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We identify a quasi-two dimensional (quasi-2D) phonon mode in the layered-perovskite CazTizO7,
which exhibits an acoustic branch with quadratic dispersion. Using first-principles methods, we show
this mode exhibits atomic displacements perpendicular to the layered [CaTiOs]2 blocks comprising
the structure and a negative Griineisen parameter. Owing to these quasi-2D structural and dynamical
features, we find that the mode can be utilized to realize unusual membrane effects, including a
tunable negative thermal expansion (NTE) and a rare pressure-independent thermal softening of
the bulk modulus. Detailed microscopic analysis shows that the NTE relies on strong intralayer
Ti—O covalent bonding and weaker interlayer interactions, which is in contrast to conventional
NTE mechanisms for perovskites, such as rigid-unit modes, structural transitions, and electronic
or magnetic ordering. The general application of the quasi-2D lattice dynamics opens exciting
avenues for the control of lattice dynamical and thermodynamic responses of other complex layered
compounds through rational chemical substitution, as we show in A3ZroO7 (A=Ca, Sr), and by
heterostructuring.

PACS numbers: 63.20.D-, 63.20.dk, 63.22.Np, 65.40.De

The thermal expansion of materials has been inten-
sively studied for decades owing to its importance in
numerous fields [1]. In miniaturized electronic and opti-
cal devices, the accumulated thermal stress (strain) from
fabrication and during operation may cause component
spalling, large resistance variability, and shifts in photolu-
minescence [2]. Ferroelectric logic and memory devices
based on perovskite oxides have been fabricated [3], and
thermal expansion of such thin films may be a critical
factor determining their future viability in low-power in-
formation processing and storage technologies [4]. The
perovskite-structured As3B;07 Ruddlesden-Popper (RP)
oxides with a layered habit have recently drawn interest
owing to their intriguing hybrid improper ferroelectricity,
magnetoelectric and magnetoelastic responses [5], and
their unusual thermal expansion [6, 7], which requires a
detailed understanding before the material family being
integrated into future devices.

Some amount of negative thermal expansion (NTE)
may be beneficial for scaffolding different materials into
multicomponent architectures, because NTE tends to can-
cel the usual deleterious positive expansion and helps
reduce thermal strain; the later is well exemplified by the
famous Invar alloys [8]. In the RP oxides exhibiting rela-
tively high point symmetries (e.g., the high-temperature
nonpolar phase of CazMnyO7, see Ref. 6), the rigid (quasi-
rigid) unit modes [9] are active, resulting in observable
NTE. Although structural, magnetic, and orbital-order
transitions can also induce NTE in perovskite-derived
compounds, e.g., BaTiO3 [10], PbTiO3 [11], BiNiO3 [12],
and Ca,4+1Ru, 03,41 [13, 14], all of these NTE-causing
factors are absent in the layered RP CagTizO7: (1) The
rigid unit modes are locked [6, 9] due to the low orthorhom-
bic symmetry of the crystal, i.e., Cmc2; [15]); (2) There

is no temperature-dependent structural transition up to
1150 K [6], at which point the crystal decomposes; and
(3) Tt is nonmagnetic and lacks an orbital-order transition
owing to the empty 3d° configuration of the Ti** cation.

In this Letter, we propose and computationally demon-
strate a quasi-two dimensional (quasi-2D) mechanism for
NTE in layered RP oxides, utilizing our recently imple-
mented self-consistent quasiharmonic approximation (SC-
QHA) method to treat the lattice anharmonicity within
a density functional theory (DFT) framework. In the
prototypical layered ferroelectric, CazTioO7 (CTO), we
discover a quasi-2D vibrational mode in the polar phase
by discerning an acoustic branch with a quadratic disper-
sion, which appears in the intensely studied 2D materials,
e.g., graphene and MoSz [16, 17]. The quasi-2D vibration
resembles the bending vibration on a 2D membrane; we
show this feature results in various extraordinary mem-
brane effects in CTO, including negative mode Griineisen
parameters () and the enlargement of v~ by hydro-
static pressure. The membrane effect originally predicted
by Lifshitz over 60 years ago [18] endows CTO with tun-
able NTE, which can be considerably amplified by modest
pressures (< 30 GPa here), and also results in an unusual
pressure-independent thermal softening of the bulk mod-
ulus. We show the mechanism is general and active in
other RP oxides, A3Zro07 (A=Ca, Sr), with the NTE
being tuned by the strength of the metal-oxygen bonds.

We calculate the temperature- and pressure-dependent
isothermal volume Vi (P,T) of CTO using our SC-QHA
method [19] and DFT calculations with the Vienna Ab
Initio Simulation Package (VASP) [20]. In the SC-QHA
method, an analytical nonlinear frequency—volume re-
lationship is used to solve for Vp(P,T) in an efficient
iterative manner; it requires fewer phonon calculations
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FIG. 1. Phonon dispersions, atom- and direction-resolved

phonon density of states (g, ), and CasTizO7 unit cell where
the ¢ axis coincides with the Z direction, and the a and b axes
reside in the XY plane. In the left panel, the lowest-eight
branches containing the quasi-2D vibrations are emphasized
by thicker dark blue lines.

than the conventional QHA method. Furthermore, the
SC-QHA method avoids the problem of spurious imag-
inary modes appearing in some expanded volumes of
CagTizO7, which prohibits the application of the conven-
tional QHA method [19]. Additional details of the DFT
calculations are given in Ref. [21] and structural informa-
tion is provided in Ref. 22. To facilitate the microscopic
analysis of the anharmonic mechanisms, we express the
thermal-expansion coefficient («) as

1dv 1
= —— Cq7a o 1
“TVar T N,viBr an v T, (1)

where ¢ and ¢ enumerate the phonon wave vector and
branch, respectively; IV, is the number of ¢-grid points
(8 x 8 x 1 used here); By is the isothermal bulk modulus;
Cy is the isovolume heat capacity; and v = f%j—"j is
the mode Griineisen parameter for the frequency v [19].
By consists of both electronic (B,) and phononic (B,)
contributions, i.e., By = V% = B. + B, ,where
FE. and F, are the electronic energy and phononic free
energy, respectively.

Ca3TizO7 has a layered orthorhombic structure (Fig. 1,
right panel), whereby the perovskite bilayers [(CaTiOs3)s]
are separated by the rock salt [CaO] layers along the
c axis. The calculated phonon dispersions, atom- and
direction-resolved phonon density of states (g, ) are shown
in Fig. 1. First, we note that the Ti cations are strongly
covalently bonded with the O anions, whereas Ca, which
provides charge balance and stability to the structure,
weakly hybridizes with the TiOg octahedra. Thus, g, (Ca)
mainly occupies the low-frequency region (< 13 THz),
while g, (Ti) has a broader distribution up to 18 THz
despite Ti being heavier than Ca. Furthermore, the g, (Ti)
and g, (O) spectra simultaneously present peaks at various
frequencies, indicating a strong vibrational Ti-O coupling
through the covalent Ti—-O-Ti bond network.
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FIG. 2. (a) Full v dispersions, (b, c) v and ~ dispersions
for the lowest eight phonon branches, and (d, e) atomic dis-
placement patterns for the ZA and SO modes at the T, %X ,
and X points. In panels (b, ¢), the line width indicates the
contribution of the Z vibration. In panels (d, e), the overall
octahedral-layer displacement directions for the ZA and SO
modes at I' point are indicated by the arrows at left.

Next, in the direction-resolved g,, we separate the con-
tributions of the vibrations along the ¢ axis (hereafter Z
vibrations) from those in the ab plane (XY vibrations).
The 3D character of the lattice dynamics for CasTisO7
are observed in the wide-range XY—Z vibrational coupling,
i.e., g,(XY) and g, (Z) have various common peaks, owing
to the the finite layer thickness and interlayer interactions,
as well as to the layer rumpling caused by the octahedral
rotation and tilting that yield the hybrid improper ferro-
electricity [5]. Apart from this apparent 3D character, we
discern a hidden 2D character in the phonon dispersions
(Fig. 1, left panel): The lowest acoustic branch along
the T-X path (i.e., [£,0,0] path, £ € [0, %]) exhibits a
quadratic dispersion. Similar quadratic acoustic modes
are ubiquitous in 2D materials [16, 17], which have an
important phonon mode with largely Z character that
is referred to as the ZA mode. The ZA mode in such
2D materials resembles a bending vibration on a contin-



uum membrane or guitar string, and tensile strain can
stiffen this bending vibration [9, 16], resulting in a neg-
ative Griineisen parameter (y~) of the ZA mode that is
responsible for the NTE reported in 2D materials. The
existence of v~ and NTE are ascribed to membrane ef-
fects [16] (or guitar-string effects [9]). In the following, we
reveal various extraordinary membrane effects in CTO,
including v~ and NTE, that originate from the quasi-2D
vibrations therein.

We now examine the mode Griineisen dispersions for
CTO [Fig. 2(a)], with a special focus on the v and ~
dispersions of the lowest eight phonon branches in Fig.2(b)
and (c), respectively, where the variation of the line width
indicates that of the relative Z-vibration contribution to
the mode. The atomic displacements in the quadratic ZA
mode and a shearing optical mode (SO mode, described
later) along the I'-X path are illustrated in Fig. 2(d)
and (e), respectively. In contrast to the ZA mode in
2D materials, which have large negative v (i.e., y7) at
the T point [16, 17], the quasi-2D ZA mode in CTO
exhibits a large positive v (y*) at the T' point, and a
~T — 4~ transition only occurs when approaching the
X point [Fig. 2(a,c)]. Such positive sign and large value
of ¥+ at the I' point both originate from the softness
(low v) of the quadratic ZA mode: Indeed, first there is
a stretching of the weak interlayer bonds induced by the
ZA mode, and it has been found that bond stretching
has a positive contribution to 7 [9, 17], which becomes
important when the ZA mode is soft enough and results
in a positive y despite a quasi-2D quadratic phonon mode
dispersion being retained; second, a soft mode always
has a high sensitivity to an external perturbation, e.g.,
volume compression explored below, resulting in the large
value of v+ (ZA). Along the I'-S path (S: [3,4,0]), we find
that the ZA mode has a greater linear v(q) dispersion
[Fig. 2(b)] and much smaller v (or v7) [see Fig. 2(c)]
than those along the '-X path, indicating an anisotropic
quasi-2D character of the ZA mode in CTO, which should
closely correlate with the crystal-structure anisotropy.

Along the I'-X path, ¥(ZA) increases and approaches
other acoustic and optical modes at higher frequencies
[Fig. 2(b)], which allows for hybridization of the ZA mode
with those others of different character. This vibrational
mode mixing transfers the quasi-2D Z displacements from
the ZA mode to the other modes, especially to the shear-
ing optical (SO) mode [Fig. 2(b)]. At the I' point, the
SO mode only consists of XY displacements and each
perovskite bilayer in the RP structure makes a shearing
distortion [Fig. 2(e)]; however, away from T', the quasi-
2D Z vibration increases, which results in the vy — 4~
transition [Fig. 2(c)]. Other low-frequency optical modes
behave similarly, exhibiting v~, for the same reasons,
while those modes with frequencies higher than the lowest
eight phonons only have positive Griineisen parameters
~7T, because they are energetically too far away to hy-
bridize with the quasi-2D ZA mode.
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FIG. 3. The variations of (a) g,+ spectra, (b) g,+ summa-
tions, and (c) g, peak positions with pressure. In panel (a),
the inset enlarges the g, spectra at low frequencies.

The quasi-2D physical picture established above guides
us to use hydrostatic pressure to amplify the membrane
effect in the phonon anharmonicities and thermodynamic
properties of CTO, which () furthers our understanding
of the quasi-2D character of the mode and (i) allows us
to realize tunable NTE in CTO using a facile approach
for future experimental validation.

We now examine the thermal expansion behavior of
CTO subjected to hydrostatic pressures up to 30 GPa [23].
To decipher the average pressure effect on the phonon
modes throughout the Brillouin zone, we compute the
y*-weighted phonon density of states (gy+ ), defined as

1
v (V) = 5 D Vo0V — Vo).
q q,0

The pressure dependent g+, their summations, and peak
positions in the g.- spectra are shown in Fig. 3(a—c). At
0 GPa, gj prevails over g,- at any v, and the finite and
peaked gf (v) at low v (< 1.0 THz) is mainly due to the
large v (ZA) around the T' point [Fig. 2(a)]. A finite g, -
is only observable between 1.0 and 3.5 THz with two well-
defined peaks at 1.8 and 2.7 THz [Fig. 3(a), inset], which
originate from the large v~ (SO) and v~ (ZA) [Fig. 2(¢)],
respectively.

At 20 GPa, most phonon modes blue shift to higher
frequencies as expected owing to their 3D character and
positive 7. The key exception are those quasi-2D modes
with v~. The SO and ZA peaks in the g,- spectra shift
down to 0.6 and 2.6 THz, respectively, and g, exceeds
g+ in the low frequency region (< 4.0 THz). Pressure
also considerably increases the widths and heights of
the g,- peaks, resulting in the rapid decrease of the
g~ summation [Fig.3(b)]. The SO peak shifts to lower
frequency faster, but its intensity increases slower than
the ZA peak, with increasing pressure [Fig. 3(a,c)].

We can understand the v decrease [Fig. 3(c)] and g.,-
enhancement [Fig. 3(b)] of the quasi-2D modes within
the membrane effect as follows: The shrinkage of the
perovskite layers (by 0.096 A2/GPa per unit cell) makes
the quasi-2D modes softer (i.e., lower ) and more sensi-
tive to the volume compression (i.e., larger v~). On the
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FIG. 4. Pressure dependent (a, b) thermal expansion coef-
ficient («) of CagTi2O7 (see Ref. 6 and 19 for experimental
data at 0 GPa), (¢) bulk-modulus thermal softening (ABr) of
CasTi2O7, and o’s of (d) CagZr2O7 and (e) Sr3Zr207. The
results at the phase-stability critical pressures (i.e., 35, 29, and
23 GPa) are also shown. See Ref. 22 for more details about
various thermodynamic properties.

other hand, pressure shortens the interlayer spacing (by
4.6 x 1072 A/GPa) and increases the interlayer repulsion,
which hardens those ultrasoft ZA modes having v+ near
the I' point. Such mode hardening reduces the anhar-
monicity of those ZA modes, resulting in the decrease
of ¥t and the elimination of the low-frequency g+ peak
(S 1.0THz) at 20 GPa [Fig. 3(a)].

These unusual pressure-dependent quasi-2D phonon
anharmonicities have profound effects on the thermal ex-
pansion and thermomechanics of CTO. The calculated
a(T) clearly presents a monotonic decrease with increas-
ing pressure [Fig.4(a)], decreasing by about 50% from 0
to 30 GPa at = 500 K. According to Eq. 1, the bulk mod-
ulus (Br), volume (Vr), heat capacity (Cy ), and phonon
anharmonicity (v) collectively determine the thermal-
expansion coefficient. Above 500 K, the pressure-induced
stiffening in Bp is ~ 100 %, while V and Cy only de-
crease by ~ 14 % and ~ 2 %, respectively [22]. Thus, at
high temperatures, pressure suppresses the thermal expan-
sion of CTO primarily through the mechanical stiffening
— increase in By — which is consistent with the intuitive
concept that stiffer lattices are less perturbed by heat.

The mechanical stiffening is also the main cause for the
thermal-expansion suppression at temperatures down to

100 K, below which the quasi-2D anharmonicity will dom-
inate. There is only positive thermal expansion (« > 0)
in CTO at ambient condition (~ 0 GPa); however, NTE
(o < 0) appears at pressures > 10 GPa, and becomes
more prominent at higher pressures [Fig. 4(b)]. This
response occurs because of the enhanced g,- with in-
creasing pressure [Fig. 3(a,b)], which is a manifestation
of the membrane effect described above. Thus, thermal
excitation of the 7y~ modes becomes more important for
«, and the critical temperature T, defined as a(7T.)= 0,
also increases with increasing pressure [Fig.4(b)], reaching
105K at the phase-stability critical pressure (i.e., 35 GPa).
At the NTE critical pressure of 10 GPa, we also find that
« becomes negative first at 23 K, but remains positive
at both lower and higher temperatures. This is because
at low pressures, the low-frequency acoustic modes with
large vt are excited first, i.e., prior to the excitation of
the ZA and SO modes with large v~ [Fig. 2(a—c)].

The quasi-2D 7~ modes in CTO also have an unusual
effect on its pressure-dependent thermomechanics. The
thermal softening of the bulk modulus of solids is usu-
ally expected to monotonically decrease with increasing
pressure, owing to the decreased thermal expansion [19].
However, in CTO, the thermal softening of By given as
ABp = Br(T)—Br(0) becomes rather pressure indepen-
dent between 10 and 30 GPa over the entire temperature
range considered [Fig. 4(c)], and even becomes very large
at the phase-stability critical pressure of 35 GPa. Br con-
sists of electronic (B.) and phononic (B, ) contributions,
where B, behaves as usual with a reduced thermal soft-
ening by pressure, however, the thermal softening of B,
starts to enlarge significantly above 10 GPa [22]. B, can-
cels the reverse variation in the B, softening and makes
AB7 quite pressure independent at 10 ~ 30 GPa and neg-
atively large at 35 GPa. Although the v~ modes are only
important for a at temperatures <T,, they nonetheless
have a critical effect on AB7 at higher temperatures.

The quasi-2D v~ modes, pressure-induced NTE, and
unusual thermal softening of By proposed here may be
validated by various experimental methods. The pres-
sures of < 30 GPa are relatively low compared to current
experimental upper limits realized in diamond anvil cell
(400 GPa [24]), indicating a facile experimental validation.
The quadratic dispersion of the ZA mode can be mea-
sured by inelastic X-ray/neutron scattering [16], and the
negative 7’s of the ZA and SO modes can be derived from
their pressure-dependent v dispersions. The pressure-
dependent thermal expansion coefficient (o = %%) and
isothermal bulk modulus (Br = —V%) can be directly
measured using in-situ X-ray diffraction [24].

According to our analysis on CagTi;O7 above, the in-
terlayer interaction, layer thickness, vibrational hybridiza-
tion, and bond strength are important factors determining
the degree of the quasi-2D character in RP perovskites,
which indicates an ample space to control their NTE, e.g.,
utilizing chemical substitution, superlattice engineering,



and epitaxial strain in thin films. Guided by this un-
derstanding, we calculated the properties of CazZroOr
and Sr3ZroO7 which exhibit the same polar Cmc2; phase
[5] and find larger quasi-2D NTEs appearing at lower
pressures [Fig. 4(d,e)], because the metal-oxygen bond
weakening from Zr and Sr substitutions promotes quasi-
2D NTE [17, 22]. Additional lattice dynamical and ther-
modynamic properties are provided in Ref. [22].

Last we compare the quasi-2D properties of different RP
perovskites, among which structural and chemical varia-
tions can change the active microscopic NTE mechanism.
Recent studies on layered Cag_,Sr,MnyOr (z = 0 — 3)
[6, 7] show that the polar phase exhibits no NTE down
to 90 K, whereas the NTE of the nonpolar state (stabi-
lized by finite temperature or Sr addition) is ascribed to
activated rigid-unit modes. The existence of the quasi-2D
NTE in different centric and noncentrosymmetric phases
of Cas_,Sr,Mn,O7 under various external conditions re-
mains unclear. We hope that our finding of quasi-2D
physics in phonon properties and tunable NTE motivate
the synthesis and detailed lattice dynamical study of lay-
ered oxides exhibiting coupled modes that produce hybrid
improper ferroelectricity.
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