931 189 6.26 125.60 5.4701 4.5445 6.0750 123.728 4.03
Os -22.6069 249 3.50 124.43 5.4519 4.5188 6.0880 123.944 4.25
Ir -22.4155 234 3.50 124.61 5.4531 4.5199 6.0990 124.009 3.83
Pt -22.2149 190 3.50 125.44 5.4653 4.5331 6.1032  123.943 3.28

Au -21.8751 220 4.52 125.05 5.4613 4.5193 6.1215 124.142 3.61
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Hg -21.6898 211 3.27 126.75 5.4833 4.5507 6.1285 124.012 3.31
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Table 3. Corresponding lattice parameters for the VO, (M;) and VO; (R)

VO, (M3) VO; (R) Difference
V(A 118.07 118.44 0.37
B (deg) 122.6 122.1 -0.5
aora (A 5.375 5.383 0.008
b or b' (A) 4.526 4,554 0.028
corc' (A 5.753 5.712 -0.041
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Table 4. A summary of the most studied dopants and their influences to transition temperatures

Tc(undoped) T, (doped) Doping level dT./dx
Dopants References
(T) (T) (at.%) (at.%/<T)

Mg®* 68.0 54.0 7.0% 2 141
Mg** 64.5 45.0 7.0% 3 [11]
Ti* 66.9 66.9 3% 0 144]
cr 57+1.6 61.942.2 6.5% 0.8 18]
Cu®* 56.547.5 2% 5 141]
Zn*" & W 44.046.2 10% + 10% 2.4 1431
ZrV,0; 58.1 59.1+14.2 2% 05 [45]
Nb>* 58 3533 2~3% 7.8 L46]
Mo®* 62.5 24.0 7.0% -5.5 161
Mo®* 64 41.0+.0 2% 11 147)
Mo®* 65 30.0 1.5% 23 148]
Sh** 61.5:+10.5 3% 149)
Ta™ 48.0+1.2 3% 150)
W 54.1 0.54% -23 138]
F 66.0 35.0 2.9% -10.6 [13]
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ZnO:Al 58.2422.0  38.1H45 154
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Table 5. Short dsand long d, V-V distances and distortion angle 6 of the V-V dimers in the

Journal of Materials Chemistry C

transition metal M-doped VO, (M) calculated with spin-polarization

Dopants  &(deg) ds (A) di (A)
Sc 174.97 3.0328 3.0469
Ti 179.90 3.0290 3.0354
Vv 179.99 3.0385 3.0390
Cr 179.98 3.0334 3.0336
Mn 179.98 3.0259 3.0272
Fe 179.99 3.0184 3.0205
Co 179.97 2.8679 3.1542
Ni 179.99 3.0239 3.0258
Cu 179.75 2.9571 3.0835
Zn 179.96 3.0544 3.0560
Y 171.07 3.0724 3.0793
Zr 179.96 3.0544 3.0560
Nb 179.85 3.0367 3.0474
Mo 176.30 3.0082 3.0687
Ru 179.97 3.0396 3.0405
Rh 179.99 3.0435 3.0447
Pd 179.99 3.0404 3.0406
Ag 179.95 3.0543 3.0548
Cd 171.38 3.0558 3.0598
La 162.45 3.1246 3.1367
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Hf

Ta

Re

Os

Pt
Au

Hg

Journal of Materials Chemistry C

179.95

179.93

178.33

179.39

180.00

179.99

179.98

179.97

170.19

3.0504

3.0416

3.0284

3.0258

3.0438

3.0489

3.0514

3.0607

3.0728

3.0511

3.0425

3.0566

3.0493

3.0442

3.0501

3.0518

3.0608

3.0782
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