
Abnormal magnetic ordering and ferromagnetism in perovskite ScMnO3 film
F. Wang, Y. Q. Zhang, W. Liu, X. K. Ning, Y. Bai, Z. M. Dai, S. Ma, X. G. Zhao, S. K. Li, and Z. D. Zhang 
 
Citation: Applied Physics Letters 106, 232906 (2015); doi: 10.1063/1.4922727 
View online: http://dx.doi.org/10.1063/1.4922727 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/106/23?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Temperature control of local magnetic anisotropy in multiferroic CoFe/BaTiO3 
Appl. Phys. Lett. 102, 112406 (2013); 10.1063/1.4795529 
 
Room temperature multiferroic properties of Nd : BiFeO 3 / Bi 2 FeMnO 6 bilayered films 
Appl. Phys. Lett. 95, 232904 (2009); 10.1063/1.3271032 
 
Structural, magnetic, and ferroelectric properties of multiferroic Bi Fe O 3 -based composite films with exchange
bias 
J. Appl. Phys. 105, 07D903 (2009); 10.1063/1.3055284 
 
Synthesis and characterization of an n = 6 Aurivillius phase incorporating magnetically active manganese, Bi 7 (
Mn , Ti ) 6 O 21 
Appl. Phys. Lett. 91, 033113 (2007); 10.1063/1.2756163 
 
Antiferroelectricity in multiferroic Bi Cr O 3 epitaxial films 
Appl. Phys. Lett. 89, 162904 (2006); 10.1063/1.2362585 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

210.72.130.85 On: Mon, 13 Jul 2015 02:31:35

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1326236762/x01/AIP-PT/Asylum_APLArticleDL_070815/AIP-JAD-Trade-In-Option2.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=F.+Wang&option1=author
http://scitation.aip.org/search?value1=Y.+Q.+Zhang&option1=author
http://scitation.aip.org/search?value1=W.+Liu&option1=author
http://scitation.aip.org/search?value1=X.+K.+Ning&option1=author
http://scitation.aip.org/search?value1=Y.+Bai&option1=author
http://scitation.aip.org/search?value1=Z.+M.+Dai&option1=author
http://scitation.aip.org/search?value1=S.+Ma&option1=author
http://scitation.aip.org/search?value1=X.+G.+Zhao&option1=author
http://scitation.aip.org/search?value1=S.+K.+Li&option1=author
http://scitation.aip.org/search?value1=Z.+D.+Zhang&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4922727
http://scitation.aip.org/content/aip/journal/apl/106/23?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/102/11/10.1063/1.4795529?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/95/23/10.1063/1.3271032?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/105/7/10.1063/1.3055284?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/105/7/10.1063/1.3055284?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/91/3/10.1063/1.2756163?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/91/3/10.1063/1.2756163?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/89/16/10.1063/1.2362585?ver=pdfcov


Abnormal magnetic ordering and ferromagnetism in perovskite ScMnO3 film

F. Wang, Y. Q. Zhang, W. Liu, X. K. Ning, Y. Bai, Z. M. Dai, S. Ma, X. G. Zhao, S. K. Li,
and Z. D. Zhang
Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy
of Sciences, 72 Wenhua Road, Shenyang 110016, China

(Received 9 April 2015; accepted 6 June 2015; published online 12 June 2015)

Bulk multiferroic ScMnO3 is the stable hexagonal phase, and it is very difficult to prepare its

perovskite orthorhombic phase even under high pressure. We fabricated the orthorhombic ScMnO3

thin film by pulsed laser deposition through suitable substrate LaAlO3 and found that nano-scale

twin-like domains are naturally formed in the thin film. Magnetic properties of the orthorhombic

ScMnO3 thin films show that, besides normal antiferromagnetic ordering at 47 K, an anomalous

magnetic transition occurs at 27 K for 60 nm film and at 36 K for 150 nm film only along the c-axis,

which is absent in the ab-plane. Moreover, the second magnetic transition for both films is sup-

pressed when the applied field increases from 1 kOe to 10 kOe. In addition, the ferromagnetism

shows up in both films at 10 K, and saturation magnetization increases dramatically in 60 nm film

compared with 150 nm film. We propose that the second magnetic transition might be more of lat-

tice strain effect and also related to magnetism-induced ferroelectric polarization in orthorhombic

RMnO3 thin films and low-temperature ferromagnetic properties in our films originate from the

nano-scale twin-like domain structure. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4922727]

It is well known that hexagonal RMnO3 manganites

(R¼Ho-Lu, Y, In, and Sc) are part of a class of promising

multiferroic materials for spintronic application, where an

antiferromagnetic transition of Mn3þ occurs between 70 K

and 130 K, and a ferroelectric transition occurs between 570 K

and 990 K due to a structural distortion.1,2 The strong coupling

between the antiferromagnetic ordering and ferroelectric

ordering allows the possibility of controlling magnetism

with an electric field (and vice versa).1–5 Recently, many

researches have been focusing on the metastable orthorhombic

phase of RMnO3 (R¼Ho-Lu, Y, In, and Sc) theoretically6,7

and experimentally,8–15 since the theoretical prediction6 that a

large spontaneous polarization along a-axis (in Pbnm group

symmetry) can be produced in E-type antiferromagnetic

orthorhombic RMnO3. Since it is very difficult to obtain

single-crystal orthorhombic RMnO3 phase,9 most previous

studies were performed on polycrystalline samples10–14 such

as polycrystalline orthorhombic RMnO3 (R¼Ho, Er, Tm, Yb,

and Lu) fabricated under high pressure or obtained through

chemical synthesis.10–14 However, with R ionic radii (ionic

radii for R ions Y3þ, Ho3þ, Er3þ, Tm3þ, Yb3þ, Lu3þ, and

Sc3þ is 1.02, 1.02, 1.00, 0.99, 0.99, 0.92, and 0.87 Å, respec-

tively) decreasing, the synthesis of polycrystalline orthorhom-

bic RMnO3 phase also becomes very difficult, especially for

smaller R orthorhombic phase such as InMnO3 and

ScMnO3.15–17 Only Tyson’s group reported monoclinic

ScMnO3 phase synthesized from the hexagonal phase under

12GPa and 1100 �C,15 which exhibits very similar structural

parameters to the orthorhombic HoMnO3 and LuMnO3

systems. In addition, the difference between the formation

energies of the orthorhombic and the hexagonal RMnO3

phases could be small, so it might be possible to prepare the

orthorhombic phase from the hexagonal phase through epitax-

ial thin-film growth, such as orthorhombic HoMnO3 thin

film.18–21 However, due to contributions from both Mn3þ and

magnetic Ho3þ, the low-temperature magnetic property and

the origin of ferroelectric polarization in orthorhombic

HoMnO3 bulk/thin film become more complex. Since Sc3þ in

ScMnO3 has no localized magnetic moment, the low-

temperature magnetic property becomes relatively simple.

Moreover, it was reported recently that nano-scale crystallo-

graphic multi-domain structure can induce ferromagnetism in

other multiferroic RMnO3 thin films such as orthorhombic

TbMnO3 and GdMnO3 films.22–24 In this letter, we fabricated

orthorhombic ScMnO3 thin film grown on LaAlO3 (001) sub-

strate using a hexagonal target. The crystal structure and mag-

netic properties are investigated and compared with other

orthorhombic RMnO3 systems.

ScMnO3 thin films were grown on LaAlO3 (001) crystal

substrate by pulsed laser deposition (PLD) using a KrF

(k¼ 248 nm) excimer laser. A hexagonally structured ScMnO3

target was prepared using solid state sintering. Coherent epitax-

ial growth, crystal structure, and film orientation of the

ScMnO3 thin film were analyzed by high-resolution transmis-

sion electron microscope (HRTEM) and XRD. The crystal

structure of both our ScMnO3 thin film and other introduced

bulk/thin films, such as HoMnO3 and LuMnO3, is in Pbnm
group symmetry setting in this paper. The surface morphology

and ion valence state were characterized by AFM and XPS,

respectively, and magnetization measurements were performed

from 5 to 300 K using SQUID.

Figures 1(a) and 1(c) show the XRD patterns of 60 nm

and 150 nm ScMnO3 films grown on LaAlO3 (001) substrate.

It is clear that only (002) and (004) reflections of the ortho-

rhombic phase appear along with the substrate peaks in both

films, indicating the formation of c-axis oriented pure ortho-

rhombic phase. We also carried out / scans of the in-plane

(202) peak of the orthorhombic ScMnO3 films and the
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corresponding (111) peak of LaAlO3 substrate as shown in

Figures 1(b) and 1(d). The / scan shows four symmetric

peaks at every 90� rotation angle indicating complete epitax-

ial growth. This is very similar to the orthorhombic HoMnO3

film.13 Inset of Figure 1(a) shows an AFM image of 60 nm

ScMnO3 film with a 3� 3 lm2 area. The surface is very

smooth with a root mean square (RMS) roughness of

0.69 nm. To further confirm that the ScMnO3 film is ortho-

rhombic, we carried out HRTEM observation. Figure 2(a)

represents the cross-sectional HRTEM image of 60 nm

ScMnO3 film along direction [010] zone axis of substrate

LaAlO3. It can be seen that the ScMnO3 film grows coherently

with the substrate without misfit dislocations along the inter-

face. Figures 2(b) and 2(c) are the fast Fourier transform pat-

terns of the ScMnO3 film and LaAlO3 substrate. The (002)

and (200) planes of orthorhombic ScMnO3 phases correspond-

ing to the (001) and (100) planes of substrate LaAlO3 are

observed, further indicating that the crystal structure is

orthorhombic.

Figure 3 represents XPS spectra of Mn 2p and Sc 2p

peaks in 60 nm ScMnO3 film. It can be seen from Figures

3(a) and 3(b) that the peaks of Mn 2p3/2 and Sc 2p3/2 in

60 nm thin film are located at the binding energy of 641.6 eV

and 401.9 eV, which correspond to a valence state of Mn3þ

and Sc3þ, respectively. It is found from the analysis of the

Mn and Sc peaks that the Sc:Mn of the thin film is close to

1:1, indicating that the ScMnO3 films are stoichiometric, as

expected.

Figure 4(a) shows the temperature dependence of mag-

netization of 60 nm ScMnO3 thin film along c-axis and in

ab-plane at 1 kOe under zero-field-cooled (ZFC) and field-

cooled (FC) conditions. Inset of Figure 4(b) is the magnifica-

tion of low temperature ZFC data from 5 K to 60 K. It is clear

that ZFC magnetization data along c axis show two magnetic

transitions at 47 K and 27 K, while ZFC magnetization data

FIG. 1. (a) and (c) h-2h XRD scans of the 60 nm and 150 nm ScMnO3 films

on LaAO3 (001) substrate. (b) and (d) /-scans of the in-plane (202) peak of

the 60 nm and 150 nm ScMnO3 films and corresponding (111) peak of

LaAlO3 (001) substrate. The inset of Figure 1(a) is AFM image of 60 nm

ScMnO3 film with 3� 3 lm2 area.

FIG. 2. (a) Cross-section HRTEM image of 60 nm ScMnO3 film along direc-

tion [010] zone axis of substrate LaAlO3; (b) and (c) fast Fourier transform

patterns of the ScMnO3 film and LaAlO3 substrate.

FIG. 3. (a) and (b) the high-resolution narrow-scan XPS spectra of Mn 2 p

and Sc 2 p peaks in 60 nm ScMnO3 film.

FIG. 4. (a) and (c) ZFC-FC curves measured with a magnetic field of 1 kOe

applied along the c-axis and in the ab-plane for 60 nm and 150 nm films,

respectively. Figures 4(b) and 4(d) show ZFC curves along the c axis meas-

ured at 1 kOe and 10 kOe for 60 nm and 150 nm films, respectively. The

insets of Figures 4(b) and 4(d) show enlarged version of the ZFC curve from

5 K to 60 K at 1 kOe for 60 nm and 150 nm films, respectively.
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in ab-plane only show one magnetic transition at 47 K.

Moreover, the transition at 27 K disappears when a magnetic

field of 10 kOe is applied as seen in Figure 4(b). The same as

other orthorhombic systems such as HoMnO3 or LuMnO3,

magnetic transition at 47 K is the normal antiferromagnetic

ordering temperature as expected. In all reported orthorhom-

bic HoMnO3 and LuMnO3 films, irrespective of crystal axis

direction, the antiferromagnetic ordering temperature is

around 40 K and is extremely resistant to lattice strain.18–21

Whether the second magnetic transition (or spin reorienta-

tion transition of Mn3þ) shows up or not and in which crystal

direction it appears depend on many factors such as film

growth orientation, lattice strain, or R ion size. For example,

when (101) orientation orthorhombic HoMnO3 film grown

on Nb-doped SrTiO3 (111) substrates,21 no second magnetic

transition of Mn3þ is observed, while in the c-axis orienta-

tion orthorhombic HoMnO3 film grown on Nb-doped SrTiO3

(001),18 a second magnetic transition shows up. Moreover,

when b-axis orientation orthorhombic HoMnO3 and

LuMnO3 films grown on LaAlO3 (110) substrates,19 a second

magnetic transition in HoMnO3 film only appears along

c-axis, while the second magnetic transition in the LuMnO3

film appears along a-, b-, and c-axes. In addition, the second

magnetic transition is also anisotropic with a transition tem-

perature of 27 K along the a- and c-axes, and a transition

temperature of 35 K along the b-axis. In our case, as

described above, the magnetic transition at 27 K only appears

along c-axis, not in the ab plane, which is very different

from the above orthorhombic LuMnO3 film although the

Sc3þ ion size is close to Lu3þ ion size, while our case is very

similar to the above orthorhombic HoMnO3 film. This indi-

cates that the second magnetic transition is more prone to

substrate-induced lattice strain. To further confirm lattice

strain effect, we measured the magnetic properties of thick

ScMnO3 film with thickness of 150 nm, as shown in Figures

4(c) and 4(d). It can be seen in zero-field cooling M-T curve

at 1 kOe that antiferromagnetic ordering temperature is still

around 47 K; however, the second magnetic transition tem-

perature increases to 36 K, which also only appears along

c-axis, not in ab plane, and also is suppressed under a high

magnetic field of 10 kOe. This indicates that the second mag-

netic transition temperature changes with film thickness, sug-

gesting that it is closely related with lattice strain effect. In

addition, the second magnetic transition along c-axis is sup-

pressed under a magnetic field of 10 kOe, which is generally

thought to be connected with magnetism-induced ferroelec-

tric polarization along c-axis. This is indeed observed in

c-axis oriented orthorhombic HoMnO3 films where the ferro-

electric polarization was probed by P-E hysteresis measure-

ments along c-axis at a second magnetic transition

temperature near 35 K.20 It was also reported experimen-

tally9 that, in orthorhombic HoMnO3 single crystal, the

direction of electric polarization is not along the crystallo-

graphic a-axis, as predicted, but along the c-axis, where

polarization starts to appear below the lock-in temperature

(TL, the magnetic propagation vector remains locked at a

constant value below this temperature), which cannot be

detected from normal magnetic measurement. From the anal-

ysis above, the second magnetic transition temperature

seems to be closely related to the so-called lock-in tempera-

ture in orthorhombic RMnO3.

Figure 5(a) shows the magnetic-field dependent magnet-

ization of 60 nm and 150 nm ScMnO3 films along c axis and

in ab-plane at 10 K. The obvious ferromagnetic hysteresis

from both directions for each film is observed with coercivity

of 250 Oe and 200 Oe for 60 nm and 150 nm films, respec-

tively, as shown in Figure 5(b). It is noticed that the satura-

tion magnetization for 60 nm film is about 3 times higher

than that for 150 nm film. Similar phenomena were also

reported in TbMnO3 film where saturation magnetization

increases with film thickness decreasing. These phenomena

verify that low temperature ferromagnetism exists in our

films. As introduced above, self-assembly nano-scale crystal-

lographic domain structure can induce ferromagnetism in

multiferroic RMnO3 films.22–24 The plane-view TEM mea-

surement of 60 nm film was conducted, and two typical

bright field TEM images are shown in Figures 6(a) and 6(b).

Self-assembly nano-scale domains are naturally formed in

FIG. 5. (a) The magnetic field dependent magnetization of 60 nm and

150 nm ScMnO3 films along c-axis and in ab plane at 10 K. Figure 5(b)

shows an enlarged low field region of the curves in Figure 5(a).

FIG. 6. (a) The bright field plane-view TEM image of 60 nm ScMnO3 film.

Figure 6(b) shows the high resolution TEM image of the same patch.
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our film as shown in Figure 6(a) with mean domain size of

about 20 nm. These domains are perpendicular to each other,

which is very similar to twin-like domain structure in ortho-

rhombic GdMnO3 and TbMnO3 films.22,23 However, due to

small grain size, it is very difficult to obtain a high quality

electron diffraction pattern in our case. Domain boundary

can be clearly observed in the high resolution TEM image in

Figure 6(b). So, we believe that low-temperature ferromag-

netism in our films originates from self-assembly nano-scale

domain structure. Similar to TbMnO3 films,23 enhanced satu-

ration magnetization in 60 nm film is possibly due to forma-

tion of high density domain walls in thin film than in thick

film. This is also evidenced by higher coercivity in 60 nm

film than 150 nm film.

In summary, perovskite orthorhombic ScMnO3 thin film

was fabricated using LaAlO3 (001) substrate. Investigations on

magnetic properties and comparison with those of orthorhom-

bic HoMnO3 and LuMnO3 systems clearly show that, besides

the normal antiferromagnetic ordering around 47 K, an anoma-

lous second magnetic transition of Mn3þ around 27 K for

60 nm and 36 K for 150 nm along the c-axis is caused by sub-

strate induced strain and also closely related to lock-in transi-

tion. Obvious ferromagnetism is observed at 10 K with

enhanced saturation magnetization in 60 nm film than 150 nm

film. This is induced by nano-scaled twin like domain structure

of ScMnO3 films. The detailed magnetic structure will be

investigated by the neutron diffraction experiment in the

future; in addition, ferroelectric polarization and dielectric

constant study will also be carried out to explore larger

magneto-electric couple through the control of nano-scale crys-

tallographic domain structure and lattice strain in the future.

This work was supported by the National Nature Science

Foundation of China under Projects 51331006 and 51271177.
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