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Magnetoelectric coupling in ferroelectromagnet Pi§Fe;,,Nb;,,)O5 single crystals
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The magnetic and dielectric properties of ferroelectromagfieM) Ph(Fe, ,Nb;,,) O3 (PFN) single crystals
have been investigated. Anomalies in the dielectric constant as a function of temperature have been observed
near its Néel temperature 6f143 K, which are indicative of the so-called magnetoelectric coupling between
the ferroelectric and antiferromagnetic orders in this compound. The results coincide with previous theoretical
predications. It is demonstrated that a weak magnetic transition appeared at a temperature a little below the
Néel temperature, confirming the earlier prediction from the Monte Carlo simulation in a qualitative sense. The
magnetic hysteresis measurement proves that there does exist weak magnetic order in PFN crystal below its
Néel temperature. The Méssbauer spectra also support the existence of the magnetic order.
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In the complex perovskite compoundsBB’)O;, the Howeset al. presented that they did not find any anomaly in
angles in the chaiB cation-oxygerB’ cation are close to magnetic susceptibility until a temperature as low as 42 K.
180°. Therefore, when transition element ions lie in the ocA weak ferromagnetic moment and linear ME effect at ap-
tahedralB positions, they may become ordered via an indi-proximately 9 K was reported by Watanabeal1® Randall
rect exchange interaction through the oxygen ions. Since thet al. regarded PFN as a normal ferroelectric with long co-
ferroelectric ordering in the perovskite lattice arises mainlyoperative interactions between the dipoles though it has a
from the displacements & andB ions, if magnetic ions are broad phase transition ne@g,'” and Yokosuka proved that
introduced into the octahedrBl position, a number of novel PFN undergoes a diffuse phase transition from paraelectric
effects may appear. The interaction induced a new class afubic to rhombohedral ferroelectric phadSeln addition,
materials, i.e., the so-called ferroelectromagnets FEM'sPark investigated the low frequency dispersion of PFN and
which are compounds in most cases with ferroelegaitti-  pointed out that the irreversible motion of domain wall of
ferroelectrig and ferromagnetiqantiferromagnetic order-  polydomain crystal was the reason of low frequency
ings coexisting at low temperature¥.The interaction of the ~ dispersiont® At the same time he pointed that the thermal
ordered subsystems can result in the so-called magnetoeldustory influenced the value of dielectric constant signifi-
tric effect with interesting device potentials, where the di-cantly and the cooling process got the higher dielectric con-
electric properties of the FEM's may be altered by the onsestant than the heating one.
of the magnetic transition or by the application of a magnetic Most of the contradictions seem to be related to the
field, and vice versa. Recently there has been a growing irsample inhomogeneity and different techniques used for
terest in a number of FEM%° characterization¥® On the other hand, the evidence of mag-

Lead iron niobate RlFe;;oNby;,)O5; (PFN) belongs to the netoelectric coupling in PFN has been rarely presented.
series of complex perovskite compounds discovered byloreover, though the two-phase assumption for ferroelectro-
Smolenskiiet al. at the end of the 1950%.It was considered magnetic PFN is accepted, the physical properties near the
to be ferroelectrically and antiferromagnetically ordered betwo phase-transition temperatures still remain controversial.
low a certain temperature. Its ferroelecttieE) Curie tem-  Facing the variety of earlier reports and the underlying com-
perature(T,) is around 385 K(Ref. 10 or 383 K (Ref. 1)) plexity in FEM materials, we grew PFN single crystals using
and the antiferromagnet{@&FM) order begins at a Néel tem- the high-temperature solution growth method and concen-
peratureTy~ 143 K12 Since it was discovered, there have trated on the study of the single crystal samples and powders
been intensive studies on both single crystals and ceramiabtained by grinding them. We have measured the tempera-
synthesized in different kinds of methods. The majority ofture dependence of dielectric and magnetic properties to ob-
these works focus on the fabrication and the structural, magserve if there is any anomaly in the vicinity of AFM phase
netic, and ferroelectric property characterizations. Some fearansition point and to confirm the existence of the magneti-
tures of PFN such as the anomaly of dielectric constant andally ordered states beloW. We also obtained the Mdss-
the physical understanding of phase transitions no matter ibauer spectra of’Fe enriched PFN sample to find out the
ceramics and single crystals are quite author dependent. kxistence of magnetic order and the hyperfine interaction
spite of the generally accepted ferroelectric and antiferroproperty.
magnetic features, the magnetoelectME) coupling effect The investigated samples were single crystals grown from
associated with the phase transitions belBywremains the a high-temperature crystal growth method similar to that of
object of continuing debat.For instance, earlier studies on Brunskill et al?%2! PbO was chosen as flux for the high-
the magnetoelectric coupling gave different results: Asebv temperature solution growth of PFN crystals because PbO
al. reported that PFN became a weak ferromagnet only whehas proved to be an effective solvent for many oxides as well
it was cooled down through AFM transition with both mag- as for the complex perovskité%:?>The use of PbO can also
netic and electric fields applied simultaneoudlywhile  avoid the incorporation of foreign ions into the lattice of the
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dielectric constant shows a clear jump né&grat each fre-
quency from 16 to 1 Hz. The magnitudes of these jumps
w 500 increase with the frequency. The dielectric constants at low
frequencies do not show sharp jumps, but continuous,
] smooth growth, as at #Gand 1§ Hz. The loss exhibits the
N same tendency. We argue that the resonant frequency of the
0‘4»»-\ ® o0 coupling between ferroelectric and magnetic sublattices may
0.3 peest D lie between 1®and 13 Hz, which causes the anomaly of the
“§ 02 o dielectric property below this frequency range. In fact, we
T ot are not the first who notice the dielectric permittivity and
09 loss of Pb contained perovskite. Other authors have observed
00 150 200 250 300

o this kind of phenomena. Yet al. found the anomalies af in
another  Pb-contained perovskite ferroelectromagnet
FIG. 1. () Temperature dependence of the dielectric constant opPpyFe,,JW, ,5)O5 in the vicinity of Ty, for their experimental
PFN crystal at_ five c_iifferent frequencie@b) Temperature depen- frequenciegfrom 1 kHz to 1 MH2.° They observed that the
dence of the dielectric loss at five frequencies. anomalies did not depend on the applied field. The anomalies

grown crystals, since PbO itself is a starting component ofu!d be attributed to a magnetic Orqerlng from the superex-
PFN. The pseudobinary PFN-PbO phase diagram given ighange interaction of F&O-W-O-Fé*. _
Brunskill (Ref. 21) was adapted. The eutectic composition is ~ Kimura et al. applied the Ginzburg-Landau theory which
situated at 15 wt.% PbO-85 wt.% PEN with the eutecticwas modified by Smolenskeét al. in another FEM material
temperature of 8265°C. Thegrown crystals were found in BiMnOjs to explain the origin of the anomaly i due to the
the crust at the level of solidified liquid surface. The crystalsmagnetic order of FEM's witlTy<Te.” We assume that the
yielded were very dark red in color and showed a high dejump in the magneticor dielectrig susceptibility of a FEM
gree of lustre and pseudo-cube form. The typical size of tha@t the temperature of the ferroelectfar magnetig transition
crystals was 2—3 mm edge length with the largest onesan be defined as a second order phase transtipanalogy
reaching an edge dimension of 5 mm. with the jumps in heat capacity and in elastic module in

The obtained powders by grinding the grown crystalssecond order phase transitions within the framework of ther-
were characterized by powder x-ray diffractiotfRD) mea-  modynamic relationships. The underlying physics was sup-
surement employing a X TRA CKa diffractometer. The posed to be the magnetoelectric interaction below the tem-
Rietveld analysis on the XRD pattern indicated that theperature of the appearance of AFM phase. We applied
samples are single phase of pseudoperovskite PFN within tHéinzburg-Landau theory to PFN to ascertain if the relation
resolution of the diffraction equipment and can be indexedound in BiMnG; is valid for PFN. The thermodynamic po-
by rhombohedral structure at room temperature. The latticéential @ in a FEM can be written in the form
parametera=b=c=4.015 A, the angles between themads ,
=B=y=89.89°, in agreement with the x-ray diffractitn? & =, + aP? + EP“— PE+a'M?+ B—|\/|4— MH + yP?M?2,
electronic diffraction’? and the neutron diffraction resuft3. 2 2

First of all, in order to study the ME coupling effect in (1)
PFN, the dielectric properties of PFN crystals were studied at o o
several frequencies by means of an HP4194A Impendenc¥hereP andM are the polarization and magnetization, re-
Analyzer from room temperature to 90 K. The single crystalSPectively.®, a, 8, o', g', andy are functions of tempera-
was cut and polished into thin platelets and the electrode¥!®: Ihe ME exchange interaction term takes th_eEform of
were applied orf001) plane. The dielectric constant and the YP"M*. The deviation of dielectric susceptibility ig=(T)
loss of the(100),, platelet at various frequencies from210 =@P?/JP% Below Ty the difference of™(T) with the values
to 10 Hz are shown in Fig. 1. To clarify the phase transitionobtained by extrapolation of itself from the paramagnetic
features neally~ 143 K, the temperature dependencesof Phase into the regiofi <Ty was denoted agx". WhenTy
in this temperature range was measured with great care ¥d Te are separated apart enough, such as in PFN, the de-
different samples and several repetitions to determine if angendence of the electric parameters on the temperature near
coupling exists between the ferroelectric and antiferromag/n can be ignored. Sincés=4m5y", in this case belowly,
netic orders. Figure(&) shows the temperature dependence®® Should be proportional to the square of the magnetic-
of dielectric constant and Fig(l) the dielectric losgtan 5). ~ order parameter
The abnormal rapid increase énobserved above 470 K can e ~ YM2, ()
be caused by ionic conductivity of the defected crystal lat-
tice, which is often found in ferroelectric materials. The di- Fig. 2@ replots the temperature dependence of dielectric
electric loss begins to increase sharply from this temperatureonstant at 10Hz below Ty and the deviation of it from the
too. We also noticed the pronounced thermal history influvalues obtained by the extrapolation. We also obtained the
ence on the value of the dielectric constant such as the resifample magnetizatiofM) as a function of temperatur@)
reported by Park? but since we focus this report on the ME under a magnetic field of 80 A/m. The relation &f versus
coupling, we leave the property near the ferroelectric phas#1? is given in Fig. 2b) and it is found that from 130 to
transition to some other place. It is found that in Figa)the 143 K there exists a roughly linear behavior afd~M? in

132101-2



BRIEF REPORTS PHYSICAL REVIEW EO, 132101(2004)

3000 Fe** ions in the antiferroelectric regions are not ordered and
the system can be considered as paramagnetic in the first
approximation. These anomalies agree with our former
Monte Carlo simulation resul#.In the simulation, the mag-
netic and electric order parameters were introduced into the

2000

1000 exﬁ-aplolatlon line ~ 10°Hz

50100 150 200 250 300 magnetoelectric coupling system. When imposing a nonzero
T(K) coupling the response of magnetization is generated. Our ex-
60 perimental result oM-T curve is similar with the curve of
0 g=10, where there are also two features observed. A magne-
50 tization measurement was carried out with a magnetic field
3 200 130K 143K of between +558 to —558 A/m at the temperature of 80 K.

Figure 3b) shows the hysteresis. It confirms the existence of
weak magnetic property. So we can deduce that there exists
60 34 48 42 36 30 weak magnetic order belowy, which originates from the
M (4/m) ME coupling. The abnorma¥-T relation neaiTy is possibly
FIG. 2. (a) Dielectric constant at T0Hz and its extrapolation caused by the ME interaction.
from the paramagnetic ranggn) The relation betweeds and M? The coincidence of the experimental and simulation re-
below Ty. sults confirms the existence of magnetoelectric coupling and
corresponds to the previous theoretical prediction of the

this range is valid. The result implies that the origin of the_magnetoelectri_c-interaction indu_ced additional transitions
change in dielectric constant is attributed to the coupling? the magnetic and ferroelectric subsystéms. FEM's,
term yP2M?2 in the thermodynamic potential. In fact, Kimura Smolenskqet al. mtroduceq the concept of_ magnetoelgctr]c
et al. examined that the magnitude of field-induced changesusceptibility to characterize the change in the polarization
of dielectric constant of BiMn@as a function oM?2 at tem-  under the onset of an external magnetic field and in magne-
peratures in the vicinity 6Ty and confirmed thade « kM? is tization under the onset of an electric field. The ME coupling
valid for the BiMnQ;.’ was denoted by the response of the system to the action of an
It would be interesting to check whether such a magnetOEXternaI. f.n_ald and can be described by an eIectromagnetlc
electric coupling can activate any magnetic transition or notSusceptibility tenso. Huanget al. applied the concept in
Figure 3a) shows the temperature dependenceMbfrom  the attempt to explain the ME coupling in YMBQRef. 8
room temperature to 4.2 K. The 4T curve we deduced gnd four_1d that belowy in the qb_sence of an exte_rnal f|el_d it
has the similar shape with what observed by WatadéBee IS Very likely of a magnetostrictive effect associated with a
inset of Fig. 3a) shows the details of temperature depen_lattme change accompanying _the Néel transition. This pro-
dence ofM aroundTy. We notice in the inset that as the duces an S-shaped anomaly in & curve. We observed
temperature goes down the magnetization first shows an ifhe magnetoelectric effect of PFN crystal and found the
flection which corresponds to the reported antiferromagneti€hange is a downward jump. This result is similar to the
phase transition point at about 143 K and then goes up as S-Shaped anomaly in YMnOWe suppose that the jump in
continues to decrease at a temperature 20—30 K b&lpwn ~ &-T relation in PEN can be explained by the ME coupling
fact, Bokov et al. have already found this behavior when @ccompanying the onset of the Neéel transition.
they published the result of the magnetic property of PFN in In order to clarify the magnetic order of PFN beldi,

1962. They explained that the magnetic moments of som¥/€ applied Méssbauer spectroscopy to investigate the hyper-
fine interaction around iron ions in the PFN sample. For

100 Mdossbauer spectra, the energy levels in the absorbing nuclei
can be modified by their environment in three main ways: by
the isomer shift, quadrupole splitting and magnetic splitting.
The isomer shiflS) arises due to the nonzero volume of the
nucleus and the electron charge density due &ectrons
20 within it and it produces a shift in the resonance energy of
050 100 150200 250 300 the transition. The quadrupole splittit@S) comes from the
®) interaction between the electron field gradient at the nucleus
100 and the electric quadrupole moment of the nucleus itself. In
the case of'Fe, it gives a two line spectrum or “doublet.” In
the presence of a magnetic field the nuclear spin moment
experiences a dipolar interaction with the magnetic field,
-100 which is known as Zeeman splitting. Magnetic splitting
-600-400-200 0200 400 600 gives, in°’Fe, six possible transitions, which corresponds to
Applied field (4/m) a sextet.
FIG. 3. (a) The temperature dependence of magnetization under The °’Fe Mossbauer absorption spectra were measured
the field of 80 A/m, the inset gives tHd-T curve measured near between 20 and 300 K using a 25nOCo source in Palla-
T (b) The M-H hysteresis measured under the magnetic field ofdium matrix and a standard constant acceleration Mdssbauer
-558 to +558 A/m. spectrometer using metallic iron for calibration. In the result-
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250000 T=300 w 0.05{b)  ~T=300K combine the results of Figs(&, 3(b), and 4c), we suggest
£ 24000 § 33;‘ the existence of weak ferromagnetic order at low tempera-
S g 002 ture. Figure 4d) shows the relation between hyperfine field
20000 I and its probability. It is found that there are three magnetic
4202 0 Sl field peak areas on both curves. The hyperfine field distribu-
- O rmaor tion |nd|c_ates that the magnetic trlvalent iron ions haye sev-
RN (R PO 0.0 eral environment of coordination which causes different

Counts

sso00] 7 magnetic orderings through superexchange interaction of
3000 Y3 Fe**, O, and NB*. Figure 4e) gives the absorption spectra at
A28 40 4 8 12 ) 2000 4000 20 K. We can find from this figure that the magnitudes of the

Probability of HV
e
S R

o
8

015 ¥ sextet are stronger than that at 80 K. This confirms that the
o Lol T superexchange interaction becomes larger at the lower tem-
§ 2420000 4 7 g perature. In Fig. &), it is indicated that the hyperfine fields
240000 1K at 20 K are all stronger than that at 80 K and the middle
EEE T 0% 2500 5000 peak area transfers mostly to the right hand side peak area.
Velocity(10”m/s) Hfarm) The hyperfine field distribution at the lower temperature

FIG. 4. Mbsshauer spectra 8fFe in PFN at different tempera- tends to be uniform. Further verifying of the property of the
tures at 300 K(a), 80 K (c), 20 K (e). Distribution of the quadru- Magnetic component is undergoing. The Mossbauer spectra
pole splitting at 300 K(b). Relation between hyperfine field and its confirm the magnetic order of PFN beloly, but there is
probability at 80 K(d) and 20(K) (f). still more information that can be investigated through Moss-

_ ) ) o bauer spectroscopy, such as the change in spin state, elec-
ing Mossbauer spectra,ray intensity is plotted as a func- onic density, and space structure.

tion of the velocity. In Fig. 4a), the room temperature spec- | summary, we have grown FEe,,Nby,)O; (PFN)
trum is fitted by a single quadrupole doublet and the isomeg;ngie crystals using the high temperature solution method.
shift value at this temperature equals to 0.413 mm/s. Thghe gielectric constant shows a jump near its Néel tempera-
mean of QS is about 0.420 mm/s. The results imply thag, e of ~143 K, which are indicative of coupling between
Fe’* ion has six ligands in PFN, which agrees to the earliefie ferroelectric and magnetic orders in PEN. Tl curve
result of FE" locating in the octahedra position of the  ghows an upward anomaly as the temperature continues to go
pseudoperovskite structutéFigure 4b) is corresponding to down to Ty. This result agrees well with our former the
the distribution of the quadrupole splitting at 300 K. The \ionte Carlo simulation results. Thisl-H hysteresis con-
Gauss-like curve indicates that the ligand arrangement of;ms the existence of a weak magnetic order befowThe
Fe** ions is randomly distributed. Figurea} is the spectrum  Massbauer spectra at the temperature beTgusupport the

at 80 K. The appearance of sextet from the magnetic splittingyistence of weak magnetic ordering. The coincidence of the
in the Mossbauer spectra of PFN implies that there existyperimental and simulation results confirms the existence of
magnetic orders at this temperature. From Figy &/ have  magnetoelectric coupling and corresponds to the previous
noticed that belowfy the M-T relation is not the usual anti- hegretical prediction of the magnetoelectric-interaction in-

ferromagnetic tendency where the magnetization shows gyceq additional transition in the magnetic and ferroelectric
maximum atTy and then goes down as the temperature de:c,ubsystems.

creases. The magnetization in this figure and the ones ob-

served by Boko¥ and Watanaldé all continuously go up The authors thank the Natural Science Foundation of
from a little below Ty to the lower temperature the experi- China(Grant Nos. 50332020, 10021001, 10374048d Na-
ments reached. In addition, in Figit3, we do find a hyster- tional Key Projects for Basic Research of Chii@rant No.
esis at the temperature below the reporigd Therefore, 2002CB613308
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