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A potential orthorhombic phase of TayOs, designated as Y-Ta;Os, is predicted under high-pressure conditions us-
ing density functional theory (DFT) combined with structural search algorithms. This phase, containing four formula
units per unit cell (Z = 4), exhibits the highest Ta—O coordination numbers reported to date. Y-TayOs is identified as the
most energetically stable form of Ta;Os within the pressure range of approximately 70 GPa to at least 200 GPa. Both
standard DFT-GGA and higher-accuracy GW calculations indicate that Y-Ta;Os is a wide-bandgap semiconductor with a
direct bandgap. Furthermore, nuclear quantum effects (NQEs) introduce nontrivial corrections to external pressure at fixed
volumes, underscoring their significance in high-pressure phase stability analyses.
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Tantalum pentoxide (Ta;Os), a prototypical wide-
bandgap semiconductor, is widely used in optoelectronic
materials, =] resistive random-access memory (RRAM),[6‘9]

and catalysis10-12]

owing to its exceptional dielectric proper-
ties, high optical transparency, low reflectivity, and its intrinsic
capability for electron—hole separations. These attributes ren-
der it particularly suitable for high-performance anti-reflection
coatings that significantly enhance light absorption and photo-

13,141 Beyond con-

electric conversion efficiency in solar cells. !
ventional applications, Ta;Os demonstrates remarkable poten-
tial as a UV photodetector material with applications in mil-

U5-17] Furthermore, tantalum-

itary sensing and related fields.
based materials exhibit unique multifunctionality, combining
superior biocompatibility, chemical inertness, antimicrobial
properties, and excellent mechanical performance (including
high hardness and wear resistance), making them strategically
important for biomedical applications.'®2?] Recent break-
throughs in TayOs/multi-walled carbon nanotube (MWCNT)
heterostructures have yielded photodetectors with substan-
tially enhanced photocurrent and fast response speeds (rise and
decay times < 80 ms). This exceptional performance high-
lights their potential for advanced applications in high-speed
optical communications, precision optoelectronics, and real-
time environmental monitoring. [>]

Systematic experimental and theoretical studies have con-
firmed that the crystal structure of Ta;O5 exhibits significant
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environmental dependency. Substantial evidence suggests its
phase composition is primarily regulated by temperature and
pressure conditions, while preparation methods also signifi-
cantly influence the final structure. Based on growth con-
ditions, TapOs crystal phases can be divided into two cat-
egories: (a) ambient-pressure phases and (b) high-pressure
phases. [24-26]

Recent research has demonstrated substantial progress in
understanding ambient-pressure phases, with notable advance-
ments in both crystallographic and electronic structures!?”]
(detailed in supplementary materials). The main ambient-
pressure phases discovered so far include Lgr (space group
Pm, Z = 11, containing 22 Ta and 55 O altoms),l28J Lg
(C112/m, Z = 19),V T (Pmm2, Z = 12),B% § (P6/mmm,
Z =2),B1 Bar (Pcem, Z =2),131 Br (Z = 2),33 A (Pbam,
Z=2),B4y1,Z=2),Vand y; (P-1,Z=1).130

In comparison, research on the high-pressure phases of
TapOs has progressed more slowly. Pressure engineering is
one of the most effective methods to tune the crystal structures
and physical properties of semiconductor materials, as it can
induce structural and electronic changes, potentially leading to
novel high-pressure phases with superior physical and chemi-
cal performance.*’-3°! To date, only two high-pressure phases
have been reported: B phase (C2/c, Z = 4) and Z phase (C2,
Z =2). The B phase and Z phase were successfully synthe-

sized by Zibrov’s team under conditions of 8 GPa and 1470 K,
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and characterized using x-ray powder diffraction and high-
resolution transmission electron microscopy (HRTEM).[40]
Theoretical calculations by Pérez-Walton et al. confirmed that
within the studied pressure range, the B phase exhibits the
highest thermodynamic stability.**! However, whether new
phases emerge at higher pressures remains unknown.

On the other hand, the effects due to the quantum motions
of atomic nuclei, or nuclear quantum effects (NQEs), 1= are
generally neglected in previous studies under high-pressure
conditions when the dynamics don’t involve light elements
(such as hydrogen and its isotopes). We shall demonstrate be-
low that NQEs are not negligible under high pressures.

Based on existing theoretical and experimental studies,
the B phase (Z = 4) is the most stable known high-pressure
polymorph, with the largest number of formula units per unit
cell. To date, no stable polymorphs with higher Z values
have been reported. Simulations of larger unit cells (Z > 4)
would significantly increase the computational burden of first-
principles structure searches. Within the affordable computa-
tional resources, choosing Z = 4 provides a balance between
accuracy and cost. Accordingly, first-principles structural
search on the Z = 4 TayOs crystal structures has been carried
out in this study, successfully predicting a possible new high-
pressure phase, Y-Ta;Os (space group Ibam). Calculations
further demonstrate that, under pressures above 62 GPa, the
Y phase exhibits superior thermodynamic stability compared
to the B phase. Importantly, this study specifically considers
the influence of nuclear quantum effects (NQEs) on external
pressure, finding that one of the aspects of NQEs, i.e., zero-
point energy (ZPE) leads to significant pressure corrections.
This indicates that observable NQEs are not limited to the dy-
namical processes in systems containing light elements.[41-36]

This work systematically investigated the crystal struc-
tures of the Ta;Os system using first-principles calculations
based on density functional theory (DFT). We performed a
global structural search on the TayOs crystal structures with
four formula units (Z = 4) by combining the VASP code!7-8]
with the USPEX crystal structure prediction program!%¢0l
using an evolutionary algorithm (EA), while employing the
VASP and CALYPSO code!®!-%3 with particle swarm opti-
mization (PSO) to double-check the predicted results. This
approach demonstrates significant advantages in identifying
stable structures at specific stoichiometric ratios and has
been widely employed in high-pressure research, provid-
ing crucial support for advancements in the field.[%*® In
structural search, all the calculations adopted the PBE-type
general gradient approximation (GGA) exchange—correlation
functional®®! with a plane-wave cutoff energy of 600 eV and
a k-point mesh spacing of 0.06 x 2z A~!. Through this ap-
proach, we successfully identified an orthorhombic structure
with a space group of Ibam. To achieve higher accuracy of

electronic structures, we have employed the GW method!67-8]

to correct the band gap values and verified the structural dy-
namical stability through phonon calculations based on den-
sity functional perturbation theory (DFPT).[®°! The phonon
calculations used a 2 x 2 x 2 supercell with convergence crite-
ria of 1 x 1072 eV for energy and 3 x 10~* eV/A for forces.
The computational details and additional information regard-
ing the cross-validation between USPEX and CALYPSO re-
sults can be found in the supplementary materials.
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Fig. 1. (a) Enthalpy evolution with generation number for Ta;Os (Z = 4)
structures at P = 70 GPa, calculated using DFT in combination with evo-
lutionary algorithm (EA). (b) Simulated x-ray diffraction pattern using
Cu Kol radiation (A = 1.541 A). (c) Three-dimensional visualization of
the fundamental TaO( polyhedral unit (brown spheres: Ta atoms; red
spheres: O atoms).

Figure 1(a) presents the results of structural search for
TapOs at a pressure P = 70 GPa, showing excellent energy
convergence after 20 generations of evolutionary optimization.
The refined Y-phase of Ta;Os crystallizes in the orthorhombic
system with an /bam space group, having lattice parameters of
a=9.939A,b=4977A,c=4.322A (a =B =7=90.00°).
The corresponding atomic coordinates are presented in sup-
plementary materials (Subsection 3.1). Equivalent structures
are predicted by VASP + CALYPSO calculations (see sup-
plementary materials, Subsection 3.2 & Table SI). The simu-
lated x-ray diffraction pattern in Fig. 1(b) (Cu Ko1 radiation,
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A = 1.541 A) displays its strongest peak at 26 = 32.81° (d-
spacing = 2.728 A) corresponding to (211), (211), (211), and
(211) planes, while the second and third most intense peaks
appear at 20 = 36.06° (d-spacing = 2.488A, (020) and (400))
and 56.34° (d-spacing = 1.632 A, (022), (022), (402), (402)),
respectively. As can be seen from Fig. 1(c), compared with the
B-phase, 33361 the Y-phase exhibits higher Ta—O coordination
numbers — the highest oxygen coordination number (n = 10)
known to date in metal oxides. Similar to B-TayOs, all the
building blocks TaO,, of Y-TayOs are identical in geometry.
Simulations using VASP + USPEX predict that the Y-phase
maintains as the most stable structure to at least 200 GPa (see
supplementary materials, Subsection 3.3 & Table SII for struc-
tural and energy parameters).

Based on enthalpy calculations (see Table 1 and detailed
analysis below), we determined that the pressure for the struc-
tural transformation from the B-phase to the Y-phase is ap-
proximately 62 GPa. At P = 62 GPa, although the zero-point
energies (ZPE) of both phases are nearly identical (with the Y-
phase slightly higher) and the internal energy of equilibrium
lattice (Ep) of the B-phase is lower, the Y-phase has a smaller
unit cell volume with more compact Ta—O stacking, which ac-
counts for its lower enthalpy value.

To study the dynamical stability and lattice vibration
characteristics of Y-Ta;Os, we conducted systematic phonon
spectrum calculations, based on density functional perturba-
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tion theory (DFPT). This approach enables accurate calcula-
tion of the system’s phonon properties directly at the primi-
tive cell scale, significantly reducing computational costs.!”]
Figure 2(a) displays the phonon dispersion curves along high-
symmetry directions in the Brillouin zone and the correspond-
ing vibrational density of states (VDOS) of Y-Ta,Os. Notably,
no imaginary frequencies are observed throughout the Bril-
louin zone for either acoustic or optical branches, strongly
confirming the excellent dynamic stability of the Y-TayOs

structure.

Table 1. Unit cell and energy parameters describing the Y- and B-Ta;Os
at external pressure P = 62 GPa. The volume of unit cell (Vey), the zero-
point energies (ZPE), and the difference of internal energy and enthalpy
with reference to Y-TayOs (AEy, AH) are listed.

Ta,Os Y B
a(A) 9.985 13.596
b(A) 4.995 4.378
c(A) 4.347 5.083
a(®) 90.00 90.00
B ©) 90.00 129.22
Y () 90.00 90.00
Space group  Ibam (No.72)  C2/c (No. 15)
TaO, TaOyg (x8) TaOg (x8)
Veen (A3/f.u) 54.20 58.61
AEy (eV/fu.) 0 —1.69
ZPE (eV/f.u.) 0.66 0.65
AH (eV/fu.) 0 0.01
() 1000F
= DFPT
800l —— co=3.363
7600
g
=
400
g
200
0 1 1 1 1 1
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Fig. 2. (a) Calculated phonon dispersion relations (left panel) along high-symmetry g-point paths in the Brillouin zone (BZ) and vibrational
density of states (VDOS, right panel) for Y-Ta;Os at 70 GPa. The direct coordinates of g-points in the BZ are defined as I' = (0,0,0), X =
(0.5,0,0), M = (0.5,0.5,0),Y =(0,0.5,0), Z=(0,0,0.5), A = (0.5,0.5,0.5). (b) Frequency correspondence of Ta- and O-dominated vibrational
modes at 70 GPa. (c) Atom-resolved VDOS and pressure-induced blueshifts at P = 70 GPa, 80 GPa. (d) The frequency blueshift correspondence

of Ta- and O-dominated vibrational modes under different pressures.
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Through atom-projected VDOS analysis [Figs. 2(a) and
2(c)], we observed distinct frequency partitioning in the vibra-
tional modes of Ta and O atoms: the heavier Ta atoms (relative
atomic mass 180.95 amu) predominantly contribute to low-
frequency vibrational modes (v < 300 cm™!), while the lighter
O atoms (relative atomic mass 16.00 amu) dominate the high-
frequency region (v > 300 cm™!). This observation can be ex-
plained within the model of harmonic oscillator. Generally, for
crystals whose primitive cells contain different types of atoms,
when the vibrations of one type of atom dominate while the
vibrations of other types can be neglected, it can be shown un-
der the harmonic approximation that the vibration frequency
v is inversely proportional to the square root of the atomic
mass M:["11y o l/\/]T/I For Ta,Os, the frequency of each Ta-
dominated optical mode and that of the O-dominated optical
modes can be correlated one-to-one. Shown in Fig. 2(b) are
the frequencies of a number of Ta-dominated optical modes
and O-dominated optical modes, where excellent agreement
with the prediction of harmonic approximation is found. For
example, the two VDOS peaks (A, B) marked in Fig. 2(c),
which are mainly due to the vibrations of Ta atoms, find their
correspondence of two peaks (C, D) in the high frequency re-
gion. Details of the vibrational modes are provided in the sup-
plementary materials (Fig. S1). Furthermore, increased pres-
sure leads to decreased Ta—O distances and therefore stronger
interatomic interactions (i.e., force constants) and blueshifts
of frequencies, as demonstrated by Fig. 2(c) where the ex-
ternal pressure increases from 70 GPa to 80 GPa. It can be
shown that the magnitude of frequency variation (Av) is also
inversely proportional to the square root of the atomic mass M
(Av < 1/y/M). Based on the mass ratio of Ta (180.95 amu)
to O (16.00 amu), the theoretically predicted frequency ra-
tio co = Vo/Vra = (Mo /Mr,) /% 2 3.363, the lines with this
slope correspond well with the DFPT frequencies and fre-
quency blueshifts data shown in Figs. 2(b) and 2(d). This
explains why heavier Ta atoms tend to exhibit low-frequency
vibrations, while lighter O atoms dominate the high-frequency
modes.

Figure 3 presents a comprehensive comparison of the
electronic structures of Y-Ta;Os and B-Ta;Os under high-
Through combined DFT-GGA (PBE)
and GW calculations, we identify distinct electronic behav-

pressure conditions.

iors: the Y-phase exhibits a direct bandgap at I" point (GW:
3.17 eV; PBE: 2.27 eV), contrasting with the B-phase’s in-
direct bandgap characteristic with I — M transitions (GW:
3.64 eV; PBE: 2.67 eV). Remarkably, both the valence band
maximum (VBM = 9.29 eV) and conduction band minimum
(CBM = 12.46 eV) in the Y-phase show significant upward
shifts of +2.12 eV and +1.65 eV respectively relative to the
B-phase values (VBM = 7.17 eV; CBM = 10.81 eV). These
electronic structure modifications originate from pronounced

pressure-enhanced orbital hybridization and electron cloud re-
distribution effects in the Y-phase. While the Y-phase displays
a marginally smaller bandgap (by 0.47 eV) compared to the B-
phase, its elevated energy level alignment suggests enhanced
charge transport capabilities under high pressure. These find-
ings provide crucial insights for the possibility of developing
advanced high-pressure electronic devices.
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Fig. 3. The electron band structures, density of states (DOS), and partial
density of states (PDOS) for Y- (upper panels) and B-TayOs (lower pan-
els) at P = 70 GPa, calculated using both DFT-GGA and GW methods.
In the band structure plot, the solid lines represent the GGA energy bands
along high-symmetry k-point paths, while the scattered solid and hollow
blue triangles denote the GW results. The Fermi level (indicated by the
vertical dashed line) is set at 0 eV.

Table 2. The valence band maximum (VBM), conduction band minimum
(CBM) and band gap (E) of the two Ta;Os phases (Y, B) at P =70 GPa
obtained using DFT-GW method. The DFT-GGA data are listed in paren-
theses.

Ta,0s  VBM (eV) CBM (eV) E, (eV)
Y 9.29(8.81)  1246(11.08)  3.17 (2.27)
B 7.17(6.78)  10.81(9.45)  3.64(2.67)

The quantization of collective vibrations of atoms (more
precisely, atomic nuclei) in crystal lattices manifests itself in
the form of phonons.!”?) The notable blueshifts of vibrational
frequencies displayed in Fig. 2 imply the possibility of study-
ing NQEs under high pressures. Generally, the external pres-
sure exerted on a given crystal with volume V' at temperature

116104-4
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T may be calculated as follows:”?!
P _dU  dEp
v dv
dU (1 h ) do;
av. 4\2 ehw;/(kgT) _ 1 ) dV
= Ry+AP, 6]

where U is the internal energy of the equilibrium lattice at vol-
ume V, which can be readily obtained using DFT calculations,
and Py = —dU/dV is the pressure without taking into account
NQEs; the phonon energy Eyp, = Y, ]( ho;+ W) his
the reduced Planck constant and o; is the frequency of the jth
mode. The correction to pressure due to NQEs is then given
by

_ dEp h do;
AP = —— 7 =- Z( mo,/kml>dv
ho; 1 dho;
- _ —hwi 4 —— )~ 2
;<2 wf+ehwj/<kBT>_1> v amy - @

At room-temperature and below, the phonon energy is pre-
~Y 1 _
Consequently, the correction to pressure due to lattice vibra-

dominantly contributed by ZPE, i.e.,

tions can be expressed as follows:

dU  dZPE
px YU GATE b AP
v~ av o+
dw; 1 1 dlnw;
_P—fh i) —py— —hw; | — S (3
0 Z( ) 0 zjl(z w’)dean S

To evaluate the role of NQEs, we proceed to calculate the pres-
sures at target volumes via two numerical schemes. In the first
scheme, we calculated the total energy Eiy of Y-Ta;Os5 at dif-
ferent volumes V, and the Ey, ~ V data are least-squares fitted
to the third-order Birch—-Murnaghan (BM) equation of state
(EOS)!74731 using VASPKIT: 76
2/3
() -

2/3 2 2/3
(%) _1] o-4(%) } @

where the terms Eiy0 and Vj represent the total energy and vol-

3

9VyB
Eot (V) = Ego+ 106 0{ B)

ume at equilibrium (the external pressure P = 0), respectively;
and B and Bj, represent the bulk modulus and its pressure
derivative at equilibrium volume V) at which E(V) reaches
its minimum. The role of NQEs is studied when the term
Eioro takes into account the ZPE of each volume. The param-
eters B and By, for the third-order BM EOS of the Y phase
are listed in supplementary materials (Table SIIT). Compared
with the first-order Murnaghan EOS,"”] the third-order BM
EOS significantly improves fitting accuracy in high-pressure

regimes by incorporating nonlinear terms, establishing itself
as a widely used formula for studying material behavior un-

der high pressures.!’®! The pressure is determined using the
third-order BM EOS

(8Et0t) 3B, <v0>7/3 (v0>5/3
P:— = — —_— — —_—
F1% 2 [\v %
3, Vo\ 3
x{1+4(30—4)[<vo> —1”.(5)

In the second scheme, we utilize the approximation by assum-

dhho; . .
imyv = ¥, which is the

Griineisen parameter. Then Eq. (1) can be rewritten as follows:

A o L B
P = dV + % (2hwj+ 0,/ (kaT)

du v
-t
av Tytm=

ing that for all modes w; the term —

1

Py+AP, (6)

where Py is readily obtained by DFT calculations, and the sec-
ond term (AP) can be deduced using the Griineisen parameter
and phonon energy. In the room-temperature and cryogenic
2 ZPE, and therefore one has AP = (y/V)ZPE.

We go further to demonstrate the pressure correction due

regimes, Ep

to NQEs around the critical point of phase transition from B to
Y phase. The total energies with and without ZPE corrections
versus volume are shown in Fig. 4(a), where good agreement
is found for the DFT data and their numerical fitting curves,
validating the applicability of third-order BM EOS across
this pressure regime. Figure 4(b) plots the dependence of
In(ZPE(V)/ZPE(Vy)) with In(Vy/V'), where a pronounced lin-
ear relation is found, and the slope of which yields a Griineisen
parameter of ¥ ~ 1.78. An approximately linear drop of ZPE
with volume is also found in the vicinity of the phase transi-
tion (inset of Fig. 4(b)). The pressures computed using the two
schemes (labeled as P; and P», respectively) to include NQEs
are shown in Fig. 4(c), together with the uncorrected data (Fy).
The data in Fig. 4(c) reveal remarkable consistency between
the two independent approaches for determining ZPE-induced
pressure corrections: EOS fitting and Griineisen approxima-
tion, with the correction magnitude remaining essentially con-
stant (~ 3.5 GPa). From Eq. (3), P2 —%f0 _ 32PE _ p, 4 AP,
if the ZPE follows an approximately linear relatlonshlp with
volume variation — as illustrated in the inset of Fig. 4(b) with
9B — kg — then AP =
for the nearly invariant differences between Py and P, P> at

—ko remains constant. This accounts

varying volumes, as shown in Fig. 4(c).

We next examine the influence of ZPE on the critical pres-
sure of phase transition. The enthalpy of each phase is given
by H = (Ey+ZPE) + PV. Phase transition occurs when the
enthalpies of two competing phases equal. The pressure at

which this condition is met defines the critical pressure P, (see
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supplementary materials):

AEy AZPE
= = AP .
c AV AV 0 + [ (7)
Thus, the pressure correction AP, = —% induced by ZPE

primarily originates from the differences in ZPE and volume at
the transition point. As the ZPE difference increases and vol-
ume difference decreases, significant enhancement in the pres-

(a)

®m E,DFT
_60k —— E, BM EOS Fit
® [E,+ZPE DFT
. ——— Ey+ZPE BM EOS Fit
2
o
~ —62
>
N2
>
60
8
= —64
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—6 L )
650 55 60 65
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@ —
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—A—Y-P,
@
A 64
S5
o
5
@
g 62
[al)
60

54.20 54.25 54.30 54.35

Volume (A3/f.u.)

54.15

sure correction AP, due to NQEs can be expected. In the vicin-
ity of B-to-Y transition under high pressures, the enthalpy data
in Fig. 4(d) show that P,y = 61.44 GPa, P, = 61.81 GPa, and
AP, = 0.37 GPa. From Table 1, the volume changes by AV =
—4.41 A3/f.u. and the ZPE changes by AZPE = 0.01 eV/f.u.,
which give the critical pressure AP, = — Ai% 2 0.36 GPa. The

agreement is excellent.

(b) 0.7
=Y
? Y Linear fit
206
o~ oTs
N @ 0.5
=5 S
& 0436750 61 68 72
> B Volume (A"i/f.u.)
E —0.2
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(d) ——Y (without ZPE)
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——Y (with ZPE) =
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s
o
~
>
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= —43.0f /
E z
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—43.5 L L
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Pressure (GPa)

Fig. 4. (a) Total energy versus volume for Y-TayOs near the phase transition point. The discrete points represent data calculated using DFT
at different volumes. These data were fitted according to the third-order Birch-Murnaghan equation of state. (b) The dependence of ZPE with
volume. (c) External pressure and its ZPE correction as functions of volume, where the subscripts 1 and 2 denote the data derived using the
first and second schemes, respectively. (d) Enthalpies of the Y and B phases as a function of pressure, with the critical pressure point indicated,

shown with and without ZPE correction.

To summarize, we predicted a high-pressure phase of
TayOs (Y-TapOs) with four formula units per crystal unit
cell (Z = 4) using first-principles calculations combined with
structural search algorithms. Our calculations show that B-
Ta;Os undergoes a transition to this new high-pressure poly-
morph at ~ 62 GPa, and Y-Tay;Os remains as thermodynam-
ically the most stable phase up to at least 200 GPa. Elec-
tronic structure calculations reveal that Y-Ta;Os exhibits di-
rect bandgap semiconducting behavior. We have further inves-
tigated the mutual relationship between external pressure and
phonon vibrations. Near the critical phase transition pressure,
our calculations demonstrate that zero-point energy (ZPE) cor-
rections to the pressure values are non-negligible. This find-
ing provides clear evidence that observable nuclear quantum
effects (NQESs) exist even in non-light-element systems like

transition metal oxides under high-pressure conditions.
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