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Abstract

®

CrossMark

We use theory and first-principles calculations to investigate how structural changes induced
by ultrafast optical excitation of infrared-active phonons change with hydrostatic pressure in

LaAlOs. Our calculations show that the observed structural changes are sensitive to pressure,
with the largest changes occurring at pressures near the boundary between the cubic perovskite
and rhombohedral phases. We rationalize our findings by defining a figure of merit that
depends only on intrinsic materials quantities, and show that the peak response near the phase
boundary is dictated by different microscopic materials properties depending on the particular
phonon mode being excited. Our work demonstrates how it is possible to systematically
identify materials that may exhibit particularly large changes in structure and properties due to

optical excitation of infrared-active phonons.
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1. Introduction

The past two decades have witnessed significant developments
in our ability to control the functional properties of materials
with light. In particular, the availability of bright mid-infrared
and THz laser sources has made possible experiments involv-
ing the mode-selective optical excitation of one or more vibra-
tional (phonon) modes of a material, a phenomenon explored
in early theoretical papers [1-5] but only relatively recently
exploited in experiments in a systematic way. A distinguishing

* Author to whom any correspondence should be addressed.

1361-648X/21/035402+8$33.00

feature of such experiments is that they involve optical excita-
tion—and subsequent symmetry breaking—of the lattice, as
opposed to the electrons. This mechanism, now known as non-
linear phononics [6, 7], has been shown to enable dynamical
control of superconductivity [8], magnetism [9—12], ferroelec-
tricity [13—15] and metal—insulator transitions [16].

This control of material properties via the nonlinear
phononics mechanism is mediated by an anharmonic coupling
between different phonon modes. Specifically, optical excita-
tion of an infrared-active phonon can induce displacements of
Raman-active phonons if the crystallographic symmetry of the
material allows the modes to be anharmonically coupled in
a particular way. The coupling terms that have perhaps been

© 2021 IOP Publishing Ltd  Printed in the UK
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the most investigated to date have the form AQrQ%, where
Qg is the amplitude of the Raman-active phonon and Qyy is
the amplitude of the infrared-active phonon, or AQr O ; O1r 2>
where Qg ; is the amplitude of one infrared-active phonon and
Orr» is the amplitude of a different infrared-active phonon that
may be polarized along a different direction [17]. The magni-
tude of the coefficient A indicates how strongly coupled the
particular infrared-active and Raman-active modes are, and its
value is material and mode-dependent.

The nonlinear phononics mechanism has the potential to
both dynamically enhance the functional properties of materi-
als and to induce new properties not present in the equilibrium
crystal structure. What particular characteristics might indi-
cate that a given material has the potential to exhibit a strong
nonlinear phononics response? The answer to this question is
currently unknown. Since the change in material properties is
primarily understood to be mainly due to the displacement of
Raman modes, it follows that the larger the average Raman
displacement, the greater the distortion of the equilibrium crys-
tal structure and, presumably, a more significant change in
material properties. Hence, given the form of the anharmonic
coupling terms above, it is not unreasonable to assume that a
large magnitude of A, that is, a strong coupling between the
optically excited infrared-active mode and the Raman modes,
is a prerequisite for a strong nonlinear phononics response.
Howeyver, there are a number of other variables that affect the
response, such as the force constants of the phonon modes
involved and the strength of the coupling between the infrared-
active mode and the initial light pulse, for example. What are
the key microscopic materials factors that dictate the magni-
tude of the nonlinear phononics response in a given material,
and can the response be controlled or enhanced with pressure
or epitaxial strain in a thin-film?

We use theory and first-principles density functional the-
ory calculations to explore the questions posed above in the
perovskite LaAlO; in the rhombohedral phase, a material
which has been the focus of several recent nonlinear phonon-
ics experiments [18, 19]. We derive a figure of merit for the
average Raman mode displacement in terms of intrinsic mate-
rials quantities, such as the coupling coefficient A, the force
constants of the infrared-active and Raman modes, and the
coupling of the infrared-active mode with light. We demon-
strate how the figure of merit varies as a function of hydrostatic
pressure and decompose the variation into contributions from
the microscopic materials properties that define it. Our key
findings are that (1) the figure of merit is small and insensitive
to pressure for most IR-Raman mode couplings in LaAlO3, and
(2) for those mode couplings with a large and pressure-tunable
figure of merit, the maximal values of the figure of merit are
determined primarily by either a counterbalance between the
coupling coefficient A and force constant of the Raman mode,
or simply the force constant of the Raman mode. Our results
suggest that the factors that give rise to a large nonlinear
phononics response are not just material dependent but also
depend on the specific phonon modes being excited within a
given material. The analysis presented below is general and
likely applies to the broader family of perovskites, which are
often the subject of nonlinear phononics experiments.

2. Deriving the figure of merit

Letus start by considering the lowest-order lattice energy U for
the nonlinear phononics process. Without loss of generality,
we simplify the analysis by focusing on centrosymmetric crys-
tals since they have infrared-active and Raman-active modes
with distinct symmetries. The lattice energy takes the form
[9, 10, 17, 20, 21]:

1 1 e o
U= KrQ + 5 KOk — AQrQfx — Z'QwE®. (1)

Here, Kig (KR) is the force constant of the IR-active (Raman)
mode, Qg (Or) is the corresponding IR-active (Raman) mode
amplitude, and the final term describes the coupling between
the polarization change in the crystal (defined as AP = Z*Q,
where Z* is the mode-effective charge of the IR-active mode
[22]) and the electric field E of the incoming light pulse.
Certain symmetry conditions must be satisfied in order for
A to be non-zero. The whole invariant must transform like
Ay, (or T'f, the identical representation) in order to be an
allowed term in the lattice energy and hence Oy must transform
like the symmetric part of the direct product of the irreducible
representation (irrep) associated with Qpz. If Qg transforms
like a one-dimensional irrep, then QO must transform like A,
in order for A to be non-zero. However, if QO transforms like a
two- or higher-dimensional irrep, then A can be non-zero even
if Qg does not transform like A;,. The ISOTROPY software
suite [23, 24] or the Bilbao Crystallographic Server [25-27]
can be very helpful in determining allowed mode symmetries
for nonlinear phononics coupling. In this work we consider the
optical excitation of a single IR-active mode only, and its cou-
pling to a single Raman mode in order to simplify the analysis
in the following sections (in previous work [9] this scenario
was referred to as the two-mode model). However, in general
there will be dynamic coupling between the optically excited
IR-active mode and all other modes of the same symmetry
(there will similarly be dynamic coupling between all Raman
modes of the same symmetry). This coupling can have a
significant effect on the dynamics if, for example, there is more
than one IR-active mode within the envelope of the light pulse.
See reference [9] for further details.

The equation of motion for the Raman mode is obtained by
taking a derivative of U with respect to the phonon coordinate
Qg for a fixed electric field direction,

—-oUu

= 50

= —KrQr + AQ%, 2)

where FR is the force on the Raman mode. We derive an
expression for the Raman amplitude by setting the force to zero
and rearranging equation (2) to give,

_AG,

Or Ky

3)

We now turn to formulating an expression for the average
Raman displacement. The IR mode amplitude will be maxi-
mized when its frequency is equal to that of the incoming light
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pulse (resonant excitation), that is,
1 N2 ¥ T
EKIRQIR =Z"OrE

—  27'E
IR KIR .

“)

Here, O is the peak IR amplitude and E is the effective
electric field experienced by the IR phonon and is given by,

E = EyTf1r, 5

where Ej is the peak electric field in MV/cm, 7 is the pulse
width in ps [28] and fir is the frequency of the IR-active
mode. There is also a geometric factor associated with the
pulse shape (Gaussian, square etc), the effect of which we
ignore here. Note that we assume that the pulse width is shorter
than the characteristic damping time and so we have ignored
damping in deriving the figure of merit. Dielectric screening
will reduce the field inside the crystal by a factor of €, at
minimum, and in general high-frequency IR modes would also
screen the lower-frequency modes. We neglect this screening
here although it could be straightforwardly incorporated into
the figure of merit. Finally, since the motion of the IR mode is
approximately sinusoidal [29], we can relate the time average
of the squared amplitude to the peak amplitude, that is,

1_
EQIZR = <Q12R>' (6)

The figure of merit for the average Raman displacement is
obtained by substituting equations (4)—(6) into the time aver-
age of equation (3) to obtain,

2
(0x) = M

2477
- KrKi

E}T i (7)

Equation (7) naturally separates into contributions involving
only intrinsic material quantities (contained in the fraction),
and extrinsic experimental parameters (electric field). Divid-
ing both sides by the extrinsic parameters leaves us with an
expression purely in terms of intrinsic materials properties:

(Or) _ 2427 f%
EXT?  KrKh

®)

A similar expression appears in reference [6]. Equation (8)
has units of length per peak electric field squared per pulse
width (7) squared. It is important to note that (Qy ) denotes the
average Raman amplitude for the whole mode and not the dis-
placement of any one particular atom. The form of the figure
of merit is general and applies to any crystal with a lattice
potential such as that shown in equation (1); it is not exclu-
sive to LaAlO3. We refer to the right-hand side of equation (8)
as «, the figure of merit, for the remainder of the manuscript.
Figure 1 shows the derived figure of merit schematically.

Inspection of equation (8) immediately reveals how «, and
therefore the average quasistatic Raman displacement, may be

Electric Field - [\i3=
IR Mode |
Amplitude
Raman Mode - a = @
Amplitude E'g T2
Time

Figure 1. A schematic illustrating the nonlinear phononics
mechanism. The top panel is the incident electric field (with dashed
lines indicating a Gaussian envelope), the middle panel shows the
resonantly excited IR-active phonon coordinate, and the bottom
panel shows the Raman-active mode that is displaced due to
anharmonic coupling with the excited IR mode. The dashed line
indicates the average Raman displacement. The high frequency
oscillation of the Raman mode is a doubling of the IR mode
frequency due to the AQ%; force on the Raman mode and is expected
from this model.

maximized in a nonlinear phononics experiment (aside from
increasing the peak electric field). The peak Raman displace-
ment is enhanced for small force constants of the Raman
mode (Kgr) and IR mode (Kir). The average Raman displace-
ment will also be maximized if the coupling between the
Raman and IR-active modes is strong (A is large) and if the
coupling between the IR-active mode and the incoming light
pulse is strong (large Z*) [30]. How does change with
pressure for LaAlOs, and which intrinsic crystal quantities
make the dominant contributions to « for specific mode
couplings?

3. First-principles calculations

The calculations in this work were performed using density
functional theory and the PBEsol + U exchange—correlation
functional [31], as implemented in VASP.5.4.1 [32]. The elec-
trons included in the valence of the projector augmented wave
potentials [33] were: 5525p°5d' 6s> for La, 3s>3p' for Al and
25?2p* for O. We used a 10-atom rhombohedral cell for all
our calculations. Good convergence of the phonon frequen-
cies (within 5 cm™! at standard pressure) was obtained at a
plane wave cutoff of 1000 eV and Monkhorst—Pack grid of
6 x6x 6 k-points compared to higher plane wave cutoffs
and denser grids. We found that the frequencies of the softest
phonons in LaAlO; are quite sensitive to the choice of plane
wave cutoff, necessitating the use of higher cutoffs than per-
haps might otherwise be necessary. Even though the nominal
3+ valence of the lanthanum atom means that the f orbitals
are empty, previous work has shown that these states lie too
low in energy in standard DFT, potentially leading to spurious
mixing with other states. To correct for this, we used a value
[34] of U —J = 10.32 eV for the on-site Coulomb interac-
tion for the lanthanum f orbitals [35]. A force convergence
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Figure 2. LaAlO; structures in the (a) cubic Pm3m and

(b) rhombohedral R3¢ phases as viewed down the pseudocubic
[111]pc axis. The lanthanum atoms have been omitted for clarity.
Dashed lines indicate the unit cell. Reprinted figure with permission
from [36], Copyright 2005 by the American Physical Society.

tolerance of 5.0 x10~* eV A~! was used for all calculations.
Our fully relaxed lattice constants are in good agreement with
experiment (a = 5.38645 A and ¢ = 13.1517 A in the hexago-
nal setting compared with @ = 5.35977 A and ¢ = 13.0860 A
at 4.2 K from neutron diffraction [36] and a = 5.36382 A and
¢ =13.1091 A at 300 K [37]). Phonon frequencies, eigenvec-
tors and Born effective charges were calculated using density
functional perturbation theory [38], as implemented in VASP.
The mode-effective charge Z* was calculated for each IR
phonon as defined by Gonze and Lee [22]. Anharmonic cou-
pling coefficients were calculated using finite displacements
for the modes of interest (we used +15 to —15 picometer
displacements of the relevant modes).

4. Results

4.1. Structural parameters of LaAlOz under pressure

LaAlOj; crystallizes in the rhombohedral R3¢ space group at
room temperature and undergoes a structural phase transition
to the cubic Pm3m space group at ~813 K [36]. As shown in
figure 2, the AlOg octahedra in the rhombohedral phase are
rotated by 5.1° in an anti-phase pattern (a"a"a~ in Glazer
notation [39, 40]) about the pseudocubic [111],. axis. As the
phase transition temperature is reached, the rotation of the
AlQg¢ octahedra is suppressed and the rotation angle drops
to zero. The cubic phase can also be reached at room tem-
perature by application of pressure; the rhombohedral phase
transforms to Pm3m at 14.8 GPa [41]. Previous work has
shown that both the temperature-induced [36, 37, 42] and
pressure-induced [41] phase transitions are driven by a soft
mode transforming like the irrep RI in the basis of the cubic
Pm3m phase. This mode is associated with the rotation of
the AlOg octahedra and becomes Raman-active with Ffr (Arg)
symmetry in the rhombohedral phase.

Figure 3 shows how the octahedral rotation angle varies
with pressure in the rhombohedral phase from our first-
principles calculations. Negative pressures obviously can-
not be realized in experiments, however we include them
here to gain a better understanding of trends across a wide
range of pressures. Our results indicate that the rotation angle
approaches zero close to the experimental transition pres-
sure. Having established that we can qualitatively reproduce
the structural parameters of LaAlOs under pressure, we now

10 T r
1 1
9 .; : Experimental :
° ' transition pressure |
- 8 ° | ~148GPa
[0 1 1
e 7 ® W | .
[y 1 1
ﬁ 6 ¢ ° ! !
[} 1 1
= 5 e ! !
c 'y 1
2 4 [ 1
1 1
-.,(_,—) 1 b ° 1
S 3 1 1
o 1 ° 1
o 1 1
2 1 d 1
1 L 1
' : ..

0 . L LN

-18 -15 -12 -9 -6 -3 O 3 6 9 12 15 18
Pressure [GPa]

Figure 3. Variation in the angle of rotation of the AlO¢ octahedra
with pressure in the R3¢ phase of LaAlO3 from our first-principles
calculations.

consider how « and the nonlinear phononics response can be
tuned with pressure.

4.2. Vibrational properties of rhombohedral LaAlO3

Since the rhombohedral unit cell of LaAlO3 contains 10 atoms
there are 27 optical modes, which group theoretical analysis
shows transform like the following irreps:

Dopic = 27 @© 3T, @ 5T @ I'f @ 3Ty @ 4I'T

Of these, the I', and I'; modes are IR-active and the I'}" and
F3+ modes are Raman-active; the remaining modes are silent.
The I'; modes are polarized along the same axis about which
the AlOg octahedrarotate, whereas the I'; modes are polarized
perpendicular to this axis. Phonon frequencies from our first-
principles calculations are in generally good agreement with
experiment, as shown in table 1. Group theoretical analysis
further shows that the following mode couplings are allowed
at cubic order in the lattice potential (quadratic in the IR-active
mode and linear in the Raman mode): T'; with T']", I’y with '
and I';” with F;r. We considered the highest-symmetry direc-
tion for the doubly-degenerate I'; and I‘;r modes (this would
lead to space group Cc and C2/c respectfully, if the modes
were allowed to condense). In the following section, we inves-
tigate the strength of the nonlinear phononics response, that
is, the average Raman displacement or the magnitude of a,
as a function of pressure for all phonon modes in LaAlO;
corresponding to these three couplings.

4.3. Pressure dependence of nonlinear phononics
response

Figure 4 shows how «, the average Raman displacement,
varies as a function of pressure for coupling between the sin-
gle 'l mode and either the I'; or I'; IR-active modes. That
is, figure 4 illustrates how much the Ff mode displaces given
optical excitation of one of the IR-active modes in the material
in a nonlinear phononics experiment. All of the quantities that
appear in the figure of merit must be positive in a stable crystal
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Table 1. Comparison between optical phonon frequencies in
rhombohedral LaAlOs at zero pressure from our first-principles
calculations, and from experiments.

Mode DFT Experiment
symmetry (em™) (ecm™)
I, (A 171 188 [43]
410 427 [43]
629 651 [43]
Iy (EW) 185 188 [43]
297 —
412 427 [43]
485 496 [43]
637 708 [43]
't (E,) 38 33 [42]
150 152 [44]
460 470 [44]
463 487 [44]
I'F (Arp) 134 123 [44]
IS (Az) 142 —
451 —
747 —
Ty (An) 325 —
487 —

except for A, and hence A determines the sign of . The sign of
« is somewhat arbitrary in the sense that it depends on
which direction is considered a “positive’ displacement of the
Raman mode. We have two different criteria for selecting this
direction. One, the positive Raman direction is chosen
such that the coefficient of the third-order invariant of the
Raman mode in the lattice potential is also positive. For
example, given some potential Ur = JKrQf + CrQOg, we
would define a positive Qi such that Cr is positive. Two,
in the case where there is no third-order invariant for the
Raman mode, we choose the direction of the Raman mode
such that a negative « indicates that the nonlinear phonon-
ics mechanism will unidirectionally displace the Raman mode
towards a high-symmetry parent structure. Since the T'f"
mode is already present in the equilibrium R3¢ phase (modes
that transform like the identical representation are always
allowed in space groups of any symmetry; these modes
correspond to all motions of the atoms that are allowed
by but do not change the space group symmetry) a nega-
tive sign of o means that the amplitude of the T’} mode is
reduced relative to its equilibrium amplitude in the rhom-
bohedral phase, thus moving the system towards the cubic
parent.

We make note of a few key points. First, of the eight possi-
ble mode combinations, most result in an « that is insensitive
to pressure and close to zero. This means that for excitation
of most of the I'; or I'; modes, there is very little change
in the I‘f amplitude and the response cannot really be tuned
with pressure. Secondly, there are two mode combinations that
result in significant displacement of the Ff“ mode: excitation
of a I'; mode at 171 cm™! and excitation of a I'; mode at
185 cm~'. In both mode combinations, the average Raman
displacement does vary with pressure and the magnitude of
the displacement appears to be maximized close to the phase

2 j j i I

4 1
ITEEREREREEER l 88 !'."’!!!.000

RN B 0338133;.:|.
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Figure 4. Variation in « (average Raman displacement) of the IT
mode with pressure given excitation of one of the I'; or I';” modes.
The vertical dashed line at 12 GPa indicates the pressure at which «
is largest (for the I'; mode at 185 cm™!) and the vertical dashed line
at 14.8 GPa indicates the experimental transition pressure for the
rhombohedral—cubic phase transition. These data appear in table
S1 (https://stacks.iop.org/JPCM/34/035402/mmedia) of the
supplementary information.

transition to the cubic phase. As an example of how to inter-
pret the figure of merit we look at the I'; /I"} combination for
excitation of a I'; mode at 185 cm™~!. At0 GPa for a peak elec-
tric field of 1 MeV cm™! with a one picosecond pulse-width,
we predict an average peak displacement of the T')” mode
of —3.5 picometers, i.e. the amplitude of the '} mode is
reduced by 3.5 picometers compared to its equilibrium ampli-
tude, as shown in figure 4. Going to 12 GPa, where there is an
enhanced response (more negative «), for the same peak elec-
tric field and pulse width we now expect a —10.3 picometer
displacement of the I'}” mode, which is nearly triple that of
the 0 GPa response.

Equation (8) shows that a number of different intrinsic crys-
tal properties contribute to a—which of these makes the dom-
inant contribution to the peak « for the FT mode? We focus
on « for the I' mode given excitation of the I'; phonon at
185 cm™!, since figure 4 shows that this combination results
in the largest response. Figure 5 shows that Z*, the strength
of the coupling between the IR mode and the light pulse, is
essentially constant with pressure and therefore does not con-
tribute to the large magnitude of the response at 12 GPa. In
contrast, A (the anharmonic coupling coefficient), the FI" mode
(Kr) and I'; mode (Kr) force constants all vary significantly
with pressure. As the pressure increases towards the critical
pressure (14.8 GPa) Ky decreases contributing to an increase
in the magnitude of ae. However, K increases and A decreases
over the same pressure range (A is zero by symmetry in the
cubic phase and so vanishes at the critical pressure). There is
thus a competition between the growth in o due to K decreas-
ing with pressure, and a reduction in v due to decreasing A and
increasing Kig; the details of this competition determine the
pressure at which «v is maximized and in this case a happens
to be largest at 12 GPa. Hence, in this case, it is not possible
to attribute the peak response of o at 12 GPa to any one factor,
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Figure 5. Variation in components of o with pressure for the F?L
mode given excitation of a I'; mode at 185 cm™'. Each component
has been normalized by its peak value (we are plotting a ratio), so
the maximum appears at 1. The vertical dashed line at 12 GPa
indicates the pressure at which the magnitude of o is maximized
(see figure 4), and the vertical dashed line at 14.8 GPa indicates the
experimental transition pressure for the rhombohedral—cubic phase
transition. The dependence of fir is shown in figure S1 of the
supplementary information [30].

rather it is the result of the balancing between these competing
materials parameters. Interestingly, the large magnitude of « at
12 GPa is not due to a particularly large A, which would indi-
cate strong anharmonic coupling between the Raman-active
and IR mode. It has generally been assumed that strong anhar-
monic coupling is required for a large nonlinear phononics
response, but our results indicate that this is neither a neces-
sary nor sufficient condition, since even if A was large, a large
KR and/or K could still make « small.

We now turn our attention to the behavior of the I'y Raman
modes. Figure 6 shows how « varies as a function of pres-
sure for coupling between the F;r Raman-active modes and
I'J IR-active modes. Again, we note that of the twenty possible
mode combinations, most are insensitive to pressure and result
in an « that is close to zero. There is one mode combination
that produces a significant displacement of the Raman-active
mode: excitation of the same I'; IR-active mode at 185 cm™!
discussed above produces a large displacement of the Raman-
active F;r mode at 38 cm~!. In particular, note the difference
in scale of the y-axis between figures 4 and 6. Can this large
displacement be attributed to any one component of «?

Since the I'; mode involved in this coupling is the same as
discussed above with the Ff” coupling, the behavior of Z* and
Kig with pressure is the same, as a comparison of figures 5
and 7 shows. The value of « is actually fairly constant with
increasing pressure until close to 12 GPa—an increase in Kig
with pressure and a decrease in A, both of which would make
the magnitude of o smaller, are countered by a decrease in
K. There is a sharp drop in « close to 12 GPa however and this
is due to a very small K. At zero pressure, K for the F;r mode
is 0.08 eV A’z, it then decreases with pressure and reaches a
minimum value of 0.008 eV A2 at 12 GPa. Hence, in the case
of the I'y / I‘3+ mode combination, « is maximized at 12 GPa

NN ‘ . ;::;s:

—10.;0000'.000....

I3 (185¢cm™)

25 ¢ r; (38cm™)

-45 e .
-8 -15-12 -9 -6 -3 0 3 6 9 12
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5 18

Figure 6. Variation in o (average Raman displacement) of the 1“3+
modes with pressure given excitation of one of the I'; modes. The
vertical dashed line at 12 GPa indicates the pressure at which « is
largest (for the I'; mode at 185 cm~ 1) and the vertical dashed line at
14.8 GPa indicates the experimental transition pressure for the
rhombohedral—cubic phase transition. These data appear in table
S1 of the supplementary information.
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Figure 7. Variation in components of o with pressure for the

38 cm~! I'Y mode given excitation of a I'; mode at 185 cm™!. Each
component has been normalized by its peak value (we are plotting a
ratio), so the maximum appears at 1. The vertical dashed line at

12 GPa indicates the (positive) pressure at which the magnitude of «
is maximized (see figure 6), and the vertical dashed line at 14.8 GPa
indicates the experimental transition pressure for the
rhombohedral—cubic phase transition. The dependence of fig is
shown in figure S2 of the supplementary information [30].

due to a very small K. Note that although the force constant
for the I} mode decreases proportionally over the same pres-
sure range, it is a much harder mode to begin with, 1.06 eV
A2 at zero pressure, and reaches a value of 0.10 eV A2
at 12 GPa, an order of magnitude larger than Ky for the I‘j
mode at the same pressure. As an aside, we also emphasize
again that the largest A does not necessarily correspond to
the largest Raman response—A for the I'; / 1"3" combination
is nearly four times smaller (—0.52 eV A3) than A for the
I3 /T combination (—2.12 eV A~3) discussed above.
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Our results for the T'; /I’ and I'; /T mode couplings
indicate that the magnitude of the structural change induced
by the nonlinear phononics mechanism is not just mate-
rial dependent but also mode dependent. That is, depending
on the IR-active mode that is optically excited in a given mate-
rial it is possible to have a large response (large structural
change) or also very little response. In addition, the intrin-
sic materials factors that underlie a large response can also
differ for different mode couplings in the same material. Fur-
ther work in this area should help experimentalists identify the
most promising materials for investigation, and within those
materials, the most promising mode combinations.

5. Summary and conclusions

Our work demonstrates that extrinsic variables such as pres-
sure (and likely, epitaxial strain) can effectively tune the mag-
nitude of structural change induced by the nonlinear phononics
mechanism in an ultrafast optical experiment. For LaAlOj3 in
particular we predict a large (compared to ambient pressure)
structural change around 12 GPa due to displacements of the
Il and I'; Raman-active modes following excitation of a
I'; IR-active mode. Based on recent high pressure ultrafast
studies [45], we believe pressure will be a useful tool for
the study and enhancement of the nonlinear phononics effect
in materials like LaAlOs. We elucidated the origin of these
responses by defining a figure of merit based on intrinsic mate-
rials properties. In the case of the I'; /T'{” mode combination,
the enhanced response at 12 GPa is due to a combination of
a soft I force constant and a sizeable anharmonic coupling
coefficient A. In the case of the I'; /T'J mode combination, the
enhanced response at 12 GPa is due to a very small I‘j force
constant.

We speculate that, as is usually the case in condensed mat-
ter systems, the magnitude of structure switching achievable
via nonlinear phononics will be amplified close to the bound-
ary of a structural phase transition. Many complex oxides, and
perovskites in particular, undergo structural phase transitions,
making them a promising class of materials for continued
exploration. Our figure of merit applies generally to any crystal
with the lattice potential shown above and most of the terms are
experimentally measurable with IR and Raman spectroscopy.
The anharmonic coupling coefficient is not easily obtained
from experiments, however it can be readily calculated from
first-principles. In fact, since all of the intrinsic quantities in
the figure of merit can be calculated from first-principles, high-
throughput computational studies are feasible and may be an
efficient approach to identifying materials that exhibit large
structural changes in nonlinear phononics experiments.
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