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High-pressure structural change in the ferroelectric layered perovskite Sr2Nb2O7
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The structural changes of sintered powder samples of perovskite-slab layered polycrystalline Sr2Nb2O7 (SNO)
ferroelectric compound subjected to high pressures are here investigated. The samples were prepared using a
solid-state reaction in the presence (SNOE) or absence (SNO) of an applied electric field. Density functional
theory (DFT) calculations including hydrostatic pressure indicate that SNO’s ferroelectricity remains up to 25
GPa in the structure of space group Cmc21 derived from the condensation of one zone-center soft phonon. The
predicted DFT theoretical structural changes are discussed and compared with the results of the experimental
Raman spectra as a function of pressure. The pressure-dependent spectra were recorded from atmospheric
pressure up to 11.5 and 13.5 GPa for SNOE and SNO, respectively. Both samples underwent a pressure induced
phase transition from an incommensurate to a commensurate state at room temperature, SNO at Pi-c = 6.5 ± 0.2
GPa, and SNOE at Pi-c = 6.9 ± 0.3 GPa. The DFT calculations enable the identification of the change in phase
to the orthorhombic structure with the space group Cmc21. The experimental values for Pi-c are in reasonably
good agreement with the theoretical predicted value of ∼7.3 GPa. After the critical pressures, the number of
observable phonons decreases, that is, when the compound adopts a higher symmetry structure, several phonons
vanish abruptly in both the SNO and SNOE samples, as expected. The Raman spectra for both samples show
hysteresis effects, that is, after the pressure is removed, a few extra lines remain visible, as well as many relative
intensity changes and broadenings for some phonon bands. The bulk moduli of the Sr2Nb2O7 before and after
Pi-c are calculated resulting in 117.0 and 147.8 GPa, respectively. The Grüneisen parameters of the phonons
observed are finally calculated and discussed.
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I. INTRODUCTION

Perovskites and perovskite-layered compounds are very
interesting and attractive families of materials that exhibit a
wide variety of interesting physical properties, such as piezo-
electricity, ferroelectricity, magnetism, superconductivity, and
multiferroic behaviors. Their properties have found many ap-
plications such as photovoltaic active compounds in solar cells
[1], in perovskite electroluminescent diodes and optically
pumped lasers [2], and in next-generation photodetectors [3].

For many perovskites, several of the aforementioned prop-
erties may coexist in a given compound, as they are suc-
cessively revealed at different temperatures or applied pres-
sure ranges, where the compound adopts different structural
phases, which in turn provide the physical conditions that
allow the manifestation of a given property.

For instance, PbTiO3 perovskite, which adopts a tetragonal
phase below 13 GPa, followed by a “transition region” where
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the crystal adopts a “close to” cubic phase, to finally adopt
another tetragonal form at 18 GPa [4], or BaTiO3, which in an
analogous way has a ferroelectric tetragonal structure at zero
pressure up to 2.7 GPa, where it adopts a cubic paraelectric
phase, to revert to some ferroelectric undetermined lower
symmetry phase above 5 GPa [5].

Of particular interest is the phase transitions in simple per-
ovskite compounds ABX3 under hydrostatic pressure, which
is a very active investigation area with great relevance to
application-related issues. From these investigations, some
general rules were formulated for the behavior of phase
transitions in perovskite-type compounds under hydrostatic
pressure: (a) there is a decrease in the transition temperature
for perovskites that present soft zone-center distortion and
octahedral rotations with small compressibility factors for the
A-X bond [6–8] and (b) there is an increase in the phase
transition temperature for perovskites that present octahedral
rotations with rigid BX6 octahedra [6–8].

For laminar perovskites with the general formula
AnBnX3n+2 (n is the number of BX6 octahedra per layer;
octahedral distortion and tilting lower the symmetry of these
phases, hereafter called Brandon-Megaw compounds [9]),
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FIG. 1. An illustration of an 88-atom cell of Sr2Nb2O7 in the
high symmetry PE (Cmcm) orthorhombic cells. The yellow, green,
and red balls represent Sr, Nb, and O atoms, respectively. The shaded
polyhedrons are O6 groups.

the phase transitions under hydrostatic pressure have been
studied for members of the family with n = 2 and X = F [6].
Their behavior follows the second general rule for perovskites
under hydrostatic pressure. In cases of other Brandon-Megaw
compounds with n > 2, only the phase transitions under
hydrostatic pressure have been studied for the compounds
with formula LanTinO3n+2 (n = 4 and 5). Two high-pressure-
induced phase transitions at 8.6 and 16.7 GPa were found
for the n = 4 compound [10] and at 18 GPa for the n = 5
compound [11]. All of the high-pressure phases for both
compounds were not identified.

Another interesting member of the Brandon-Megaw com-
pounds is the n = 4 strontium (pyro) niobate Sr2Nb2O7

(Fig. 1). This compound is of interest given its ferroelectricity
with high Curie temperature (Tc = 1342 ◦C) [12], finding
applications in the ferroelectric memory of field effect tran-
sistors [13], as well as for its thermoelectric properties [14]
and promising photocatalytic activity [15].

Sr2Nb2O7 traverses four known phases when descending in
temperature from the paraelectric phase at T > Tc. In this high
temperature paraelectric phase (PE), it adopts an orthorhom-
bic structure with space group Cmcm(D17

2h) [16]. Below the
paraelectric-ferroelectric transition, the orthorhombic struc-
ture adopts the space group Cmc21(C12

2v ), with the main
distortion (relative to the PE structure) as octahedral rotations
with axis of rotation parallel to the x axis, and its spontaneous
polarization parallel to the c axis [001] (hereafter called
FE1) [17]. Below 215 °C, it undergoes a second-order phase
transition with the same space group as the FE1 phase and the
addition of an incommensurate state. This incommensurate
state is mainly due to the displacement of the interlaminar
Sr along the b axis (hereafter called FE1-ic phase). If the
incommensurate parameter is assumed to be 0, the resultant
space group will be Pbn21 (hereafter called FE2 phase) [16].
This new phase maintains a spontaneous polarization parallel
to the c axis. Below −156 °C a third phase transition occurs, to
another incommensurate phase manifested by the appearance
of an additional spontaneous polarization component along

the b axis (FE3) [16]. The series of phases traversed when
the temperature changes are illustrated in Fig. 1 of Ref. [18].

Given the aforementioned considerations, this work
presents a study of the Raman response of Sr2Nb2O7 at room
temperature and subjected to increasing hydrostatic compres-
sive pressure in the range including an atmospheric pressure
of 11.5 to 13.5 GPa for two sets of samples: the first set,
grown without an applied electrical field, hereafter called the
SNO sample; the second set, grown under the presence of an
external applied electric field of 3.34 kV/cm, perpendicular
to the pellet surface, hereafter called the SNOE sample. The
purpose of this electric field during the growth process is to
promote a larger size and preferential orientation of the micro-
crystallites, as well as to influence the ferroelectric properties
of the sample propitiating larger spontaneous polarizations.

II. EXPERIMENTS AND THEORY

A. Experimental approach

The Sr2Nb2O7 samples were prepared using a solid-state
reaction of stoichiometric quantities of the oxides SrO (Sigma
Aldrich 99.999%) and Nb2O5 (Sigma Aldrich 99.99%) by
mechanical mixing and heating at 1450 °C for 7 h. The
calcinated powders were reground and uniaxially pressed into
pellets at 28.5 MPa. The pellets were subsequently sintered
at 1400 °C for 2 h. The crystal structure of the samples
was characterized by x-ray diffraction (XRD) (PANalytical
Empyrean, λ = 1.54 Å, X’Celerator detector). The surface
morphology of the pellets was observed using a scanning
electron microscope (JSM 5400LV JEOL) as reported in
Ref. [18].

Raman measurements were performed on a HORIBA
XploRA PLUS micro-Raman spectrometer equipped with a
single-pass monochromator and CCD detector. The spectral
resolution was 1 cm−1 using the monochromator grating of
1800 grooves/mm. Excitation was provided by a solid-state
laser (λ = 785 nm, 5 mW). The spectrometer was coupled
to an optical microscope Olympus BX41. The laser beam
was focused on the sample using an Olympus 20X objec-
tive to a spot size 3-μm diameter on the sample. The data
acquisition time was 30 s per accumulation, averaging two
co-added scans. Given the compressed granular fused mor-
phology of all of the samples, no particular selection rules
apply in these measurements. In situ, high-pressure Raman
spectroscopy was performed using a Diacell CryoDAC-Mega
diamond anvil cell (DAC). This cell consists of two plates
attached by four screws that were hand-tightened to increase
the pressure on the two diamond anvils. A metallic (BeCu)
gasket of 0.25-mm thickness and 5-mm diameter is placed
between the anvil diamond faces. The sample was submerged
in a hydrostatic fluid within a 100-μm hole drilled at the
gasket center and concentrically located over the face of the
bottom anvil diamond. Ruby chips were also placed within
the sample medium for internal pressure calibration. The
hydrostatic transmission fluid consisted of a solution of 16:3:1
methanol:ethanol:water. The experimental pressure was deter-
mined from the frequency shifts in the ruby fluorescence line
R1 in accordance with the equation shown by Mao et al. [19]
a = 19.04 Mbar, b = 7.665 (quasihydrostatic pressure), and
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λ0 = 692.22 nm:

P(Mbar) = a

b

{[(
1 + �λ

λ0

)b
]

− 1

}
, (1)

where �λ(nm) = ruby wavelength pressure-induced shift R1
and λ0(nm) = ruby wavelengthR1 at atmospheric pressure.

B. Theoretical approach to Sr2Nb2O7

We used the first-principles approach as described by King-
Smith and Vanderbilt to investigate displacive phase transi-
tions applied to perovskite oxides [20]. As a starting crys-
talline structure, the method assumes as the initial structure a
high symmetry PE phase (with intrinsic inversion symmetry)
of the compound (tantamount to the equilibrium structure) and
studies its stability against soft mode displacements. In this PE
phase, the energy of the crystal expanded in Taylor series for
the ionic displacements xn at second order can be written as

Edis = 1

2

∑
m,n

Kmnxmxn = 1

2

∑
α

kα (uα )2;

uα =
∑

n

xnvαn, (2)

where kα are the eigenvalues of the force-constant matrix (K),
uα the phononic displacements, and vα the α-th eigenvector of
K . The negative eigenvalues correspond to unstable structural
distortions (ksoft

α ) that could drive the structure to a phase
transition. The magnitude of the instability at zero pressure
is determined by the ksoft

α value multiplied by the squared
magnitude of usoft

α ; when an external pressure is applied,
the phase transition is not guaranteed to take place due to
the contributions of phonon-strain interactions (higher order
terms in the Taylor series). Therefore, by adding external
hydrostatic pressures, the value of the interaction terms is
enhanced:

E int = 3

3!

∑
α,β,i

Ciαβηiuαuβ ; Ciαβ = ∂3E

∂ηi∂uα∂uβ

∣∣∣∣
0

, (3)

where ηi is the i-th component of the stress tensor in the Voigt
notation and Ciαβ represents the interaction of the phononic
displacement and strain.

To study Sr2Nb2O7, the software program PSEUDO [21]
was used to generate the PE structure from the already re-
ported ferroelectric structure (FE1, Cmc21) [22]. The resulting
paraelectric phase for Sr2Nb2O7 has the Cmcm space group
that is in accordance with the space group of isostructural
Sr2Ta2O7 [23]. Also, to get indirect information about the
incommensurable phase FE1-ic, we used a lower symmetry
phase (FE2, Pbn21), as this phase is isostructural with the low
temperature phase of Ca2Nb2O7 [24].

C. Calculation details

First-principles calculations were performed using den-
sity functional theory (DFT) as implemented in the Vienna
Ab initio Simulation Package (VASP). The exchange correla-
tion was represented within the general gradient approxima-
tion and Perdew-Burke-Ernzerhof for solids parametrization.
We used the projector-augmented wave pseudopotentials to

represent the ionic cores, solving explicitly for the following
electrons: Sr 4s, 4p, and 5s(10e−); Nb 4p, 4d , and 5s(13e−);
and O 2s and 2p(6e−). The electronic wave functions were
represented on a plane-wave basis truncated at 500 eV. We
used a 3 × 1 × 5 Monkhorst-Pack k-point grid for Brillouin
zone integrations. We worked with the 88-atom cell of SNO
illustrated in Fig. 1, which is the orthorhombic FE2 (Pbn21)
conventional cell, double a axis cell for orthorhombic FE1
(Cmc21) and PE (Cmcm) conventional cells. The calculation
of the phonons was carried out using the density functional
perturbation theory as implemented in VASP.

III. RESULTS AND DISCUSSION

A. Crystal structure and microstructure

The XRD pattern of the sample was published in the
supplementary material of Ref. [18]. The position of the peaks
of the pattern SNO sample match well with those of the
SNO pattern in ICDD PDF04-006-6207 and no secondary
phases were found. The intensity differences are the result of
a preferential orientation present even in the sieve powder,
where the most intense peak at 2θ = 26.6◦ for our SNO
sample corresponded to the (080) plane. The sample had
a microstructure dominated by plate-like micro-crystallites,
studied and illustrated in the previously mentioned work
published by our group [18], as seen in Figs. 2(a) and 2(b)
in that report, where the surface normal vectors of the flakes
are parallel to the direction of the b axis.

B. Structures of the PE (Cmcm), FE1 (Cmc21),
and FE2 (Pbn21) phases

The results of the equilibrium structures of the studied
phases are shown in Table I. The overall agreement for
the phase FE1 (Cmc21) is acceptable, having less than 2%
differences in all cell parameters between the calculated and
experimental structures. For the other phases, no structural
parameters have been reported.

C. Instabilities of the PE (Cmcm), FE1
(Cmc21), and FE2 (Pbn21) phases

The resultant calculated instabilities for the PE (Cmcm)
phase are presented in the form of 2 soft phonons, with

FIG. 2. Representation of the soft phonons of Sr2Nb2O7 in the
PE (Cmcm) structure. (a) Soft phonon Rx + DSr−z and (b) soft
phonon Ry. The yellow, green, and red balls represent Sr, Nb, and
O atoms, respectively. The shaded polyhedrons are O6 groups and
the arrows represent the respective ion displacement.
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TABLE I. Computed equilibrium structures of SNO. We show in parenthesis the experimental values reported in Ref. [24].

Pbn21(33) Cmc21(36) Cmcm(63)

Cell a(Å) b(Å) c(Å) a(Å) b(Å) c(Å) a(Å) b(Å) c(Å)
Parameters 3.9519 26.758 5.69137.8604 26.841 5.6774 3.9497 27.146 5.6817(3.9544) (26.767) (5.6961)
Atom x y z Wyckoff x y z Wyckoff x y z Wyckoff

Sr(1) 0.4997 0.7128 0.7024 0.2917 0.14450 0 0.2868 0.25Sr(2) 0.4964 0.2986 0.2528 (0.2941) (0.2202)
Sr(3) 0.4992 0.4452 0.7800 0.4479 0.70810 0 0.4472 0.75Sr(4) 0.4994 0.5495 0.2794 (0.4482) (0.7834) 4cNb(1) 0.7510 0.3394 0.7526 0.3384 0.67814a 0.5 4a 0.5 0.3397 0.75Nb(2) 0.7470 0.6618 0.2515 (0.338) (0.75)
Nb(3) 0.7473 0.4433 0.2737 0.4426 0.20570.5 0.5 0.4447 0.25Nb(4) 0.7520 0.5577 0.7753 (0.4422) (0.2796)
O(1) 0.7271 0.4938 0.0223 0.4928 0.95260.5 0.5 0.5 0 4aO(2) 0.7720 0.5067 0.5218 (0.493) (0.0278)
O(3) 0.4991 0.3487 0.7248 0.3491 0.70980 0 0.3502 0.75O(4) 0.4997 0.6500 0.3221 (0.3491) (0.7771) 4cO(5) 0.4996 0.4538 0.3365 0.4516 0.22820 0 0.4531 0.25O(6) 0.4998 0.5508 0.7476 (0.451) (0.2988)
O(7) 0.7166 0.3917 0.0609 0.3899 0.99750.5O(8) 0.7354 0.5929 0.0737 (0.3901) (0.073) 0.5 0.4004 0.9921O(9) 0.7641 0.4067 0.5707 0.4071 0.50740.5O(10) 0.7833 0.6098 0.5662 (0.4068) (0.5791) 8 fO(11) 0.7340 0.2883 0.9713 0.2852 0.89090.5O(12) 0.7638 0.7154 0.4615 (0.2859) (0.9648) 0.5 0.2929 0.9890O(13) 0.7676 0.2983 0.4942 0.2997 0.41410.5O(14) 0.7288 0.6976 0.9826 (0.3005) (0.4861)

force constants of −1.0 meV/Å
2

(ksoft
1 ) and −1.8 meV/Å

2

(ksoft
2 ). The ksoft

1 soft phonon is associated with the PE to FE1
phase transition, as shown in Fig. 2. This soft phonon can
be described with two main movements, one corresponding
to octahedra rotations with axis of rotation parallel to the x
axis (hereafter called Rx), and the other as displacements of
the interlaminar Sr along the z axis (hereafter called DSr−z).
The total soft phonon mode may be described as Rx + DSr−z.
The behavior of this transition is in accordance with what
is observed in the isostructural material La2Ti2O7, where
the condensation of two soft phonons with the same total
displacements described herein are associated with the para-
electric to ferroelectric transition [25]. The ksoft

2 soft phonon
is associated with the FE1 to FE2 phase transition, as shown
in Fig. 3. This soft phonon can be described as intralaminar

FIG. 3. Representation of the soft phonons of Sr2Nb2O7 in the a)
FE1 (Cmc21) structure soft phonon Ry + DSr−yz and b) FE2 (Pbn21)
soft phonon DSr−yz. The yellow, green, and red balls represent Sr, Nb,
and O atoms, respectively. The shaded polyhedrons are O6 groups
and the arrows represent the respective ion displacement.

octahedra rotations with axis of rotation parallel to the y
axis (hereafter called Ry intra). We suggest that the lack of
similar rotations in the interlaminar octahedra (axis of rotation
parallel to the y axis, Ry inter) leads to the FE1-ic phase
instead of achieving the FE2 phase. Also, as the ksoft

2 soft
phonon has the lowest force constant value, it is to expect
that this phonon condenses before the ksoft

1 soft phonon. In
Sr2Nb2O7, the first phonon to condense (experimentally) is
the ksoft

1 soft phonon [26]. We explain this behavior by qualita-
tively analyzing the rotational energy produced by the Rx and
Ry types of displacements in a simplistic model of an ideal
layered perovskite similar to ours, where we found that the
rotational inertia for Rx is approximately 2.5 times larger than
Ry. This implies that for the same angle of rotation, ksoft

1 could
represent a stronger instability than ksoft

2 .
In the cases of the phases FE1 (Cmc21) and FE2 (Pbn21),

we found only one soft phonon for each structure. The phase
FE1 still has the instability of the Ry soft phonon, with the
addition of Sr displacements in the bc plane DSr−yz (Fig. 3).
The phase FE2 does not present the Ry soft phonon and instead
presents a different soft phonon that we consider related to
the incommensurable part of Sr2Nb2O7 in the FE1-ic phase
(DSr−yz). The soft phonons for the FE1 and FE2 phase indicate
that the FE1-ic could be treated as an intermediated phase
between them.

D. Pressure-induced phase transition of Sr2Nb2O7

The structural stability of Sr2Nb2O7 in the PE (Cmcm),
FE1 (Cmc21) and FE2 (Pbn21) phases was investigated under
hydrostatic pressure in the range of 0–25 GPa, and T = 0 K.
The changes in the cell parameters are shown in Fig. 4. The
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FIG. 4. Calculated cell parameters of Sr2Nb2O7 in the PE (Cmcm), FE1 (Cmc21), and FE2 (Pbn21) structures analyzed in this work at
T = 0 K. The solid lines are the fits for each phase using the Murnaghan equation of state.

ratios of the relative compressibility along the a, b, and c
crystallographic axis are shown in Table II. From the volume
values shown in Fig. 4(d) and using the Murnaghan rela-
tion [10,11] V (P) = V0[(B1/B0)P + 1]−1/B1 , we calculated
the Bulk modulus coefficients using the linear expansion B =
B0 + B1P for each phase as shown in Table II. Here the V0

value was fixed to the initial P = 0 value in each phase.
These bulk modulus values and relative compressibility along
each crystallographic axis are in good agreement with those
reported for other compounds of the Brandon-Megaw family
[10,11].

Figure 5 plots the enthalpy energy as a function of pressure.
At 0 GPa, the FE2 (Pbn21) phase has the lowest enthalpy,
whereas at pressure above ∼7.3 GPa, the FE1 (Cmc21) phase
has the lowest enthalpy, indicating a pressure-induced phase
transition from FE2 to FE1 at this value. In addition, as
we consider FE1-ic as an intermediated phase between FE2
and FE1 phase, it is predicted that a pressure-induced phase
transition from FE1-ic to FE1 could occur at P � 7.3 GPa.

TABLE II. Calculated bulk modulus coefficients B0 and B1 and
ratios of relative compressibility along the a, b, and c crystallo-
graphic axis for the FE1, FE2, and PE Sr2Nb2O7 phases. Reported
values for LanTinO3n+2 are shown for qualitative comparison.

Compound/Phase B0 (GPa) B1 �a/�a: �b/�a: �c/�a

FE2 114(9) 3.1(8) ∼1:3:1.5
FE1 100(8) 3.9(9) ∼1:5.5:3
PE 108(8) 2.6(8) ∼1:4.5:2
LanTinO3n+2 (n = 4) [10] 121(23) 18(5) ∼1:5:3
LanTinO3n+2 (n = 5) [11] 142.2(11) 4.3(2) ∼1:3:2

Similar to the PE (Cmcm) phase at 0 GPa, we investigated
the soft phonons for the same phase at a hydrostatic pressure
of 10 GPa (after the pressure-induced structural phase transi-
tion). The soft phonons (ksoft

1 and ksoft
2 ) observed at 0 GPa for

the PE phase are still present at 10 GPa; also two other soft
phonons, denoted ksoft

3 and ksoft
4 , are expected at this pressure.

The ksoft
1 soft mode at 10 GPa has a force constant value

of −2.0 meV/Å
2
, where the applied pressure reduced the Sr

displacements and maintained the octahedral rotations (Rx),

FIG. 5. Calculated enthalpy energy differences of Sr2Nb2O7 in
the PE (Cmcm), FE1 (Cmc21), and FE2 (Pbn21) phases analyzed in
this work at T = 0 K. The dashed line indicates the pressure-induced
phase transition at P = 7.3 GPa (�H = 0).
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FIG. 6. Calculated frequency of the phonon f1 as a function of
the pressure of Sr2Nb2O7 for the FE1 (Cmc21) structure analyzed in
this work at T = 0 K. The dashed line indicates the pressure-induced
phase transition at Pi-c = 7.3 GPa (�H = 0).

implying that the ferroelectricity of the material has taken
place at this pressure. The ksoft

2 soft mode at 10 GPa has a

force constant value of −2.5 meV/Å
2
, whereas the ksoft

3 has a

force constant value of −1.6 meV/Å
2

and can be described as
interlaminar octahedra rotations with axis of rotation parallel
to the y axis (Ry inter). Finally, the ksoft

4 has a force constant

value of −1.0 meV/Å
2

and can be described as intralaminar
octahedra rotations with axis of rotation parallel to the z axis
(Rz-intra). This type of soft mode does not condense, possibly
due to the phonon-strain interactions, in harmonic (Ciαα) or
anharmonic (Ciαβ ) interactions.

We also analyzed the calculated behavior of the ksoft
1 soft

mode. As mentioned, this soft phonon is associated with the
PE to FE1 phase transition. At condensation into the FE1
(Cmc21) phase (hereafter called f1, which corresponds to
the P soft mode observed in Ref. [16]) for different hydro-
static pressures (Fig. 6) the calculated slope of f1 is 2.3 ±
1 cm−1/GPa in the pressure range from 0 to 5 GPa; this slope
changes to 1.0 ± 0.3 cm−1/GPa in the pressure range from
7.5 to 12.5 GPa for the FE1. When the pressure increases, the
most significant change in the f1 phonon is in the interlaminar
Sr, where the displacement angle changes to be parallel to
the ∼[001] direction. The hydrostatic pressure reduces the
laminar interspace, which induces the interlaminar Sr to be
closer to its corresponding “regular perovskite” position and
the [010] direction movement is reduced.

In Fig. 6 the calculated f1 phonon wave number as a
function of the pressure, is presented, comparing with the
f1 experimental results, described in further detail in the
Sec. III E. The calculated pressure dependences of f1 are
in good agreement with the experimental results. There are
discrepancies in the actual calculated and observed wave
number above the pressure induced transition that could be
related to the fact that, in DFT calculations, we only remain in
the Cmc21 space group when no phase transition could.

The observed wave-number difference occurring after the
critical pressure (between the theoretical calculations and the
experimental results shown in Fig. 6) can be attributed to
the fact that for computational convenience, the f1 phonon
calculations are performed in a unique spatial group (Cmc21).
Whereas the experimental data occurring after the critical
pressure f1 is affected by the phase transition leads to a wave-
number discontinuity.

E. Experimental Raman spectra under applied pressure

Figure 7 shows the Raman spectra observed for the com-
pound Sr2Nb2O7 grown in the absence [Fig. 7(a)] or presence
[Fig. 7(b)] of an electric field at four increasing pressures, two
factors below the transition pressure.

The Raman spectra in Fig. 7 are separated into two regions
(1) 50–120 cm−1 to better visualize the particular response of
the two phonon lines in this region and display the pressure
response of the important phonon band centered at ∼55 cm−1

(at RT, zero applied pressure) associated with the ferroelectric
order parameter of SNO; and (2), the phonon response above
120–1000 cm−1. The dashed lines in this figure indicate
the phonon lines that we were able to follow reliably with
increasing pressures common to the two samples. The red line
illustrates the result of the fit using Lorentzian functions to
deconvolute the presence of 30 and 32 phonons in SNO and
SNOE, respectively, at atmospheric pressure. The number of
modes observed is lower in relation to the previous reported
work (35 modes) [18]. However, three additional phonon
bands were also observed (n1, n2, n3), which correspond to
phonons reported in the work of Buixaderas et al. [26]. The
number of phonons that could be identified after pressure
was applied reduced to 23. The fitting was performed using
the Fityk peak fitting software version 0.9.8 [27]. The fitting
was performed carefully to consider the information on the
existence of the phonons our group identified at zero applied
pressure (atmospheric pressure) reported in Ref. [18], but as
measured inside of the diamond anvil cell.

The factor group analysis to predict the expected number
of phonons observable at room temperature and zero pressure
was reported by Ito et al. [28] with all of the atoms located
at Wyckoff sites 4a in the IC phase at room temperature, as
corroborated in our x-ray study of this compound [18]. This
analysis anticipates 44A1, 22A2, 22B1, and 44B2 minus three
acoustic modes or 132 − 3 = 129 Raman active modes at
room temperature. The observed phonon position frequencies
at atmospheric pressure and their responses with increasing
pressures are summarized in Table III.

With increasing pressures, most lines suffer significant
broadening and decreases in intensity. These facts pose dif-
ficulties to reliably identify some of the phonon bands in the
spectra under applied pressures. We could only reliably follow
the evolution of 13 phonons below Pi-c = 6.5 GPa, 11 above
this critical pressure, for SNO, and 9 below Pi-c = 6.9 GPa, 7
above for SNOE.

F. Raman spectra response with applied pressure

Figure 8 presents a plot of the phonon positions identified
in SNO, Fig. 8(a) and SNOE, Fig. 8(b) as a function of
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FIG. 7. Raman spectra of the perovskite layered compound Sr2Nb2O7 from atmospheric pressure to (a) 13.39 GPa for SNO and (b) 11.24
for SNOE. Both spectral regions differ by a factor of two on the vertical scale, that is, the actual relative intensities of the data in the first
spectral region are equivalent to multiplication by a factor of ½ in the display. The continuous red lines represent the fit produced by 35/23
identified phonons before/after pressure is applied (gray color). The dashed lines are a visual aid to appreciate the wave-number displacement
of the phonon bands.

pressure. The red lines illustrate linear fittings to the pres-
sure response for most phonons. The pressure slopes for
all of the phonons observed are summarized in Table IV.
Particular responses apply for the observed phonons, but for
a majority, hardening is observed as the pressure increases,
with only phonon f33 displaying a softening response. It is
evident in this figure that almost all of the phonons exhibit
slope discontinuities at slightly different critical pressures for
the SNO and SNOE compounds, Pi-c = 6.5 ± 0.2 GPa and
Pi−c = 6.9 ± 0.3 GPa, respectively. The correspondence of
this critical pressure to a phase transition is strengthened by
the disappearance of some of the phonons at pressures above
this value, f9 and f16 for SNO, and f6 and f16 for SNOE.
Thus (1) phonon f9 displays contrasting behaviors among the
two samples: it disappears in SNO and persists in SNOE; and
(2) the dramatic change in intensity of the high wave-number
phonons f34 and f35 (at 845.8 and 864.9 cm−1) for P > Pi-c;
and (3) above Pi-c, a phonon called p4 at 820 cm−1 appears and
is persistently visible in both samples, even after the pressure
is removed.

G. Raman spectra after pressure is removed

Figure 9 shows a comparison between the Raman spectra
of both SNO and SNOE samples at zero pressure as pristine
and after removing the pressure when the cycle of applied
pressure measurements was finished. A comparison between

Figs. 9(a) and 9(b) for SNO and between Figs. 9(c) and 9(d)
for SNOE clearly shows that the spectra changed after the
sample was subjected to hydrostatic pressures, that is, when
the relative intensities of the strongest bands are reduced and
broadened and four bands appear above 300 cm−1. These are
labeled p1, p2, p3, and p4 for SNO. There are only three such
bands for SNOE, as p3 is absent from this compound, whose
positions are also summarized in Table III. Experiments are
under way to characterize and ascertain the changes in either
morphology or most likely in structure that may be responsi-
ble for the changes observed in the samples.

IV. DISCUSSION

As mentioned in the theoretical results in Sec. III D, the
DFT calculations of the stability of the PE (Cmcm), FE1
(Cmc21), and FE2 (Pbn21) phases investigated under hy-
drostatic pressure demonstrated the following results: The
incommensurate phase (FE1-ic) can be considered as an in-
termediated structure between the FE1 to the FE2 phase and a
pressure-induced structural phase transition (with the enthalpy
calculations) occurs at ∼7.3 GPa. Our calculations are valid at
room temperature due to the fact that, at this temperature the
Sr2Nb2O7 adopts the FE1-ic phase.

This prediction agrees well with the experimentally
observed critical pressures Pi-c = 6.5 ± 0.2 GPa and
Pi−c = 6.9 ± 0.3 GPa for the SNO and SNOE compounds,
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TABLE III. Summary of phonon positions of Sr2Nb2O7 under applied pressure, below and above the critical pressure; as well as after the
pressure is removed.

Ref. [18] Under pressure below Pc Under pressure above Pc After removing pressure
ω (cm−1) ω (cm−1) ω (cm−1) ω (cm−1)

SNO, SNOE Sr2Nb2O7 Sr2Nb2O7 + E Sr2Nb2O7 Sr2Nb2O7 + E Sr2Nb2O7 Sr2Nb2O7 + E

f1 55.6 53.0 52.7 56.0 57.0 53.4 52.8
f2 58.3 60.7
f3 64.4 61.0 62.4 69.8 69.8 61.5
f4 66.5
n1 90.5 93.2 91.7 92.6 89.5 89.1
f5 95.4 96.8 98.3 105.4 106.4 100.1 98.6
f6 102.5 101.5 102.6
f7 120.2 119.9 122.1 128.8 128.8 121.4 118.9
f8 125.5 128.1 127.6
f9 138.6 134.7 135.9 151.2 135.0 132.7
n2 143.0 143.9 152.2
f10 148.1 146.3
f11 161.1 160.0 159.2 158.8
f12 177.4 174.3 174.5 190 187 173.1 179.2
f13 189.9 185.4 186.1 185.3 191.4
f14 203.3 200.6
f15 212.9 212.7 210.3 228.5 228.5 209.3 211.2
f16 228.3 226.5 227.2 226.7 228.5
n3 241.1 241.4 242.1 242.1
f17 264.6 266.2 259.8 280.5 269.6
f18 276.5 275.0 282.5 273.6
f19 296.2 293.4 294.4 303.3 306.2 291.3 295.1
p1 301.8 312.8
f20 325.8 323.5 326.8
f21 335.1 332.2 331.1 358 359.9 340.4
f22 357.6 353.0 356.7 352.5 365.4
f23 378.3 381.4 382.4 383.3 390.2 382.37 382.8
f24 427.5 426.9 427.0 418.4 417.4 426.6 412.3
f25 456.0 456.1 452.8 481.3 480 460.4
p2 490.0 484.4
p3 523.0
f26 536.9 558.2 557.8 553.3 549.5 555.7
f27 570.1 572.7 571.2 592.5 586.8 573.4 572.9
f28 589 596.5 615.6
f29 633.5 624.4 624.3 620.5 685.9 622.1 613.8
f30 664.1
f31 686.2 682.9 684.9 690.8 684.8 691.4
f32 731.1
f33 790.7 766.2 766.5 765.2 766.2 765.3 763.5
p4 840.6 838.6 819.1 820.2
f34 845.8 843.7 842.8 861.8 860.6 842.4 844.8
f35 864.9 862.7 859.7 895.4 896.4 858.2 860.7

respectively. Hence, we identify the crystalline structure
adopted above ∼7 GPa as orthorhombic belonging to
the space group Cmc21 (FE1). As previously discussed,
because Sr2Nb2O7 presents a typical perovskite behavior
with hydrostatic pressure, it is expected that the already high
Curie temperature should augment with the application of
hydrostatic pressure, making the compound suitable for high
temperature-pressure applications.

Finally, from the phonon frequency dependence with pres-
sure, we determined the Grüneisen parameter γi,P using the
calculated bulk modulus coefficient B0 for the FE1 phase
as summarized in Table IV. This parameter γi,P describes

the variation in the vibrational frequency when a material is
subjected to different pressures and is calculated using the
following expression:

γi,P = B0

ω0

(
∂ω

∂P

)
T

. (4)

The frequency-pressure slopes and the Grüneisen parameter
values for the analyzed phonons are similarly summarized
in Table IV. The values between 1.1 to 6.6 for CaTiO3 and
−7.5 to 1.0 for Pb1−xLaxTiO3 are similar to the reported
experimental values for regular perovskite structures [29,30].
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TABLE IV. Summary of the observed phonons positions inside of DAC ωi(P = 0 GPa) = ωi,0 in cm−1 (interpolated values), wave-
number-pressure slopes ( ∂ωi

∂P )T = mP in cm−1/GPa and Grüneisen pressure parameters γ i,P for SNO and SNOE. Only the phonons whose
response with the pressure could be reliably followed are shown.

SNO (Sr2Nb2O7) SNOE (Sr2Nb2O7+ Electric field)

P < 6.5 ± 0.2 GPa P > 6.5 ± 0.2 GPa P < 6.9 ± 0.3 GPa P > 6.9 ± 0.3 GPa
Phonon name ωi,0 mP γi,P ωi,0 mP γi,P ωi,0 mP γi,P ωi,0 mP γi,P

f1 53.0 2.72 6.00 51.7 0.50 1.45 52.7 2.25 5.00 53.0 0.55 1.53
f3 61.3 1.31 2.50 75.4 −0.34 −0.53
f6 126.0 1.01 0.94 Disappears at ∼7 GPa
f9 135.1 2.45 2.12 Disappears at 4 GPa 135.9 2.13 1.83 135.9 2.13 2.32
f15 208.9 2.95 1.65 226.8 0.36 0.23
f16 225.0 2.92 1.52 Disappears at 4 GPa 227.2 2.57 1.32 Disappears at ∼7 GPa
f17 272.4 1.70 0.73 267.9 2.11 1.16
f19 293.8 1.71 0.68 306.4 −0.11 −0.05
f23 381.4 0.48 0.15 385.0 0.34 0.13 382.4 2.34 0.72 389.7 0.09 0.03
f25 456.6 3.95 1.01 485.9 −0.28 −0.08
f27 570.3 3.61 0.74 596.7 0.92 0.23
f29 624.3 7.78 1.46 676.5 1.35 0.29
f33 769.3 −0.86 −0.13 770.9 −0.50 −0.09 771.7 0.11 0.02 771.7 0.11 0.02
p4 Appears at ∼6.7 GPa 840.9 0.17 0.03 Appears at ∼7 GPa 842.6 −0.47 −0.08
f34 844.1 3.54 0.49 847.2 2.02 0.35 842.8 3.44 0.48 845.7 1.94 0.34
f35 860.8 5.18 0.70 879.6 2.34 0.39 859.7 5.55 0.76 888.4 1.11 0.18
Bulk Modulus 117.0 GPa 147.8 GPa 117.0 GPa 147.8 GPa

Also, we found negative values in our calculated Grüneisen
parameters, which are related to phase instabilities in the
octahedral rotations in the ab plane, according to Peercy et al.
[31], but we consider that these values are not large enough
(compared to those values in Peercy et al.) to be considered.
In some cases, the γi,P changes dramatically above Pi-c, for
instance, the f1 phonon of SNO varies from 6.0 to 1.4.
Meanwhile, for SNOE, the variation of the f1γ1,P parameter

FIG. 8. Plot of the observed phonon band positions of the per-
ovskite layered compound Sr2Nb2O7. For most of the phonons, the
experimental position uncertainty (indicated with error bars for all
of the other phonons) is encompassed by the symbol size. For both
samples (SNO) and (SNOE), there is a critical pressure where the
samples undergo a phase transition from the FE1-ic to FE1 structure
as indicated by the gray shaded region.

FIG. 9. Raman spectra of the perovskite layered compound
Sr2Nb2O7 at atmospheric pressure before and after the samples are
subjected to hydrostatic pressures.
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is smaller, from 5.0 to 1.5. Table IV shows that the pressure
dependence of f1 for SNO and SNOE below Pi-c is in good
agreement with the calculated behavior for the Cmc21 phase;
above Pi-c, SNOE remains in good agreement with the cal-
culated behavior. In the case of SNO, f1 drastically decreases
this dependence with pressure. This low-dependence behavior
in f1 can be explained with the reported effects of Ba sub-
stitution on Sr2Nb2O7 to form Sr2−xBaxNb2O7 [32], where
the substitution does not significantly change the frequency of
the f1 phonon. Additionally, the substitution of Ba decreases
the NbO6 Rx rotations, as observed through the reduction
of the spontaneous polarization [33]. Therefore, using the
two mentioned phenomena with the substitution of Ba, we
can conclude that the f1 has a low dependence with the
NbO6 Rx rotations, which agrees with the calculated behavior
mentioned in Sec. III D.

V. CONCLUSIONS

We studied the response of the Raman spectra of the
perovskite-slab layered polycrystalline Sr2Nb2O7 ferroelec-
tric compound to increasing hydrostatic pressures. DFT cal-
culations enabled the identification of a phase transition at
applied pressures at Pi-c = 6.5 ± 0.2 GPa and Pi-c = 6.9 ±
0.3 GPa for the samples grown in the absence or presence of
an electric field, respectively. The theoretical results predict
that the Pi-c is expected to occur at 7.3 GPa, a value in close
agreement with the experimental results. At this pressure,

the sample should change from an incommensurate struc-
ture (FE1-ic) related to the space group Pbn21 (FE2) to an
orthorhombic structure with the space group Cmc21 (FE1).
In both phases, the calculations predict that the compound
Sr2Nb2O7 remains ferroelectric. The Grüneisen parameters
for the observed phonons are calculated. The variation in the
value of the f1 phonon following the phase transition FE1-ic
to FE2 is explained through the movement of the interlam-
inar Sr for both samples. As Sr2Nb2O7 presents a typical
perovskite behavior with hydrostatic pressure, it is expected
that the already high Curie temperature should increase with
the application of hydrostatic pressure. This makes it possible
for the compound to be suitable for applications in high
temperature-pressure environments.
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