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We report results of a comprehensive study of the phase trangtion a Ty (~643 K) as a
function of patide sze in multiferroic BiFeO3; system. We employed eectricd, thermd,
and temperature dependent X-ray diffraction (XRD) studies in order to characterize the
trangtion in a host of samples. We dso carried out detailed magnetic measurements over
a temperature regime 2-300 K under a magnetic fiedld 100-10000 Oe both on bulk and
nano-cryddline sysems. While in the bulk sysem a shap endothemic pesk a Ty
together with a broad feature, ranging over nearly ~150 K (DT), could be observed in
cdorimetry, the nanoscde systems exhibit only the broad feature. The characteridic
dielectric anomay, expected a Ty, is found to occur both at To and Ty across DT in the
bulk sample. The Maxwel-Wagner component due to interfaces between heterogenous
regions with different conductivities is aso present. The magnetic properties, measured at
lower temperature, corroborate our obsarvations in  caorimetry. The metastability
increases in the nanoscale BiFeOs; with divergence between zero-fidd cooled (ZFC) and
fidd cooled (FC) magnetization bdow ~100 K and faster magnetic relaxation.
Interestingly, in nanoscde BiFeO3, one dso observes finite coercivity a  lower
temperature which points out that suitable design of particle size and shape may induce
ferromagnetian.  The inhomogeneous didribution of Bi/Fe-ions and/or oxygen non
doichiometry seems to be giving rise to broad features in therma, magnetic as wel as in
electrical responses.
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I.INTRODUCTION

The multiferroics, with, at least, two of the three orders or degrees of freedom —
(anti)ferromagnetic, (anti)ferrodectric, and ferrodagtic — co-exising and often a coupling
among them, are rare in nature as trangtion metd ions with active deectrons often tend
to reduce the off-center distortion necessary for ferrodectricity.® It has been pointed out
by a recert theoreticd work? that additiond electronic mechanism (mainly s* lone pair a
another gSte) provides the driving force for ferrodectricity. Since their first observation
by Smolenskii and co-workers® in 1958, three different classes of multiferroic systems
could be identified - RMnO3 (where R = Dy, Tbh, Ho, Y, Lu, etc.), RMnOs (where R =
Nd, Sm, Dy, Th), and BiBOs-type (where B = Mn, Fe). Such systems depict magneto-
eectric coupling and, therefore, magnetic polarization can be achieved by dectric fied
and vice versa. Recently, there has been a renewed interest* in multiferroic systems due
to the observation of orders of magnitude large magneto-dectric coupling and the
goplication potential of these systems in a range of devices based on ‘spintronics—
magneto-electric sensors, eectricaly driven magnetic data storage and recording devices,
magneto-capacitive devices, nonvolatile memories etc. Direct evidence of linear coupling
between dectric and magnetic domains could be observed in YMnOs usng nonlinear
optics — opticd second harmonic generation.” However, the temperature range over
which the multiferroic behavior is observed vaies from sysem to sysem. For instance,
RMnO3z (space group P6scm), and RMmnpOs (space group Pbam) systems depict
mutiferroic properties at lower temperature (<100 K).° In BiMnOs (space group C2) too,
ferromagnetic and ferroelectric order co-exist below ~105 K. The BiFeO3s system (space
group R3c) is interetting, in this respect, as it depicts ferrodectric order bdlow T ~ 1110
K and antiferromegnetic order bedow Ty ~ 643 K. Therefore below Ty, one expects

coupling between dectric and magnetic domains.

The multiferroic nature of BiFeOsz is due to stereochemicad activity associated
with the 6% lone pair of Bi**. It results in lowering of structurd symmetry and hence
ferrodectricity.” The magnetic order is litle complicated with ferromagnetic coupling
within a plane and antiferromagnetic coupling between two adjacent planes. Due to
antisymmetric Dzydoshinsky-Moriya (DM) exchange interaction, canted



antiferromagnetism may develop. However, a spird spin Structure is superimposed on
this antiferromagnetic order in which the antiferromagnetic axis is rotated through the
crysta and develops an incommensurate order.? The magneto-dectric coefficient (dE/dH)
is found to vary within 3V/cm.Oe across a temperaiure range 77-300 K.° Weak
magnetization, however, redricts its large scde use in severd devices. One needs to
explore whether large magnetization can be induced in these systems by doping and/or
dructurd manipulation. In other words, one needs a thermodynamicdly dable system
with both ferromagnetism and ferrodectricity exising above room temperature. BiFeO3
could not be exploited for any novel gpplication for two major problems: (i) wesk
magnetizetion as it is essentidly an antiferromagnet bdow Ty and (i) large loss factor
because of oxygen non-soichiometry. Therefore, even though magneto-eectric coupling
could be observed @ove room temperature, unlike CdCr,S, [Ref. 10] complete
ferrodectric polarization flop cannot be achieved in BiFeO3 by magnetic fiedd sweeping.
It has recently been observed™! thet in thin film BiFeOs, finite magnetization of the order
of ~1mp/Fe prevalls even aove room temperature. The origin of such magnetization is a
bit controversid.’? It has been proposed, however, that such finite magnetization could
result from incressed canting.’® A suitable doping & Bi- and/or Mn-site, on the other
had, hdps in minimizing the conductivity and hence the loss factor.!® It will be
interesting to explore whether both the problems can be addressed and tackled in
nanoscae BiFeO:s.

In this paper, we report the results of a comprehensve study carried out both on
bulk and nanoscale BiFeO3; for exploring the phase trangtion features near Ty as wdl as
the low temperature magnetic propetties We employed dc resdivity, didectric
measurements,  differentid  scanning  cdorimetry  (DSC),  differentid  thermd  andlyses
(DTA), dilatometry, temperature dependent X-ray diffraction, and detaled magnetic
measurements in order to systemaicdly record the behaviors of the bulk and nano-
sysem bedow and above the phase trandtion point. It appears that the loca
inhomogeneity as wel as oxygen nontgoichiometry across the sample volume has a
mgor role to play in governing al the properties.



II. EXPERIMENTAL DETAILS

Primarily two types of measurements were carried out on phase pure bulk and
nano-particles of BiFeOs3 — thema and magnetic. The dectricd measurements were
caried out only on bulk sntered samples. All the samples have been prepared by
different solution chemidry routes. While bulk ~1 mm size paticles have been prepared
by conventiond co-precipitetion technique, finer 4-50 nm dze paticles have been
prepared by sonochemical and solution evaporation (tartaric acid template or ferrioxaate
precursor) techniques. In the sonochemica technique, powders are prepared in solution
chemigry route under ultrasonic vibration. A mixed agueous solution of Bi(NOs); and
Fe(NOs3), — taken in proper stoichiometric ratio — is sonicated by using Ti horn (20 kHz,
1500 W, Vibracdl, USA) till the precipitation is complete. A smdl amount of decdin is
used for proper power transfer and SDS surfactant is dso used for preventing
agglomeration. The precipitated powder is collected, washed by dcohol, and dried in a
vacuum oven a ~40°C. In the tartaric acid template technique, agueous solutions of metd
nitrates were mixed with tartaric acid. The mixed solution was boiled at 150-160°C till
the liquid evaporated out. The green fluffy powder was heated for 1h before cacination.
The tataric acid template helps in forming heterometalic polynuclear polymeric arrays
where metd ions come in cose proximity to yied phase-pure BiFeOs3; after in-situ
oxidization. If oxalic acid is used as a template, it forms Bi-ferrioxalae precursor which
undergoes decomposdtion in presence of oxidizing agent like HNOs. In this case too,
heteronuclear polymeric array, with meta ions, forms. Other organic acids like citric acid
do not give rise to such phase pure BiFeOs as it tends to form dimeric chain instead of
polynuclear polymeric chain. It appears, therefore, that the formation of heteronuclear
polymeric arangement prior to oxidization is the key to the formation of phase-pure
BiFeOs. The as-prepared powders were calcined at 400-700°C and the bulk samples
were sintered at ~840°C for 10h. Both the bulk and nanoscale samples were characterized
by X-ray diffracion (XRD) and scanning eectron microscopy (SEM) dudies. In
addition, the nano-paticles have been <udied by transmisson eectron microscopy
(TEM). The specific surface area of the nano-particles has also been measured. Further

details of the sample preparation and the results of the characterization are avalable



esawhere®!® The crystdlite size of the nanoscale systems could be estimated from X-
ray pesk broadening by Debye-Scherrer equation usng the full width a haf maximum
(FWHM) data. The particles sizes could be estimated from BET specific surface area data
as wdl as directly from TEM photographs. A representative TEM  photograph  for
nanoscale BiFeOs isshown in Fig. 1.

The therma and magnetic measurements have been caried out on powder
samples while dectricd measurements have been carried out on sntered pellets. The
differentid scanning cdorimetry (DSC) sudy has been caried out in a Pekin-Elmer
Diamond DSC over a temperature range 300-800 K while the differentid thermd
andyss (DTA) measurements were carried out in a Shimedzu DTA-50. The heating rate
was 10°C/min in dl the cases. The thema expansion has been measured in an ORTON
dilatometer (Modd 1600). The low-frequency (1 Hz — 1 MH2z) didectric measurements
have been carried out in a LCR meter (Hioki Hi-Tester 3652-50). The eectrodes have
been prepared by silver coating and the coating was cured at ~600°C in air.

The magnetic measurements have been carried out in a SQUID magnetometer
(MPMS) of Quantum Dedgn. The zero-fidd cooled (ZFC) and fied-cooled (FC)
magnetization vs. temperature patterns have been studied across a temperature range 2-
300 K while magnetic hysteress loops over +10000 Oe have been recorded at severd
temperatures. We aso carried out magnetic relaxation measurements at ~5 K and ~300 K
under ~100 and ~10,000 Oe for both bulk and nanoscale samples.

1. RESULTSAND DISCUSSION
A. Thermal studies

In Fig. 2a, we show the specific heat (Cp) vs. temperature peatterns — extracted
from differentid scanning cdorimetry (DSC) and differentid thermd andyss (DTA)

data — for both bulk and nanoscde BiFeOs. The specific heet is found to be increasing as
a function of patice sze A smdl yet shap pesk — dgnifying fird order trangtion —



could be noticed at ~653 K (Ty) in the case of bulk sample. In the inset of Fig. 2a we
show the (C,/T) vs temperature (T) plot of the region around the pesk for the bulk
sample. The change in entropy DS [= dC,/T).dT] is estimated to be ~0.0612 Jg.K. In Fig.
2b, we show the therma expanson data for the bulk sample. The phase trandtion feature
isclearly evident near Ty.

Apart from the rise in specific heat with the increase in paticle Size, one can dso
notice a variation in the phase trangtion feature with the particle sze. For finer marticles,
a very broad festure — spanning nearly 150 K — appears while with the increase in particle
gze (350 nm), the broadness reduces a bit and the feasture near Ty becomes more
prominent. The absence of a sharp pesk clearly points out loca inhomogeneity and broad
phase trangtion across a wide temperature range. Although, such broad feature could be
obsarved in bulk samples as well, smultaneous presence of sharp pesk highlights more
ordering in bulk sample.

The nano-cryddline samples contain primarily inhomogeneous phases where
lattice defects, oxygen norrstoichiometry etc. gppear to be sizable. In addition, lattice
dran is dso high in nano-cryddline sysem. The combined effect has given rise to even
gndler scde of homogendty in nano-system As a result, a least in globa caorimetry,
no clear endothermic peak could be observed. In the absence of a sharp peak in nano-
cayddline samples, it is difficult to identify the phase trandtion temperature and, hence,
to figure out how the trangtion point has shifted as a function of paticle sze The
absence of a sharp pesk in DSC/DTA thermograms is corroborated by the fact that
temperature-dependent XRD patterns (Fig. 3) do not show any clear dructura trangtion
across Ty.

B. Electrical studies

In Fig. 4, we show the red pat of the didectric permittivity vs. temperature for
the bulk sample across a temperature range 300-673 K. The impedance (Z*) and modulus
(M*) spectra at different temperatures are shown in Fig. 5. We show here the data



corresponding to the frequency range 100 Hz1MHz. The red didectric permittivity
[€’(w,T)] exhibits two anomdies —at To and Ty — over a temperature span ~150 K (DT).
The temperature To marks the onset (~550 K) and Ty maks the termination of the
transition process. Along with magnetic trangtion, BiFeO3; undergoes a sructura phase
trangtion as wdl, a Tn. The dructurd trangtion is evident from the pesk in DSC
thermogram a Ty. Therefore, one expects anomay in didectric permittivity due to both
dructurd trangtion as wel as magneto-dectric coupling. Two anomdies across DT —
indead of only one a Ty — result from broadening of the magnetic and dructurd
trandtion due to inhomogendty. The didectric permittivity exhibits high vdue and large
frequency disperson both below and above the phase trandtion range DT. The loss factor
tand varies over a range 0.1-10. These features of the dielectric spectra are characteristic
of Maxwdl-Wagner relaxation process. The Maxwel-Wagner component arises from
gran boundary intefaces in these polycryddline samples as wel as from intringc
heterogeneity which give rise to broad magnetic trangtion over a span of ~150 K around
Tn. The presence of Maxwell-Weagner relaxation can be further established by the fact
that e” (w) tends to a high vaue as w tends to zero; in the case of Debye relaxation
process €”(w) tends to zero as w approaches zero. Therefore, the overadl didectric
response gppears to be consging of Maxwell-Wagner component as wel as intringc
polarization component. We analyzed the impedance spectra and the modulus (M*)
gpectra in order to figure out the relaxation time scae (t) of the intringc polarization
component. The extrindc interface polarization relaxation frequency scade is found to be
within 100-1000 Hz, while the intrindc polarization relaxation frequency scae turns out
to be 10 kHz — 1 MHz over a temperature range 300-650 K [Fig. 5]. The intringc
relaxation time scde (t) is plotted as a function of temperature (T) in FHg. 6. A broad
anomaly quite akin to that observed in the case of e (w,T) vs. T (Fig. 4) is observed in the
caeof t vs. T pattern. Below the anomay a To, the t vs T pattern turns out be nearly
Arrhenius while above the anomady too, the pattern appears to be Arrhenius. In the insgt
of Figure 6 we show the naturd log of four-probe dc resgtivity vs UT pattern. The
activation energies from both t-T and resgtivity vs 1T patern have been caculated.
While the activetion energies, caculated from resdivity data, turn out to be ~0.88 and



0.19 eV a below Tp and above, they are 0.46 and 0.9 €V over the same temperature
ranges when estimated from relaxation time scae vs temperaure data The difference in
the vaues of the activation energies, caculated from resigtivity and relaxaion time data,
dgnifies that the mechanism of reaxaion of the dectric polarization is different from
polaron hopping.

Therefore, the overdl didectric response gppears to be consgting of both
Maxwel-Wagner and intrindc polarization components. Spontaneous ferroelectric order
is expected with no relaxation festure in the case of intringc polarization. Yet we observe
a rdlaxation dong with a broad trangtion. These observations point out that even in the
bulk sample, intrindc inhomogeneity plays a mgor role. The inhomogenety results from
volaility of Bi near the processing temperature 820-850°C and/or oxygen non
goichiometry inherent in the complicated crysd chemistry of BiFeOs. In fact, the
polarization P) vs. ield €) loop in the case of pure BiFeOs gppears to reflect the lossy
nature. The inhomogeneity results in smdler farodectric domains with faster relaxation
dynamics. It would have been intereting to study the rdaxation dynamics and trangition
point in nanoscde sysem where the scde of inhomogendaty is higher and the
homogeneous cluster sze is smal. Since sntering leads to growth of namo-grans into

micron size, no eectricad measurement could be done on nano-crysdline samples.

C. Magnetic studies

We have measured ZFC, FC magnetization vs. temperature patterns under
different fields as well as hysteress loops at severd temperatures across a range 2300 K.
The magnetic relaxation pattern has aso been observed at different temperatures and
under different fidds. In Fig. 7, we show the ZFC and FC magnetization vs. temperature
patterns for both the bulk and nano-cryddline BiFeOs. The bulk sysem exhibits
antiferromagnetic order below Ty ~ 643 K. Therefore, we could not sudy the
megnetization across the trangtion point. The magnetization a& ~2 K is found to be
~0.016ns/Fe atom under ~100 Oe and ~1.5ng/Fe atom under ~10,000 Oe for the bulk

sample. It drops down to ~0.008ms/Fe atom and 0.7mp/Fe atom, respectively at ~300 K.



On the other hand, for nanoscale sample, the low temperature magnetization (at ~2 K) is
found to be nearly equa to what has been observed in the case of bulk sample. But, a
~300 K, the magnetization is higher by a factor of two. For high spin (S = 5/2) Fe** ions
the effective magnetizetion should be ~592ms. Therefore, it appears that the pin
configuration per Fe ion is fa from padld. There are severd other important points
worthy of noting in the magnetization vs. temperaure datar (i) no divergence between
ZFC and FC daa in the case of the bulk sample; (i) the magnetization changes with
megnetic fidd; (iii) in the case of nanoscde sample the ZFC and FC magnetization deta
diverge below ~100 K; (iv) in dl the cases — bulk and nano — the magnetization rises with
decrease in temperature; (v) the temperature below which the magnetization dtarts rising
is ~50 K for the bulk sample and ~10 K for the nanoscae sample. Interestingly, in the
case of bulk sample an anomay near ~65 K could be observed in the low-fidd ZFC data.
The FC as wel as high fidd data, of course, does not depict any such anomdy. This
seems to be because of a metastable secondary antiferromagnetic phase. The origin of
such a phase is ill unknown and not previoudy reported. The nano-paticles of the
BiFeO3 do not depict any anomaly around ~65 K.

Because of dable antiferromagnetic order within the temperature range 2-300 K,
no divergence between ZFC and FC magnetization vs. temperature plots could be noticed
in the case of bulk sample. The rise in magnetization below ~50 K could be due to
additiond magnetic moment arisng out of Bi**-O% bonds. The nanoscae sample, on the
other hand, exhibits divergence between ZFC and FC magnetization data below ~100 K
which could be due to the onsat of spin glass state. The magnetization a any temperature,
within this regime, depends on higory effect — the path followed for reaching the point.
The ZFC data exhibit a broad cusp-like feature below ~100 K which is typicd of
nanoscale antiferromagnetic system.*®

In Fig. 8, we show the hysteress loops for bulk and nano-particle systems. For the
bulk BiFeOs; sample, the hysteresis loops at severd temperatures exhibit patterns typicd
of an antiferromagnetic system with no hyseress and nearly zero coercivity. The nano-
paticle sysem, on the other hand, exhibits szable hyseress and finite coercivity below



~100 K. In fact, one can easily notice a deviaion from linearity and formation of a
ferromagnetic loop a a lower field. The coercivity a ~5 K is found to be ~450 Oe. An
observation of such high coercivity in nanoscale BiFeOs is quite significant. This could
be because of lattice strain-induced spin canting or ferromagnetism in nanoscale. It has
been reported earlier, that latice dran in thin film gives rise to higher magnetism (~1
ne/Fe). The obsarvation of higher coercivity in nanoscae may help in finding a way for
improving magnetizetion in BiFeO3 which, in turn, will leed to many applications.

In order to find out the stability of the magnetic phases — both at low temperature
(~5 K) and room temperature (~300 K) — in the nano-paticde vis-avis bulk sysem, we
measured the magnetic relaxation pattern over a time scae of ~36000s. The relaxation
patterns are shown in FHg. 9. The amount of varidion in initid magnetization (M) with
time (t) varies with temperature, applied fidd, and sample type - bulk or nano-particle
sysems. The initid magnetization decreases with time in the case of low fidd (=100 Oeg)
while it increases with time in the case of higher fiedd (~10000 Oe). In dl the cases,
however, the pattern of variaion is logarithmic in nature where the magnetization a any
time t follows M(t,T) = Mo(T) £ T) In(thm) equation; S is magnetic viscosty and is
relaed to the activation energy, t., IS a characteridic time scde This is a typica flux-
creep pattern. The extent of relaxation in the bulk system is negligible a low emperature
ad is vey sndl (~053%) a high temperaure highlighting the sability of the phase
The nano-particle system, of course, exhibits large relaxation (~0.61%) a low
temperature and nearly an order of magnitude higher relaxation (~3.7%) than thet of the
bulk sysem a high temperaiure. The high fidd reaxation patterns depict a rise in
magnetization. This could be due to metagtability in the sysem. The activaion energies
are found to be varying over ~0.08-0.25 eV with field (100 Oe — 10000 Oe) at ~5 K and
over 1.4-10.0 eV a ~300 K. In bulk sample, of course, the variation in the magnetization
is very smdl both a ~5 and ~300 K. The activation energies for the bulk sysems are
found to be enormous — of the order of ~10* eV — reflecting the stability of the magnetic
phases.
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These reaults point out that a magnetic state with a higher magnetization and a
finite coercivity develop in the case of nanoscale samples. Of course, the magnetic Sate
is metagtable with lower activation energy and higher relaxation rate. The metagtability is
possibly due to spin frustration in nanoscale.

V. SUMMARY

In summary, we have sudied the phase trangtion near Ty as a function of particle
sze in multiferoic BiFeOs sysem by employing cdorimetry, didectric, and temperature
dependent X-ray diffraction studies. Because of inhomogeneity, the phase transtion a Ty
is found to become broader — both in bulk and in nanoscade samples. The inhomogeneity
possbly arises from voldaility of Bi near the processng temperaiure as wel as
susceptibility of the latice dructure for developing oxygen non-gtoichiometry. Such
broader trangtion gives rise to two anomdies in didectric permittivity across a range DT
in the cae of bulk sample. The magnetization vs. temperature data depict a rise in
magnetization a lower temperature for both the cases while an onsat of spin glass Sate in
the case nanoscale sample below ~100 K. The magnetization in the latter case relaxes a a
faser rate and yidds lower activation energy. One interesting observetion is the
ferromagnetism and finite coercivity a lower temperaiure (<100 K) in nanoscale which
possbly results from enhanced lattice strain. This result points out that suitable design of
BiFeO3 particles— size and shape — can improve the magnetization of the system.
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Fig. 1. Typicd transmisson eectron microscopy (TEM) photograph of nanoscae BiFeO3
system. The sdected aea dectron diffraction (SAED) pattern is aso shown. The
nanoscale particles are crydaline in nature.
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Fig. 2. (@) The specific heat vs. temperature plots for the bulk and nanoscae BiFeOs; (b)
the thermd expanson vs. temperaiure plot for the bulk BiFeOs; sample. The variation of
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Fig. 3. X-ray diffraction pattern for nanoscale BiFeO3 at room temperature and above Ty.
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