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We combine diamond anvil cell techniques, synchrotron-based infrared and Raman scattering
spectroscopies, a symmetry analysis, and complementary lattice dynamics calculations to explore
the pressure-driven phase transition in multiferroic h-Lu0.6Sc0.4FeO3. Comparison of the measured
and predicted phonon patterns reveals a P63cm → P 3̄c1 structural transition at 15 GPa. Symmetry
breaking across the polar → antipolar transition takes place via changes in the bipyramidal tilting
direction and Lu/Sc displacement pattern, analogous to the strain-driven K3 distortion pathway in
h-LuFeO3 and temperature-induced transitions in the rare earth manganites.

INTRODUCTION

Rare earth ferrites such as LuFeO3 are linear
magnetoelectrics.1 As an iron oxide, this material at-
tracted early attention from the earth sciences commu-
nity where it was shown that TN increases linearly un-
der pressure due to systematic changes in the Fe–O–
Fe superexchange, and that optical band gap decreases
between 40 and 50 GPa due to the diminishing impor-
tance of the magnetic phase (due to a high → low spin
crossover).2 This mechanism was recently confirmed by
x-ray emission spectroscopy.3 LuFeO3 is closely related
to LuFe2O4, a system in which charge ordering, a struc-
tural distortion, and magnetic ordering combine to reveal
an exotic magnetic field-temperature phase diagram.4–10

It also plays a central role in the family of multiferroic
(LuFeO3)m/(LuFe2O4)n superlattices11–15 where inter-
face strain drives near-room temperature performance.
Clearly, LuFeO3 is an important platform for the devel-
opment of a number of important Fe-based multiferroics.

Unfortunately, hexagonal LuFeO3 can only be grown
in thin film form, which limits the types of experiments
that can be performed and hence our understanding of
the material. On the other hand, A-site substitution is
a well-known strategy for stabilizing metastable phases
and tuning the properties of perovskites.16,17 Here, Sc
substitution on the Lu site creates hexagonal single crys-
tals with chemical formula h-Lu0.6Sc0.4FeO3.18,19 This
enables us to elucidate the structural phase diagram us-
ing pressure, which was not possible before. This multi-
ferroic material hosts robust polarization (≈1 µC/cm2)
which can be switched at room temperature. TC is well
above 1000 ◦C, and TN is on the order of 170 K.18 Given
the crucial role of pressure, strain, and interface effects
in stabilizing and tuning the family of hexagonal iron
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FIG. 1. Group-subgroup relationship along with the corre-
sponding distortion modes between high-symmetry P63/mmc
and low-symmetry P63cm (polar)/P 3̄c1 (antipolar) struc-
tures of hexagonal (Lu/Sc)FeO3. The K3 mode distortions
are given in terms of a two-component order parameter (Q,
Φ) similar to the hexagonal manganites.20

oxide materials, we resolved to examine the structural
phases and symmetry progression of one of the simplest
members of this series - the linear magnetoelectric h-
Lu0.6Sc0.4FeO3.
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Lu0.6Sc0.4FeO3 is isostructural to h-YMnO3, with
a crystal structure that consists of layers of corner-
connected iron-oxide trigonal bipyramids separated by
a layer of Lu/Sc cations. At ambient pressure, it crys-
tallizes in the polar P63cm space group. As shown in
Fig. 1, P63cm is established by the condensation of a
structural distortion that transforms like the K3 irre-
ducible representation of the high-symmetry space group
P63/mmc. The K3 distortion consists of a tilting of the
iron-oxide bipyramids and a displacement of the Lu/Sc
atoms along the c axis. This distortion is described by a
two-dimensional order parameter (Q,Φ), where Q gives
the amplitude of the distortion and the phase Φ describes
the direction in which the iron-oxide bipyramids tilt. h-
Lu0.6Sc0.4FeO3 is an improper ferroelectric, so the po-
larization is induced via a nonlinear coupling to the K3

distortion. Three distinct structural phases can be es-
tablished by varying the phase Φ of the K3 distortion.
As shown in Fig. 1, Φ = 0 establishes the polar P63cm
structure, and the bipyramids tilt directly towards their
shared planar oxygen. Rotating the tilting direction to
Φ = π/6 establishes the antipolar structure P 3̄c1 (right
hand side of Fig. 1), where now the Lu/Sc atoms display
a down-0-up displacement pattern. Any other value of Φ
establishes a structure with space group P3c1.

There are several strategies for tuning the struc-
ture and properties of h-LuFeO3 and related systems.
Previous work reveals that epitaxial strain6,22,23 in
LuFeO3 thin films modulates the K3 structural distor-
tion. Compressive strain increases theK3 amplitude,24,25

which raises TN and is predicted to enhance the
polarization.24,25 Hydrostatic pressure is another well-
known stimuli for controlling crystal structure, although
the response of LuFeO3 and its relation to strain-driven
effects in this system remains under-explored. Com-
parison with other hexagonal oxides suggests multiple
candidate distortion pathways.26–29 For example, both
RMnO3

30–33 and RInO3
34 display a pressure induced

transition from hexagonal to orthorhombic (Pbnm)
structure, with the critical pressure depending on the rare
earth cation (R). As another example, chemical substi-
tution on the indium site in h-RInO3 applies an effective
in-plane strain and tunes the ground state from P63cm
to P 3̄c1.28

In order to explore how ferroelectricity evolves un-
der pressure and to distinguish between likely distor-
tion pathways, we combined synchrotron-based infrared
absorption and Raman scattering spectroscopies with
a symmetry analysis and lattice dynamics calculations
to reveal the vibrational properties of h-Lu0.6Sc0.4FeO3.
Using these sensitive, site-specific techniques,10,35–38 we
find a critical pressure (PC) of 15 GPa above which an
infrared-active E1 symmetry phonon near 500 cm−1 dis-
appears and several low-frequency Raman-active modes
soften. Based upon a comparison of predicted vs. ex-
perimental vibrational patterns for different candidate
space groups, we assign the high pressure phase in h-
Lu0.6Sc0.4FeO3 as P 3̄c1 [Fig. 1]. The pressure-driven

polar ↔ antipolar transition is thus P63cm ↔ P 3̄c1.
We discuss the relevant order parameters and phase pro-
gression under pressure and compare the result with the
mechanism under compressive strain. Lastly, we examine
the structure-property relationships that can be unrav-
eled by analogy with the hexagonal rare earth manganese
and indium oxides. These ideas lead to several interesting
design and control schemes for ferrite-based materials.

METHODS

A. Experimental methods

High-quality h-Lu0.6Sc0.4FeO3 single crystals were
grown using optical floating zone techniques as described
previously.18 Samples were loaded into a symmetric di-
amond anvil cell along with a pressure medium and an
annealed ruby ball. Care was taken to optimize opti-
cal density in order to reveal the excitations of interest.
KBr or a hydrocarbon-based vacuum grease (petroleum
jelly) was used as the pressure medium to assure a quasi-
hydrostatic environment for Raman scattering and far
infrared experiments, respectively. Diamonds with 300
or 400 µm culet sizes and stainless steel gaskets with 100
µm holes were employed. Ruby fluorescence was used
to monitor pressure.39 Finally, we point out that any
high pressure experiment involving a diamond anvil cell
is hydrostatic under optimal conditions only to about
6 or 8 GPa. This assumes that there are no problems
with the gasket and that a suitable pressure transmit-
ting medium is employed. Above 6 or 8 GPa, there are
always non-hydrostatic effects. By monitoring the shape
of the ruby fluorescence as well as peak shapes in the
sample spectrum (and assuring that line widths do not
become too wide), we can confirm that there are no ma-
jor changes across the pressure range of interest here and
that Lu0.6Sc0.4FeO3 remains quasi-hydrostatic.

Synchrotron-based infrared spectroscopy (50-650
cm−1; 4 cm−1 resolution; transmittance geometry) and
Raman scattering (70 - 3600 cm−1, λexcit = 532 nm;
≈1 mW power; 1200 gr/mm grating, 90 sec integration,
averaged two times) were carried out under pressure
using the COMPRES 22-IR-1 beamline at the National
Synchrotron Light Source II at Brookhaven National
Laboratory. All data were collected at room temper-
ature. For comparison, we also performed infrared
absorption and Raman scattering measurements at
ambient conditions (i.e. without a diamond anvil cell).
Vibrational mode assignments were made by comparison
with literature data40 and our lattice dynamics calcula-
tions for various candidate space groups as discussed in
the main text.
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B. Theoretical methods

We perform density functional theory (DFT)+U41,42

calculations using the projector augmented wave
(PAW)43 method as implemented in Vasp44. We employ
the Liechtenstein et al.45 formulation of DFT+U , with
on-site Coulomb and exchange interactions of U=4.5 eV
and J=0.95 eV respectively on iron, in agreement with
previous calculations.46 We use the PBEsol functional,47

a 600 eV energy cutoff on the plane-wave basis, and con-
vergence criteria of 10−8 eV on the total energy and
2 meV/Å on the forces. We employ a 4×4×2 Γ-centered
k-point mesh to sample the Brillouin zone of the 30 atom
unit cell of the P63cm and P 3̄c1 structures, a 4×4×4 Γ-
centered mesh for the 20-atom cell of the orthorhombic
Pbnm structure, and a 8×8×2 Γ-centered mesh to sam-
ple the 10-atom cell of P63/mmc.

All calculations are performed for single A-site com-
pounds, that is, we perform calculations for LuFeO3 and
ScFeO3 but do not consider compositions with mixed
Lu/Sc. All calculations presented in the main text are
done with A-type antiferromagnetic (A-AFM) order im-
posed. We explore other magnetic configurations in the
Supplementary Materials.48

We use density functional perturbation theory
(DFPT)49–51 as implemented in Vasp to compute the Γ-
point phonon frequencies, Born effective charge tensors
(Z∗κ,αβ for atom κ and displacement directions α, β =

1, 2, 3), and eigendisplacements (Xκ,β). We then cal-
culate the infrared intensity of phonon mode m us-
ing Phonopy52,53 and the Phonopy-Spectroscopy pack-
age54,55:

IIR(m) =
∑
α

∣∣∑
κ

∑
β

Z∗κ,αβXκ,β(m)
∣∣2. (1)

We also use Phonopy-Spectroscopy54,55 to calculate
the scalar Raman intensity (IRaman). This is constructed
from the Raman susceptibility tensor αmαβ , which is pro-
portional to the change in the electric polarisability
χαβ with respect to displacement amplitude Q(m) along
mode eigenvector m, and can be related to the macro-
scopic high-frequency dielectric constant (ε∞)54:

αmαβ ∝
∂χαβ
∂Q(m)

≡
∂ε∞αβ
∂Q(m)

≈
∆ε∞αβ

∆Q(m)
. (2)

Using the central-difference method to calculate the
derivatives, the Raman susecptibility then can be ex-
pressed as:

αmαβ =
Ω

4π

[
−1

2

ε∞αβ(−m)

∆Q(m)
+

1

2

ε∞αβ(m)

∆Q(m)

]
, (3)

where Ω is the unit cell volume and ε∞αβ(±m) is the di-
electric tensor computed when the atoms are displaced
by ±∆Q along mode eigenvector m. The scalar Raman
intensity (IRaman) to be compared to the experimental
measurements is then obtained by averaging the Raman

susceptibility tensor αmαβ over the measurement geome-
try, which for a setup with the incident beam direction,
its polarization, and the observation direction all perpen-
dicular to each other yields55,56:

IRaman =
45

9
(α11 + α22 + α33)2 +

7

2
[(α11 − α22)2

+ (α22 − α33)2 + (α11 − α33)2

+ 6(α2
12 + α2

23 + α2
13)].

(4)

RESULTS AND DISCUSSION

Infrared response of Lu0.6Sc0.4FeO3 under pressure

Figure 2 summarizes the vibrational response of
Lu0.6Sc0.4FeO3 under pressure. We begin by compar-
ing the infrared absorption measured in the diamond
anvil cell with that taken using traditional techniques.
They are in good overall agreement. We assign the vi-
brational modes using our lattice dynamics calculations
of the two end members LuFeO3 and ScFeO3. The fre-
quencies, overall pattern, and relative intensities of the
predicted modes are an excellent match with the mea-
sured spectrum [Fig. 2(a)]. Note that a number of fea-
tures are grouped, which is expected for a system like
Lu0.6Sc0.4FeO3 which has a complex mode pattern and
certain aspects of a solid solution with both Lu and Sc
substitution on the A site. A complete list of mode as-
signments is provided in Table I. From Fig. 2(a) it is
clear that the computed LuFeO3 and ScFeO3 modes are
clustered together for the two materials (both in terms
of frequency and intensity). There are only a few outliers
such as those around 300 cm−1 and 570 cm−1 in ScFeO3

with no corresponding modes for LuFeO3. Therefore, for
the subsequent analysis in the rest of this work, we con-
sider only the LuFeO3 phonon frequencies/intensities for
comparison with the experimental spectra.

Figure 2(b) shows how the infrared spectrum of
Lu0.6Sc0.4FeO3 evolves with increasing pressure. There
are two striking trends: the divergence of A1 and E1

modes that are part of the broad feature centered near
380 cm−1 and the progressive disappearance of the E1

mode near 500 cm−1. Based upon these trends, we iden-
tify a critical pressure PC at 15 GPa. Figure 2(c) displays
the same progression in the form of a contour plot. The
intensity changes at PC are clearly evident.

Group theory predicts several possible structural tran-
sition pathways that can occur under pressure. One pos-
sibility is that the system transitions from P63cm to the
high-symmetry P63/mmc structure. Figure S1 summa-
rizes three possible routes for this: (1) P63cm → P63mc
→ P63/mmc; (2) P63cm → P63/mcm → P63/mmc;
and (3) P63cm → P63/mmc.

48 The first two are two-
step pathways, whereas the third has a single-step path-
way. Examining the experimental data, we observe only



4

2 0 0 3 0 0 4 0 0 5 0 0 6 0 00

5

1 0

1 5
 Ab

so
rba

nc
e (

Arb
. u

nit
s)

E 1

E 1

2 A 12 E 1

F r e q u e n c y  ( c m - 1 )

E 1

 

4 A 1 + E 1

2 A 1 + 2 E 1

 L u F e O 3  m o d e
 S c F e O 3  m o d e

2 A 1 + E 1

E 1

2 A 1

 

3 0 0 4 0 0 5 0 0 6 0 0

3 0 . 2 8  G P a

 

 

Ab
so

rba
nc

e (
Arb

. u
nit

s)
F r e q u e n c y  ( c m - 1 )

1 . 0 2  G P a
2 0 0 3 0 0 4 0 0 5 0 0 6 0 0

5

1 0

1 5

2 0

2 5

3 0

A 1E 1

0 . 0
0 . 3
0 . 7
1 . 0
1 . 4
1 . 8
2 . 1
2 . 5
2 . 8

P C  

 

Pre
ssu

re 
(G

Pa
)

F r e q u e n c y  ( c m - 1 )

Absorbance (Arb. units)

A 1  +  E 1

M o d e  a s s i g n m e n t s
( c )( b )( a )

 C o n t o u r  p l o t  o f  i n f r a r e d  r e s p o n s e  S p e c t r a

FIG. 2. (a) Traditional (black) and diamond anvil cell (green) infrared spectrum of Lu0.6Sc0.4FeO3 at ambient conditions.
Theoretical mode positions and intensities of the end member compounds LuFeO3 and ScFeO3 in the P63cm space group
are shown with blue squares and red triangles, respectively. The modes are grouped together to show how we assign various
predicted excitations to the observed experimental features. Table I summarizes these assignments in tabular rather than
graphical form. The theoretically predicted mode frequencies and symmetries for LuFeO3 and ScFeO3 in the P63cm space
group are also provided in Tables S5 and S6 of the Supplemental Materials.48 (b) Infrared response of Lu0.6Sc0.4FeO3 as a
function of pressure. The spectra are off-set for clarity, and the color (green vs. red) indicates the phase. (c) Contour plot of
the same data as in panel (b). The critical pressure (PC) is indicated with a dashed line at 15 GPa.

TABLE I. Summary of mode assignments for h-Lu0.6Sc0.4FeO3 at ambient conditions in the P63cm space group. For assign-
ments containing both Lu and Sc, we list the frequency of the Lu mode first.

Experimental peak frequency (cm−1) Lu/Sc mode
Assigned theoretical mode frequencies (cm−1)

A1 E1

225 Both 226.1, 225.8 –
302 Sc 301.1, 311.6 294.9, 322.1
350 Sc – 294.9
375 Lu – 310.3
385 Both 387.5, 396.2 396.8
420 Both 427.7, 422.4 415.1
440 Both 452.4, 442.0 –
490 Both – 466.4, 506.7
540 Sc – 540.3
550 Both 556.5, 561.8 –
602 Sc – 569.4

one distinct transition as a function of pressure (PC =
15 GPa). This suggests that the structural phase transi-
tion in Lu0.6Sc0.4FeO3 occurs in a single step, ruling out
the possibility of the two-step processes like those shown
in Fig. S1.48 In addition, the high-symmetry P63/mmc
structure is stable with respect to Γ−2 and K1 phonons
that establish the intermediate structures P63mc and
P63/mcm, respectively [Tables S2 and S3, Supplemen-
tary Materials].48 This leaves the possibility of a direct
transition to the P63/mmc space group. Other options
include the K3 order parameter rotating under pressure
to establish a structure with symmetry P 3̄c1 [Fig. 1], or
the system staying in P63cm with no symmetry change
under pressure. A final possibility is a transition to the
orthorhombic Pbnm structure under pressure. As noted
above, a pressure-induced hexagonal-orthorhombic tran-
sition has been reported in the manganites30–33 and in-

dites.34

In order to determine the space group of the high pres-
sure phase of Lu0.6Sc0.4FeO3, we compare the predicted
mode frequencies and intensities of P63/mmc, P63cm,
P 3̄c1, and Pbnm to the measured infrared spectrum at
20 GPa. Figure 3 summarizes the results of this com-
parison. It is immediately apparent that the P63/mmc
fit is too sparse and largely inferior, guiding our assign-
ment of the high pressure phase toward the other candi-
dates. Pbnm has two high intensity modes near 250 cm−1

that are unassigned. This is problematic, especially since
there are no high intensity spectral features in the vicin-
ity. This leaves polar P63cm and antipolar P 3̄c1 as the
remaining candidates [Fig. 3(b,c)]. A comparison of the
predicted and measured mode patterns below 300 cm−1

provides a key test. Examination reveals that P63cm
offers no assignment for the 200 cm−1 peak in the mea-



5

P b n m  m o d e  c o m p a r i s o n

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 00

1

2

3
 A 1
 E 1

 

 

Ab
so

rba
nc

e (
Arb

. u
nit

s)
F r e q u e n c y  ( c m - 1 )

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 00

1

2

3

 

 

Ab
so

rba
nc

e (
Arb

. u
nit

s)

F r e q u e n c y  ( c m - 1 )

 A 2 u
 E u

P 3 c 1  m o d e  c o m p a r i s o n

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 00

1

2

3

 

 
Ab

so
rba

nc
e (

Arb
. u

nit
s)

F r e q u e n c y  ( c m - 1 )

 A 2 u
 E 1 u

P 6 3 c m  m o d e  c o m p a r i s o n

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 00

1

2

3
 B 1 u
 B 2 u
 B 3 u

 

 

Ab
so

rba
nc

e (
Arb

. u
nit

s)

F r e q u e n c y  ( c m - 1 )

( b ) ( d )( c )( a )
P 6 3 / m m c  m o d e  c o m p a r i s o n

FIG. 3. Infrared spectrum of Lu0.6Sc0.4FeO3 in the high pressure phase (at 20 GPa) compared with calculated mode positions,
symmetries, and intensities for four candidate high-pressure space groups: (a) P63/mmc, (b) P63cm, (c) P 3̄c1, and (d) Pbnm.
The calculations are performed for the end-member compound LuFeO3. The match between experiment and theory for the
space group P 3̄c1 is superior and indicated in red. The calculated mode frequencies and symmetries for all space groups
considered are summarized in the Supplementary Materials.48

sured spectrum, and while it provides two high intensity
modes near 275 and 320 cm−1, they are not nearly so
strong in the experimental response. In contrast, P 3̄c1
offers three low frequency features with modest intensi-
ties that are in reasonable agreement with the measured
response. We therefore find the P 3̄c1 space group to be
the best match [Fig. 3(c)] and assign it as the symmetry
of the high pressure phase.

Raman scattering response under pressure

To complement our infrared work, we performed Ra-
man scattering measurements on Lu0.6Sc0.4FeO3 under
pressure up to 30 GPa [Fig. 4]. Unlike the infrared re-
sponse, the Raman spectrum has only a few distinct well-
isolated peaks and peak clusters. This makes mode as-
signment straightforward. The majority of the Raman-
active modes harden with pressure, a typical trend.
These features also display linewidth narrowing and very
slight slope changes in the vicinity of PC = 15 GPa
[Fig. 4(c-e)]. There is no evidence for a symmetry mod-
ification within our sensitivity. There is, however, a low
frequency cluster containing peaks at 88 and 111 cm−1

that softens with increasing pressure [Fig. 4(a)]. Remark-
ably, the onset of this mode softening coincides with
the 15 GPa critical pressure observed in the infrared.
These findings provide additional evidence for a struc-
tural phase transition at this pressure.

By combining theoretically predicted mode frequencies
and intensities with our experimental data, we assign and
track various features as a function of pressure. Accord-
ing to our calculations, the low frequency peak at 111
cm−1 is comprised of two modes with an additional lower
frequency mode at 83 cm−1. Frequency vs. pressure
plots for these three modes, E2(1), E2(2), and E1(1), are

shown in Fig. 4(b). Given the approximations in our cal-
culations, the theoretical and experimental phonon fre-
quencies can differ from each other. For the purpose
of comparison, we apply a rigid shift to the predicted
phonon frequencies for each of the modes to match our
experimental observation; qualitatively, the predicted be-
havior matches well with the observed trends.

Figure 5 displays the displacement patterns of the
three modes that soften under pressure, obtained from
calculations for LuFeO3 and ScFeO3 at zero pressure. All
three modes are characterized by sliding motions of ad-
jacent layers of the crystal structure against each other.
The apical oxygens sitting above and below the iron ox-
ide layer sit at crystallographically distinct sites, labelled
as O1 and O2 in Fig. 5, respectively. Thus in the E2(1)
mode [Fig. 5a] slabs of the crystal structure slide against
each other with a shearing motion occurring between the
iron oxide layer and O2. In contrast, in the E2(2) mode
[Fig. 5b] there is the same sliding of slabs but the shearing
is between the iron oxide layer and O1. Finally, in the
E1(1) mode [Fig. 5c], the iron-oxide and Lu/Sc layers
slide against each other, where all Fe atoms and equa-
torial oxygens displace to the right, and all Lu atoms
and apical oxygens displace to the left. The relative
amplitudes of the Lu/Sc, Fe, apical oxygen and equa-
torial oxygen displacements shown in Fig. 5 are different
for LuFeO3 and ScFeO3, due to the mass difference be-
tween Lu and Sc (see the Supplementary Materials for
details).48

The presence of low-frequency Raman-active vibra-
tional modes that soften under pressure suggests the
possibility of negative thermal expansion. We therefore
calculated mode Grüneisen parameters (γi) in order to
quantify how the frequency shifts affect the unit cell vol-
ume as:
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for the measurements in (c) along with complementary calculations. Theoretical modes are indicated by green, black, blue,
and burgundy spheres connected with black lines with mode symmetries indicated in matching colors. Experimental points
are given by green, grey and maroon spheres. (e, f) Contour plots summarize the pressure dependence of the low and high
frequency Raman scattering response. Intensity is consistent across both plots and is represented by colors ranging from purple
to red corresponding to low and high intensity, respectively. Mode assignments are indicated along the bottom, and the critical
pressure is indicated by a horizontal dashed line. The vertical dashed line in (e) is a guide to the eye and highlights the mode
softening.
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(a) E2 (1)

LuFeO3: Phonons at Gamma – Low-
symmetry (P63cm)

(b) E2 (2) (c) E1 (1)
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FIG. 5. Atomic displacements that contribute to the Ra-
man active E2(1), E2(2), and E1(1) modes computed at zero
pressure for the ground state P63cm structure of LuFeO3 and
ScFeO3. The atomic displacement patterns of Lu0.6Sc0.4FeO3

are qualitatively similar, as the primary effect of the mixed
Lu/Sc composition is a change in mass.

γi =
B

ωi

∂ωi
∂P

. (5)

Here, B is the bulk modulus, ωi is the frequency of a
given mode, and ∂ωi/∂P is obtained by extracting the
slope from frequency vs. pressure plots in the high pres-
sure regime above PC. We employ the bulk modulus of
LuFeO3 in this calculation (220 GPa).2 Table S6 summa-
rizes the γi’s for both Raman- and infrared-active vibra-
tional modes.48 The main term of interest is γav which is

the mean of the individual mode Grüneisen parameters.
This term (along with the molar heat capacity at con-
stant volume and the bulk modulus) goes into the calcu-
lation of the coefficient of thermal expansion, α. Looking
at the individual γi’s, we note that the average takes a
positive value, guaranteeing that α will also take a posi-
tive value. This rules out the existence of negative ther-
mal expansion in Lu0.6Sc0.4FeO3.

Structure-property relationships and comparison
with the rare earth manganites and other materials

In order to place our findings in context with other
hexagonal oxides, we next compare our results with
trends in related materials. Previous studies on other
isostructural systems have generally reported a tran-
sition to the orthrhombic Pbnm phase under pres-
sure. For example, work on h-YMnO3 has shown that
it stays in space group P63cm up to 20 GPa and
then converts to an orthorhombic Pbnm structure.30,31

Work on ErMnO3
32 and TmMnO3

33 found a hexagonal-
orthorhombic crossover at somewhat lower pressures (17
and 10 GPa, respectively). Finally, high pressure work
on h-YInO3 found a coexistence of the orthorhombic and
hexagonal phases between 15-30 GPa.34

In contrast with the hexagonal manganites and indites,
we do not observe a transition to an orthorhombic space
group in Lu0.6Sc0.4FeO3. To rationalize this finding, we
focus on a recent high pressure x-ray emission study of
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hexagonal ferrites in which the pressure dependence of or-
thorhombic LuFeO3 is compared with h-Lu0.5Sc0.5FeO3.3

The measurements uncover that the orthorhombic sys-
tem undergoes a pressure-driven spin-crossover from a
high to low (S = 5/2 → S = 1/2) spin state at 50
GPa.3 Conversely, the same type of transition is com-
pletely absent for h-Lu0.5Sc0.5FeO3 demonstrating that
the Fe remains in a trigonal bipyramidal environment
up to at least 60 GPa (and very likely more according to
theory).3 This study suggests that our search for symme-
try in the high pressure phase in Lu0.6Sc0.4FeO3 should
exclude orthorhombic space groups. Work on compres-
sively strained h-LuFeO3 films allows us to further bolster
our selection of the high pressure space group. Beyond
revealing how pressure increases the K3 order parame-
ter amplitude, this study describes how the polarization
of the hexagonal films is proportional to the amplitude
of the K3 order parameter.24 Given that the P63/mmc
space group is centrosymmetric and that the K3 mode is
highly unstable within this structure, we can exclude it as
a possible symmetry for the high pressure phase. Taken
together, these studies strengthen our claim of a P63cm
↔ P 3̄c1 pressure-induced structural phase transition at
15 GPa in Lu0.6Sc0.4FeO3.

To further explore mechanisms that stabilize the high-
pressure phase of Lu0.6Sc0.4FeO3, we make use of our
first-principles calculations to compute the enthalpy dif-
ference between various structural phases as a function of
pressure for the LuFeO3 and ScFeO3 end-member com-
pounds (Supplementary Materials). We find that for
both materials, increasing pressure strongly stabilizes
Pbnm, that is, the enthalpy difference between Pbnm
and P63cm becomes more negative with increasing pres-
sure. In contrast, the enthalpy difference between P 3̄c1
and P63cm is positive and becomes slightly more positive
as pressure increases.

This result clearly contrasts with our analysis of Fig. 3,
where we find that P 3̄c1 shows the superior match be-
tween experimental and theoretical spectra in the high-
pressure phase. We hypothesize that mixed Lu/Sc
cations on the A-site in Lu0.6Sc0.4FeO3 may play a key
role in stabilizing the hexagonal structure up to high
pressures. Our reasons for this conjecture are as fol-
lows. First, we note that the hexagonal structure is a
metastable phase for the ferrites, and the mixed Lu/Sc
cations on the A-site are known to enable synthesis of
the hexagonal phase at ambient pressure.18 We expect
that this stabilizing influence of the mixed Lu/Sc on the
hexagonal structure would persist under pressure.

Second, we note that the orthorhombic Pbnm struc-
ture, which has been reported as the high pressure phase
for manganites and indites with single A-site cations, has
one crystallographically distinct A-site. In contrast, the
hexagonal P63cm and P 3̄c1 structures have two crystal-
lographically distinct A-sites. Due to this idiosyncrasy,
we expect that the hexagonal structures may more eas-
ily accommodate a mixture of A-site cations of different
sizes. Analysis of A-O polyhedra in our DFT-relaxed

LuFeO3 structures reveals that the two distinct A-sites in
P63cm are fairly similar (in terms of polyhedral volume
and bond lengths), whereas there is a bigger difference
between the two A-sites in P 3̄c1. In particular, there is a
distinction between the sites where the A-cation displaces
up/down toward the adjacent iron oxide layer, and the
sites where the A cation does not displace (see Fig. 1).
The result is that in the first A-site there is a short (2.32
Å) bond between the A-cation and the planar oxygen it
displaces towards, and a long (3.48 Å) bond between the
A-cation and the layer it moves away from. In the sec-
ond type of A-site, the bonds with the planar oxygens
in the upper/lower layers are the same (2.90 Å). These
different bonding environments may allow P 3̄c1 to more
readily accommodate a mixture of A-site cations of dif-
ferent sizes. Based on this discussion, we speculate that
if the end-member hexagonal compounds LuFeO3 and
ScFeO3 could be synthesized, then they would display a
distinct pressure response compared to Lu0.6Sc0.4FeO3:
they would transition to Pbnm in analogy with the man-
ganites and indites.

Finally, comparison to temperature-dependent struc-
tural transitions in other hexagonal materials can pro-
vide additional insight, since temperature and pressure
may access similar phases. Combined neutron scatter-
ing and theory work on YMnO3 has shown that with
increasing temperature it transitions from P63cm to a
phase where the phase Φ of the K3 order parameter
can take take on any value, and this value varies lo-
cally within the structure.29 As another example, elec-
tron microscopy work on InMnO3 has shown that it tran-
sitions from P63cm to P 3̄c1 upon heating (which arises
from a change in Φ by π/6), with a mesoscale coexis-
tence of these two phases in an intermediate tempera-
ture regime.21 Thus the impact of temperature appears
to be modulate Φ, which controls the axis about which
the bipyramids tilt, which suggests that this may also be
tunable by other external parameters such as pressure.

SUMMARY AND OUTLOOK

Hexagonal rare earth ferrites are attracting significant
attention due to their unique properties that manifest
from competing structural trends as well as their use and
future potential as building blocks for more complex sys-
tems. To explore these issues in a linear magnetoelectric,
we combined diamond anvil cell techniques, synchrotron-
based infrared absorption and Raman scattering spectro-
scopies, group theory, and lattice dynamics calculations
to uncover a pressure-driven polar↔ antipolar transition
in h-Lu0.6Sc0.4FeO3. By comparing the measured and
calculated vibrational properties, we unravel the sym-
metry change across the 15 GPa transition as P63cm
↔ P 3̄c1. At the same time, we analyze our findings in
terms of the symmetry progression in related materials
and show that the ferrites under pressure are significantly
different than the manganites. This suggests opportuni-



8

ties to drive toward very different states of matter under
other external stimuli as well.
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