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Strain-mediated magnetoelectricity probed by Raman spectroscopy in 2-ErMnQOj;
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We show the role of strain in magnetoelectric effect through coupling between order parameters and their
interplay using infrared/Raman-active optical phonons in hexagonal manganite (h-ErMnO3). The magnetoelec-
tric coupling is arbitrated through strain from infrared-active phonons, which by symmetry are also Raman
active. The identification of the primitive order parameters by spin-phonon coupling opens a promising avenue
to realize the strategy based on coupling of spins, optical phonons, and strain to create magnetoelectrics with
strain-mediated interaction through spin-lattice coupling in bulk inducing a ferromagnetic-ferroelectric state in

an antiferromagnetic-paraelectric phase.
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Multiferroics materials present at least two ferroic orders
namely ferroelectricity, ferromagnetism, ferroelasticity, anti-
ferromagnetism, and ferrotoroidicity in the same phase [1].
Magnetoelectrics are multiferroics in which ferroelectricity
and ferromagnetism are coupled directly or indirectly via
strain and the change in electrical properties occur by mag-
netic fields or vice versa. The coupling coefficient of directly
coupled magnetoelectrics is linear with electric or magnetic
fields. For indirect coupling, cross terms are proportional to
strain with quadratic dependence on electric and magnetic
fields [2]. Such possibility motivated the elaboration of a
strategy to create magnetoelectrics with strain-mediated in-
teraction of ferroelectricity and antiferromagnetism using a
strong coupling of strain and infrared (IR) active phonons in
an antiferromagnetic-paraelectric bulk phase especially pro-
posed to thin films engineering [3] since ferroelectric and
antiferromagnetic domains are coincident in these materials
[4]. The realization of this proposition showed that spin-
phonon coupling opens a promising avenue to investigate the
coupled order parameters via their wavenumber dependencies
on temperature [5].

Recently, Giraldo et al. [6] showed that --ErMnOs has
strong magnetoelectric coupling in bulk despite the absence
of a linear magnetoelectric effect. Also, Skj@rvo et al. [7]
reported a meticulous neutron diffraction investigation of the
atomic structure from room temperature to 1273 K, describing
local structure and order parameters for YMnQOj3, which is an
isostructural manganite. According to this work, the atomic
displacements related to the order parameter that governs
the magnetoelectric coupling in hexagonal perovskites are
(i) bipyramidal tilting in the ¢ axis (O1-Mn-O2 angle), (ii)
bipyramidal tilting in the ab plane (O3-Mn-O4 angle), and (iii)
off-centering displacement of the rare-earth ion [7]. Then, fer-
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roelectric order in 2-ErMnOj3 is related to dislocation of the Er
ion in the ¢ axis, and the antiferromagnetic order is connected
to both angles. Further, very recent density functional theory
(DFT) calculations suggested that manganese and oxygen dis-
placements at the ab plane of the MnOs breathing mode in
ErMnOj; can be used to control magnetic order [8].

As mentioned before, only IR-active phonons contribute
to magnetoelectricity. However, for h1-ErMnOs, all infrared
phonons are also Raman active. Therefore, we applied Raman
spectroscopy to investigate the atomic displacements related
to order parameters responsible for magnetoelectric coupling
at low temperatures in A-ErMnOj3. A detailed synthesis and
characterization procedure is given in Ref. [9]. The influence
of negative expansion of the ¢ axis and the magnetostriction
is also investigated. The displacements of the ions related
to the order parameters are connected with the 118-, 298-,
and 686-cm~!' modes in Raman spectra. These phonon
wavenumbers showed an intricate dependence on tempera-
ture due to several concurrent mechanisms. The 232-cm™!
mode showed a clear quadratic wavenumber dependence
with temperature over the entire range of a primary order
parameter.

In this paper, we used temperature-dependent Raman spec-
troscopy to investigate local structural features in ~2-ErMnOs.
The ErMnO; hexagonal structure with space group P63cm
has 23 IR-active modes that are also Raman active due
to its noncentrosymmetric symmetry. Thus, #-ErMnO3 has
a total of 38 Raman-active modes distributed as I'raman =
9A| & 15E, & 14E; being the IR-active modes represented
by I''rk = 9A; @ 14E,. The Raman spectrum at 300 K for
h-ErMnOj is typical for hexagonal perovskites [10,11] and
shows, in general, 14 bands (see Fig. S4 and Table S2 of
the Supplemental Material [9]). We selected and analyzed
six bands in more detail, whose classification and atomic
movements are described in Table I. A comparison between
these six selected phonons in A-ErMnO3 and a single crystal
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TABLE I. Selected Raman mode assignments and wavenumbers for #-ErMnOs.

@ (cm™") present work @ 300 K o (cm™!) single crystal @ 300 K Assignments Atomic displacements
686 684 Ay +z(01) — z(02)

464 464 A +x,y(O1, 02) —x, y(Mn)
298 297 E, z(02, Ol1), x, y(04)
232 234 E, +x, y(Mn) — x, y(03, O4)
139 138 E, +x, y(Erl) — x, y(Er2)
118 123 Ay +z(Erl) — z(Er2)

is also presented [12]. These phonons are associated with
the atomic displacements related to the order parameters in A
manganites [7]. The A; (686) mode corresponds to stretching
vibrations of the apical oxygens O1 and O2 in the manganese
tetragonal bipyramids. The A; (464) mode corresponds to
in-phase stretching vibrations of apical oxygens Ol and O2
in the manganese tetragonal bipyramids and relative out-of-
phase displacement of Mn ions in the plane. The E, (298)
mode corresponds to the lattice mode involving displace-
ments of O>~ and Mn*" ions and depends on Mn-O-Mn
distance and its force constant. The E, (232) mode involves
Mn in-phase and O out-of-phase atomic displacements in the
plane and reflects the Er dependence of Mn-O bond lengths
and their force constants [12]. The E, (138) mode corre-
sponds to out-of-phase displacements of the Er*" rare-earth
ion along the xy plane. While the A; (118) mode corre-
sponds to Er** rare-earth ion displacements along z direction,
it is essential to notice that 118-cm~! mode has atomic
displacements related to the formation of electric dipoles
at h-ErMnOj; [6].

The temperature-dependent phonon spectra of 4-ErMnOj3,
collected from 10 to 220 K, are shown in Fig. S5 in the
Supplemental Material [9]. No Raman spectra were collected
between 230 and 290 K due to the intense laser annealing
effect on the sample—intensified by high-vacuum conditions
in the cryostat sample compartment, even lowering the laser
power (<0.1 mW). The spectra showed the same typical be-
havior of hexagonal P6scm structures exhibiting four main
bands up to room temperature. No space group change or sym-
metry breaking, such as appearing, vanishing, or splitting of
phonons, is observed in temperature-dependent Raman spec-
tra. Contrarily, a magnetic phase transition can be observed
for other manganites of this simple-perovskite family [13].
We obtained the wavenumber dependence with temperature
for the optical phonons from the recursive adjustments of the
Raman spectra, as shown in Fig. 1. A comparison of our data
with the temperature-dependent variation of wavenumbers ob-
tained for the single crystal is provided in Fig. S6 in Ref. [9].

Generally, in the absence of significant structural changes,
we expect a reduction in the unit cell volume due to
atomic approximations allowed by lower vibration caused by
the decrease in the temperature. Contrarily, the phonon
wavenumber (linewidth) is expected to increase (decrease)
since the atomic approximations will intensify their interac-
tions, thus the related vibrational mode stiffens. The model
proposed by Balkanski [14] for wavenumber dependence
on temperature accounts for the anharmonic contribution to

phonon wavenumber as follows:

2
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where A and w, are the coupling constant and the phonon
frequency at 0 K; both are adjustable parameters of the ex-
perimental curve. In that manner, in the absence of structural
transition or any other anomaly, the phonon wavenumber
usually increases monotonically and exhibits saturation for
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FIG. 1. Wavenumber versus temperature for A; mode
(686 cm™!): symmetrical stretching of Mn against O (a), A, mode
(464 cm™"): symmetrical stretching of Mn against O (b), E, lattice
mode (298 cm™'): antisymmetric displacement of Mn against O
(c), and also the E, lattice modes (232cm™!) (d), the A; mode
(138cm™!): Er in xy plane (¢) and A; mode (118cm™'): Er in z
direction (f) for #-ErMnOQj3. The vertical solid line at 80 K represents
the paramagnetic-antiferromagnetic transition temperature (7y). The
dashed black lines are the mathematic fit based on the Balkanski
model, and the solid blue lines are the quadratic fit for the modes
that couple the antiferromagnetic and ferroelectric order parameters.
The linear scale is used in (d) to emphasize the difference between
the Balkanski model and the quadratic correlation (solid blue line)
between wavenumber and temperature.
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a specific temperature range at low temperatures. Using this
background, we can apply Raman spectroscopy to analyze, at
the local scale, the connection between deviations in mono-
tonic behavior of the phonon’s wavenumber with possible
magnetic transitions and the coupling of magnetic, structural,
and polar order.

Our magnetic data showed that the antiferromagnetic mo-
ments dominate the magnetic regime at a local scale above
200 K in A-ErMnOj; (Fig. S7 in the Supplemental Material
[9]). Below 200 K, the paramagnetic moments due to Er’*
ions strongly influence the Mn** antiferromagnetic moments.
At the same time, inspecting the bulk properties, 7-ErMnOj3
presents a clear magnetic transition from paramagnetic to
antiferromagnetic phase at 80 K. Therefore, on cooling, we
expect to observe the characteristic stiffening of the modes
due to the approximation of orbitals with opposite spins as
observed for single crystals [12]. This magnetic transition is
attributed to the antiferromagnetic ordering of the Mn spins in
the Mn>**-0?~-Mn>* bond, while the Er** magnetic moments
remain paramagnetic. Thus, modifications at the bond’s elas-
tic constant due to magnetic ordering will be detected in the
phonons if the ions have enough magnetic moments at their
sublattices. We know so far that the magnetic moments of Er
(9.6 up) and Mn (4.9 up) [15] in A-ErMnO3 are locally acti-
vated at different temperatures [16]. However, the dynamics
observed by analyzing the vibrational modes of the Mn and
Er sublattices are more complex. The stiffening of the modes
related to each sublattice starts at different temperatures and
does not follow the Balkanski model [14]. Also, unexpected
phonon softenings at the investigated temperature range show
the coupling in the different sublattices.

In Fig. 1, we show the wavenumber temperature depen-
dence of the selected modes. The observed modes reveal
several features that deviate from the usual anharmonic be-
havior. The 686-cm~! mode corresponds to the symmetric
stretching of the MnOs molecular groups [12], and is sensitive
to possible changes in the magnetic ordering and displace-
ments suffered at the metallic cations as the system is cooled.
We observed a sharp increase in wavenumber for all modes on
cooling. Contrary to what was observed in single crystals [12],
the 686-cm ™! mode presents a deviation from the monotonic
behavior from 170 K that extends to the Néel temperature
(80 K), characterized by the quadratic profile of the phonon
wavenumber. The stiffening of the 686-cm™~! mode around 80
K is expected due to the antiferromagnetic ordering of the Mn
sublattice resulting in its known magnetic transition. However,
unlike in single crystals [12], the deviation from the usual
anharmonic behavior for the vibrational modes shows that Mn
spins influence phonon behavior at much higher temperatures
than expected, around 170 K. Observing the lattice parameters
(Fig. S8 [9]), we verified that the strain dependence with
temperature matches the profile of the vibrational mode in the
interval, evidencing the coupling between strain and magnetic
ordering in h-ErMnQOj;. Furthermore, some peculiarities still
appear in this temperature interval: the mode softens almost
monotonously down to 60 K; below that, another softening
between 50 and 20 K, and after that, the mode stiffens to
the expected anharmonic tendency. Surprisingly, softening
around 50 K occurs in the region where magnetoelectric
coupling is reported [17].

Also, comparing all the modes, we observed the same
softening in modes that involve Mn and O displacements
and the Er displacement in the ¢ axis. The most sensitive
modes are the antisymmetric stretching (298 cm™') relative
to Mn-O displacements in the equatorial plane (x, y[O4])
and in the apical plane (z[O;, O;]) and the Er lattice mode
(118 cm™"). Due to increasing interaction between the Mn
spin moments, which tend to order antiferromagnetically as
the temperature decreases, the antisymmetric stretching mode
at 298 cm~! is notably more sensitive to the magnetostriction
effect and reflects the excellent correlation between 686- and
118-cm~! modes. The 298- and 118-cm~! modes start to cou-
ple magnetically around 200 K but with two different onsets.
Both follow quadratic dependence with temperature from 200
to 80 K, while the 118-cm~! mode presents two regimes: one
from 200 to 150 K and another from 150 to 80 K.

The existence of two different regimes in the spin-
lattice coupling in A-ErMnOs3, evidenced by the wavenumber
dependence with the temperature of the Er lattice mode
(118 cm™"), shows the activation of the Er paramagnetic mo-
ments at the ferroelectric sublattice. Also, the temperature of
Er paramagnetic moment activation reflects in a gradual linear
stiffening between 150 and 220 K of the 686-cm~! phonon,
which is susceptible to magnetic ordering. Below 150 K, both
modes (118 and 686 cm™') keep quadratically stiffening until
Tx. Below Ty, some small phonon softenings are observed
via resonant ultrasound spectroscopy (RUS) [18]. The renor-
malization of the phonon frequency with a linear profile in
the Mn sublattice indicates a special case of order parameter
coupling, assigned to more restricted magnetic symmetries
and the possibility of linear magnetoelectric coupling [19].
Still, the linear profile of the softening of the Mn sublattice
phonon at this temperature confirms the proposal of Meier
et al. [16] for the interaction of Mn and Er sublattices just
below Ty. Further, the anharmonic behavior is followed in
the range 70-45 K. Below 45 K, we observe a new softening
of the 118-cm™! mode, which coincides with the 686-cm ™!
mode softening. The softening below 50 K in both modes
coincides with a peak in the magnetoelectric signal at 44 K
[17] and is evidence of transitory ferrimagnetic alignments
between Er and Mn atomic layers down to 20 K. Below 20
K, the phonons stiffen due to spin flips caused by magnetic
frustration and the spins realigns antiferromagnetically down
to 10 K.

Raman spectroscopy relates these order parameters Q with
variaztions in phonon linewidth (AT") and square of frequency
(Aw?):

AT &« Aw®* x AQ* + BO*, 2)

where I is the phonon linewidth, w is the phonon wavenum-
ber, Q is the order parameter, A and B are the coupling
constants for quadratic and fourth-order parameters, respec-
tively, with B generally small. Also, if Aw is small (<2%),
Aw? can be approximated by Aw? ~ Aw [20-22]. On the
other hand, the spin-lattice coupling proposed by Fennie
et al. [3] uses an IR-active mode to couple ferromagnetism
and ferroelectricity in the same phase creating a strong
ferromagnetic-ferroelectric state which uses strain to tune the
multiple-order parameters. This spin-phonon coupling mech-
anism was used to create a strong ferromagnetic-ferroelectric
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FIG. 2. Dependence of the squared position differences of A,
mode (686), E, mode (298), E; mode (232), and A; mode (118) on
the magnetization square (a)—(d) and strain square (e)—(h), respec-
tively. The vertical dashed black lines indicate 7y (80 K) and Tyg
(50 K). The solid blue lines are the quadratic fits. The modes E, are
also IR active: 298 cm™! mode is assigned to the antisymmetric dis-
placement of the O4 in xy plane and the O2 and O1 in apical positions
against Mn, while 232 cm~! mode is assigned to the antisymmetric
displacement of O3 and O4 against Mn in xy plane.

state in EuTiO; thin films [5] and to propose the bulk mag-
netoelectricity in manganites and ferrites [23]. This general
spin-phonon mechanism is given as

wZ:wS—A(Si~Sj), 3)

where w is the wavenumber of the IR-active phonon, wy is
the phonon frequency at O K, A is the coupling constant, and
(S; - S;) is the correlation spin function between the near-
est neighbor spins. Thus, the temperature dependence of the
wavenumber carries the magnetization and strain response of
multiple order parameters for 2-ErMnO3 and can be squared
separately with magnetization and strain to obtain the cou-
pling constant profile and sign.

Figure 2 shows the dependence with the strain and magne-
tization squares of the difference on the wavenumber squares.
We can observe the quadratic coupling constants convolution
present at each mode. The most notable coupling constants
are related to the IR-active E; (232) mode and reflect the

pure quadratic dependence of the Aw? with magnetic and
elastic orders. Looking back on the temperature dependence
of the wavenumber for the E, (232) mode over the entire
temperature range [Fig. 1(d)], one would presume a pure —A>
coupling constant as the primitive order parameter. Surpris-
ingly, Figs. 2(c)-2(g) show coupling constants for the E, (232)
mode that differ in the sign for magnetic and elastic orders.
For the entire magnetic dependence, the coupling constant is
of the form —A2, while for the strain dependence, the coupling
constant shows a A2 profile. Also, the E, (232) mode corre-
sponds to ion displacements related to the K3 crystallographic
mode, thus representing a primitive order parameter [8].

Once the 232-cm™! mode has E, symmetry and does not
account for linear magnetoelectric coupling [23], the alterna-
tive way to couple magnetic and electric order is via strain, as
we can see from the inset in Fig. S8e [9]. Besides the linear
magnetoelectricity being symmetry forbidden for #-ErMnO3
[6], the formation of boundaries, due to the polycrystalline
character of the sample, enhance the interface interactions.
The grain boundaries are interfaces where we find the coex-
istence of antiferromagnetic and ferroelectric domains at the
same position [24], which couple strain to magnetic order.
This coupling permits the existence of high-order symmetry
terms, A2eM and —A?e*>M?, in hexagonal symmetry [18,25].
As the polar order parameter is essentially a lattice distortion
on the Er-O polygons, ferroelectric order is fundamentally
coupled to strain, which makes it possible to control the mag-
netoelectric coupling in polycrystalline #-ErMnO; through
lattice strain.

The E, (232) mode shows that the equatorial bonds of
Mn-03 and Mn-O4 govern the coupling between elastic and
magnetic order. The relative displacements of the Mn and the
oxygen atoms O3 and O4 in the xy plane are directly coupled
to the magnetic order in the z axis through the O1-Mn-O2
bridge and the ferroelectric order through Er-O3 and Er-O4
bonds. The magnetostriction, generated from frustration due
to Mn** spins’ short-range magnetic interaction, links to the
Er** polar order via ferroelectric-antiferromagnetic coupling
driven by the equatorial oxygens, thus allowing us to engi-
neer different properties and ground states on single-phase
polycrystalline 2-ErMnQOj3 [26]. Observing the behavior of the
other modes in Fig. 2, we found that the E, (298) IR-active
mode shows an excellent correlation with the coupling con-
stants of the A; (686) and A; (118) Raman-active modes. The
general behavior of the coupling constant is the same for the
686-, 298-, and 118-cm~! modes and displays a competition
between magnetic and elastic orders. There is a clear convolu-
tion of the coupling constants originated by the magnetic and
elastic orders that reflect in the concavity of the Aw? curve
with each parameter.

From 200 K down to 7y, these modes reflect the same A2
coupling constant due to strong strain in the lattice originat-
ing in the magnetostriction due to Mn>* antiferromagnetic
spins dominating short-range magnetic interaction at high
temperatures. Below Ty, the coupling constants between the
A; (686) and A; (118) modes assume the same form (A2),
and the lattice frustration plays an important role in modu-
lating the interplanar magnetic alignment of Mn** ions. At
T = 50K, this alignment becomes ferrimagnetic, as shown
by the softening trend of the A; (686) mode. Additionally, the
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relative displacements between Mn and the O atoms in the xy
plane and z axis in the E, (298) mode correspond to the K;
crystallographic mode as investigated by ToSi¢ er al. [8] via
DFT. The K; mode has a quadratic coupling to the ErMnO3
magnetization, as shown in Fig. 2(b).

The magnetostriction mode, E, (298), couples the atomic
vibrations of the MnOs blocks, the A; (686) mode, with the
strain along the ¢ axis (Er atoms), and this coupling extends
down to low temperatures. Hence, the ferroelectric mode, A;
(118), which corresponds to the formation of electric dipoles
at the Er site, couples to magnetization via strain to generate
the magnetoelectric effect in the polycrystalline bulk around
50 K. Strikingly in the 25-50-K interval, the A; (686) mode
presents a change in the general trend of the coupling con-
stant. Below 50 K, the coupling constant changes from +?
to —A2, and the A, (686) mode starts to couple to the A;
(118) mode through the E, (298) mode [see the solid blue
line in Figs. 2(b) and 2(f)]. The existence of these quadratic
couplings for magnetic and elastic orders permits the occur-
rence of the crossed bilinear magnetoelectric coupling for the
single phase #-ErMnO; when the magnetic structure achieves
the ferrimagnetic ordering at the magnetoelectric transition
temperature (50 K) [18].

Thus, the magnetoelectric coupling becomes mediated by
the E; (298) mode because it links the magnetism at the xy
plane and the strain at the z axis due to the O1, O2, and
04 ion displacements relative to Mn. The strain mediation of
the magnetoelectric coupling in the polycrystalline #-ErMnO3
is possible since ferroelectric domains always coincide with
antiferromagnetic domains [4].

An alternative way of investigating the coupling of
phonons with the elastic and magnetic ordering is to observe
the dependence of the phonon linewidth on these parameters.
Figure 3 shows the phonon linewidth dependence with lin-
ear strain and squared magnetization. The energies of 118-,
232-, and 686-cm~! phonons vary after the magnetic tran-
sition below 80 K and below 50 K in the magnetoelectric
coupling. Interestingly, the 686-cm ™' mode energy decreases
from 50 to 80 K for both magnetic and strain increase, while
the 118-cm™! mode energy increases with the magnetization
and strain at the same interval indicating the coupling of
both phonons for the magnetoelectric effect. Below 50 K,
the energies of the 686- and 118-cm~! modes decrease with
increasing magnetization, while, for the 232-cm~! mode, the
energy decreases with strain and magnetization just below
the Néel temperature, persisting until 7 = 25 K. On the other
hand, the energy of the 298-cm™' mode remains stable to
both magnetization and strain variations over the entire range
indicating the 298-cm~' mode acts like a bridge to transmit
the energy from the 232-cm™' mode vibration to the other
phonons. Further, we noticed the wavenumber dependence
with magnetization and strain of the order parameters and
symmetry considerations also allow the existence of fourth or-
der coupling (BQ* term), which suggests the existence of the
piezomagnetoelectric effect [27] in polycrystalline ~2-ErMnQOj3
(see Fig. S9 [9)).

In summary, we demonstrated the coupling between
multiple order parameters and their interplay with the mag-
netoelectric effect in A-ErMnO;. A high magnetostriction
response is demonstrated through the Einstein-Griineisen
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magnetoelectric region.

model. The magnetic analysis revealed the local antiferro-
magnetism at high temperatures due to Mn>* spins, while
the Er paramagnetic moments are activated at a local scale
~200 K and influenced the local magnetic ordering down to
10 K. Raman spectroscopy probed the ions’ displacements
connected to the order parameters related to the modes at 118,
298, and 686 cm~! and detected the spin-lattice coupling in
Mn and Er sublattices with no evidence of symmetry breaking.
These modes showed an intricate wavenumber dependence
on temperature due to several concurrent mechanisms at low
temperatures. Contrarily, the 232-cm™! mode showed a clear
quadratic wavenumber dependence on temperature, a primary
order parameter coupled to strain and magnetization.
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