Applied Physics
Letters

Strong enhancement of magnetoelectric coupllng in Dy3+ doped HoMnO3
J. Magesh, P. Murugavel, R. V. K. Mangalam, K. Singh, Ch. Simon et al.

Citation: Appl. Phys. Lett. 101, 022902 (2012); doi: 10.1063/1.4733367
View online: http://dx.doi.org/10.1063/1.4733367

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v101/i2
Published by the AIP Publishing LLC.

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

Physics Today content!

Downloaded 24 Jun 2013 to 132.203.235.189. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



APPLIED PHYSICS LETTERS 101, 022902 (2012)

Strong enhancement of magnetoelectric coupling in Dy** doped HoMnO;

J. Magesh,! P. Murugavel,"® R. V. K. Mangalam,? K. Singh,? Ch. Simon,? and W. Prellier®
'Department of Physics, Indian Institute of Technology Madras, Chennai-600036, India
2Laboratoire CRISMAT, ENSICAEN/CNRS UMR 6508, 6 Blvd. Maréchal Juin, 14050 Caen, France

(Received 9 May 2012; accepted 18 June 2012; published online 9 July 2012)

The magnetoelectric effect in Hop 9Dy ;MnO; is found 31 times stronger than HoMnO; which
could be due to strong lattice frustration arises out of the structural distortion on doping. The Ty
observed from magnetic measurement reveals a double peak corresponding to the in-plane and
inter-planar ordering leading to assignment of I'y structure. The antiferromagnetic transition at Ty
indeed drives dielectric transition mediated by the lattice strain whereas at the Tsg, lattice
strain drives the spin reorientation of Mn>". In contrary to the long held belief, the
magnetic structure changes from I'y to I'; at Tsg instead of I'4 to I'3. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4733367]

Multiferroics are those materials which exhibit several
order parameters simultaneously, i.e., ferroelectric, ferro-
magnetic, and ferroelastic.'™ These materials offer an addi-
tional degree of freedom in device designing due to their
inherent magnetoelectric coupling.*” The existence of mag-
netoelectric coupling is evident in the dielectric measure-
ments of rare earth hexagonal manganites RMnO; (R=Y,
Ho, Er, Tm, Yb, and Lu).6_8 Even though the RMnOj; has
very low dielectric loss in comparison to other multiferroic
materials like BiFeO3 (Ref. 9) and RCrOs (Ref. 10) which is
a prerequisite for applications, it suffers from the fundamen-
tal flaw that the magnetoelectric coupling is weak.'' Based
on the group theory, Bertaut ef al.'? predicted a weak magne-
toelectric coupling when the axis of polarization is along the
¢ direction whereas the magnetization is along the ab-
plane."*'* However, a strong mgnetoelectric coupling can be
achieved if either the magnetization has component along
the ¢ axis or polarization has a component along a or b axis.
Magnetization component along the ¢ axis occurs naturally
in RMnO; where magnetic R*" orders along the ¢ axis.'?
However, the rare earth ordering occurs only below 5 K, ren-
dering these materials inappropriate for practical applica-
tions. Such an off the axis magnetization or polarization can
also be induced by structural distortions. A strong structural
distortion is on the cards, as the dopant Dy’" has slight
higher ionic radii which crystallise in an orthorhombic phase
of RMnOs at ambient pressure and temperature.'® Thus,
Dy>" substitution in HoMnOj5 could lead to a strong lattice
distortion, which in turn is expected to strengthen the magne-
toelectric coupling. Furthermore, HoMnOj3 exhibits a com-
plex magnetic phase diagram with three magnetic transitions
at 70K, 32K, and 5K. Even though the transitions at 32K
and 5K are observed in the magnetic measurement of single
crystals, the transition at 70K do not manifest in magnetic
measurement due to the masking effect of high paramagnetic
moment of Ho>".'” Indirect inference from dielectric and
specific heat measurement leads to an ambiguity in the
assignment of magnetic structure for various magnetic
phases exhibited by HoMnOs. In HoMnO5, Mn*" is sug-
gested to undergo in-plane triangular frustrated antiferro-
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magnetic ordering at 70K whereas the inter-planar Mn>"
ordering is ignored,'® considering it to be weak by two
orders of magnitude,'® as the inter planar Mn**-0-O-Mn>"
separation (6.5 A) is almost twice than that of in plane
Mn**-O-Mn** (3.5 A) distance. But inter planar Mn**-0-0-
Mn>* interaction is the one which differentiates the « (ferro,
I’y and I'y) and f§ (antiferro, I'5 and T'y) structure. However,
Lewtas er al.®® reported the existence of both in-plane and
inter-planar ordering in LuMnOs;. Based on the inelastic neu-
tron diffraction, Fabreges er al.*' suggest a change in the
inter-layer coupling near the spin reorientation temperature
Tsr at 32 K. Hence, substitution of higher ionic radii Dy’ in
HoMnOj; could provide us an avenue both in terms of practi-
cal applications as well as to unravel the physics behind the
magnetoelectric coupling in various magnetic phases. In
order to study these, polycrystalline hexagonal
Hog oDy 1MnOj is prepared by the solid state synthesis and
their magnetic, dielectric, and magnetoelectric coupling
response is measured. Interestingly, we observed a very
strong enhancement of magneto electric coupling strength on
Dy*" doping along with a strong indication for the existence
of inter-planar coupling between Mn>" layers.

Polycrystalline Hog 9Dy 1MnO;5 is prepared by solid
state route. Initially, the parent compounds HoMnO; and
DyMnOj; were synthesized from stoichiometric amount of
Ho,03, Mn,O3, and Dy,03. The compounds are ground well
and calcinated at 1350°C for 12h for several times to get
uniform composition of Hop 9Dyy ;MnO;5. Powder x-ray dif-
fraction (XRD) patterns for the compounds are collected
using a PANANALYTIC x-ray diffractometer and the lattice
parameters are calculated using CELREF program. Magnetic
measurements are carried out using the vibrating sample
magnetometer (VSM) in the physical property measurement
system (PPMS-Quantum Design). The capacitance is meas-
ured using Agilent 4248 RLC bridge in the frequency range
of 5 kHz-100kHz. The bridge is coupled to PPMS in order
to vary the temperature from 10 to 300 K and magnetic field
fromOto 127T.

An x-ray diffraction measurement confirms that the
Hop 9Dy 1MnOj3 crystallizes in hexagonal P6scm phase
without any trace of competent orthorhombic phase. The lat-
tice parameters a and ¢ of Hoy oDy, MnOj3 obtained using
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CELREF program is found to increase to 6.147 Aand 11424 A
from that of HoMnO; (6.134 A and 11.406 A) due to large
ionic radii of dopant Dy**.

The temperature dependent magnetization measurement
is performed from 4K to 300K with an applied magnetic
field of 100 Oe in zero field cooled (ZFC) and field cooled
(FC) conditions. Figure 1 shows the magnetization data of
Hop 9Dyo.1MnO; for both ZFC and FC. As such, the ZFC
and FC measurements does not show any signature of anti-
ferromagnetic ordering (T) at 70 K which is similar to that
of single crystal HoMnOj; (Ref. 22) due to high paramagnetic
moment of Ho*". Though the magnetic measurement shows
a dip at Tsg (~32K) in the single crystal,22 it is completely
absent in case of polycrystalline samples.

Dielectric constant is measured as a function of tempera-
ture from 10K to 300K at various magnetic field applied
parallel to the plane of the electrode. The measurement is
done at various frequencies ranging from 5 kHz to 100 kHz.
Below 220K, the sample shows frequency independent
dielectric behaviour emphasising the intrinsic contribution
and insulating behaviour of sample. Moreover, the dielectric
loss value is well below 0.05 and the dielectric constant
value similar to that of single crystal indicating good quality
of the sample.? As a representative example, the measure-
ment done at 100kHz in absence of magnetic field for
Hog ¢Dy.1MnOj is shown in Figure 1. The dielctric constant
exhibits clear anomalies at 70 K and 40 K which corresponds
to Ty and Tsg, respectively.

The difference in magnetic moment between ZFC to FC
states could eliminate the contribution coming from paramag-
netic moment of rare earth ion and it could throw some light
on ordering of Mn>" in the samples. Figure 2(b) shows the
temperature variation of ZFC-FC for Hoy 9Dy, ;MnO;. The
graph reveals three transitions. One at 74 K, marked as Ty, is
due to in-plane Mn”" antiferromagnetic ordering. It is note-
worthy to mention that this transition, hitherto inferred from
dielectric,”*** thermal conductivity,24 and specific heat®
measurements is confirmed unambiguously from the ZFC-FC
data. The second one at 68 K, marked as Ty, can be attributed
to inter-planar ordering of Mn**. 1t is interesting that the
inter-planar magnetic interaction which is two orders less in
magnitude is revealed in the plot. If the inter-planar interac-
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FIG. 1. Dielectric constant and magnetization as a function of temperature.
Magnetization measurement is done in both ZFC and FC cases.
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FIG. 2. (a) The difference between the ZFC and FC data as a function of
temperature for Hop 9Dy ;MnO; and (b) the derivative of dielectric constant
at various magnetic field near the Ty.

tion is ferromagnetic in nature (o structure), it will be reflected
as a dip at 68 K rather than a hump. The observed hump which
is similar in nature of Ty indicates the existence of inter pla-
nar antiferromagnetic f structure (antiferro, I'; and T'y). The
origin of third transition at 61.5K marked as T remains
unclear. On contemplating about the transition at 61.5K, the
thought of secondary phase crossed our mind, but such a pos-
sibility can be excluded on the ground that the intensity
decreases with increase of Dy3+ dopant concentration which
is to be reported elsewhere. Thus, the transition T corresponds
to a genuine magnetic phase of HoMnOs;.

Figure 2(a) shows the derivative of dielectric constant at
various magnetic fields as a function of temperature for
Hog oDy 1MnO3;. We observed a peak in the derivative of
dielectric constant at 70 K near the Ty. The derivative clearly
shows that the dielectric constant starts to change exactly at
the magnetic transition and the derivative reaches a maxi-
mum at a temperature, which is 4 K less than that of the mag-
netic transitions. Interestingly, Lee er al.?® reported lattice
parameter change at Ty for YMnO5; and LuMnOs. This indi-
cates that antiferromagnetic ordering of Mn*" indeed drives
the dielectric ordering mediated by the lattice strain.

Figure 3 shows the temperature variation of (FC-ZFC)
and the derivative of dielectric constant at various magnetic
fields for Hop 9Dy(.;MnO;5 near the spin reorientation transi-
tion. The FC-ZFC data shows a broad hump at 36 K corre-
sponding to the spin reorientation Tsg. Remember FC-ZFC
response near the Tsr is opposite to that of the Ty, which
indicates a ferromagnetic nature of transition (Note that in
Figure 2(b), we plotted ZFC-FC variations). On considering
the fact that the antiferromagnetic Ty is masked by high par-
amagnetic moment of Ho> " even in single crystal,*” if Ty is
completely antiferromagnetic, it will be masked much more
effectively at low temperatures. Thus, the Tsg will be appa-
rent in magnetic measurement only if it has a ferromagnetic
component. Moreover, based on neutron diffraction, Lonkai
et.al?” and Munoz er al.'” suggested a partial antiferromag-
netic ordering of the Ho>". Even though a slight decrease of
magnetic moment observed at Tsg is in favour of this

Downloaded 24 Jun 2013 to 132.203.235.189. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http:/apl.aip.org/about/rights_and_permissions



022902-3 Magesh et al.

20 30 40
T

(de /dt)

FC-ZFC

30
Temperature (K)

FIG. 3. (a) Difference between the FC and ZFC data as a function of tem-
perature for Hog 9Dyo ;MnO; and (b) Derivative of dielectric constant at var-
ious magnetic fields near the T'sg.

conclusion,*” the increase of magnetic moment in the FC
case compared to that of ZFC at Tsg (Ref. 28) can be reinter-
preted as presence of ferromagnetic inter layer (c-axis) cou-
pling of the Mn**. On examining the Ty of RMnOj; series,
the higher ionic radii Y3 orders in I's phase whereas the
smaller ionic radii orders in I'y phase which indicates that
the inter layer separation plays a vital role in defining the
magnetic structure. On applying the pressure, the YMnO;
changes I'; to mixture of I'5+1I; phase whereas the
LuMnOs; remain in the I'4 phase.29 This leads to the observa-
tion that under pressure, the inter layer separation inYMnO;
is effectively decreased thus moving on to mixture of
I'; 4 I'4 phase. On the other hand, LuMnO; which has inter
layer distance smaller than that of the YMnOj3 remains on I’y
and does not lead to I';. Hence, at Tsg, the change of
magnetic phase in HoMnO; from I'4 to I'; (inter-planar anti-
ferromagnetic coupling) is highly improbable on decreasing
the temperature as reported in the literature.'’*°? Further-
more, the position coordinate of Mn*" (x) is >1/3 for
YMnO; and <1/3 for LuMnO;. At Ty, x of I'; phase
increases for YMnO; whereas it decreases for I' phase of
LuMnO5.?® Hence the change of x < 1/3 to x > 1/3 is highly
unlikely at Tsg thus precludes the phase change from I’y to
I';. Consequently, the contrary nature of peak at Tsy to that
of Ty indicates a change of inter layer coupling, i.e., transfor-
mation from f to o structure. We strongly believe that the
Mn®" inter layer antiferromagnetic coupling observed in
Hop oDy 1MnOj near Ty changes into ferromagnetic near
Tsg accompanied by in-plane spin reorientation, i.e., the
magnetic structure changes from I'y to I';.

The spin reorientation is a first order transition, which
will manifest as hump in the dielectric constant. The dielec-
tric constant hump at the spin reorientation shown in Figure 1
is seen as a double peak in the derivative of dielectric con-
stant at 40K in Figure 3. In spite of a very sharp transition
observed in single crystal HoMnOs,>* we observe a broad
dielectric transition in Hogo¢Dyy;MnO;. Interestingly, the
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dielectric transition precedes the magnetic transition by 4 K
in this case. Based on the aforementioned observation, one
can conclude that the orbital frustration of rare earth indeed
drives the spin reorientation. The increase of Tsg on higher
jonic radii Dy’" doping also emphasis the role of orbital
frustration in spin reorientation transition. However, the Tsg
decrease slightly with increase of magnetic field is in agree-
ment with the report by Zhou ef al.*”

The Figures 4(a) and 4(b) shows the variation of dielectric
constant as a function of magnetic field for HoMnO; and
HopoDyp1MnO3 at 10K, respectively. In case of HoMnOs,
dielectric constant increases up to a magnetic field of =8 T and
then decreases gradually up to a field =12 T. The magnetoelec-
tric response of HoMnOys is similar to that of YbMnO;.**

According to the phase diagram reported by Lorentz
et al.,35 at 10K, the HoMnOj; should exhibit three magnetic
phases in the region of study. Regions I and II corresponding
to the P65'c’'m and P65’ phase which exists up to a field of
2.5T and 3.5T, respectively. Region III is the high tempera-
ture phase P65’cm’. But the absence of these magnetic phases
in our polycrystalline HoMnO; sample may indicate a weak
magnetoelectric coupling. Abysmal % of change in the
dielectric constant corroborates the weak magnetoelectric
coupling in HoMnO;,

The Dy3+ substitution in HoMnOj strongly enhances
the magnetoelectric coupling behaviour due to various com-
peting magnetic interactions. The % change of dielectric
constant in an applied magnetic field which is a measure of
magnetoelectric coupling increases by 31 times due to the
strong lattice frustration arises from the Dy . The % change
of dielectric constant increases from 0.08% for HoMnO; to
2.5% for Hog 9Dy(.1MnO5. The Fig. 4(b) shows the dielectric
constant of Hog oDy 1MnOj; as a function of magnetic field
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FIG. 4. Dielectric constant as a function of applied magnetic field for (a)
HoMnOj; and (b) Hog 9Dy 1MnO;3 at 10 K.
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up to 9 T. The magnetoelectric response of Hop 9Dy 1MnO;
can be divided into three magnetic phase regions correspond-
ing to that HoMnOj3. The region I exists up to a magnetic
field of 2.4 T. On the other hand, the region II which extends
up to a magnetic field of 4.5 T has a contribution from the in-
termediate phase. Even though partial open loop behaviour
is observed in region I, complete open loop behaviour is
seen in regions II and III. The symmetric behaviour indicates
that the overall response originates from the presence of vari-
ous magnetic phases.

The Ho*"occupies two different sites of site symmetry
Csy and Cs in HoMnO5.>® The Ho>" ion at Csy site which
lies at the edge of the unit cell holds the hexagonal unit cell.
The C,y site is occupied by 1/3™ of the total Ho’". On the
other hand, the C; site which lies well inside the unit cell is
occupied by 2/3" Ho’" decides the inter layer separation of
Mn®". On x=0.1 substitution, if the Dy>" preferably occu-
pies the Csy site, then it will replaces one of the four Ho’"
which holds the unit cell and thereby leads to maximum dis-
tortion of hexagonal structure which in turn manifest as
strong magnetoelectric coupling. The Curie-Weiss Ocyw tem-
perature extrapolated from the linear region near the Ty in
the dielectric measurement for HoMnOj; is found to change
from —771K to —2330K for Hoy 9Dy, MnOs. The frustra-
tion factor f (= |0cw/Tn|) which is a measure of magneoelec-
tric coupling increases from 10.2 to 33.3 on doping. The
strong  enhancement of frustration observed in
Hog 9Dy 1MnOs is also a measure of lattice distortion, thus
confirming the strain mediated coupling in these compounds.
The inter-planar coupling defines magnetoelectric response
as the ferroelectric polarization is along ¢ axis. The different
magnetoelectric response in various magnetic phases may be
due to different nature of inter-planar magnetic interaction.

In summary, the magnetoelectric coupling in
Hop 9Dy 1MnOj; is enhanced by 31 times than that of pure
HoMnOj;. The strong lattice distortion arising from higher
ionic radii Dy3+ substitution is the key behind the strong mag-
netoelectric coupling. It also confirms the occurrence of inter-
planar ordering near the Ty leads to assignment of magnetic
strcutctre 'y below 70K (Ty). The Ty observed from the
dielectric measurement is lower than that of the magnetic
measurements indicates that the magnetic ordering drives the
strain mediated magnetoelectric coupling which manifest in
the dielectric measurement. However, the Tgr observed in the
magnetic measurement is lower than that of the dielectric
measurements concludes that the strain arises from the orbital
distribution of particular site (C3) drives the spin reorientation
of Mn®". The magnetic measurement also concludes that the
magnetic phase changes from I'; to I'; at Tsg rather than the
I';. Further study has to be done in order to reveal the role of
lattice distortion in magnetoelectric coupling.

The author from Laboratoire CRISMAT acknowledges
CEFIPRA/IFPACR for financial support (#3908-1). Dielectric
measuremet is done in the frame of the Laboratoire Franco-
Indien pour la Cooperation Scientifique (LAFICS). Magnetic
measurements were carried out at Material Science Reaserch
Center, IIT Madras.
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