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Spectroscopic signatures of domain walls in hexagonal ErMnQO;
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We measured the spectroscopic response of stripe- and vortex-containing ErMnOj; in order to uncover the
electronic properties of the domain walls. We quantify Born effective charge and polarization differences using
the lattice behavior, analyze the local rare earth environment from the f-manifold excitations, and reveal how
shifts in the charge transfer excitations impact the band gap. The increased Born charge, polarization, and band
gap in the vortex-containing material are brought together with a discussion of hybridization and wall density
effects. The domain wall optical constants are strongly frequency dependent.
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Domain walls are fascinating. In multiferroics such as
BiFeOs, they appear in a variety of patterns, are both insulating
and conducting, and can be rearranged by external stimuli such
as electric field and strain [1,2]. Recently, domain walls were
discovered in hexagonal rare earth manganites (RMnOs3, R =
rare earth) [3—11], where they take on either stripe or Z2 x Z3
vortex patterns depending upon the growth temperature and
whether the crystals are cooled slowly or quenched [Figs. 1(a)
and 1(b)] [7,10,11]. These patterns have been imaged by a
variety of techniques [4—12] and reveal that stripe-containing
crystals have linear domain walls whereas vortex-containing
samples have six unique walls merged at a point [13]. The
topological defect configuration is characterized by Mn**
trimerization, which emanates from successive MnOs tilting
around three different origins, combined with vortex versus
antivortex domain walls that arise from “in” and “out” tilting
orientations [4,10,14-16]. This process induces the structural
instability that leads to ferroelectricity [3,14,17,18]. Hexag-
onal ErMnOj; attracted our attention as a system with which
to investigate the spectroscopic signatures of domain walls.
This rare earth manganite is ferroelectric below T¢ = 1150 °C,
antiferromagnetic below Ty = 81 K, and forms switchable
stripe and vortex domain structures [7,10,11,19,20].

In this Rapid Communication, we report the electrodynamic
response of domain walls in ErMnQO3. By comparing two
crystals with very different domain wall concentrations, we
are able to investigate the spectroscopic characteristics of these
structures. The vibrational response of the vortex-containing
ErMnOj; reveals an increase in Born effective charge that is
directly related to the ferroelectric polarization. We argue that
this difference is a combined density and hybridization effect,
the latter of which emanates from the modified local structure
of the domain walls as compared to the bulk. Moreover,
the f-manifold excitations display intensity variations that
are consistent with decreasing hybridization and splitting
that indicates the local Er environment is unaffected by
the presence of walls. Finally, the blueshifted electronic
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excitations in the vortex crystal are discussed in terms of a
slightly modified crystal field environment around the Mn
centers, a band gap that increases from 2.5 to 3.1 eV, and
significantly reduced hybridization effects. These findings
are important for understanding the influence of structural
domain walls on the electronic properties of multiferroics such
as hexagonal ErMnO; and other multifunctional oxides that
contain metastable domain walls [21,22].

High quality single crystals of hexagonal ErMnO; were
grown by flux techniques [23]. The platelets have large
ab-plane faces, with ¢ perpendicular to the surface. These
crystals are well characterized by us and other teams [12,24].
The thermal sequence, which controls the number of domain
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FIG. 1. (Color online) (a, b) Atomic force microscope images
of chemically etched ErMnO; with stripe and vortex domain wall
patterns [7]. (c, d) Real space microreflectance mapping of stripe-
and vortex-containing ErMnOjs at 465 cm™'. The strong red and blue
streaks are due to synchrotron injection cycles.
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walls, is detailed in Ref. [24]. Domain wall density in the vortex
sample is clearly much greater than that in the stripe crystal
[Figs. 1(a) and 1(b)]. We estimate approximately 10° and 200
domain walls/mm? for the vortex and stripe, respectively [25].
Transmittance and near normal reflectance were measured
using a Bruker 113 V Fourier transform infrared spectrometer,
an Equinox 55 Fourier transform instrument (equipped with
a microscope attachment), and a Perkin Elmer A-900 grating
spectrometer. The optical constants were determined using
combined Glover-Tinkham and Kramers-Kronig techniques.
Real space infrared imaging was carried out at the U12IR
beamline at the National Synchrotron Light Source using
a Spectra-Tech Irpus infrared microspectrometer with a pro-
grammable motorized mapping stage. We mapped a 90 x
90 um? area between 380 and 5000 cm™! in reflectance mode
with a 3 um step size and a 24 x 18 um? spot size. Infrared
contrast is shown at 465 cm™!.

Figure 2(a) displays the 300 K infrared reflectance of
stripe and vortex ErMnOs in the ab plane. There are six
infrared-active E| symmetry vibrational modes [26]. Table I
summarizes the displacement patterns. Taking the response of
the stripe-containing crystal to be our control [25], we extract
the vibrational signature of the domain walls in isolation
from a difference calculation, AR = Ryorex — Rsuripe = Rwall
[Fig. 2(b)]. To understand this contrast, we calculated the
optical constants using a Kramers-Kronig analysis. Figure 2(c)
displays the optical conductivity of the stripe- and vortex-
containing crystals. They are overall similar in character, with
identical transverse optic (TO) phonon frequencies (Table I),
befitting the shared hexagonal structures that differ only in
topology [4,6] and typical of systems in which the oxygen
content is identical and under control. The conductivity dif-
ference spectrum Ao = 01 vortex — Ol stripe = O1,wall 1S again a
measure of the domain wall response [Fig. 2(d)]. The fact
that the reflectance and conductivity differences are quite
similar argues for a dissipative rather than underlying dielectric
constant effect. The main variation is in the vicinity of the
phonon modes, with features that involve apical oxygen (O4)
motion [26] showing the most pronounced intensity changes.
This is because apical oxygen displacement is associated
with MnOs tilting. The phonon intensity variations are also
apparent in the partial sum rule, from which we see that the
vortex-containing sample has additional oscillator strength.

But where does the extra oscillator strength in the more
highly textured crystal come from, and what does it reveal
about the electronic properties? In the following, we argue
that it arises due to a decrease in hybridization. We quantify
the phonon contrast with a partial sum rule calculation in
which the effective number of electrons involved in these
excitations, N, is a sum over the frequency dependent optical
conductivity:

Noro) — /wz ZGl(a))dw (1

> .
| ]Téoa)p

Here, w, = \/€*/Vm.€ is the plasma frequency, ¢ and m,
are the charge and mass of an electron, €, is the permittivity
of free space, V is the unit cell volume, and w; and w, are
the frequency limits of integration. Figure 2(e) shows that N.g
starts to grow above 160 cm™! where the first E; symmetry
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FIG. 2. (Color online) (a) Closeup view of the reflectance spectra
of stripe- and vortex-containing ErMnO; at 300 K. (b) Reflectance
difference spectrum: AR = Rygrex — Ryuipe- (¢) 300 K optical con-
ductivity of stripe and vortex samples. Inset: Crystal structure of
ErMnO; [27]. The unit cell is hexagonal (@ = 6.1121 A and c/la=
1.8684 at 300 K), with 6 formula units and a P63cm space group. O4
and Op refer to the apical and basal plane oxygens of the triangular
bipyramidal cages, respectively. (d) Optical conductivity difference
spectrum: Aoy = 07 yorex — O suipe- (€) Effective number of electrons
involved in the excitations, N, as a function of frequency.

mode begins to contribute. The effective number of electrons
participating in these excitations increases with frequency,
with strong phonons contributing more to N than smaller
structures. To qualify the oscillator strength (S;) of each mode,
we evaluated the area under each peak in oj(w). As shown in
Table I, mode strengths in the vortex-containing crystal are
larger than those in the stripe-containing material. The optical
conductivity difference [Fig. 2(b)], which we have argued
represents the lossy signature of the domain walls rather than
a simple static dielectric effect, can therefore be interpreted

. . Aoy, AS;
as a change in the oscillator strength, fo]—l/ ~ 5. Here,
,stripe, j stripe, j

Ao is defined as before and AS; = Syorex,j — Ssuipe, j» Where
Jj is the mode index.
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TABLE 1. Summary of infrared-active vibrational modes in
ErMnO;: symmetries, a brief description of displacement patterns,
transverse optic (TO) phonon frequencies, and oscillator strengths
(S;). Here, O4 and Op refer to the apical and the basal plane
oxygens of the triangular bipyramidal cages as shown in the inset
of Fig. 2(c) [26]. That the TO frequencies are the same is good
evidence that the oxygen content is identical.

Main atomic Stripe Vortex
Mode displacements TO(cm™') §;  TO(em™!) S
E, a,b (Er) 162.3 0.35 162.3 0.41
E, a,b(0y) 241.2 6.84 241.2 7.60
—a,b (Og,Mn)
E, a,b(0y) 290.0 1.54 290.0 1.95
E, a,b (Op) 366.8 1.40 366.8 1.72
—a,b (O4,Mn)
E, a,b (03,0,) 417.6 0.261 417.6 0.286
—a,b (Mn)
E, a,b (Op) 592.8 0.134 592.8 0.144

With these optical constants, we evaluate the chemical
bonding by calculating Born effective charges as [28]

C 2 7% 2
47120220)%0’1-5’] _ =< Z( 5.t) . 2
J

GQV X my

Here, Z3 , is the Born effective charge on the kth ion, C is the
number of formula units in the unit cell, and my is the atomic
mass of the kth atom. This analysis yields a striking result
(Table II). The Born effective charge for the Er and Mn centers
increases from 3.08e in the control sample containing only a
few stripes to 3.32e in the vortex sample which contains many
domain walls—an 8% contrast. The presence of structural do-
main walls leads to differences in chemical bonding around the
Er and Mn centers. Ferroelectric polarization is given by P =
% Zk ZE (k> where uy is the ionic displacement of the kth
center [28]. Assuming similar displacement patterns, the Born
charge difference in ErMnOj; translates into a change in fer-

. L. AZ
roelectric polarization, b = PA_P = 8%, where AZ} =
B stripe stripe

Zg vortex — Zp stripe 1A AP = Pyoriex — Pyyipe. Using rough
estimates of domain wall densities [25], we project that a
domain wall contributes about 1073% to the polarization. As
a consistency check, we also analyzed the Born charge of
the O centers. We find —2.06e¢ and —2.22¢ for the stripe
and vortex sample, respectively (Table II). The larger Born
effective charge of the vortex sample indicates that walls make
ErMnOj3 more ionic, consistent with recent predictions [15].
To better understand the connection between domain den-
sity, Born charge, and ferroelectric polarization, we scanned

TABLE II. Summary of Born effective charge (Z3) in both
materials for £ L ¢ along with the change in this quantity.

Born effective charge Stripe (e) Vortex (e) Difference
Z%, (Er or Mn center) 3.08 3.32 AZE

o= = 8%
Z%, (O center) —2.06 —2.22 Bisuripe
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FIG. 3. (Color online) (a) ab-plane absorption spectrum of stripe
and vortex ErMnOs. Inset: Closeup of the ‘L 52— ‘I /2 cluster,
showing a 1:1 correspondence of peak positions but clear intensity
differences. (b) Absorption difference spectrum, Ao = Qyorex —
Qlgiripe = Olwall, 1N the range of the f-manifold transitions and leading
edge of the Mn on-site excitation.

the infrared reflectance at 465 cm™', a process that allowed

us to create real space images and visualize charge contrast
[Figs. 1(c) and 1(d)]. The purpose was not to replicate the real
space images from atomic force microscopy, but to find the
signatures of ferroelectric lattice distortion emanating from the
domain structures. Although the technique lacks the necessary
resolution, the scans show higher intensity in the vortex crystal
at 465 cm™! than in the stripe-containing sample, consistent
with the enhanced phonon intensities discussed above.

Figure 3(a) displays the near infrared absorption spectrum
of stripe and vortex ErMnQOj3. Two clusters near 0.8 and 1.3 eV
are apparent. We assign these features as f-manifold excita-
tions, activated by spin-orbit coupling [20,29] and the Stark
effect, the latter of which is a consequence of the thermal pop-
ulation of higher Stark levels in the s /2 ground state [20,29].
The cluster at ~0.8 eV is assigned to 4115/2 — 4113/2 excita-
tions, and the peaks at ~1.3 eV are associated with *I;5 /2=
I /2 excitations. A closeup view of the ground s /2 state —
first excited 4113/2 state features [see the inset in Fig. 3(a)]
shows that the peak pattern is exactly the same in both samples,
right down to the last detail. This striking result reveals that the
Er environment is identical in the stripe- and vortex-containing
crystals—at least at room temperature. We can understand this
finding by realizing that spin-orbit coupling is much larger
than crystal field splitting in a rare earth center, so the local
environment is insensitive to domain formation [29].

At the same time, the absorption difference spectrum Ao =
Clyortex — Clstripe = Olwall UNCOVETS intensity variations in the f-
manifold excitations [Fig. 3(b)]. Fermi’s golden rule advances
a mechanism by which f manifold transition intensities can
depend upon wall density [30]:

21
Wis = 7|M|2g<ﬁw>. 3)

Here, W,_, ; is the transition rate for excitation from an initial
state v; to final state v » by absorption of a photon (hw), and M
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FIG. 4. (Color online) (a) Optical conductivity of stripe and vor-
tex ErMnOj in the ab plane at 300 K. Inset: A closeup view of 1.6 eV
Mnd — d on-site excitation of stripe and vortex ErMnOj3. (b) Optical
conductivity difference spectrum: Aoy = 07 vortex — O stripe = 01, wall -
(c) Effective number of electrons involved in the excitations, N, as
a function of energy.

is the matrix element given by M = f w’;(r)H’(r)wi(r)d3r,
where H’ is the perturbation, r is the ‘position vector of
the electron, and g(hw) is the density of states. The large
number of structurally distorted domain walls in the vortex-
containing crystal decreases the matrix element and reduces
hybridization, an effect made manifest as diminished f-
manifold transition intensities. This finding is consistent with
a higher Born charge in the vortex-containing crystal.

Figure 4(a) displays the optical response of ErMnOs.
Based upon first principles electronic structure calculations on
TbMnOs [31,32] and prior spectroscopic work on LuMnOj3
and other rare earth manganites [32,33], we assign these
features to a combination of Mn d — d on-site and O p —
Mn d charge transfer excitations. With the exception of the
leading edge of the 1.55 eV absorption band [see the right hand
side, Fig. 3(a)], all features blueshift in the vortex-containing
crystal compared to those in the stripe-containing sample. The
O p — Mn d charge transfer excitations above 2.5 eV are
especially sensitive to this effect [34]. We attribute the blueshift
to a decrease in hybridization in the vortex crystal.

We estimate the crystal field splitting of Mn in a trigonal
bipyramidal environment from the position of the on-site
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excitation [see the inset, Fig. 4(a)] [35]. We find 10Dg = 1.52
and 1.54 eV for the stripe and vortex samples, respectively.
These estimates compare well with the value found in LuMnOj3
(10Dg = 1.7 eV) [33]. The difference, A10Dg = 0.02 eV
(160 cm™"), is small compared to the electrostatic interaction
parameter for Mn>* (B = 1140 cm™"!) [35]. Wall density has
only a modest effect on the Mn crystal field. Getting back to
the charge transfer excitations, the spectra reveal that increased
domain wall density changes the charge gap and splits one of
the O p — Mn d charge transfer excitations in ErMnQOs. Plots
of (a - E)? versus energy show that the direct gap shifts from
2.5 eV in the stripe-containing material to 3.1 eV in the vortex
sample. The large 0.6 eV shift is a direct consequence of
reduced hybridization. This finding suggests that domain wall
density can be used to control the band gap—a result that will
impact light harvesting with ferroelectric oxides [36]. To assess
the strength of the optical excitations, we again calculate the
effective number of electrons involved in each transition from
the partial sum rule on o((E) [Fig. 4(c)]. Neg is small below
1.5 eV and grows when the Mn d — Mn d excitations begin to
contribute [31-33]. At higher energies, N is overall larger in
the stripe-containing crystal. The oscillator strength difference
is a direct consequence of the blueshifted optical excitations in
the vortex material. This finding is in line with the expectation
that extra wall density leads to increased ionicity and a smaller
optical matrix element. We therefore uncover an additional
signature of hybridization in ErMnOj that is consistent with
our analysis of the phonons and f-manifold excitations.

To summarize, we investigated the spectroscopic response
of stripe- and vortex-containing hexagonal ErMnOj in order
to uncover the electronic properties of the structural domain
walls. Analysis reveals enhanced Born effective charge and
polarization, identical rare earth environments, and blueshifts
of the charge gap with increasing wall density. We bring
these findings together with a discussion of hybridization and
domain wall density effects, the former of which emanates
from the modified local structure of the domain walls as
compared to the bulk. Domain wall engineering clearly offers
unique prospects for controlling functionality in rare earth
manganites such as ErMnOj3. Similar mechanisms may tune
chemical bonding and polarization in other multifunctional
oxides and chalcogenides such as IrTe,, where the electronic
properties correlate with metastable domain wall patterns [37].
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