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Using density functional theory, we investigate the vibrational properties and polarization-resolved Raman spectra of
α-PtO2 and obtain the Raman tensor and angle-dependent Raman intensity of α-PtO2. It is found that the polar plot of A1g
mode in parallel polarization configuration is useful in identifying the orientation of the crystal. The Raman intensity of the
Eg mode is about five times stronger than that of the A1g mode. The Raman intensity is about three times stronger when
the wave vector of the incident light is in x or y direction than in z direction. Our work will help the material scientists to
characterize the α-PtO2 and to identify its orientation by comparing the experimental spectra with our result.
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1. Introduction
In recent years, the versatility of platinum oxides has

attracted extensive attention in different fields. Known as
Adams’ catalyst, platinum oxides play an important role in
industry.[1,2] Abundant researches on the catalytic behavior of
platinum oxides have been conducted, such as the oxidation
of ammonia,[3] CO oxidation,[4] hydrosilylation reaction[5]

and oxidation of ethanol to acetic acid.[6,7] In electrochem-
istry, the oxidation on the surface of platinum electrodes re-
markably influence the reaction processes.[8,9] In electronics,
platinum oxides find applications for memory capacitors as
electrode materials,[10] as well as nanoscale and molecular
electronics.[11]

Five platinum oxide phases have been identified clearly:
PtO, Pt3O4, α-PtO2 (hexagonal), β -PtO2 (orthorhombic), and
β ′-PtO2 (tetragonal rutile-type structure).[12,13] Among these
phases, α-PtO2 has raised our attention on account of its
promising applications on catalysis as nanoparticles[6] and on
nanotechnology as nanotubes.[13] There is theoretical investi-
gation of α-PtO2 focused on the formation energy,[14] while
the vibrational properties and theoretical Raman spectra can-
not be found in literature.

Compared with conventional evaporation or sputtering
methods of producing α-PtO2, new approaches such as
oxygen plasma treatment to produce ultra-thin platinum-
oxide films[11] and hydrolytic reaction to synthesize α-PtO2

nanocrystals[15] have greatly improved the material’s perfor-
mance and facilitated their applications. However, there ex-
ists a problem that α-PtO2 needs to be characterized from the

experimental product PtOx, where 1 < x < 2.1 varies under
different conditions.[16,17] Different analytic techniques have
been applied to confirm existence of α-PtO2, such as x-ray
powder diffraction, scanning electron microscopy and x-ray
photoelectron spectra. The Raman spectroscopy, a powerful
method to characterize materials with the advantage of identi-
fying the orientation of a crystal,[18,19] has also been applied
to investigation of α-PtO2,[20] but in lack of the correspond-
ing theoretical calculation of Raman spectra. In this work, we
calculate the phonon dispersion and polarization-resolved Ra-
man spectra of α-PtO2 under the frame of density functional
theory. We believe that our work will be supplement to pre-
vious theoretical researches and will help experimentalists to
characterize the α-PtO2 and to identify its orientation.

2. Calculation method
The structural optimization and calculation of dielectric

tensor was performed using the Vienna ab initio simulation
package within the framework of density functional theory.[21]

The exchange-correlation potential was described by general-
ized gradient approximation using Perdew–Burke–Ernzerhof
type functional.[22] The projected augmented-wave method
was used to construct plane-wave basis set, and the energy cut-
off is 400 eV for structural optimization and 500 eV for force
constant calculation.[23] Brillouin zone was sampled on a Γ

centered grid of 4× 4× 4 k-mesh for structural optimization
and force constant calculation and a Γ centered 40× 40× 40
k-mesh for dielectric tensor calculation. The convergence of
the total energy was set to 10−8 eV. The phonon dispersion of
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α-PtO2 was calculated using the density functional perturba-
tion theory and Phonopy code for a 3×3×3 supercell.[24]

The Raman intensity of the j-th mode can be obtained
by[25]

dσ

dΩ
= Nprim

ω4
s

c4Vprim

∣∣𝑒s · R̃( j) ·𝑒T
i
∣∣2× }

2ω j
(n j +1),

where ωi, ωs and ω j are the frequencies of incident light, scat-
tered light and the j-th phonon mode respectively; n j is the
Bose factor of the j-th phonon; 𝑒i(𝑒 j) is electric polarization
vector of incident (scattered) light. The Raman tensor can be
calculated with a finite displacement method[26–38]

R̃αβ ( j) =Vprim ∑
N
µ=1 ∑

3
l=1

∂ χαβ

∂ rl (µ)

e j
l (µ)√
Mµ

,

where ∂ χαβ/∂ rl (µ) is the first derivative of the polarizabil-
ity tensor computed by moving the atoms along e j

l (µ)/
√

Mµ ,
e j

l (µ) the eigenvectors of j-th phonon mode at Γ point, and
Mµ is the atomic mass of atom µ .

3. Results and discussion
The crystal structure of α-PtO2 is composed of stacked

O–Pt–O trilayers, with 3 atoms in each unit cell (Fig. 1). The
lattice constants are found to be a = b = 3.164 Å, c = 4.728 Å,
which are larger than the XRD results a = b = 3.113 Å,
c = 4.342 Å.[20] There are nine phonon modes in the phonon
dispersion of α-PtO2 (Fig. 2), including six optical modes and
three acoustic modes. The six optical modes are A1g, 2Eg,
2Eu and A2u. The two oxygen atoms vibrate relatively in z,
y and x directions in A1g (Fig. 3(a)), Eg,1 (Fig. 3(b)) and Eg,2

(Fig. 3(c)) modes, respectively. The platinum atom and oxy-
gen atoms vibrate relatively in x, y and z directions in Eu,1

(Fig. 3(d)), Eu,2 (Fig. 3(e)) and A2u (Fig. 3(f)) modes, respec-
tively.

x

z

y

Fig. 1. The crystal structure of α-PtO2. The gray (red) balls refer to
platinum (oxygen) atoms. The solid lines indicate a unit cell. The x, y
and z axes are along [101̄0], [12̄10] and [0001] directions, respectively.

The α-PtO2 belongs to D3d point group and P3̄m1 space
group. According to group theory, the Raman-active modes
of α-PtO2 are A1g and Eg. The vibrational frequency is
15.14 THz for mode A1g and 15.92 THz for mode Eg (dou-
ble degenerate), which means that we can observe two peaks
at 505 cm−1 and 531 cm−1 in the Raman spectra of α-PtO2.

This is close to the experimental results of 514 cm−1 and
560 cm−1.[20]
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Fig. 2. Phonon dispersion of α-PtO2.
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Fig. 3. Atomic movement of the six optical modes at the Γ point.

We also obtain the eigenvectors of A1g mode and Eg

modes at the Γ point. Then we calculate the dielectric func-
tion variation. The Raman tensor in agreement with the group
theory is obtained as follows:

R(A1g) ∝

 a 0 0
0 a 0
0 0 b

=

 |a| e iϕa 0 0
0 |a| e iϕa 0
0 0 |b| e iϕb

 ,
R(Eg,1) ∝

 c 0 0
0 −c d
0 d 0

=

 |c| e iϕc 0 0
0 −|c| e iϕc |d| e iϕd

0 |d| e iϕd 0

 ,
R(Eg,2) ∝

 0 c d
c 0 0
d 0 0

=

 0 |c| e iϕc |d| e iϕd

|c| e iϕc 0 0
|d| e iϕd 0 0

 .
Table 1. Raman tensor elements.

|a| |b| |c| |d| ψa ψb ψc ψd

0.12 0.21 0.30 0.56 −0.66 −1.70 −2.62 1.27

We consider the incident light with wavelengths 633 nm
which is commonly used in experiments. The Raman tensor
elements are listed in Table 1. Based on the calculated Ra-
man tensor, we compute the Raman scattering intensities by
I ∝ ω4

s |𝑒s ·𝑅 ·𝑒i|2 in parallel polarization configuration and
perpendicular polarization configuration. When the wave vec-
tor of the incident light is along x direction ([101̄] direction),
its polarization direction can be written as (0, cosθ , sinθ ). In
parallel polarization configuration, the polarization direction
of the scattered light is parallel to that of the incident light [i.e.

047102-2



Chin. Phys. B Vol. 30, No. 4 (2021) 047102

(0, cosθ , sinθ )], while in perpendicular polarization configu-
ration, it is perpendicular to that of the incident light [i.e. (0,
−sinθ , cosθ )]. Therefore,

I||
(
A1g
)

∝ |a|2 cos4
θ + |b|2 sin4

θ

+
1
2

Re(a ·b∗)sin2 (2θ) , (1)

I||
(
Eg
)

∝ |c|2 cos4
θ + |d|2 sin2 (2θ)

−2Re(c ·d∗)cos2
θ sin(2θ) , (2)

I⊥
(
A1g
)

∝
1
4

[
|a|2 + |b|2−2Re(a ·b∗)

]
sin2 (2θ) , (3)

I⊥
(
Eg
)

∝
1
4
|c|2 sin2 (2θ)+ |d|2 cos2 (2θ)

+
1
2

Re(c ·d∗)sin(4θ) . (4)

The polar plot of I‖(A1g) has two maxima at 90◦ and 270◦

(Fig. 4(a)), because |b| > |a|, and the second term in Eq. (1)
is dominant. The reason for |b| > |a| is that the vibration of
atoms is along z direction in A1g mode (Fig. 3(a)). The two-
fold symmetry of the polar plot of I‖(A1g) is useful in identify-
ing the orientation of the crystal. The polar plot of I‖(Eg) has
two maxima near 45◦ and 135◦ (Fig. 4(d)), because |d| > |c|,
and the second term in Eq. (2) is dominant. The polar plot of
I⊥(A1g) (Fig. 5(a)) has four maxima at 45◦+ n× 90◦ (n = 0,
1, 2, 3) due to the factor sin2(2θ) in Eq. (3). The polar plot
of I⊥(Eg) has four maxima near 80◦+n×90◦ (n = 0, 1, 2, 3)
(Fig. 5(d)), because |d|> |c|, and the second term in Eq. (4) is
dominant.

When the wave vector of the incident light is along y di-
rection ([12̄10] direction), the polarization direction of the in-
cident light can be written as (sinθ , 0, cosθ ). The polarization
directions of the scattered light in parallel configuration and

perpendicular configuration are (sinθ , 0, cosθ ) and (cosθ , 0,
−sinθ ), respectively. Therefore,

I||
(
A1g
)

∝ |a|2 sin4
θ + |b|2 cos4

θ

+
1
2

Re(a ·b∗)sin2 (2θ) , (5)

I||
(
Eg
)

∝ |c|2 sin4
θ + |d|2 sin2 (2θ) , (6)

I⊥
(
A1g
)

∝
1
4

[
|a|2 + |b|2−2Re(a ·b∗)

]
sin2 (2θ) , (7)

I⊥
(
Eg
)

∝
1
4
|c|2 sin2 (2θ)+ |d|2 cos2 (2θ) . (8)

The polar plot of I‖(A1g) has two maxima at 0◦ and 180◦

(Fig. 4(d)), because |b|> |a|, and the second term in Eq. (5) is
dominant. The two-fold symmetry of the polar plot of I‖(A1g)

is useful in identifying the orientation of the crystal. The po-
lar plot of I‖(Eg) has four maxima at 45◦+ n× 90◦ (n = 0,
1, 2, 3) (Fig. 4(e)), because |d| > |c|, and the second term in
Eq. (6) is dominant. The polar plot of I⊥(A1g) has four max-
ima at 45◦+n×90◦ (n= 0, 1, 2, 3) (Fig. 5(b)) due to the factor
sin2(2θ) in Eq. (7). The polar plot of I⊥(Eg) has four maxima
near n×90◦ (n = 0, 1, 2, 3) (Fig. 5(e)), because |d|> |c|, and
the second term in Eq. (8) is dominant.

When the wave vector of the incident light is along z di-
rection ([0001] direction), the polarization direction of the in-
cident light can be written as (cosθ , sinθ , 0). The polarization
directions of the scattered light in parallel configuration and
perpendicular configuration are (cosθ , sinθ , 0) and (−sinθ ,
cosθ , 0), respectively. Therefore,

I||
(
A1g
)

∝ |a|2 , I||
(
Eg
)

∝ |c|2 ,

I⊥
(
A1g
)
= 0, I⊥

(
Eg
)

∝ |c|2 .
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Fig. 4. The polarization-resolved Raman intensities of A1g mode (top panels) and Eg (bottom panels) in parallel polarization configuration.
The incident light wave vector is along [101̄0] (left panels), [12̄10] (middle panels) and [0001] (right panels) crystal direction, respectively.
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Fig. 5. The polarization-resolved Raman intensities of A1g mode (top panels) and Eg (bottom panels) in perpendicular polarization configuration. The
incident light wave vector is along [101̄0] (left panels), [12̄10] (middle panels) and [0001] (right panels) crystal direction, respectively.

The Raman intensity does not depend on θ when the wave
vector of the incident light is in z direction.

Comparing the magnitudes of the polar plots, the Raman
intensity of the Eg mode is about five times stronger than that
of the A1g mode, due to larger value of elements in Raman ten-
sor. The Raman intensity is about three times stronger when
the wave vector of the incident light is in x or y direction than
in z direction because |b|> |a| and |d|> |c|.

4. Conclusion
We have investigated the vibrational properties of α-PtO2

and calculated the Raman tensor of two Raman-active modes
A1g and Eg. The polarization-resolved Raman intensities in
parallel polarization configuration and perpendicular polariza-
tion configuration are obtained for the cases that the wave vec-
tor of incident light is in x, y and z directions. The polar plot of
A1g mode in parallel polarization configuration is found to be
useful in identifying the orientation of the crystal. The Raman
intensity of the Eg mode is about five times stronger than that
of the A1g mode. The Raman intensity is about three times
stronger when the wave vector of the incident light is in x or y
direction than in z direction. Our work will help material sci-
entists to characterize α-PtO2 and identify its orientation by
comparing the experimental spectra with our result.
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