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Abstract

Ceramic powder samples of the perovskite-slab-layered polycrystalline

Sr1.9La0.1Nb2O7 (SLNO1) thermoelectric solid solution were prepared via solid-

state reaction. The Raman effect was studied as a function of temperature

between 27�C and 400�C (at ambient pressure) and pressures up to 11.6 GPa

(at room temperature). The atomic disorder introduced by the La atoms pro-

duced phonon lines that were broader than those of Sr2Nb2O7 (SNO). We

detected a temperature-induced phase transition at Ti−c = 247 ± 5�C (ambient

pressure) and a pressure-induced phase transition at Pi−c = 6.74 ± 0.25 GPa

(room temperature), which correspond to the reported SNO incommensurate-

to-commensurate phase transitions at 215�C (atmospheric pressure) and Pi

−c = 6.54 ± 0.25 GPa (27�C), respectively. In this paper, the phenomenological

and structural differences between SNO and SLNO1 are discussed based on

density functional theory calculations of Sr2−xLaxNb2O7 (x = 0.0625 and 0.125)

supercells.
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1 | INTRODUCTION

The Brandon–Megaw-layered perovskite family of
materials with the general formula AnBnX3n + 2 (where
n indicates the number of BX6 octahedra per layer) is of
great interest because of its ferroelectric, thermoelectric
(TE), and photocatalytic properties.[1–4] In particular,
some members of this family are promising TE materials.
One example is the n = 4 strontium niobate Sr2Nb2O7

(SNO), which offers a particularly low total thermal
conductivity (κ) and large Seebeck coefficient (S).[5]

However, its electrical conductivity (σ) is inadequate
given its insulating character,[5] which limits its figure of
merit ZT = TS2σ/κ. Hence, several efforts have been
made to improve the conductivity of SNO via the substi-
tution of Sr2+ by La3+ to form Sr2−xLaxNb2O7

(SLNOx).[5–7] The additional charge provided by the La
ions results in quasi-one-dimensional metallic behavior
in the a-axis direction, compared to the b- and c-axis
directions, (σa > > σc > σb).

[8] Similar behavior is
exhibited by the thermal conductivity (κa > > κc > κb).

[6]

These high electric and thermal conductivity anisotropies
are observed for all members of the Brandon–Megaw
family with electronic free charges.[8–10]

To further analyze the TE properties of SLNOx, κ can
be divided into the sum of electronic (κe), phononic
acoustic (κAc), and phononic optical (κOp) parts such that
κ = κe + κAc + κOp. From the reported phenomenon that
σ increases and κ decreases as x (the La fraction)
increases in SLNOx,[5] we can infer that the κe contribu-
tion to κ is minor when compared with the dominant
phononic contributions. In addition, as the acoustic
velocities in SLNOx (x = 0) (υa � υb � υc)[3] do not reflect
the high anisotropy reported for κ, we can infer that κOp

is the dominant contributor to κ. This unusual behavior
(κOp > κAc) has been previously reported in the layered
hexagonal Ge2Sb2Te5 phase.

[11]

Given these considerations, research on SLNOx opti-
cal modes is of great importance. In this work, we report
on the preparation, structure, Raman spectroscopic char-
acterization, and theoretical calculation of strontium nio-
bate lanthanum-doped Sr1.9La0.1Nb2O7.

2 | EXPERIMENTAL AND
COMPUTATIONAL METHODS

2.1 | Experimental methods

The SLNO1 solid solution was prepared via the solid-state
reaction of stoichiometric quantities of the oxides La2O3

(Sigma Aldrich, 99.999%), SrO (Sigma Aldrich, 99.999%),
and Nb2O5 (Sigma Aldrich, 99.99%). The oxides were

mechanically mixed and heated at 1450�C for 7 h. The
calcined powders were reground and uniaxially pressed
into pellet form at 28.5 MPa. These pellets were subse-
quently sintered at 1400�C for 2 h. The crystal structure
of the sample was characterized via X-ray diffraction
(XRD; PANalytical Empyrean, λ = 1.54 Å, X'Celerator
detector). The surface morphologies of the pellets
were observed by scanning electron microscopy
(JSM 5400LV JEOL).

Raman scattering measurements were performed
using a Jobin-Yvon T64000 spectrometer in triple config-
uration. A multichannel charge-coupled device (CCD)
cooled to 140 K using liquid nitrogen served as the detec-
tor. The sample was analyzed in backscattering geometry
z (xy)z, using the 532-nm line of a solid-state laser. The
temperature of a small chip from the compressed pellet
sample was controlled using an environmentally
protected chamber. The chamber was equipped with an
optically transparent window, heating system, and
N2 pressure (1 atm). The sample was placed inside a
6-mm-deep ceramic cup so that it was heated from all
sides except above. The sample was allowed to thermally
stabilize for 10 min to the preset temperature.
Using a CCD as a photodetector and a grating with
1,800 groves/mm, the spectral resolution was
0.6 cm−1/pixel. The sample was allowed 10 min to
stabilize thermally to the preset temperature. Given the
compressed granular fused morphology of the sample, no
particular selection rule considerations applied. Raman
measurements were performed at various pressures that
were recorded using a second spectrometer (HORIBA
XploRA PLUS micro-Raman spectrometer) with a
diamond anvil cell (Diacell CryoDAC-Mega). Additional
experimental details may be found in Alanis et al.[2]

2.2 | Simulated systems

Structurally, the parent compound strontium niobate
Sr2Nb2O7 (SNO) adopts the space group Cmc21 with an
incommensurate (IC) part, mainly due to the displace-
ment of interlaminar Sr atoms in the bc plane at ambi-
ent temperature and pressure. The IC part vanishes at
215�C.[1] To perform density functional theory (DFT)
calculations, we used the reported Cmc21 Sr2Nb2O7

structure[12] to construct supercells in which some Sr
ions were replaced with La ions. These supercells repre-
sented the Sr2−xLaxNb2O7 solid solutions with
x = 0.0625 and x = 0.125 (Figure 1). The supercell size
(a0 = 2a and c0 = 2c) was selected as the minimum cell
size to avoid unlikely La ion ordering (i.e., a string of La
ions on the a- or c-axis). Given this supercell containing
32 Sr ions with only two different crystallographic
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positions and a homogeneous distribution of La ions
(one La ion substitution per perovskite layer), we
obtained two different structures corresponding to the
substitution of one La ion per supercell and nine struc-
tures corresponding to the substitution of two La ions
per supercell.

2.3 | First principle methods

First principle calculations were performed using DFT
as implemented in the Vienna Ab Initio Simulation
Package (VASP).[13] The generalized gradient approxima-
tion (GGA) was used with the Perdew–Burke–Ernzerhof
for Solids (PBESol) scheme[14] to describe the exchange
and correlation potentials. We used Projector-
Augmented Wave (PAW)[15] pseudopotentials that were
used to represent the ionic cores. We explicitly solved
for the following electrons: Sr0s 4s, 4p, and 5s (10e−);
La0s 5s, 5p, 5d, and 6s (11e−); Nb0s 4s, 4p, 4d, and 5s
(13e−); and O's 2s and 2p (6e−). The plane wave expan-
sion energy cutoff was 500 eV, and a 3 × 1 × 3
Monkhorst–Pack[16] k-point grid was implemented. The
effects of external hydrostatic pressures of up to 20 GPa
were included in the trace of the stress tensor as
implemented in VASP, to obtain the bulk modulus coef-
ficients for the studied material. All of our calculations
were performed using the 176-atom Sr2−xLaxNb2O7 sup-
ercells described in the previous section.

3 | RESULTS

3.1 | Crystal structure and
microstructure

The sample microstructure is dominated by plate-like
crystallites (Figure S1a), in which the surface normal vec-
tor of each flake is parallel to the direction of the b-axis,
much like in SNO.[1] The grains or melted nodules
exhibit a diversity of convoluted shapes that appear seg-
mented and typically include 30–50 stacked terraces. The
height of a typical terrace is �0.25 μm (Figure S1b). A
representative medium-sized nodule has dimensions of
25 μm × 40 μm × 15 μm. These nodules vary in a contin-
uous distribution of sizes, but the predominant nodule
volume is approximately 15,000 μm3. Many grains appear
melted and form a semicontinuous, connected platform.
In many instances, the flakes intersect with each other at
slightly deviated orientations relative to the normal of the
{080} planes. Techniques for estimating grain sizes such
as applying the Scherrer equation to the XRD linewidth
assume specific forms and dimensions that are not suit-
able for analysis of these crystallite structures.

The XRD pattern of the sample is shown in
Figure S1c. The peak positions of the SLNO1 sample
match well with the SNO space group Cmc21, as reported
by the International Centre for Diffraction Data (PDF
05-001-0348), and no secondary phases are found. Com-
pared with the spectra of similar SNO samples,[1] the

FIGURE 1 An illustration of a Cmc21
orthorhombic Sr2−xLaxNb2O7 (x = 0.0625)

supercell structure. The purple, yellow, green,

and red balls represent La, Sr, Nb, and O ions,

respectively. The shaded polyhedra are O6

groups
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largest increases in peak intensity for the SLNO1 sample
are observed for the planes that contain the A ion crystal-
lographic position (i.e., planes containing Sr and La ions).

Structural refinement was performed using the
Rietveld method; the refined cell parameters and atomic
positions are summarized in Table S1. An agreement index
Rwp of 8.4 was achieved (goodness of fit = 3.18). The
refinement indicates a degree of preferred orientation
(η = 9.5%, March–Dollase)[17] toward the (080) planes and
a preference for La ion occupation of the interlaminar A
positions. The refined cell parameters are shown in
Table S2. An approximately 0.15% contraction in cell
parameter b occurs due to ionic substitution, and the cal-
culations indicate simultaneous increases of 0.12% and
0.11% in the lengths of the a- and c-axes in SLNO1, respec-
tively. However, it should be noted that the changes in
dimensions are −0.04 Å for b and only 0.004 Å for a and
−0.007 Å for c. Additionally, the introduction of La causes
a complicated distortion of the A-site cations along with
the rotational modulation of oxygen octahedra.

3.2 | Sr2−xLaxNb2O7 (x = 0.0625 and 0.125)
supercell calculations

3.2.1 | Structure

The calculations indicate a decrease in volume with
increasing La ion content in Sr2−xLaxNb2O7 (x = 0.0625

and 0.125) supercells (Table S3). The structures with La
ion interlaminar occupation exhibit the lowest energies
and largest reductions in the cell parameter b (Table S3).
These results are consistent with our experimental obser-
vations of the preferential occupation of La ions at inter-
laminar A positions and contraction of the cell
parameter b.

3.2.2 | Bulk modulus calculations

We investigated the systems with the lowest energies (the
interlaminar structures) for each composition x at pres-
sures up to 20 GPa (Figure 2). The bulk modulus coeffi-
cients determined using the Murnaghan linear
expansion[18,19] and the ratios of relative compressibility
along the a, b, and c crystallographic axes for the lowest
energy structures for each value of x are summarized in
Table 1. The V0 value is fixed to the initial P = 0 value in
each composition. As the La content increases, the bulk
modulus increases, while the relative compressibility
decreases.

3.2.3 | Electronic DOS

We analyzed the electronic density of states (DOS) and
its projection (pDOS) for the Sr2−xLaxNb2O7 (x = 0.0625
and 0.125) structures. The overall band structure of the

FIGURE 2 Calculated Sr2−xLaxNb2O7 (x = 0.0625 and 0.125) cell parameters at T = 0 K. The solid lines represent Murnaghan equation

of state fits for each phase. Reported values (theoretical) for Sr2Nb2O7 are shown for comparison

4 OJEDA-GALV�AN ET AL.



DOS in Figure 3a is analogous to that reported for the
n = 5 and La-doped n = 4,5 SrnNbnO3n + 2 Brandon–
Megaw structures.,[20–22] as well as for the Sr2Nb2O7.

[23]

The additional charge provided by the substituted La ion
is distributed into the NbO6 perovskites at both
compositions.

For further theoretical analysis, we analyzed the
pDOSs of the Nb ions; the pDOSs of the Nb d orbitals are
shown in Figure 3b. The energy difference between
these d orbitals is related to the electronic conduction
anisotropy (the reported σ ratios along the a, b, and
c crystallographic axes are �200:1:10 for both x = 0.2 and
0.4),[9,10,24] where the bottom of the conduction band is
taken mainly from the dxy and dxz orbitals (a-axis-related
orbitals). The position of La (interlaminar, intralaminar,
or inter/intralaminar) does not significantly affect the
DOS or pDOS.

The variation in the Nb d orbitals with external
hydrostatic pressure is shown in Figure S2. A small
increase in the electronic density is observed at the bot-
tom below the Fermi level for the dxy and dxz orbitals.
Thus, the electrical conductivity along the a-axis (σa) is
expected to increase with pressure, as has been reported
in other perovskites.[25] While the other d orbitals
(related to σb and σc) undergo small changes, the high σ

anisotropy of the material is expected to persist because
the aforementioned orbitals do not reach the Fermi level.

Figure S3 shows the pDOSs of intralaminar and inter-
laminar Nb ions. The electronic density at the
intralaminar Nb ions shows a greater increase than that
at the interlaminar Nb ions. The additional charge causes
the distorted NbO6 octahedra in Sr2−xLaxNb2O7

(x = 0.0625 and 0.125) to be less misaligned than in SNO.
These structural changes explain the decreased cell
parameters and volumes mentioned in Sections 3.1 and
3.2.1. In addition, the external hydrostatic pressure-
mediated structural behavior mentioned in Section 3.2.2
can be driven by the larger La ion radius and the less dis-
torted misaligned NbO6 octahedra (because of the addi-
tional charge provided); the La ions increase the
resistance to compression, and the less misoriented octa-
hedra improve cell compression.

3.3 | Temperature-dependent Raman
spectra

The Raman spectra of the SLNO1 solid solution mea-
sured at 27�C, 107�C, 207�C, 307�C, and 400�C are shown
in Figure 4. The plots are separated into two spectral

TABLE 1 Calculated bulk modulus coefficients B0 and B1 and ratios of relative lattice deformations along the a, b, and c

crystallographic axes for the Sr2−xLaxNb2O7 (x = 0, 0.0625, and 0.125) solid solutions

Sr2−xLaxNb2O7 B0 (GPa) B1

(Δa/a0)/(Δa/a0): (Δb/b0)/(Δa/a0):
(Δc/c0)/(Δa/a0)

0 100(8) 3.9(9) 1: �5.5: �3

0.0625 90(16) 4.7(23) 1: �6.9: �3.2

0.1 96(16) 4.1(23) 1: �5.8: �2.6

0.125 100(17) 3.7(23) 1: �5.3: �2.3

Note: Extrapolated values for x = 0.1 and reported values for x = 0[2] are shown.

FIGURE 3 (a) DOS and pDOS in each atom for Sr2−xLaxNb2O7 (x = 0.0625) and (b) pDOS in Nb atoms d orbitals for Sr2−xLaxNb2O7

(x = 0.0625). Insets are the respective graphics for x = 0.125 and dashed lines indicates the Fermi level
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regions. The first region from 50 to 80 cm−1 can effec-
tively visualize the specific responses of the two phonon
bands in the region. It also demonstrates the
wavenumber hardening of the phonon band centered at
�55 cm−1 (room temperature and zero applied pressure),
which is associated with the ferroelectric–paraelectric
transition as the temperature increases. The phonon
responses between 80 and 1,000 cm−1 are also shown.
The spectral range that could be reliably examined begins
at 50 cm−1 because strong Rayleigh scattering produced
by the granular consistency of the samples prevented us
from resolving phonons below this wavenumber. In
Figure 4, the dashed lines indicate 16 of the directly visi-
ble phonon lines. The red line shows the result of a
Lorentzian function fit that indicates the presence of
23 total phonons. During fitting, care was exercised to
consider information from the literature regarding the
presence of phonons. The infrared and Raman spectra in

the literature are consistent with our spectra, particularly
in the low-frequency region.[1,26–29] The phonons are
labeled according to their correspondence to those of the
parent compound SNO in Ref. [1].

Factor group analysis using the Spectral Active Modes
program from the Bilbao crystallographic server was used
to predict the number of phonons.[30] Crystallographic
information from PDF 05-001-0348 about the (Cmc21
space group and all atoms located at Wickoff site 4a) was
used as input to the program. The resulting predicted
phonon counts are 21 A1, 11 A2, 10 B1, and 21 B2
(acoustic modes not included), which represent
63 Raman-active modes.

The SLNO1 phonon positions and their relative inten-
sities at both 27�C and 400�C are summarized in Table 2.
The observed phonon positions and relative intensities in
SNO[1] are included for comparison. Overall, 17 of the
equivalent phonons appear to exhibit the same relative
intensities, whereas five exhibit diminished relative
intensities. Among the 23 observed phonons in SLNO1,
only f1 appears to exhibit a larger intensity in SLNO1
than in SNO. This exercise confirms that the assignments
of most of the observed phonons in SLNO1 versus the
Sr2Nb2O7 parent compound are correct with two possible
exceptions: the phonons labeled f8 and f33 in SLNO1,
which have weak intensity and are shifted by 13 and
16 cm−1 with respect to the equally enumerated phonons
in SNO.

The introduction of heavier La atoms at the Sr sites
inside the Sr2Nb2O7 lattice without any special ordering
is expected to affect the frequencies of all the aforemen-
tioned phonons. The La atoms serve to broaden the pho-
non frequencies and affect the relevant wavenumbers
simply because of the mass difference. Indeed, this is the
case for the majority (21/23) of the phonons observed at
27�C. Two phonons are observed at almost identical
wavenumbers, and 14 out of the 23 phonons are blue-
shifted. Among the rest, seven appear slightly shifted
toward lower wavenumbers. As is discussed in the next
section, because the wavenumber slope tends to decrease
substantially as the temperature increases in SLNO1,
14 phonons are blueshifted in SLNO1 at 400�C, whereas
only six are blueshifted in SNO. Similarly, an experimen-
tal study indicated that at room temperature, 22 of the
23 phonons observed are systematically broader in
SLNO1 than in SNO; the lower frequency phonons
exhibit the largest broadenings, as in many Nb-based
perovskites.[31] Almost all differences in the full width at
half maximum (FWHM) are in the range of 2–20 cm−1.
As the temperature increases, the FWHM increases for
most phonons except f35.

Figure 5 plots some illustrative phonon positions
derived from the SLNO1 spectra as a function of

FIGURE 4 Raman spectra of the perovskite layered solid

solution SLNO1, from room temperature to 400�C. 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 regions are

equivalent to those in the second frames multiplied by a factor of

0.5. The continuous red lines represent the fit produced by

23 phonons. The dashed lines are drawn as a visual aid. The

Lorentzian fitting bands are shown in gray
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temperature. The red lines illustrate linear fits to the tem-
perature responses of most phonons. The temperature
slopes of all phonons observed are summarized in
Table 2. Although the observed phonons exhibit specific
responses, softening is observed with increasing tempera-
ture for a majority of the phonons shown. Only four pho-
nons exhibit hardening responses. The following
important considerations are discussed in subsequent
sections because several phonons exhibit nonlinear
responses, slope discontinuities, or both:

I. Whereas 20 phonons exhibit softening responses, the
remaining three (f3, f8, and f24) exhibit hardening as
the temperature increases in SLNO1. Similar
responses are observed for the corresponding phonons

f3 and f8 in Sr2Nb2O7. In contrast, f24 exhibits mono-
tonic softening with increasing temperature.

II. Six phonons (f1, f3, f15, f16, f24, and f34) exhibit a
change in temperature slope above 247�C (i.e., no
phonons display a change in temperature response in
SLNO1 at the well-known phase transition at 215�C
of the parent compound SNO).

As is well known in Raman spectroscopy[32] and
reported by Kojima et al. (Sr2Nb2-xTaxO7)

[33] and Shabbir
et al. (Sr2−xBaxNb2O7)

[34] for longitudinal acoustic pho-
nons in the vicinity of the IC transition temperature Ti−c,
second-order phase transitions may reflect a change in
the temperature wavenumber coefficient of some Raman
bands or the gradual but final disappearance of some

TABLE 2 Summary of the observed phonon positions at 27�C and 400�C, phonon interpolation ωi(T = 0 K) = ωi,0 in cm−1 (interpolated

values), wavenumber–temperature slopes ∂ωi
∂T

� �
P =mT in cm−1/K and Grüneisen temperature parameters γi,T in Sr1.9La0.1Nb2O7 (SLNO1)

Phonon name

T = 27�C T = 400�C SLNO1

SNO[1] SLNO1 SNO[1] SLNO1 SNO[1] SLNO1 T < 247�C T > 247�C

ωi ωi ωi ωi Intensity Intensity mT γi,T mT γi,T

f1 55.6 57.11 54.9 52.78 M S −0.005 2.479 −0.023 11.260

f3 64.4 64.17 66.4 65.66 VS S 0.005 −2.510 0.002 −0.688

f6 102.5 101.20 99.1 97.55 S S −0.010 2.722 −0.010 2.722

f8 125.5 126.02 127.3 127.09 S M 0.001 −0.260 0.001 −0.260

f9 138.6 138.93 137.7 137.61 S S −0.004 0.910 −0.004 0.910

f11 161.2 161.09 158.4 158.47 W VW −0.010 1.770 −0.010 1.770

f12 177.4 177.88 167.5 167.86 M M −0.029 4.669 −0.029 4.669

f15 212.9 213.23 216.6 201.93 M M SH −0.004 0.570 −0.108 11.693

f16 228.3 229.25 224.0 223.51 VS S −0.021 2.606 −0.011 1.414

f17 264.6 269.05 265.7 262.58 W-SH W −0.018 1.975 −0.018 1.975

f19 296.2 295.38 288.0 284.06 M M −0.032 3.106 −0.032 3.106

f21 335.1 331.71 328.4 323.76 M M −0.018 1.610 −0.018 1.610

f23 378.3 375.31 373.9 371.18 W W −0.006 0.435 −0.006 0.435

f24 427.5 426.16 424.2 419.94 W W 0.002 −0.112 −0.030 1.997

f25 456.0 461.75 454.5 452.05 W VW −0.017 1.081 −0.017 1.081

f26 536.9 540.00 533.7 535.44 W W −0.005 0.280 −0.005 0.280

f27 570.1 573.62 562.7 564.14 M M −0.026 1.342 −0.026 1.342

f28 589.0 605.71 586.4 586.48 W-SH W SH −0.045 2.132 −0.045 2.132

f30 664.1 663.31 655.0 652.10 W W −0.026 1.125 −0.026 1.125

f32 731.1 733.20 719.0 723.68 W W −0.021 0.858 −0.021 0.858

f33 790.7 776.98 787.7 774.21 W VW −0.069 2.578 Disappears at 67�C

f34 845.8 844.54 845.4 840.47 VS VS −0.005 0.168 −0.018 0.621

f35 864.9 865.40 861.5 858.37 S-Sh S −0.016 0.529 −0.016 0.529

Volumetric thermal expansion 3.37 × 10−5 K−1

Note: Only the phonons whose response with the temperature could be reliably followed are shown. By comparison, the corresponding phonons observed in
SNO[1] are also included, and of their qualitative intensities are also presented.
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Raman bands at the phase transition critical temperature.
This originates from a Raman-active order parameter,
collective excitation in the transforming structure, or
phonon lines that are either permitted or forbidden in
the new crystalline structure adopted by the compound
after the transition. Therefore, the measured Raman
spectra of SLNO1 at different temperatures provide evi-
dence of a transition from the IC phase to the Cmc21
phase in the solid solution at 247�C ± 5�C. The order
parameter in SLNO1 conductive to the transition at
247�C in analogy to SNO must be the dipolar electric
moment present in the phase adopted at room
temperature.

It is important to note that the IC phase is preserved
via the substitution of ions, possibly due to the laminar
structure. Examples of this include the substitution of Ba
ions for Sr ions to form Sr2−xBaxNb2O7 (x ≤ 0.32).[34] Ion
substitution decreases Ti−c, possibly due to the larger
ionic radius of Ba compared to Sr. In SLNO1, the
increased Ti−c may be caused by the less distorted mis-
aligned NbO6 octahedra (generated by the additional
charge provided).

3.4 | Detailed comparison of the
temperature slopes of SLNO1 and SNO

Based on a detailed comparison of the temperature
responses of the SLNO1 and SNO phonons, the following
conclusions can be drawn:

I. The SLNO1 phonon temperature slopes tend to be
more negative than those of SNO. As mentioned ear-
lier, 20 phonons exhibit negative responses in
SLNO1, whereas only 14 exhibit negative responses
in SNO.

II. The additional phonons that exhibit negative
responses in SLNO1 are f1, f15, f17, f25, f26, and f34.

III. The following phonons exhibit larger negative
responses in SLNO1 than in SNO: f9, f11, f12, f27,
f28, f33, and f35.

IV. Only phonon f8 exhibits a weak positive slope in
SLNO1, but a negative one in SNO.

V. Only phonon f24 exhibits a larger positive slope in
SLNO1 than in SNO.

FIGURE 5 Plot of the observed phonon band positions for the

perovskite-layered solid solution SLNO1. For some phonons, the

experimental position uncertainty (indicated with error bars for all

of the other phonons) is encompassed by the symbol size

FIGURE 6 Plot of the (a) full width at half maximum of the f1

phonon of SLNO1. The red line is the Klemens–Cardona model fit

and (b) temperature dependence of the intensity of the f1

phonon mode
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3.5 | FWHM values and intensity
dependence of the soft phonon f1

Figure 6a plots the line-shape broadenings (FWHM
values) of phonon f1 in SLNO1. This phonon is
associated with the order parameter responsible for the
ferroelectric–paraelectric transition at high temperature,
as observed in SNO.[1] The phonon presents uniform soft-
ening as the temperature increases; however, an interest-
ing inflexion in its intensity is observed at temperatures
above 210–260�C (i.e., around the transition observed at
247�C ± 5�C in Figure 6b). The intensity increases
monotonically up to this temperature and then
decreases steadily at higher temperatures. This provides
additional evidence of the structural transformation
between the IC and commensurate ferroelectric phases in
Sr1.9La0.1Nb2O7 at this temperature.

As discussed by Alanis et al.,[1] we used the theoreti-
cal analysis of Klemens and Cardona[35,36] and the so-
called symmetrical three-phonon coupling approximation
to fit the observed FWHM of the phonon f1 as a function
of temperature (Figure 6a). The red line indicates the fit
obtained using the Klemens–Cardona decay model:

Γ Tð Þ=Γ 0ð Þ 1+n ω1,qð Þ+ n ω2,−qð Þ½ �, ð1Þ

where n ω,qð Þ= e
ℏω
kBT−1

h i−1
is the Bose–Einstein phonon

population factor and Γ(0) is a fitting parameter. In the
Klemens–Cardona model, ω1,2 = Ω=2, where Ω is the
extrapolated zero-temperature phonon frequency
assuming that the optical Raman phonon decays as
two acoustical phonons of opposite q that belong to
the same branch. Hence, in this case,

n ω1,qð Þ=n ω2,−qð Þ= e
ℏΩ

2kBT−1
h i−1

. In Figure 6a, the

Klemens-Cardona model provides a satisfactory fit at
most temperatures and provides a value of
Γ(0) = 7.9 cm−1, for f1. The FWHM at a temperature of
zero is substantially broader than that calculated for SNO
(Γ(0) = 0.84 cm−1).[1] The difference is almost one order
of magnitude, as expected from the random distribution
of La atoms at the A sites (with a preference for La ions
occupying the interlaminar A sites). This produces
disorder-induced broadening that is comparable with
that observed in the layered perovskite compound
Bi5FeTi3O15 (Γ(0) = 8.7 cm−1).[37]

3.6 | Pressure-dependent Raman spectra

Figure 7 shows the Raman spectra measured for the
SLNO1 solid solution at various pressures. Two of the

pressures considered are below the transition pressure
(Figure 8), one is near the transition pressure at
�6.6 GPa, and another one is above it at 11.4 GPa
(the maximum applied pressure). Figure 7 also shows the
Raman spectrum of the solid solution mounted in
the diamond cell at atmospheric pressure.

As before, the plots in Figure 7 are separated into
two spectral regions for the purpose described in
Section 3.2. Again, the red line illustrates the result of
the Lorentzian function fit that is used to indicate the
presence of 26 phonons in total (Table S4). Several dis-
tinctive features can be noted inside the diamond cell.
When the pressure is zero, several phonon bands (pho-
nons n1, f5, f10, n3, f20, and f22) appear that do not
manifest in the spectra measured in the previous tem-
perature study, whereas phonons f6, f11, and f21 are no
longer observed. At P = 6.6 GPa, a phase change
occurs, and a total of 23 phonons are found. We
identify this pressure-induced transition as the
IC-to-commensurate Cmc21 transition of SNO reported
by Alanis et al.[2] (Pi−c = 6.5 ± 0.2 GPa). From the

FIGURE 7 Raman spectra of the perovskite layered solid

solution SLNO1 inside the diamond cell and under hydrostatic

pressures from zero to 11.4 GPa
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experiments, the f16 and f20 bands disappear above the
critical SLNO1 pressure Pi−c = 6.7 ± 0.25 GPa, as
observed in Figure 8.

Figure 8 summarizes the peak positions of the
11 phonons whose response to the externally applied
hydrostatic pressure can be observed below the critical
pressure Pi−c and nine phonons that can be observed
above this critical pressure. These phonons are summa-
rized alongside their wavenumber pressure slopes below
and above the critical pressure in Table 3.

Next, we perform a comparison analogous to that
described in the wavenumber–temperature slope discus-
sion. In particular, we compare the pressure slopes of
SNO[2] and SLNO1. Seven phonons are observed in both
compounds below the critical pressure, while five phonons
are observed above it. Similar to the temperature phase
transition, at pressures below Pi−c, all seven pressure
wavenumber slopes are smaller in SLNO1 than in SNO. At
pressures above Pi−c, four out of five phonons exhibit
smaller slopes in SLNO1 than in SNO. The slope of the fifth
phonon, f25, is larger in SLNO1 than in SNO (Table 3).

3.7 | Raman spectra after pressure
removal

Figure S4 compares the Raman spectra of SLNO1 at zero
pressure and after a cycle of measurements under pres-
sure. Comparing Figures S4a and S4b shows that the
spectrum changes when the sample is exposed to hydro-
static pressure. In addition, 20 phonon wavenumbers are
redshifted by 0.5–3 cm−1, whereas five exhibit blueshifts

FIGURE 8 Plot of the observed phonon band positions for the

perovskite layered solid solution SLNO1. For most of the phonons,

the experimental position uncertainty (indicated with error bars) is

encompassed by the symbol size. The critical pressure where the

sample exhibits a phase transition IC! Cmc21 is indicated by the

gray shaded region

TABLE 3 Summary of the

observed phonons positions inside of

DAC ωi (P = 0 GPa) = ωi,0 in cm−1

(interpolated values), wavenumber–
pressure slopes ∂ωi

∂P

� �
T =mP in

cm−1/GPa and the Grüneisen pressure

parameters γi,P for Sr1.9La0.1Nb2O7

(SLNO1)

Phonon name

P < 6.74 GPa P > 6.74 GPa

ωi,0 mP γi,P ωi,0 mP γi,P

f1 54.5 0.15 0.29 55.6 0.06 0.16

f3 60.7 1.02 1.79 69.2 −0.49 −1.04

f5 98.0 1.55 1.68 112.1 0.32 0.42

f9 135.4 1.68 1.32 148.2 −1.02 −1.01

f16 226.3 1.47 0.68 Disappears at �6.7 GPa

f20 328.7 3.49 1.13 Disappears at �2 GPa

f25 456.4 3.91 0.91 479.4 0.52 0.15

f30 653.2 5.49 0.89 690.2 0.74 0.16

f32 729.0 4.36 0.64 744.6 1.09 0.22

f34 843.4 2.32 0.29 851.5 0.03 0.01

f35 862.9 4.80 0.59 902.2 0.59 0.10

Average bulk modulus 106 GPa 133 GPa

Note: Only the phonons whose response with the pressure could be reliably followed are shown.

10 OJEDA-GALV�AN ET AL.



of 2–12 cm−1. The new phonon wavenumbers are sum-
marized in the third column of Table S4. Phonon f10 is
no longer observable.

4 | DISCUSSION

As mentioned in Sections 3.1–3.3, the La ions preferen-
tially occupy interlaminar A sites when they replace Sr
ions in the Sr2Nb2O7 structure. This type of preferential
occupation has been reported for the n = 3 Sr2LaTaO11

Brandon–Megaw compound.[9] Another common charac-
teristic of these compounds appears to be the low or non-
existent dependence of the f1 phonon frequency on A site
ion substitution, possibly due to the laminar compound
topology. This has been reported under atmospheric pres-
sure and room temperature conditions for n = 4
Brandon–Megaw compounds.[34,38–42] We identify
SLNO1 temperature and pressure phase transitions at
T = 247�C ± 5�C and P = 6.74 ± 0.25 GPa,
respectively. Both transitions seem to correspond to the
IC-to-commensurate Cmc21 transition. This increase in
the temperature at which the first phase transition occurs
(ΔT = 32�C ± 5�C) must result from structural changes
produced by the insertion of La atoms. According to the
DFT calculations, the insertion of La atoms decreases the
misalignment and distortion of NbO6 octahedra because
of the additional charge provided. The DFT calculations
also indicate that the IC-to-commensurate Cmc21 transi-
tion originates from the relatively “underbound” inter-
laminar A sites (using the same term as Daniels et al.[12])
compared with the same binding in the intralaminar A
sites. Therefore, the decrease in misalignment and distor-
tion of NbO6 octahedra in the IC phase further weakens
the binding of the atoms in the interlaminar A sites. This
situation is reflected in the delay of the IC-to-
commensurate Cmc21 transition of SLNO1 compared
with SNO in terms of both temperature and pressure.

Empirical analysis suggests that the increased temper-
ature of this transition for SLNO1 could be expected.
Assume a linear relationship, Ti−c = a + b × T, about the
IC-to-commensurate Cmc21 transition temperature
between Sr2Nb2O7 and La2Ti2O7, where a = 215�C at
x = 0. The slope b is 17.5 because the Ti−c of La2Ti2O7

(x = 2) is 1080 K (807�C).[43] Assuming Ti−c = 247�C, this
relationship gives x = 0.108 for the sample prepared in
this paper, which is close to our experimental La compo-
sition of 0.1.

Using the dependencies of phonon frequency on tem-
perature and pressure, we determine the Grüneisen tem-
perature (γi,T) and pressure (γi,P) parameters for SLNO1
using the reported volumetric thermal expansion coefficient
(α)[1] and the extrapolated bulk modulus (B) calculated in

Section 3.2 and summarized in Tables 2 and 3. We calculate
these parameters using the expressions in Equation 2:

γi,T = −
1

αωi,0

∂ωi

∂T

� �
P

,γi,P =
B
ωi,0

∂ωi

∂P

� �
T

: ð2Þ

The discontinuities observed in the wavenumber–
temperature slopes in SNO are related to the compound's
transition to a higher symmetry paraelectric phase.[1] In
SLNO1, a similar situation holds. Likewise, that the nega-
tive wavenumber–pressure slopes tend to be larger in
SLNO1 than in SNO originates from the increased resis-
tance of the cell to compression. This occurs due to the
substitution of Sr ions with La ions. This situation implies
that the compressibility decreases as the La content
increases; hence, the bulk modulus, which is directly pro-
portional to the Grüneisen parameter (i.e., to the magni-
tude of the phonon wavenumbers temperature and
pressure slopes), also increases. Finally, in the context of
TE, the hydrostatic pressure does not substantially reduce
the energy differences between the Nb d orbitals and
therefore is not expected to decrease the reported σ
anisotropy.

5 | CONCLUSIONS

We report a theoretical and experimental study of the
structural changes induced by the substitution of La3+

ions for Sr2+ ions in the TE laminar perovskite structure
Sr1.9La0.1Nb2O7. The preferential occupation of inter-
laminar A sites by La ions was confirmed experimentally
via the Rietveld refinement of the XRD pattern of a poly-
crystalline sample of SLNO1 and theoretically via DFT
calculations on Sr2−xLaxNb2O7 (x = 0.0625 and 0.125)
supercells.

In the SLNO1 sample, the coefficients that describe
how 23 phonons change with temperature (at ambient
pressure) and how 11 photons change with applied
pressure (at room temperature) were determined
experimentally. Most phonons exhibit monotonic
wavenumber softening with increasing temperature,
whereas the inverse behavior is observed with increasing
pressure. Six phonons exhibit discontinuities in their
wavenumber–temperature slopes at T = 247�C ± 5�C
(ambient pressure). Similar discontinuities are exhibited
by eight phonons at P = 6.74 GPa (room temperature).
The two discontinuities correspond to the reported
IC-to-commensurate Cmc21 temperature and pressure
transitions. The Grüneisen temperature and pressure
parameters for the observed phonons were calculated,
and the differences observed between SNO and
SLNO1 were explained based on the structural changes
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predicted by DFT calculations of Sr2−xLaxNb2O7

(x = 0.0625 and 0.125) supercells. The La ions increase
the resistance to compression and reduce the misalignment
of distorted octahedra because of the additional charge
provided, thereby improving the cell compressibility.
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