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Abstract

The structural modifications of SnO within the tetragonal phase («¢-SnO) and the
orthorhombic phase (y-SnO) with pressure were extensively studied by using
the first-principles pseudopotential plane-wave method within the generalized
gradient approximation. A structural phase transition from «-SnO to y-SnO
is predicted at 1.1 GPa by evaluating the enthalpy difference of the two
crystal structures. During the transition, the volume changes continuously
with increasing pressure, and a linear increase of the spontaneous strain is
predicted. These facts indicated the second-order nature of this phase transition.
Moreover, the pressure dependences of the Raman shift for both «-SnO and y-
SnO structures are presented to show further evidence for the phase transition. A
softening B, mode with pressure is suggested to be the physically driven force
of the transition. The current theoretical results strongly suggest the existence
of y-SnO phase in SnO under high pressure.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The tin oxides SnO and SnO, are of considerable technological interest [1]; in particular,
SnO; is widely used in thin-film processes and technologies, (e.g. catalysis, gas sensing, heat
reflection filters, transparent conducting coatings, and anode materials) [1, 2]. The physical and
chemical properties of SnO, have been well studied, while SnO has received less attention due
to its tendency to decompose at elevated temperature [2, 3].

Under ambient conditions SnO crystallizes in the tetragonal litharge structure «-SnO
(P4/nmm, Z = 2), in which oxygen atoms occupy the Wyckoff 2a site while Sn atoms sit
at the 2c site [2]. It is generally assumed that SnO is a semiconductor at ambient pressure [4]
and it transforms to a metal at 5 GPa [1, 2]. An energy gap of about 2.5 eV has been quoted [5],

I Author to whom any correspondence should be addressed.

0953-8984/07/425230+10$30.00 © 2007 IOP Publishing Ltd ~ Printed in the UK 1


http://dx.doi.org/10.1088/0953-8984/19/42/425230
mailto:mym@jlu.edu.cn
http://stacks.iop.org/JPhysCM/19/425230

J. Phys.: Condens. Matter 19 (2007) 425230 Y W Li et al

whereas the fundamental gap energy is given as 0.7 eV [4]. Ab initio calculations [6] showed
that the energy gap is indirect (I' to M in the Brillouin zone), and this was confirmed by
later theoretical calculations [7, 8]. A pressure-induced phase transition in «-SnO has been
experimentally reported [9-11]. The transition to a lower-symmetry orthorhombic y-SnO
(Pmyin, Z = 2) phase was observed in the pressure range 1.5-2.5 GPa. But the recent
experiments by Wang et al [2] and Giefers et al [12] did not show such a transition in this
pressure range. It was suggested that the phase transition to the y-SnO structure might be
induced by nonhydrostatic conditions. However, the lack of theoretical studies impedes the
understanding of this controversy. Thus, a theoretical study is motivated.

The current paper presents a detailed theoretical study on the pressure effect of SnO within
two phases, @-SnO and y-SnO, by means of ab initio calculations based on density-functional
theory. Indeed, from the enthalpy difference calculation, we found that the orthorhombic
structure of y-SnO is energetically preferred beyond 1.1 GPa relative to the ambient tetragonal
structure of @-SnO, strongly supporting the existence of the orthorhombic phase y-SnO under
pressure. A further lattice dynamic study suggested that Bj, mode softening is the physically
driven force for this ¢-SnO to y-SnO phase transition.

2. Theoretical methods

The ab initio calculations were performed within the density-functional theory (DFT) using
the pseudopotential plane-wave method [13]. The method has already been used to predict
accurately high-pressure structural, elastic, and vibrational properties of a large number of
materials. We use the generalized gradient approximation (GGA) for the exchange—correlation
potential within the Perdew—Burke-Ernzerhof (PBE) parameterization [14]. The Troullier—
Martins [15] norm-conserving scheme is used to generate the tight pseudopotentials for Sn and
O atoms with electronic configurations of 5s5p? and 2s22p*, respectively. A convergence test
gave the choice for the kinetic energy cutoff, E¢ywfr, of 90 Ryd for both @-SnO and y-SnO, and
an 8 8 6 and 5 5 4 k mesh for -SnO and y-SnO, respectively in the electronic integration of the
first Brillion zone. The structural optimization and the zone-center phonon calculations were
calculated using the Quantum-ESPRESSO package [16]. The CASTEP code [17] was used to
perform the calculation of the elastic constants of «-SnO.

The Raman intensities were computed from the second-order derivative of the electronic
density matrix with respect to a uniform electric field [18]. In a Raman spectrum the peak
intensity /¥ corresponding to an optical phonon w, can be computed as

< 1
1Y o lei- AV -e]*—(ny + 1), (0

v

where e; (ey) is the polarization of the incident (scattered) radiation,

~1
hw
n,=lexp|—]—1 , and
[ <kBT) }
o e wp, 6)
Im — Z 8E13Ema”ky ‘/My ’

ky

Here ¢ is the electronic energy of the system, E; is the /th Cartesian component of a uniform
electric field, uy, is the displacement of the yth atom in the kth direction, M, is the atomic
mass, and w,‘{’y is the orthonormal vibrational eigenmode v. According to the well-known
Hellmann—Feynman theorem,
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Table 1. Calculated equilibrium structural parameters (ao, ¢/a, zp), volume (Vj), bulk modulus
(Bo), and the pressure derivative of bulk modulus (B() for a-SnO, and compared with experimental
results from [2, 9, 19] and [21] and other theoretical results from [6] and [20]. zq is the atomic
position of the Sn atom and V) is the volume per unit cell.

a @A) c/a 2 Vo (A) By (GPa)
This study 3.8469 1.2782  0.2341 72.72 31
Expt.? 3.7986 1.2744  0.2389  69.85 38
Expt.b 3.8029 1.2722  0.2383  69.97 50¢, 519
Reference [6] 3.797 1.225 0.2404  67.06 35
Reference [20]  3.867 1.3023  0.234 74.50

4 Reference [2].
b Reference [19].
¢ Reference [9].
d Reference [21].

Table 2. Comparison of the calculated and measured lattice constants a, b, ¢ and V (volume per
formula unit) of y-SnO at 2.57 GPa; the measured values were taken from [9].

ady bR @A) VA

This work  3.821  3.810 4.619 33.63
Expt.? 3805 3785 4.613 3322

4 Reference [9].

where the DFT density matrix p = > |¥,) (¥, (¥, being the normalized occupied Kohn—
Sham (KS) eigenstates, Tr{O} is the trace of the operator O, and V' is the external ionic
potential.

3. Results and discussions

The cell parameters and atomic positions of the tetragonal and orthorhombic structures of
SnO were fully optimized at selected pressures. The comparison of the theoretical and
experimental [2, 19] structural parameters for a-SnO at zero pressure and y-SnO at 2.57 GPa
is given in tables 1 and 2, respectively. It is found from table 1 that all structural parameters
were in excellent agreement with the experimental measurements within 1.2% except for the
equilibrium volume, which is calculated to be 4% larger than the observed value. For y-SnO,
the calculated lattice constants a, b, ¢ and V (volume per formula unit) are also in excellent
agreement with the experimental data [9] as listed in table 2, the deviation between the theory
and experiment being less than 0.7%. The overestimation of the theoretical lattice constants for
both phases is a typical deviation of the GGA.

The computational approach employed here is based on constant-pressure static quantum-
mechanical calculations at the thermal limit (T = 0 K), where the free energy is replaced
by the enthalpy (H = E + pV) [22]. The calculated enthalpy of both tetragonal «-SnO
and orthorhombic y-SnO is presented in figure 1. One can observe that beyond 1.1 GPa
the orthorhombic y-SnO is more energetically favorable, indicating that there exists a phase
transition from «-SnO to y-SnO at ~1.1 GPa. However, it is worth mentioning that, in the
pressure range between 0.7 and 1.1 GPa, the energy differences are too small to distinguish.
It is also found that at a pressure below 1.1 GPa, the orthorhombic phase always relaxes
spontaneously back to the tetragonal structure. It is very important to note that the changes
of the cell volumes with pressure from -SnO to y-SnO at 1.1 GPa are continuous, as shown

3



J. Phys.: Condens. Matter 19 (2007) 425230 Y W Li et al

265.3 a-Sn0
----y-SnO

-265.4

Enthalpy (eV/atom)

-265.5

-265.6
0

Pressure (GPa)

Figure 1. The calculated free energy (enthalpy H = E + PV) as a function of pressure for
tetragonal o-SnO (solid line) and the orthorhombic y-SnO (dashed line).
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Figure 2. Calculated pressure—volume data for a-SnO (solid (black) square) and y-SnO (solid
(red) diamond) together with experimental data (solid (green) stars) taken from [2] for «-SnO. The
vertical dashed line at 1.1 GPa is a border for the «-SnO to y-SnO phase transition. The lines
through the data points are the B-Spline fits.

in figure 2, suggesting a second-order nature for this phase transition. This fact is in excellent
agreement with the experimental suggestion [9].

All zone-center phonon modes (three acoustic and nine optic) for «-SnO and y-SnO were
calculated in the pressure range of 0 to 8 GPa. Three modes with zero frequencies were
assigned to the acoustic modes as expected. The calculated eigenvectors were used to deduce
the symmetry labels of the particular modes. The «-SnO optic modes have the following
irreducible representations:

l—‘Tetrz:l = AlgR + AZuIR + BlgR + 2EgR + EuIR (4)
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Figure 3. The comparison of calculated (solid line) Raman spectra of «-SnO at 0 GPa with
the available experiment results (dashed—dotted line) taken from [2]. The calculated spectra are
convoluted with a uniform Gaussian broadening with a 2.5 cm™! width.

Table 3. The calculated frequencies and linear pressure coefficients (dw/d P) of the Raman modes
for «-SnO and y-SnO along with the experimental results from [2] and [5], and another theoretical
result from [23] for @-SnO. The correlations of Raman modes between two phases are also listed.

a-SnO (0 GPa) y-SnO (1.5 GPa)
Modes o (cm™!) (dw/dP) (cm~! GPa™!) Modes o (cm™') (dw/dP) (cm~! GPa™!)
E,(D 107 (113%) 2.0 (2.1 B 111 22
As 111 2.4
Alg 204 (2127, 211°) 2.25 (2.4 A 207 22
B, 350 (3502, 113%) —11.11 A 340 3.4
E,? 446 (460%) 15.56 Ay 467 6.8
B, 467 7.0

4 Reference [23]
b Reference [2].
¢ Reference [5].

whereas the y-SnO optic modes take the irreducible representations
Torno = AN +2A% + 3B,® + BS. )

The symbols A and B represent non-degenerate vibrational modes, and E doubly degenerate
modes. Raman-active modes are labeled by the superscript R and infrared-active ones by IR.
The calculated Raman spectra of @-SnO at 0 GPa along with the available experiment results [2]
are shown in figure 3. In experiment, only low-frequency E," and A;, modes have been
observed, while the other two modes, B1, and E, @ are not identified. From figure 3, it is clear
that the calculated spectral intensity and peak positions of Eg(l) and A, modes are in excellent
agreement with the experimental measurements [2] with only small red shifts of 6 and 8 cm™!,
respectively. In addition, it is predicted that the intensities of the B, and E,® modes are very
weak relative to those of E,'" and A, modes. In real experiments, a Raman peak with very
weak intensity may not be properly detected. Therefore, this fact is mainly responsible for the
failure of the observation of the B, and E, ) modes in experiments. Table 3 lists the calculated
frequencies and the linear pressure coefficients of the Raman modes for the two phases along

5
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Figure 4. The theoretical pressure dependence of the Raman frequencies of «-SnO (solid squares)
and y-SnO (open triangles) along with the experimental data (solid stars) from [2] of the Eg“) and
Atg modes for «-SnO. The dotted vertical line at 1.14 GPa denotes the transition from tetragonal
«-SnO to orthorhombic y-SnO.

with the experimental [2, 5] and previous theoretical [23] results at zero pressure for «-SnO.
One observes that the calculated Raman frequencies at zero pressure are in excellent agreement
with previous theoretical results [23]. It is noteworthy that the two theoretical frequencies for
the Ajg; mode agree well with the experimental measurement. However, the two calculated
frequencies for B, mode are three times larger than the experimental value of 113 cm™'. It
should be pointed out that the assignment of the frequency 113 cm ™' to the B 1¢ mode had been
proved to be incorrect by Peltzer et al [6], in which it was suggested to be the E,'"’ mode.
The currently calculated frequency of the E,'" mode is 107 cm~!, which coincides with the
experimental value of 113 cm™'. The current calculation strongly supports the conclusion of
Peltzer et al’s [6].

Figure 4 shows the calculated pressure dependence of the Raman mode frequencies of «-
SnO (solid squares) and y-SnO (open triangles) along with the experimental data (solid stars)
for «-SnO. In the «-SnO phase, it is found that Ay, E,'", and E,® increase with pressure,
while the Bz mode has a softening behavior below 1.14 GPa. All Raman frequencies of y-
SnO increase with pressure above 1.14 GPa. The theoretical linear pressure coefficients for
the four modes in «-SnO are also listed in table 3. It is clear that the theoretical coefficients
for the E," and A;, modes are in excellent agreement with the experimental data [2]. The
mode Griineisen parameters for E,") and A, modes have also been calculated. The calculated
values of y(E;") = 0.65 and y(Ajy) = 0.30 are also in satisfactory agreement with the
experimental measured results [2] of y(Eg(l)) = 0.80(8) and y (Ajg) = 0.38(4). Itis important
to note that the theoretical linear pressure coefficient for the B, mode in a-SnO is calculated
to be —11.11 cm~! GPa™!, indicating a pressure-induced soft mode. There is a crossing
point between the softening B, mode in «-SnO and the hardening A; mode in y-SnO at
1.14 GPa. Beyond 1.14 GPa, a hardening behavior of the A; mode in y-SnO is evidenced.
This behavior implies the existence of the «—y phase transition of SnO. The predicted transition
pressure corresponding to the crossing point is ~1.14 GPa, which by accident coincides with
the transition pressure of 1.1 GPa in the enthalpy calculation.

6
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Figure 5. A schematic representation of the transition path from the tetragonal to the orthorhombic
phase. (a) The eigenvectors of the tetragonal Big mode. All Sn cations remain fixed while the O
anions vibrate along the [001] and [OOT] directions. (b) The orthorhombic phase is formed with the
instability of O atomic motions.

The schematic representation of eigenvectors for the soft B, Raman mode of the tetragonal
phase is shown in figure 5(a). The arrows represent the directions of the atomic vibrations.
It is found that all the Sn cations remain fixed, while the O anions vibrate along the [001]
and [001] directions. The instability of such atomic motions could easily break the tetragonal
symmetry of the system, and thus, tend to form the new orthorhombic phase as shown in the
figure 5(b). This behavior is similar to that of the soft-mode induced phase transitions in many
metal dioxides, such as SiO, [24, 25], SnO, [26] and CrO, [27]. It is noteworthy that at
the transition pressure of 1.14 GPa, with the exception of the Bj, mode, the variations of the
other three modes with pressure are continuous, as shown in figure 4. Therefore, one would
not discover this phase transition by simply probing only Aj, and E,‘" Raman modes in the
experiments. This fact might contribute to the failure of the observation of the phase transition
in the Raman measurements by Wang et al [2].

As in the case of SiO,, there is also a pressure-induced instability in the elastic constant
with the Raman mode softening. Thus, we also performed an elastic constants calculation in
the a-SnO phase. However, as plotted in figure 6, the values of C;j, Cj2, Ca4, Ces and shear
modulus C,, = (Ci; — Cy2)/2 all show a linear increase with pressure up to 1.2 GPa. This
fact suggests that there is no elastic instability developing with the soft-mode phase transition
of SnO.

The structure of «-SnO is layered with an AA ... stacking sequence of slabs, and each Sn
atom is at the apex of a square pyramid whose base is formed by four oxygen atoms [28]. The
single 0-O (2.69 A) and four Sn—O bond lengths (2.22 A) in a square pyramid together with
the distances between Sn atoms in both intralayers and interlayers have been experimentally
studied [2]. The calculated interatomic distances for «-SnO and y-SnO as a function of
pressure are presented in figure 7. One observes that the calculated results for «-SnO agree well
with the experimental data. At the theoretical transition pressure of 1.14 GPa, the interatomic
distances change continuously from «-SnO to the y-SnO phase except for the O—O bond, which
has a small increase from 2.709 A in «-SnO to 2.712 A in y-SnO. This increase of the O—O
bond might be induced by the soft Bj, mode in @-SnO, which consists of buclking vibrations
of the O atoms out of their plane along the ¢ axis [6]. In addition, the Sn—O bond splits into
two different bonds at the transition, indicating that the square pyramid formed by one Sn atom
and four O atoms in «-SnO distorts with pressure.
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Figure 6. The calculated elastic constants Cyj, C12, Ca4, Cee and Cg,, plotted against pressure for
«-SnO. The solid lines are the linear fits to the calculated results.
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Figure 7. Calculated interatomic distances of «-SnO (solid squares) and y-SnO (open triangles);
solid and open stars represent experimental results from [2]. The dotted vertical line at ~1.14 GPa
denotes the transition from tetragonal o-SnO to orthorhombic y-SnO.

It is often difficult to correctly determine the order of a phase transition [27]. Indeed, in
many other oxides [9, 27], the transitions from the tetragonal to orthorhombic structure have
been shown to be second order with the spontaneous strain, e;s = (a — b)/(a + b), as the order
parameter. According to the Landau theory of second-order phase transitions [27, 29], the order
parameter should be proportional to (P — P.)'/2. To examine this possibility, we have plotted
e?s versus pressure in figure 8. The data show an almost perfect linear increase up to 3 GPa,
suggesting that the transition from «-SnO to y-SnO is of a second-order nature. This behavior
agrees well with our equation of states calculation. The extrapolation of the linearly fitted
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Figure 8. The calculated spontaneous strain (solid squares) for y-SnO defined as (a — b)/(a + b);
the solid line through the calculated data is a linear fit.

curve to zero of e2 gives a value of the transition pressure as 1.08 GPa, which is in excellent
agreement with those of 1.14 and 1.15 GPa in the soft-mode and enthalpy calculations.

4. Conclusion

In conclusion, the pressure-induced phase transition from tetragonal «-SnO to orthorhombic y -
SnO was studied using density-functional linear-response theory. The phase transition occurs
at 1.1 GPa, as suggested by the free-energy calculations, and was testified to be of second order
in character from the continuous change in volume at the transition and the linear increase of
the spontaneous strain. The calculated transition pressure of 1.1 GPa is in excellent agreement
with the experimental values of 1.5-2.5 GPa [9-11]. The Raman analysis indicates a softening
behavior of the B mode, which is suggested to be responsible for the «—y phase transition in
SnO.
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