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We combine diamond anvil cell techniques and synchrotron-based infrared spectroscopy with
a detailed symmetry analysis and lattice dynamics calculations to uncover a series of pressure-
induced structural phase transitions in the hybrid improper ferroelectric Sr3Sn2O7. The microscopic
character of each high pressure phase is determined by comparing the measured spectrum with
the predicted vibrational patterns of several related but distinct candidate space groups. Our
analysis reveals a sequence of compression-induced transitions from A2,am <> Pnab < Acaa <
I4/mmm at room temperature. Remarkably, this space group progression matches the sequence
of temperature-dependent structural transitions observed in Sr3SnaOr between 77 and 1000 K.
Other hybrid improper ferroelectrics display a similar set of transitions, suggesting that pressure
and probably strain will be very effective tuning parameters for this entire class of materials.

I. INTRODUCTION

The discovery of hybrid improper ferroelecticity in lay-
ered perovksite oxides over the past decade has led to
a number of new and exciting room temperature ferro-
electrics, particularly in the n = 2 Ruddlesden-Popper
A3B,07 family of materials ™% The key feature of hy-
brid improper ferroelectricity*?d is a coupling between
the polarization and two other structural order parame-
ters, which typically are rotations of the corner-connected
network of metal oxide octahedra. The first exper-
imentally confirmed hybrid improper ferroelectric was
CasTiy 072 and subsequent investigations of its domain
and domain wall structure revealed a complex network
of domain wall vortices and antivortices®? and unusual
Néel-type walls1¥ Further studies on CazTi,O7% and
other hybrid improper ferroelectrics such as SrzZryO7°
and Sr3SnoO/HHI have revealed that their crystal
structures are very sensitive to external stimuli, and by
varying chemical composition or temperature, a range
of structural phases are accessible. Moreover, the Curie
temperature T¢ can be related to the tolerance factor for
a variety of materials in this family.® Despite predictions
for negative thermal expansion and other exotic proper-
ties under compression,® experimental investigations of
these materials under pressure remain quite rare, which is
surprising given that pressure is known to directly manip-
ulate bond lengths and bond angles in perovskites 141>
In particular, the structural phases that may be accessed
under compression and their relation to the temperature-
dependent phase transitions remain under-explored.

Sr3SnsO7 is a superb platform with which to examine
these ideas. This system is a room temperature ferro-
electric with a 1.15 xC/cm? remnant polarization along
[110] and the smallest coercive field of all currently known
hybrid improper ferroelectrics'¥ Second harmonic gener-

ation, x-ray, and neutron diffraction measurements high-
light a ferroelectric-paraelectric structural phase transi-
tion at 410 K from a polar A2;am ground state to a phase
with Pnab symmetry/® At higher temperatures there are
further transitions to Acaa symmetry (=700 K) and fi-
nally to I4/mmm (~900 K).% This sequence of structural
phases arise from the condensation/extinction of differ-
ent combinations of octahedral rotations. Figure [I] dis-
plays the structure of Sr3SnyO7 and the relationship be-
tween the octahedral rotations (and other structural dis-
tortions). The n = 2 Ruddlesden-Popper structure con-
sists of slabs of two ABQOj3 perovskite layers, separated
by AO rocksalt layers. The high-symmetry undistorted
parent structure has I4/mmm symmetry. The condensa-
tion of an out-of-phase (a~a~c” in Glazer notation) oc-
tahedral rotation that transforms like the X3 irreducible
representation of 74/mmm and an in-phase (a’a®c*) oc-
tahedral rotation that transforms like X, establishes the
A2iam symmetry of the ground state. The polarization,
which arises primarily from Sr displacements, then is in-
duced via a coupling to these octahedral rotations, which
is the key feature of the hybrid improper mechanism. The
paraelectric Pnab phase arises from a similar mechanism,
except now the combination of the a”a~¢"” rotation and
an out-of-phase a®a’c™ rotation with symmetry X, es-
tablishes Pnab and induces a third distortion with sym-
metry M. Significantly, the M. distortion also consists
mainly of Sr displacements, although their amplitudes
exactly cancel within each perovskite slab. Finally, the
Acaa phase results from the a®a’c™ rotation alone.
Infrared spectroscopy is a sensitive, microscopic tech-
nique for unraveling symmetry-breaking in materials.
This is because different structural phases will have dis-
similar vibrational mode patterns, and variations in these
patterns reflect symmetry changes. At the same time,
the technique reveals the specific local lattice distortions.
This means that a careful analysis of the phonons allows
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FIG. 1. Structural phases of Sr3SnO7 that are accessible via tempera,turéHj and pressure. Starting with the high-symmetry
parent structure I4/mmm, the condensation of a®a’c™, a~a"c’, and a’a’ct octahedral rotation patterns leads to structures
with Acaa, Amam, and Acam symmetries, respectively. The symmetries of these octahedral rotations are given by irreducible
representations of T4/mmm as indicated. Combining the ¢~ a™c” and a®a’c™ rotations leads to the polar A2iam structure,
whereas combining a”a" ¢ and a®a’c” rotations leads to the Pnab structure. In each of these structures, a third distortion,
primarily consisting of Sr displacements, is induced by a coupling to the octahedral rotations. In A2;am, there is a net Sr

displacement in each perovskite layer (green arrows), leading to a polarization, whereas in Pnab the displacements in each layer

cancel (blue arrows).

us to discriminate between phases with different space
groups 1820 The challenge, of course, is to cover the full
infrared frequency range - including the far infrared. The
latter is well-known to have low signal levels even before
a diamond anvil cell is incorporated into the setup. One
way to overcome this challenge is to combine diamond
anvil cell techniques with a high-brightness synchrotron
source 2l By so doing, we can explore the lattice dynam-
ics of SrgSnyO7 under compression with enough sensi-
tivity to discriminate between different symmetry candi-
dates. Finally, Sr3SnyOy is softer than many other hy-
brid improper ferroelectrics, and as a result, the struc-
tural transitions are likely to take place at overall lower
energy scales.

In order to explore the properties of hybrid improper
ferroelectrics under external stimuli, we measure the in-
frared response of Sr3Sn,O7 as a function of pressure and
compare our findings to complementary lattice dynamics
calculations. We show that infrared spectroscopy is an
effective diagnostic for the detection of pressure-induced
phase transitions in solids. In addition to the ferroelectric
phase, we find that three additional structural phases are
accessible under compression at room temperature. We

identify the symmetry of each phase by comparing the
pattern and shape of the vibrational spectrum with pre-
dictions computed for several different candidate space
groups. Based upon these correlations and an analysis
of the displacement patterns, we reveal which structural
order parameters change as compression transforms one
phase into another. The overall sequence of pressure-
induced transitions that we observe in Sr3Sn,O; is
A21am < Pnab <> Acaa < I4/mmm. Comparison with
related work on other hybrid improper ferroelectrics?? in-
cluding Ca3TisO7, CagMnsO7, and Sr3ZroO7 as well as
variable temperature studies of Sr3Sn,O7; leads to a set
of structure-property relations that reveal precisely how
and why these sequences occur. Remarkably, we demon-
strate that temperature and pressure are essentially in-
terchangeable tuning parameters in Sr3SnsO7; both drive
across the entire series of transitions. The advantage of
pressure (and very likely strainm) is that all of the phases
can be accessed at room temperature (rather than going
to 900 or 1000 K), which bodes well for applications of
this interesting class of materials.



METHODS
A. Sample growth and spectroscopic methods

High-quality Sr3Sn,O; single crystals were grown
using optical floating zone techniques as described
previously*® A carefully chosen flake of the crystal (on
the order of the gasket size) was loaded into a symmet-
ric diamond anvil cell along with a pressure medium and
an annealed ruby ball. Care was taken to optimize op-
tical density in order to reveal the excitations of inter-
est. It is important to maintain a hydrostatic or quasi-
hydrostatic environment within the diamond anvil cell
over the full pressure range of interest. We therefore take
great care loading the cell to avoid sample bridging be-
tween diamonds®* with a properly-sized gasket (100 ym
for 400 pm diamond anvils) and an appropriate pressure
medium. In this case, petroleum jelly was used as a pres-
sure medium to assure a quasi-hydrostatic environment.
The position of the R1 emission line of ruby was used to
determine the pressure with a precision of two full signif-
icant figures after the decimal place® We monitor the
shape of the ruby fluorescence spectrum to assure that
the sample remains in a quasi-hydrostatic environment 12
Infrared spectroscopy (50-650 cm~!; 4 em ™! resolution;
transmittance geometry) was carried out under pres-
sure using the COMPRES 22-IR-1 beamline at the Na-
tional Synchrotron Light Source II at Brookhaven Na-
tional Laboratory. Absorbance is calculated as a(w) =
-In(7 (w)), where T (w) is the measured transmittance.
All data were collected at room temperature. For com-
parison, we also performed traditional infrared absorp-
tion measurements at ambient conditions using a Bruker
113v spectrometer equipped with a bolometer (20 - 700
em~1; 2 em ™! resolution). Mode assignments were made
by comparison with literature data? and our lattice dy-
namics calculations as described in the text.

B. Theoretical methods

We performed density functional theory (DFT)4% cal-
culations using the projector augmented wave (PAW )2
method as implemented in VASP28 We used the PBEsol
exchange-correlation functional,?? a 600 eV plane-wave
cutoff, and a 2 meV/A force convergence criterion. All
structural relaxations were performed in a 48 atom com-
putational cell, for which we used a 6x6x2 Monkhorst-
Pack3 k-point mesh. For the CagMn,O~ calculation pre-
sented in Table we employed DFT+UBL with the U and
J values on Mn set to 4.5 and 1 eV respectively.?

The I' point phonon frequencies were computed us-
ing density functional perturbation theory (DFPT) 3234
These calculations were performed in primitive unit cells,
which contained 12, 24, or 48 atoms depending on the
structural symmetry. For the 24 and 12 atom cells, we
used 4x4x6 and 6x6x6 k-point meshes, respectively.
We computed the infrared-active phonon intensities us-

ing Phonopy-Spectroscopy2? where the intensity of the

m*" phonon is given by
Irr(m Z’ZZZKWX B(m )’2 (1)

Here o, = 1,2,3, and Z, op and X, g are the Born
effective charge tensor and eigendisplacement of atom
K, respectively. Born effective charges and the phonon
eigenvectors were extracted using PHONOPY =90 We
used the ISOTROPY software suite® and Bilbao Crys-
tallographic server®? for group theoretic analysis, and
VESTA# for the visualization of crystal structures.

II. RESULTS AND DISCUSSION
A. Infrared properties of Sr3Sn,O~;

Figure a) summarizes the infrared response of
Sr3SnyO7 and our vibrational mode assignments. Both
traditional infrared absorption and spectra taken using a
diamond anvil cell are shown. A group theoretical analy-
sis of the A21am structure reveals 72 zone-center phonons
(24 atoms in the primitive cell) which transform as

Fr=A4®B ®By®17TA; $18A; © 16B; ¢ 18By. (2)
N————

Acoustic IR
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We assign the spectral features of Sr3SnyO~ as indicated
in Fig. a) using our first principles lattice dynamics
calculations. In making these assignments, we prioritize
the frequency pattern, intensity, and clustering trends
from the calculations. This approach is consistent with
the type of analyses that already appears in the litera-
ture 1819 In several cases, mode symmetries are grouped
to indicate collective contributions to a particular peak.
A complete table of mode assignments is given in Table
S2:41

Figure (b, d) displays the infrared spectra of
Sr3SnyO7 as a function of pressure. There are a number
of peaks that appear, disappear, shift, and split. Exam-
ples are labeled « - . These features provide a basis for
determining critical pressures. For instance, the appear-
ance of the 225 cm ™1 feature (3) and the reduction of the
110 cn ! structure above approximately 2 GPa, indicates
the development of a high pressure phase, which we la-
bel HP1. To determine the symmetry of HP1, we analyze
several different candidate space groups and calculations
of their phonons, comparing these predictions with the
experimental spectrum. This process is detailed in the
next section. The 225 cm™! feature disappears again
near 15 GPa, indicative of a second structural phase
transition. The 280 cm™! mode () behaves similarly.
It develops a shoulder around 270 cm™! at 2 GPa which
disappears after 15 GPa, providing further evidence for a
distinct structural phase, henceforth called HP2. At the
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(a) Infrared response of Sr3SnyO7 measured using traditional spectroscopic techniques at 300 K (black) and inside

the diamond anvil cell at ambient pressure (green). Colored symbols indicate predicted mode positions, symmetries, and
intensities. (b) Infrared response of SrgSn,O7 under pressure at room temperature. The curves are offset for clarity only.
The color scheme denotes the four structural phases. The labels «, 8, and ~ indicate the 150, 225 and 280 cm ™! features,
respectively, as mentioned in the text. (c) Frequency vs. pressure plot of selected modes that show the critical pressures Pc,2
and Pc,3. The filled and open circles denote separate runs. Error bars are on the order of the symbol size. (d) Contour plot of
the data in panel (b). The vibrational features of the ambient pressure phase and the critical pressures are labeled.

same time, the 150 cm~! mode (a) hardens in HP1 be-
fore softening slightly in HP2. Moreover, the feature near
330 cm ! blue shifts under compression, splits weakly in
HP1, comes back together in HP2, and softens and di-
minishes in the final phase (HP3). The signature of HP3
is subtle. It includes (i) a number of peaks converging
near 320 cm~! which causes an apparent “narrowing”
of this structure (Fig. 2{b)), and (ii) several vibrational
modes (especially at 165 and 178 cm~1!) shifting across
the transition regime (Fig. [[(c)). The color scheme in
Fig. b) captures these four distinct structural phases.
We label the critical pressure as Pc 1, Pc 2, and Pg 3.

Figure d) summarizes these findings in the form of

a contour plot. Mode symmetries are also indicated ac-
cording to our assignments for the A2;am phase (Fig.
a)). Based upon the appearance, disappearance, and
frequency shifts of various vibrational modes under com-
pression, the critical pressures of Sr3Sn,O; are 2, 15,
and 18 GPa. As we shall see below, the trends across
Pc 1 are not those of a simple group-subgroup relation-
ship, although those at Pc 2 and Pc 3 do follow group-
subgroup relations. The transition at Pc 3 corresponds
to a restoration of the aristotype I4/mmm symmetry.



B. Understanding the symmetry of the high
pressure phases

In order to identify the symmetries of these high pres-
sure states, we combine group theoretic methods and
first principles lattice dynamics calculations to explore
a range of possible structural phases of Sr3SnyO7. We
select candidate phases by noting that formally, the X5,
X, and X| octahedral rotation distortions shown in
Fig. [T] are described by two-dimensional order parame-
ters*4 We thus consider all space groups generated by
distinct directions of these order parameters, as well as
their combinations. The entire set of phases that we con-
sider is shown in Fig. S143

We then perform structural relaxations of Sr3Sn,O7
with the symmetry constrained to each of the space
groups shown in Fig. S1. As expected, we find the
A21am structure has the lowest energy. We find that
the lowest energy structures above A2;am have symme-
tries Pnam, Pnab, and C2/c. The Pnam structure ex-
hibits an a~a~c¢T rotation pattern as found in A2;am,
except that the “sense” of the in-phase rotation is re-
versed across the rocksalt layer. This phase is known to
occur locally as “stacking” domain walls*2 in the A2,am
phase. Both Pnab and C2/c host an a~a ¢~ rotation
pattern (with the difference between them being the ro-
tation “sense” across the rocksalt layer). As noted above,
Pnab has been observed above 410 K in the x-ray diffrac-
tion of Sr3ZrsO7 and Sr3SnyO7 2% To check the effect of
pressure on the energetics of these low-energy phases,
we then perform calculations as a function of increasing
pressure for each structural phase. At each pressure, we
calculate the difference in enthalpy between each of these
phases and A21am (AH = AFE + PAV)#440 These re-
sults are shown in Fig. S2%8 We find that the enthalpy
difference between our identified low-energy structures
(Pnam, Pnab and C2/c) and A2;am decreases slightly
(but remains positive) as a function of increasing pres-
sure. Thus, in contrast with our experimental results, we
do not see a transition from A2;am to a different symme-
try phase under pressure in DFT. This could be because
the octahedral rotation amplitudes calculated with these
methods are larger than those in the experimental struc-
ture (see Table [I), or because our calculations are at 0
K while the experiments are performed at room temper-
ature. Nevertheless, these calculations still provides a
useful set of candidate space groups against which we
can test our spectra.

For each of these low-energy phases we then calculate
the phonons and infrared intensities in order to identify
the symmetry of HP1. We assign spectral features by
comparing our theoretically predicted mode positions,
patterns, and intensities with the experimental spectrum.
As an example of this procedure, we overlaid the infrared
spectrum of SrgSnsO7 at 11.9 GPa with the calculated
mode positions and intensities of the different candidate
space groups for the HP1 phase (Fig. . While C2/c¢
and Pnam are in reasonable agreement with the mea-

sured spectrum, the calculated mode pattern for Pnab
symmetry provides superior agreement in terms of mode
intensities and clustering patterns, particularly the pres-
ence of low frequency Bz, mode and a clearer corre-
spondence of infrared mode intensities around 200 cm™!.
We therefore assign the symmetry of the HP1 phase of
Sr3SnyO7 to be Pnab. In addition to providing a superior
match in terms of the most prominent features and over-
all pattern under pressure, this non-polar space group is
consistent with variable temperature infrared reflectance
(Fig. S3)* and Raman scattering*'2' One important
aspect of the A21am <> Pnab transition is that these
space groups do not have a group-subgroup relationship,
as can be seen from the symmetry group tree in Fig.
S143 This behavior is indicative of a first-order phase
transition. The same discontinuous transition has been
observed with increasing temperature in SrzSn,O7 and
SI‘321‘207.5"6

To further search for signatures of this phase transi-
tion, we also use our first principles lattice dynamics cal-
culations to check the pressure evolution of low frequency
phonons in the A2;am phase. Our approach is moti-
vated by the soft mode theory of structural phase transi-
tions2Y22 This theory has been most widely applied to
understanding displacive ferroelectric transitions, where
a phonon softens to zero frequency at the transition
point. However, soft modes also can be present in dis-
continuous transitions albeit with a finite frequency at
the transition point 22 Our calculations on Sr3Sn,O~ re-
veal one low frequency phonon (80.37 cm~!) with By
symmetry that softens slightly under increasing pres-
sure (Fig. b)) Visualizing the displacement pattern
of this phonon (Fig. [f{(a)), we find that it consists pri-
marily of Sr displacements and an out-of phase a’a®c™
octahedral rotation which are very similar to the M
and X, distortions in Pnab, respectively. This observa-
tion further supports our assignment of Pnab symmetry
to the HP1 phase, although this particular mode is not
observed in the experimental spectra due to the limi-
tations of our technique. We note that a similar finite
frequency phonon softening was observed at a pressure
induced phase transition in GAVO, 23

We take a similar approach to identify the symmetry of
the HP2 and HP3 phases. From the space groups shown
in Fig. S1,% we choose to consider structures where one
or both of the octahedral rotations in Pnab is removed:
Amam (a~a=c®), Acaa (a°a’c™), and I4/mmm (no ro-
tations). We also consider P45 /mnm, which consists of
a~ %% and b%a~1° octahedral rotations in alternating
perovskite slabs and is known to be stabilized in other
n = 2 Ruddlesden-Popper materials by chemical substi-
tution*? Like Amam, the P4, /mnm structure is estab-
lished by the X3 irrep, except the order parameter is in
a symmetry-distinct direction.*? Our calculations (Fig.
S2)4® show that of these phases, Amam has the lowest
enthalpy at low pressures, whereas at higher pressures
Acaa has lower enthalpy, and in fact the enthalpy dif-
ference Hacqa — Ha2,am becomes negative above =220
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FIG. 4. (a) Main atomic motions that contribute to the Bi(1)
phonon of SrzSnsO7 in the A2;am structure. (b) Predicted
evolution of the frequency of the B (1) phonon with pressure.

GPa. We then compared the phonon frequencies and in-
frared intensities calculated for each of these candidate
space groups with the measured spectrum at 16.85 GPa
(Fig. S4)59 We notice that while I4/mmm provides a
poor match, P4s/mnm, Amam and Acaa are good can-
didates. Focusing on the finer details and the low fre-
quency peaks, we find that theory and experiment agree
slightly better for Acaa than Amam and P4ds/mnm.
This, together with our calculations indicating a neg-
ative enthalpy difference Hacoq — Ha2,am at a slighly
higher pressure, leads us to assign Acaa symmetry to the
HP2 phase. Finally, to find the symmetry of HP3, we
again compare the I4/mmm, Amam, and Acaa theoret-
ical intensities with the experimental spectrum obtained
at 21.55 GPa as shown in Fig. S$558 Our analysis sug-
gests a close agreement with I4/mmm. We expect the

transitions to HP2 and HP3 to be second-order because
they follow a group-subgroup relationship and occur over
a range. The overall sequence of transitions in SrgSn,O7
under pressure is therefore A21am <> Pnab +» Acaa
I4/mmm. This is exactly the same sequence of phases
observed with increasing temperature in Sr3Sns 0,8

C. Structure-property relations in n = 2
Ruddlesden Popper hybrid improper ferroelectrics

In the previous sections, we identify the critical pres-
sures and corresponding phase transitions in SrzSnsO7
using a combination of high pressure infrared spec-
troscopy, group theoretic analysis, and lattice dynamics
calculations. Here, we more broadly examine the pat-
tern of structural distortions and phase transitions under
external stimuli in a larger class of n = 2 Ruddlesden-
Popper compounds.

We begin by comparing the pressure dependence of
SrzSny O with other members of the n = 2 Ruddlesden-
Popper series. Subtle differences related to the evolu-
tion of the structural order parameters impact how each
system departs from A2;am symmetry®? In CagTiyO7,
inelastic neutron scattering reveals that the X; octahe-
dral rotation is significantly more sensitive to pressure
than the Xj rotation®® Interestingly, the opposite is
true in the Mn counterpart; the a~a~c® rotation is more
responsive to compression than the a%a’ct rotation ¥
CagTis O is also overall stiffer than CasMn,Or as evi-
denced by the phonon behavior across the critical pres-
sure80 In both cases, the polar A2;am ground state is
lost between 5 and 8 GPa with the transition range in the
Mn analog being somewhat narrower (between 5 and 6



GPa). Therefore, CazTizO7 and CazMnyO7 only have a
single critical pressure within the range investigated thus
far 8 although additional transitions are anticipated and
negative thermal expansion is predicted® at significantly
higher pressures.

As discussed above, Sr3SnoO; negotiates the same
sequence of phases under both compression and tem-
perature. Given this analogy, we next examine the
temperature-dependent structural phase transitions for
various materials across the n = 2 Ruddlesden-Popper
series. ~ We begin by noting that the sequence of
temperature-dependent phase transitions in Sr3Zr,O7
is remarkably similar to the temperature (and pres-
sure) transitions in Sr3Sn,07.2% A combination of x-ray
diffraction, second harmonic generation, and theoretical
analysis reveals that Sr3ZroO7 undergoes the same first-
order A2,am < Pnab transition as SrzSnyO7, although
the transition temperature is higher (approximately 700
K compared to 400 K in Sr3SnyO7). With increasing
temperature, one of the rotations turns off, although the
two materials differ in the following respect: in SrzSnsO7
there is a transition to Acaa (aa’c™ rotations) at 700
K, whereas in Sr3ZroO7 there is a transition to Amam
(a=a~c rotations) at 900 K. Finally, both materials go
into the high-symmetry I4/mmm phase above 1000 K.
These higher temperature transitions are second-order 26

Expanding the comparison to a broader set of n =
2 Ruddlesden-Popper materials reveals that the number
and symmetries of the high-temperature phases varies
with composition® That said, the tolerance factor 7, de-

rA—O

fined as 7 = Voo o)’ where r4_o and rg_go are the B-

O and A-O bond lengths respectively, is a useful quantity
for formulating trends®!/ In fact, Yoshida et. al. identi-
fied a relationship between the tolerance factor 7 and the
Curie temperature T¢ which holds across many chemical
compositions® One clear take-away is that materials with
smaller tolerance factors have a higher T¢. From a struc-
tural viewpoint, this makes sense because materials with
smaller tolerance factors have larger octahedral rotation
amplitudes (Table[l). Since the phase transitions in these
n = 2 Ruddlesden-Popper materials all involve changes
to the octahedral rotations, it takes more energy (higher
temperature) to drive the transition in the low tolerance
factor compounds.

Inspired by these results, we decided to investigate
whether the tolerance factor can serve as a similar de-
scriptor for pressure-driven transitions in this family of
materials. Unfortunately, the situation is not so sim-
ple. From our discussion above, we note that of the sys-
tems for which there is available data, SrgSns O~ has the
lowest critical pressure (Pc,1). The critical pressures of
CagMny0O7 and CagTisO7 are somewhat higher. Con-
sulting Table [, we see that CazTi;O7 has a smaller
tolerance factor (and correspondingly larger octahedral
rotation amplitudes) than SrzSnyO7, thus this pair of
materials suggests a critical pressure - tolerance factor
trend similar to the temperature-dependent result dis-
cussed above. However, CagMnyO7, with the largest tol-

erance factor, is out of line with this trend. We hypoth-
esize that the different B-site chemistry of CazMnsO7
(partially filled d-shells), may play a role in this differ-
ence. We note that studies of ABOj3 perovskites demon-
strate that B-site chemistry (in particular partially-filled
d-shells) influences the pressure response.*”

Another way to organize the data is to analyze trends
based upon both the A and B site chemistry. The lim-
ited number of experimental results on polar <> non-polar
transitions in hybrid improper ferroelectrics under pres-
sure makes it challenging to reach firm conclusions. Here
we explore some potentially important factors based on
the presently available data, which may be refined as
more experimental results become available in the fu-
ture. The similar evolution of phases with temperature
in Sr3SnyO7 and Sr3ZroO7 suggests grouping materials
based on their A-site cation, which is consistent with the
role of the A-site in determining size effects, bonding pref-
erences/™ and compressibility ¥ Based on this similarity,
it is plausible that Sr3ZroO7 may show a similar sequence
of phase transitions under pressure as those observed in
Sr3SnyO7. If so, synchrotron-based infrared work in a di-
amond anvil cell would allow structure-property compar-
isons with Sr3SnyO7 to be developed. Turning to the two
Ca-containing materials, we note that Pc of CagTizOr is
higher than that of CagMnyO7 (Table , suggesting a
possible P - tolerance factor relation within a subset of
materials with the same A-cation, although lacking data
on additional compounds we cannot make a definitive
statement on this trend.

We next explore the possibility of trends based on the
B-site cation. The four materials in Table [l all have dif-
ferent B-site cations, of which one is a p-block element
(Sn), one has a partially filled d-shell (Mn), and two have
formally empty d orbitals (Ti, Zr). Considering the oc-
tahedral rotation amplitudes in Table[l, we note that the
amplitude of the X3 rotation increases monotonically
with decreasing tolerance factor, whereas the X, rota-
tion amplitude in Sr3SnsO7; is anomalously small given
its tolerance factor. This could be connected to Sn being
a p-block element and its relatively low Pgs. Sr3zZroOr
and CagTi;O7 both have larger X~ and X; order pa-
rameter amplitudes. This is largely due to their lower
tolerance factors)® although their similar B-site chem-
istry also could play a role. This B-site relationship may
lead to similar evolution of structural order parameters
with pressure, although clearly one needs to measure to
much higher levels of compression for CazTisO7. In con-
trast, with its partially filled d-shell CagMn2O7 is likely
to undergo a different sequence of structural distortions
with the suppression of the X rotation being more im-
portant 2

We therefore propose three significant factors that to-
gether determine the pressure response for a particular
n = 2 Ruddlesden-Popper material: (i) the tolerance
factor, with smaller tolerance factor compounds having
higher critical pressures, (ii) the A-site occupation which
appears to be primarily a size effect, and (iii) the B-site



TABLE I. Tolerance factor and amplitudes of the X; and X octahedral rotations for selected n=2 members of the Ruddlesden-
Popper series. The octahedral rotation amplitudes are obtained by decomposing ambient pressure A2iam structures with
respect to the high-symmetry I4/mmm structure, and are reported for a 24 atom cell in units of A. The tolerance factors were

calculated using A-O and B-O bond lengths obtained from the bond valence model

, assuming 12- and 6-fold coordination

for the A and B cations, respectively. The experimental values—except the Pc for Sr3SnzO7 reported in this work—were obtained

from literature.

| Material Tolerance factor X, (DFT) X, (DFT) X; (Expt) X, (Expt) Pc (GPa) Tc (K) |

Sr3Zr207 0.942 1.27 0.86
Ca3TiQO7 0.946 1.20 0.87
Sr3Sn,O7 0.957 1.18 0.76
CazMn2 07 0.977 0.87 0.79

1.07 0.78 - 700
1.01 0.83 5-8 1100
0.89 0.67 2 400
0.66 0.73 5-6 270-320

chemistry. The tolerance factor seems to determine the
phase transition range and critical temperature/pressure
within the same set of A-site compounds, whereas B-site
chemistry governs the development of structural order
parameters and in turn the progression of phase tran-
sitions according group-subgroup relationships. Further
pressure-dependent studies on a broader suite of n = 2
Ruddlesden-Popper materials would allow further refine-
ment of these relationships. The overall lower critical
pressures of SrzSnyO7 compared to the other materials,
makes it more amenable to physical tuning and appealing
for applications.

D. Developing the schematic temperature-pressure
phase diagram of Sr3Sn,O~

To further explore connections between the
temperature- and pressure-induced phase transitions
in Sr3SnyO7, we construct a schematic temperature-
pressure (T - P) phase diagram in Fig. [5| The transition
temperatures are taken from previous structural stud-
ies®12 and the pressure-driven transitions are from the
present work. We draw the phases boundaries between
these points using a typical asymptotic dependence
near the critical values. They are blurred to indicate
uncertainty. The intermediate temperature - pressure
regime is also blurred - again to indicate uncertainty.

Figure[5|highlights how both temperature and pressure
instigate the same A2yam < Pnab <> Acaa < I4/mmm
sequence of transitions. There is thus an unexpected
compatibility and commutability of tuning parameters
even though (i) we do not know the details of how the
phase boundary lines evolve at intermediate tempera-
tures and pressures and (ii) there is no simple energy
equivalence between these two quantities. The crucial
difference is that pressure (and very likely strain) access
these phases and their functionalities at room tempera-
ture - an essential characteristic of viable applications.
A similar temperature/pressure correspondence may be
present in other hybrid improper ferroelectrics.

We note that the equivalence between the sequence
of phases accessed with pressure and temperature in
Sr3SnpO7 is unusual; typically temperature and pres-
sure have opposite effects because increasing tempera-

@
8 10 12 14 16 18 20
Pressure (GPa)

FIG. 5. Schematic temperature - pressure (T - P) phase dia-
gram of Sr3SnyO7 developed from the critical pressures iden-
tified in this work as well as the critical temperatures from
literature ™ These values are indicated by yellow spheres. Er-
ror bars are on the order of symbol size. Blurring indicates
uncertainly in the position and shape of the phase bound-
aries - especially in the intermediate temperature and pres-
sure regime.

ture results in thermal expansion and increasing pres-
sure induces volume contraction. A similar tempera-
ture/pressure phase transition equivalence has been ob-
served in perovskite LaAlO47¥72 despite its positive ther-
mal expansion,” which can be attributed to the BOg oc-
tahedra being more compressible than the AO15 polyhe-
draP7 In particular, perovskites with more compress-
ible BOg octahedra generally exhibit a negatively sloped
phase boundary in the P-T phase diagram and opposite
sign changes of entropy and volume (AS > 0, AV < 0) 13
Fig. [f] displays such a negative phase boundary, and we
hypothesize that a similar mechanism may underlie the
pressure/temperature behavior of SrzSnyO7.



III. SUMMARY AND OUTLOOK

Hybrid improper ferroelectrics like SrgSn,O7 are well
recognized for the complex interplay between different
order parameters and structural phases. In order to ex-
plore this phase competition in greater detail, we brought
together diamond anvil cell techniques, synchrotron-
based infrared spectroscopy, symmetry analysis, and lat-
tice dynamics calculations to reveal the sequence of
compression-induced structural phase transitions. By
comparing the pattern and shape of the vibrational spec-
trum with predictions computed for several different can-
didate space groups, we reveal that the overall sequence
of pressure-induced transitions in Sr3Sn,O7 is A21am >
Pnab < Acaa + I4/mmm. We anticipate that this work
will motivate complementary high pressure x-ray mea-
surements to confirm the space group sequence. Com-
paring our findings with related work on other hybrid
improper ferroelectrics including Ca3TizO7, CazMnsO-,
and Sr3ZroO; as well as variable temperature studies of
Sr3SnyO7 leads to a set of structure-property relations
that may be useful in understanding the sequence of tran-
sitions more broadly. Perhaps the most remarkable as-
pect of this analysis is the finding that pressure is com-
parable to temperature in terms of the sequence of fer-
roelectric and structural phases. This may be because
adding energy to the system - in the form of increased
temperature or compression - simply triggers a common
set of order parameters. There are, of course a number of
advantages to pressure and strain-driven functionality at
room temperature - not the least of which is that it obvi-
ates the need for ultra-high temperatures. Similar effects
may be present in other members of the hybrid improper
ferroelectrics family. Looking forward, we suggest that
by combining multiple knobs for tuning between polar
and non-polar states, for example chemical substitution
and pressure, exquisite control over the energy difference
between the competing polar and non-polar states may
be achievable. This holds particular interest for the re-
alization of new antiferroelectrics, for which a non-polar
ground state with a polar phase slightly higher in energy
is required. We suggest that these n = 2 Ruddlesden-
Popper materials may find room temperature application
in new lead-free antiferroelectric devices.
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