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Magnetocapacitance effect in multiferroic BiMnO4
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We have investigated the structural, magnetic, and electric properties of ferromagnetic BiMitOa
highly distorted perovskite structure. Ag=750-770 K, a centrosymmetric—to—non-centrosymmetric struc-
tural transition takes place, which describes of the ferroelectricity in the system. The changes in the dielectric
constant were induced by the magnetic orderifg 100 K) as well as by the application of magnetic fields
nearTy . These features are attributed to the inherent coupling between the ferroelectric and ferromagnetic

orders in the multiferroic system.
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PACS nuni®er75.47.Lx, 75.80+q, 77.80—e

The nomenclature “multiferroics” has been coined for other interesting feature of in BiMnQs its orbital state of
materials in which two or all three ferroic orders, ferroelec-eg electrons. The crystallographic data for the distortion of
trics, ferromagnetics, and ferroelastics coexist in the samehe MnQ; octahedr&'* suggest that BiMn@shows the or-
phasé: In the multiferroics with ferromagnetic and ferroelec- dering of eg-orbital. The semiempirical estimate from the
tric ordering simultaneously, one can expect the couplinglistortion of the Mn@Q octahedra infers the orbital occupa-
between the magnetic and dielectric properties as well ason that is defined by the value of.'>® The occupied
their control by the application of magnetic and/or electriceg-orbital wave function is taken as¥t =cos@?2) ¢s,2 2
fields? However, we rarely encounter such multiferroics. +8in(0/2) py2_y2. Thedsyz (2, dgy2_r2, anddg,2_ 2, orbital
Most ferromagnetic oxides contain the center of symmetrystates correspond t@=120°, —120°, and 0°, respectively.
and do not allow an electric polarization, whereas most offhe expected orbital ordering pattern of BiMp@t room
the ferroelectric oxides consist of transition-metal ions with-temperatur€ can be regarded as the ordered stackgof

out the seed of magnetistne., actived electrons. Hence,
few multiferroics have been reported so Yalthough a his-
tory of studies on ferroelectromagnets can be traced back tc
the work in 1958 by Smolenskii and co-workérsFurther-
more, with the exception of a few compounds such as some
boracite§ and magnetité, most of the multiferroics reported
so far are antiferromagnets without spontaneous magnetiza
tion, in which a conspicuous response to the application of _
magnetic fields cannot be expected. :
Recently, Hill and co-workers performed band-structure -
calculations on a highly distorted perovskite BiMgCand
proposed that this ferromagnetic compound is expected to bes
ferroelectric® The electronic configuration of M ion in
BiMnO; is tgge; (spin quantum numbeB=2) as in a fa-
mous orbital-ordered manganite LaMfOrlhe ionic radius
of Bi®" (1.24 A in nine-coordinationon anA-site is very
close to that of LA™ (1.22 A).° However, BiMnG, shows the
ferromagnetism below- 105 K (Refs. 10 and 1)lin contrast
to LaMnQ; having the A-type antiferromagnetic ground
state. As for electric properties, BiMRGs an insulator un-
like double-exchange ferromagnets such as (La,Sr)MnO
Furthermore, a ferroelectric hysteresis loop has been reportec.
in the ferromagnetic state of impure samples recéftlhe
detailed crystal structure of BiMnQwith the 6s? lone pair
in Bi®" is monoclinic(space groupC2),*® which indicates
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FIG. 1. Left: (a) Portion of powder x-ray diffraction dateCu
Ka) at various temperatures for BiMnO(b) Temperature depen-
dence of the lattice parameters of BiMp@ the C2 monoclinic

that the system has an off-center distortion responsible foinit cell. The crystal structure at 835 K can be indexed by the

the polar behaviofsee the inset of Fig.)1The 6 lone pair

Pbnm orthorhombic structure(c) Temperature dependence TG/

may play an important role in producing such a polar strucHTA and (d) resistivity which showing two anomalies at 420-440
ture as in a ferroelectric PbTi These studies indicate that K and 750-770 K. The inset shows the crystal structure and the
BiMnO; is one of the rare examples of multiferroics. An- possible orbital ordering at room temperature.
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=0°/124°/0°/-124°/0°/- - - along thec axis, as displayed in

the inset of Fig. 1. The ferromagnetism of BiMg@ay be 60
attributed to the orbital ordering that produces the three- =
dimensional ferromagnetic superexchange interactioe,of 50 E
electronst’ In this paper, we report the magnetic-order- and :V)
magnetic-field-induced change in the dielectric response of 20

BiMnO,, and discuss the coupling between the magnetic and
dielectric properties in the non-centrosymmetric ferromag-
net.

Polycrystalline BiMnQ samples were prepared under © ol o OkOe )
high pressure. A mixed powder of B3, Mn,Os;, and £ o 10kOe
MnO, with a prescribed ratio was packed into a gold capsule % : 38::82
(~4 mm¢Xx6 mm), and was heated in a cubic anvil-type S
apparatus at 3 GPa and 700°C for 30 min. The obtained 5
samples were characterized by powder x-ray diffraction 3 o6l i
(XRD) measurements using Ru radiation. The Rietveld E
analysi$® on the XRD pattern indicated that the samples are -%.
almost single phase of BiMnOand can be indexed by the @
C2 monoclinic structure at room temperature. However, a
small amount of impurity phases (#,CO; and 2 |
Bi,Mn,O;0) were included. The magnetization and specific 80 80 100 120 140
heat for the samples were also measured with a commerical Temperature (K)

magnetometer and a relaxation technique, respectively. For o
dielectric measurements, the sample was transformed into FIG. 2. Temperature dependence(@fthe magnetization at 100
thin plates with smooth faces onto which Au electrodes weré®, the specific heat, ant) the real part of relative dielectric
evaporated. The dielectric constant was measured at 1—1@@nstant of BiMnQ at selected magnetic fields in the vicinity of
kHz in magnetic fields using RCR meter and a supercon- Tw-

ducting magnet. Magnetic fields were applied parallel to  yra| transitiongFig. 1(d)]. The anomalies accompany ther-
the plates. _ _ ~ mal hystereses with a width more thar20 K. These obser-
One of the requirements for ferroelectric materials is theyations confirm that both structural transitions have the first
existence of the structural phase transition from nonorder nature, and indicate that the ferroelectric transition in
centrosymmetric—to—centrosymmetric - structure. We perBiMnO; is likely to occur atTg~750-770 K in terms of
formed XRD measurements over a wide temperature rangerystallography.
to search for the phase transition. Above room temperature, Let us proceed to the relation between magnetic and di-
the measurements were performed in a flow of 6N-purity Arelectric properties. Figure 2 shows the temperature profiles
gas to prevent the oxidation of the samplEormer XRD  of (a) the magnetization at 100 Oe, the specific heat, @nd
studies at high temperature were made in airthe relative dielectric constaatof 100 kHz at selected mag-
atmospheré!'2y Figure 1a) displays a portion of powder netic fields. A steep rise of magnetization toward lower tem-
XRD patterns for BiMnQ at various temperatures. In Fig. Perature and an anomaly of specific heal gt-100 K cor-
1(b), we summarize the temperature dependence of the lafespond to the onset of ferromagnetic ordering. The shape of
tice parameters in the warming run. No significant structurafh® specific-heat anomaly together with the lack of any ob-
phase transition has been observed below room temperatuR€rvable thermal hystereses describes the second order nature
which is consistent with the recent neutron-diffraction of the ferromagnetic transition. Remarkable features in the

studiest*14 Above room temperature, however successivef | curves are anomalies in the vicinity ©f, . At zero field,
structural changes take place. The first structural change f:?e?iicggzﬁi Stgﬁplyrebseslgzwthgrgise Iselé?r?fi:tcs)ntgtz\tnihin;i?r?i-lar
observed at-450 K, where the lattice parameters abruptly g supp '

change. However, the crystal structure of the midtemperaturg- " of thee-T curves correlated with the magnetic ordering
ge. S y . P Ean be observed in some ferroelectric antiferromagnets such
phase can be indexed by tB2 monoclinic one, the same as

. - as BaNiF (Ref. 20 and hexagonal rare-earth mangan?ﬂes.
that at low temperatures. On further increasing the tempera- In the framework of the Ginzburg-Landau theory for the

L'“.'reh’ tanother tstructrl:ral chan%e qc((j:urs ;rgu;lt)ﬂmo K tI]he second-order phase transition, Smoleriskiiexplained the
'gh-temperature pnase can be Indexed byRr@mOortho- ,i4in of the anomaly ine on the magnetic order of ferro-

T e e oL Pt ectrmagnets i T 1t frmoclectomagne, e
: . ons, we p hermodynamic potentiab can be written in the forft
measurements of thermogravimet(G), differential ther-

mal analysigDTA), and resistivity in a flow of Ar. As shown B B’

in Fig. 1(c), the DTA curve exhibits two endothermic peaks ~ ®=Po+aP?+ > P*~PE+a’M?+ 7M4— MH
corresponding to the structural transitions. Furthermore, the

resistivity also shows two anomalies in accord with the struc- + yP?M?, (N
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N

whereP and M are the polarization and the magnetization,
respectively®, «, B, a', B', andy are functions of tem-
perature. The term of exchange magnetoelectric interaction
of the form yP?M? is allowed in any ferroelectromagnet,
which gives rise to a deviation of electric susceptibility
xE(T) below Ty, from the values obtained by extrapolation
into the regionT<T,, of x5(T) from the paramagnetic
phase[Here, xE(T) = (#?®/9P?) ~1.] We denote this differ-
ence asSxE. WhenT),, and Tg are separated apart, enough,
such as in the present BiMaOwe can neglect the depen-
dence of the electric parameters on the temperature near
Tu -2 In this case, the difference of the relative dielectric
constant e =4 5xF) belowT,, will be proportional to the
square of the magnetic-order parameter:

N

Se~yM?2. )

The sign ofde depends on the sign of the constant magne-
toelectric interactiony, and can be either positive or nega-
tive. 8 will increase in absolute magnitude as a function of
temperature in proportion to square of the spontaneous mag-
netization. However, it is generally hard to confirm it experi-
mentally due to the difficulty in estimating thevalue of the
paramagnetic phase beldly, . For instance, in a pyroelec- g, 3. Isothermal(a) magnetization andb) field-induced
tric and weak ferromagnetic BaMpFthere are conflicting  change in dielectric constant as a function of a magnetic field at
reports about the relation betweefx and the sublattice various temperatures of BiMnO
magnetizatiorf*2°

Since the magnetic-order parameter of ferromagnets can

be controlled by the application of relatively low magnetic gyiction measurements using a uniaxial strain gauge with the
fields nearT,,, a more remarkable magnetic-field effect on length of 0.2 mm, which was attached to the widest face of
the dielectric constant in the present BiMp@ expected he specimen. Even in the vicinity ofy,~100 K, AL/L
than in ferroelectric antiferror_nagnéf’s??As shown in Fig.  poth parallel and perpendicular to magnetic fields~ig

2, the appllcatlon of magnetic fields induces a fairly Iarge>< 105 at 70 kOe. The estimated change in the dielectric
suppression of aroundTy, and suppresses the anomaly in constant due to the magnetostriction454x 10%%) (at
eatTy . The f|eId-|nd_uced change m(magnetqcapacﬂance 110 K and 70 kOg which is two orders of magnitude
effecy becomes maximal &y, . To further clarify the char-  gmgajier than the presently observed value. Therefore, the
acter of the magnetocapacitance effect, we display in Figsyagnetostriction is not the main origin of the observed mag-
3(a) and 3b) the isothermal magnetization and mag”etoca'netocapacitance effect.

pacitance fe(H)/e(0)=[e(H)—¢(0))/e(0)) curves, re- To examine the effect of magnetic ordering on the dielec-

spectively, at various temperatures. As seen in Fi@\, 3he ¢ constant and see the validity of E@), the data neaf
saturated moment is near that expected for the full Mn mo-

ment at 10 K (-3.6ug), and gradually decreases with in- i
creasing temperature. The coercive force in the BiMnO L BiMnO3
sample is small €200 Oe). At temperatures enough below
Ty, the magnitude of magnetocapacitance is negligibly 0.6-
small, although the magnetization has reacke®D% of its
value by 10 kOe(due to magnetic domain rotatipnThis
suggests that the magnetic domain rotation least affects the
dielectric constant at the low temperature. With increasing
temperature, the magnitude of magnetocapacitance becomes
larger and shows the maximum arouig,. For example,
—Ag(90 kOe)k(0) reaches 0.6% at 100 K. On further in-
creasing the temperature abovg, the magnetocapacitance
again decreases. 012

The change in the sample dimension by the magnetic or- M (u/Mn site)
der, i.e., magnetostriction, might be considered as the origin F|G. 4. Magnitude of field-induced change of dielectric constant
of the observed magnetocapacitance effect. To estimate theAe/=(0) as a function of square of magnetizatidr at tempera-
magnitude of magnetostrictiahL/L, we also performed the tures in the vicinity ofTy, .
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in Fig. 4 are replotted as-Ae/e(0) vs M? in Fig. 4. It
should be noted that thi&s —M? data at different tempera-
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cinity of the ferromagnetic transition temperaturg . The
magnitude of magnetocapacitance is well described as

tures approximately falls onto a single line in spite of seem-— Ag/e(0)=kM? nearTy, . The magnetocapacitance effect

ingly different magnetocapacitance behaviors. Mhdepen-

can be phenomenologically interpreted in terms of a simple

dence of the magnetocapacitance value is thus expressed @¥nzburg-Landa theory for the second-order phase transition

a scaling function,—Ae/e(0)=kM? (k: constant This
implies that Eq. (2) is valid for the present non-

of ferroelectromagnets, and is ascribed to the magnetoelec-
tric coupling termyP2M? in the thermodynamic potential.

centrosymmetric ferromagnet, BiMaOThese observed re- The gpservations ascertain the possible control of dielectric
sults lead to the conclusion that the origin of the magnetocaproperties by magnetic fields in “multiferroics.”

pacitance is attributed to the coupling temP?M? in the
thermodynamic potentidsee Eq.(1)].
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