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Robustness of magnetic and electric domains against charge carrier
doping inmultiferroic hexagonal ErMnO3
EHassanpour1, VWegmayr1, J Schaab1, ZYan2, E Bourret2, Th Lottermoser1,MFiebig1 andDMeier1

1 Department ofMaterials, ETHZürich, 8093 Zürich, Switzerland
2 Materials ScienceDevision, Lawrence BerkeleyNational Laboratory, Berkeley, CA 94720,USA

E-mail: dennis.meier@mat.ethz.ch
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Abstract
We investigate the effect of chemical doping on the electric andmagnetic domain pattern in
multiferroic hexagonal ErMnO3.Hole- and electron doping are achieved through the growth of
Er1−xCaxMnO3 and Er1−xZrxMnO3 single crystals, which allows for a controlled introduction of
divalent and tetravalent ions, respectively. Using conductancemeasurements, piezoresponse force
microscopy and nonlinear optics we study doping-related variations in the electronic transport and
image the corrsponding ferroelectric and antiferromagnetic domains.Wefind thatmoderate doping
levels allow for adjusting the electronic conduction properties of ErMnO3without destroying its
characteristic domain patterns. Ourfindings demonstrate the feasibility of chemical doping for non-
perturbative property-engineering of intrinsic domain states in this important class ofmultiferroics.

1. Introduction

The uniquemagnetoelectric properties ofmultiferroics aremainly determined by the coexistence and
interaction ofmagnetic and electric domains [1, 2]. Over the last years, suchmagnetoelectric coupling
phenomenawere scrutinized in-depth and significant progress has beenmade in explaining the domain
formation in archetypalmultiferroics such as TbMnO3,MnWO4, and the hexagonalmanganitesRMnO3with
R=Sc, Y, In, Dy–Lu [3–5]. In the latter case it was shown that geometrically driven ferroelectric vortex domain
structures emerge at≳1000K and that the size of these domains can readily be tuned by thermal annealing [6–9].
These ferroelectric domains are attracting great attention and serve, e.g., for explaining the formation of
topological defects [8] or as source of intriguing interface effects [10]. AtTN≈100 K additional
antiferromagnetic domains form and give rise to pronouncedmagnetoelectric domain and domain-wall
couplings [5, 11, 12]. Thesemagnetoelectric couplings are of great interest for the emergent field of domain
engineering [13]. Analogous to the ferroelectric domains, the size of themagnetic domains can be adjusted
through thermal annealing [14]. Despite these promising functional properties, however,most open challenges
still relate to fundamental research. One of the key questions is how to tune thematerial properties towards a
technologically feasible working range, without affecting the electric andmagnetic order that give rise to the
functional behavior.

A powerful procedure formodifying electronicmaterial properties is the introduction of impurities. This is
strikingly reflected by extrinsic semiconductors that owe their specific n- or p-type properties to implanted
defects [15]. Following the same idea, different ionic impurities have been introduced toRMnO3 systemswith
the goal to improve theirmagnetic response [16, 17] or electronic conductance [18]. It remains unclear,
however, towhat extent chemical doping affects the topology and functionality of the ferroelectric and
antiferromagnetic domains as spatially resolved studies are virtually non-existent.

Here, we present such a study by investigating ferroelectric andmagnetic domains inmoderately doped
hexagonalmanganites.We show that the electronic conductance of ErMnO3 can be tunedwithin a range of
about two orders ofmagnitude by introducing either divalent (Ca2+) or tetravalent (Zr4+) ions into the system.
Using piezoresponse forcemicroscopy (PFM) and optical second harmonic generation (SHG) [19]we image the
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ferroelectric and antiferromagnetic domain structures of doped and undoped ErMnO3.Wefind that the key
parameters of themultiferroic domain state, such as the formation of ferroelectric vortices and the pattern of
antiferromagnetic domains, are robust against the applied ionic alteration, demonstrating the usability of
chemical doping for enhancing the functionality of the geometricmultiferroic domain state.

The parent compound of our doping series, ErMnO3, exhibits geometrically driven improper
ferroelectricity belowTC=1470 Kwith the spontaneous polarization P oriented parallel to the hexagonal c-axis
( ∣∣P c) [7, 9]. The ferroelectric domain structure displays a characteristic vortex pattern composed of six
ferroelectric domain states [6, 20]. Antiferromagnetic order, andwith itmultiferroicity, emerges atTN=80 K.
A detailed discussion of themagnetic order of theMn 3d- and Er 4f-moments can be found elsewhere [21, 22].
Regarding its electronic properties, ErMnO3 is described as a small-band-gap p-type semiconductor
(Egap= 1.8 eV) [23].

2. Results

2.1. Samples
In order to tune the resistivity and study implications for the domain pattern, we adjusted the number of
majority carriers (holes) by doping the systemwith divalent or tetravalent ions [18]. This was achieved by
growing single crystals of Er1−xCaxMnO3 and Er1−xZrxMnO3 ( x 0.01) by the pressurized floating-zone
technique [24]. For our experiments oriented platelets with lateral dimensions of about 5×5 mm2were cut and
chemo-mechanically polished. The polishing yielded surfaces with a rootmean square roughness of≈ 0.5 nm.

2.2. Electronic transport
Webegin our discussion by a comparison of the electronic transport properties of undoped, hole-doped, and
electron-doped ErMnO3 samples. Sincewe are only interested in relative values regarding the electronic
transport, wemeasured the current–voltage (j–E) characteristic in a two-probe setup usingAg contacts. The
results obtained at room temperature are summarized infigure 1. Infigure 1(a)wepresent j–Emeasurements
taken on disc-shaped ErMnO3 samples with out-of-plane and in-plane polarization, so that ∣∣j Pc and ^j Pab ,
respectively. The nonlinear j–E data reflect a pronounced resistivity anisotropy and current values j that are
comparable with data gained onYMnO3, LuMnO3, and ScMnO3 [25, 26]. The difference between
measurements with ∣∣j Pc and ^j Pab originates from the layeredMn3+ arrangement in the hexagonalRMnO3

systems and the two-dimensional character of their electronic structure [25]. Infigure 1(b)we compare the
ErMnO3 data ( ^j Pab )with j–E curves collected on Er1−xCaxMnO3 (x= 0.002, 0.010) and Er1−xZrxMnO3

(x= 0.002). The plot infigure 1(b) reveals a pronounced doping dependence of jab, showing significantly
increased conductivity in the case of Ca2+-doping and suppressed conductivity for Zr4+-doping. Comparing the

Figure 1. j–E characteristic taken on undoped and doped ErMnO3 at room temperature. (a)Orientation-dependent j–E characteristic
taken onErMnO3 samples with in-plane and out-of-plane polarization, P, with ^j Pab and ∣∣j Pc , respectively. (b)Comparison of the
j–E characteristic ( ^j Pab ) of ErMnO3 to hole-doped (Ca

2+) and electron-doped (Zr4+) samples (see inset to (b)). Gray arrows indicate
that the conductance increases for hole-doping (h+), whereas electron doping (e−) suppresses the conduction.
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results for themaximumelectric fieldwe applied (E= 0.075 kV cm−1), wefind that jab varies by almost two
orders ofmagnitude.We note that the observed trend, as well as the exponential decrease in jab towards low
temperature (not shown), is consistent with the abovementioned p-type nature of ErMnO3 [23]. FollowingVan
Aken et al [18], the observed asymmetry in hole- and electron-doping can be explained based on band
population: hole doping leads to occupation of the dispersivemanganese xy and x2−y2 d-bands which results in
a conductive state. In contrast, electron doping retains the insulating state as additional electronswill either
compensate for holes orfill localized 3z2−r2 bandswith poor orbital overlap. Figure 1 thus demonstrates that the
bulk conductivity was successfully varied by almost two orders ofmagnitude by the chemical doping.

2.3. Piezoresponse forcemicroscopy
In the next step, we performed PFM scans on our samples to test the impact of chemical doping on the vortex
nature of the ferroelectric domain structure. Since the ferroelectricity in ErMnO3 is driven by space-filling effects
and geometric constraints, the implementation of ionic lattice defectsmay alter or even suppress the
characteristic vortex formation. PFM images obtained on undoped and doped samples with in-plane
polarization are shown infigures 2(a)–(d). The scanswere takenwith anAC voltage of 5 V at ambient conditions
and show the PFM in-plane contrast. Independent of the doping, the domain structures reflect the characteristic
six-foldmeeting points of alternating+P (bright) and−P (dark) domains [6, 20].We note that the as-grown
domains have an average size of a fewmicrometers, with the exception of Er1−xZrxMnO3,where the domains are
slightly smaller, which can be attributed to faster cooling after synthesis [8, 9].We deliberately preserved the as-
grown state in order to avoid subsequent changes in stochiometry [27]. Based on the data presented infigures 1
and 2, we conclude thatmoderate chemical doping (x� 0.01) allows for tuning the bulk conductancewithin a
range of about two orders ofmagnitude and that the vortex structure of the ferroelectric domains is robust
against the applied implantation of ionic lattice defects.

2.4.Optical SHG
As discussed, themagnetic order in ErMnO3 emerges independently of the electric one and at a significantly
lower temperature. The spin structure is strongly frustrated so that subtle changes in the electronic stucture,

Figure 2. Ferroelectric domain structure imaged by PFMat room temperature. (a)PFM scan (in-plane contrast) taken on (110)-
oriented ErMnO3.Domains of opposite polarization direction (indicated by the arrows) are clearly distinguishable due to their bright
and dark contrast levels. (b)–(d)Analogous PFM scans obtained on Er1−xZrxMnO3 (x = 0.002) and Er1−xCaxMnO3with a doping
level of x=0.002 and x=0.010, respectively. The image series reveals that the ferroelectric domain structure is robust against the
applied chemical doping.
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such as themixedMn3+-Mn2+ system created by the Zr4+ substitution [18], may lead to pronounced changes in
the antiferromagnetic order and domains. In consequence, a higher sensitivity of themagnetic compared to the
electric subsystemmay be expected.

To analyze a possible dependence of the symmetry of themagnetic order and the associated domain pattern
on chemical doping, we investigated our samples by optical SHG [19]. The corresponding process of optical
frequency doubling is described by the equation [19]

( ) ( ) ( ) ( )w c w w=P E E2 . 1i ijk j k0

A lightfield

E at frequencyω is incident onto the sample, inducing a dipole oscillation ( )w


P 2 , which acts as

source of a frequency-doubled light wave. The susceptibilityχijk couples incident lightfields with polarizations j
and k to an SHGcontributionwith polarization i. Following theNeumann principle, symmetry determines the
set of tensor components c ¹ 0ijk . The antiferromagnetic order of theMn3+ spin system inRMnO3 affects this
symmetry, leading to characteristic contributions that allow for uniquely identifying themagnetic structure.

Infigure 3we present spatially integrated SHG spectroscopy data taken on c-oriented samples (P out of
plane)with a thickness of about 80 μm in transmission geometry as described elsewhere [19]. Figure 3(a) shows
the SHG spectrumof ErMnO3 associated to theχaaa component (T= 20 K) [22]. The frequency-doubled signal
wasmeasuredwith light incident along the c direction and shows the characteristic six-fold polar dependence,

Figure 3.Magnetic SHG in ErMnO3, Er1−xZrxMnO3, and Er1−xCaxMnO3. (a)–(d) SHG spectra of theχaaa componentmeasured at
20K.The inset to (a) shows the polar dependence of the SHG intensity at about 2.44 eV for parallel polarizations of the incident and
the frequency-doubled light. (e)Temperature-dependentmeasurements of the SHG intensity ofχaaa gained at 2.44 eV onErMnO3

and Er1−xCaxMnO3 (x = 0.010). Note that the temperature scale in (e) is shifted for both data sets by 5K to correct for laser-induced
heating.
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which reflects the coulping to the triangular antiferromagnetic ordering of theMn3+ spins according to the
so-calledΓ4-symmetry (see inset tofigure 3(a)) [22, 28]. Thefine structure of the ErMnO3 spectrumhas been
explained by Iizuka-Sakano et al based on the exchange of neighboringMn3+ ions [29].Magnetic SHG spectra
taken under the same conditions on Er1−xZrxMnO3 and Er1−xCaxMnO3 are presented infigures 3(b)–(d). A
comparison of the spectra infigures 3(a)–(d) revealsminor variations in intensity, but no qualitative changes in
the spectral shape. The latter implies that the exchange-split transitions and hence the point-group symmetry
(Γ4) of themagneticMn3+ order are unaffected by the chemical doping. This is further corroborated by
figure 3(e) showing temperature-dependent SHGmeasurements on ErMnO3 (x= 0) and Er1−xCaxMnO3

(x= 0.01), i.e., the lowest and highest doping levels we investigated. In both cases themagnetic SHG signal
vanishes atTN≈80 K. This leads us to the conclusion that the antiferromagnetic ordering and the specific
triangular spin structure (Γ4-symmetry) of the parent compound ErMnO3 persist undermoderate chemical
doping.

In order to test if this robustness of the antiferromagnetic order extends to the antiferromagnetic domain
distribution, we further recorded spatially resolved SHG images at 20Kat a photon energy of 2.44 eV. This leads
to the antiferromagnetic domains shown infigure 4 for ErMnO3, Er1−xZrxMnO3, and Er1−xCaxMnO3.Here,
antiferromagnetic domainwalls are visible as dark lines, because SHG light fromopposite domains exhibits a
relative 180° phase shift and thus interferes destructively at thewalls [30]. Note that whenwe talk about
antiferromagnetic domains, we are in fact referring to free antiferromagnetic domains. These antiferromagnetic
domains are not coupled to the coexisting ferroelectric domains infigure 2 [5], permitting an independent
reponse to the applied chemical doping. The observed large extension of the antiferromagnetic domains is
consistent with previous publications on domains inRMnO3 systems and rather typical for antiferromagnetic
180° domains [3, 4, 31]. The data presented infigure 4 indicate that the antiferromagnetic domainwalls are
meandering in the ab-plane in an isotropic waywithout showing any indication of a doping dependence. Thus,
the spatially resolved data are in agreement with the spectroscopic SHGdata and demonstrate that the

Figure 4.Antiferromagnetic domain structure imaged by SHGmicroscopymeasurements. (a) SHG image obtained fromχaaa at
2.44 eV (T=20 K) on ErMnO3. The spatially resolved SHGdata shows black lines which coincidewith the position of the free
antiferromagnetic domainwalls in ErMnO3. (b) to (d) SHG images showing the antiferromagnetic domain structure in
Er1−xZrxMnO3 (x = 0.002) and Er1−xCaxMnO3with x=0.002 and x=0.010.
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antiferromagnetic domain structure in Er1−xCaxMnO3 and Er1−xZrxMnO3, like the ferroelectric domain
distribution, is unperturbed by the chemical doping.

3. Summary

In summary, we grew single-crystals of Ca2+- andZr4+-doped ErMnO3 and showed experimentally that the
bulk conductance of themultiferroic p-type semiconductor ErMnO3 can readily be enhanced or suppressed by
hole or electron doping, respectively. Spatially resolved imaging of the ferroelectric and antiferromagnetic
domain structures in undoped and doped systems revealed that the key characteristics of the domain patterns
are robust againstmoderate chemical substitutions. The results are expected to be independent ofR=Er and
hence applicable to thewhole hexagonalRMnO3 series.With ourworkwe demonstrated that electronic
properties of semiconducting geometricmultiferroics can bemodified by introducing impurities, analogous to
conventional semiconductors, while sustaining their intrinsic electric andmagnetic domain structures. This
opportunity provides a promising pathway for optimizing and fine-tuning the functionality of ferroic domains
and is also of importance for relatedfields such as domain-wall engineering. Here, chemical dopingmay be used
to ultimately tune the functional physical domain-wall properties of hexagonalmanganites [10, 32] towards a
technologically feasible working range [33].
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