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Magnetic characteristics of nanocrystalline multiferroic BiFeO; at low temperatures
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The magnetic characteristics of nanocrystalline BiFeO3 with average crystallite sizes of ~50 and ~100 nm
are evaluated by studying the temperature and field dependence of magnetization at low temperatures. Differ-
ent properties such as magnetization, coercivity, and remanence show evidence for changes in the magnetic
properties associated with the phase transitions at low temperatures, reported from Raman studies. Detailed
field-cooled and zero-field-cooled magnetization measurements show that the likely origin of the changes in
the magnetic characteristics is from the changes in the domain structure.
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I. INTRODUCTION

The single phase multiferroic material BiFeO; has re-
ceived considerable attention recently because of its very in-

teresting  magnetoelectric ~ properties  for  spintronic
applications.!  BiFeO; is  antiferromagnetic  below
Ty=643 K and shows ferroelectric behavior below

T-=1100 K so that the material exhibits multiferroic prop-
erties at room temperature.> The magnetic structure of
BiFeO; is of G-type antiferromagnetic, with a modulated
spiral spin structure having a long periodicity of 62 nm.?
Recent neutron-diffraction studies revealed that the character
of the modulated cycloidal ordering of the Fe®* magnetic
moments remains the same from 4 K up to the Neel tempera-
ture, suggesting that the magnetic interactions are relatively
stable in this temperature range.* Similarly, high-resolution
synchrotron-radiation diffraction did not show any sign of
charge ordering nor any crystal symmetry breaking in
BiFeO; in the temperature range 5—-1000 K.?

Zero-field-cooled (ZFC) and field-cooled (FC) magnetiza-
tion studies on single crystals, in a field of 10 kOe, showed a
decrease below 350 K like a conventional antiferromagnet
but the two curves diverge below 250 K, indicating spin-
glass behavior.® However, further studies on thin films re-
ported a spin-glass transition at 50 K.” Recent studies indi-
cated few more weak magnetic transitions below and above
room temperature. A ferromagnetic phase transition is ob-
served at 150 K from studies on (001) and (110) oriented thin
films.® From the studies on the temperature dependence of
the Raman integrated intensities of the electromagnon on
single crystals of BiFeOs, a maximum around 140 K is ob-
served, indicating a small spin reorientation out of the cyc-
loidal plane.9 Phase transitions at 90, 140, 200, and 250 K
are discovered from Raman spectroscopic studies.'” These
transitions are also observed in dielectric constant measure-
ments and thermomechanical studies.!! The transitions are
assigned to different origins such as magnetic but glassy and
with magnetoelectric coupling phase transition at 50 K,
dominantly magnetic transition at 140 K, magnetoelastic
phase transition at 200 K, and magnetic but glassy transition
at 230 K.

Studies on nanosized BiFeO; have gained momentum re-
cently because of the possibility of inducing ferromagnetism
in the material at room temperature by decreasing the par-
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ticle size. A high magnetic moment of 0.4up/Fe is reported
for nanoparticles of size ~4 nm when compared to the value
of 0.02u/ Fe for the bulk material.'?> From the studies on the
size-dependent magnetic properties, Park et al. showed that
the spiral spin structure is suppressed with decreasing par-
ticle size.'> A spin-glass freezing behavior is observed for the
nanoparticles due to the interplay between size effects, inter-
particle interactions, and random distribution of anisotropy
axes. In this paper, we report the magnetic characteristics of
nanocrystalline BiFeOs;, of size ~50 nm and ~100 nm, at
low temperatures and show that some anomalies are ob-
served at different temperatures corresponding to the differ-
ent phase transitions discovered from Raman and other stud-
ies.

II. EXPERIMENT

Nanocrystalline BiFeO; was synthesized by a coprecipi-
tation method using aqueous solutions of
BI(NO3)35H20(005 M), FC(NO3)39H20(005 M), and
K,CO5(0.6 M). The precipitate formed was digested at
70 °C for 2 h. Finally, the precipitate was washed with de-
ionized water to avoid potassium ion contamination and then
dried overnight in an oven. The dried powder was calcined
initially at 500 °C (sample code: BF500) and part of the
sample was further calcined at 650 °C (sample code:
BF650) for 3 h each. The calcined samples were character-
ized for phase purity by powder x-ray diffraction (XRD) (us-
ing Cu Ka radiation, Ni filter) using a Philips X’pert Pro
powder x-ray diffractometer. Magnetic measurements below
300 K were performed on a vibrating sample magnetometer
in a physical property measuring system (PPMS) of Quan-
tum Design and using a PAR EG&G 4500 vibrating sample
magnetometer above 300 K.

III. RESULTS AND DISCUSSION

Figure 1 shows the powder x-ray diffraction patterns of
the calcined samples compared to the simulated pattern of
BiFeOj;. The powder pattern is simulated using the rhombo-
hedral space group R3c and the corresponding hexagonal
lattice parameters a=5.5810 A and c¢=13.8685 A. The lat-
tice parameters of the two samples calculated by least-
squares refinement of the diffraction patterns are found to be
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FIG. 1. Powder XRD patterns of (a) BF500 and (b) BF650. The
simulated pattern of BiFeOj; is indexed and shown at the bottom for
comparison.

comparable to the values reported for single crystalline
BiFeOs;. All the reflections in the XRD pattern of BF500 are
broad due to the nanocrystalline nature of the sample synthe-
sized at low temperatures. The average crystallite size is cal-
culated from x-ray line broadening using the Scherrer for-
mula, D=0.9\/ 8 cos #, where D is the crystallite size in A,
B is the half maximum line width corrected for instrumental
line broadening, and A is the wavelength of x rays. The crys-
tallite size is obtained as 48 nm for BF500 and as 97 nm for
BF650.

To confirm the single phase nature of the nanocrystalline
BiFeO;, magnetic measurements were performed above
room temperature. FC and ZFC magnetization curves of
BF500 above 300 K are shown in Fig. 2. The magnetization
curves show a magnetic transition below 650 K, indicating
that the sample becomes ferromagnetic at the Neel tempera-
ture of BiFeO;3(643 K). The divergence between FC and
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FIG. 2. FC and ZFC magnetization curves of BF500 above
room temperature.

PHYSICAL REVIEW B 80, 064423 (2009)

0.025

0.020

0.015

M (emu/g)

0.010

&

0.005

0 10 20 30 40 50
T(K)
0000 L L L 1
0

100 200 300
T(K)

FIG. 3. FC and ZFC magnetization curves of BF500 measured
in a field of 500 Oe. The circles correspond to the magnetization at
500 Oe extracted from the initial magnetization measured at differ-
ent temperatures. The squares are the inverse of the coercivity at
different temperatures normalized to the maximum in the ZFC
curve. Inset: enlarged FC curve in the 10-50 K region.

ZFC magnetization curves below 640 K is similar to that
found for other ferro- and ferrimagnetic materials.'* These
results suggest that BF500 is single-phase BiFeO; and that it
becomes ferromagnetic when the particle size is reduced.

ZFC and FC magnetization curves of BF500 below 300 K
are shown in Fig. 3. Deviation between the FC and ZFC
magnetizations is observed below 300 K. A broad maximum
is observed at 53 K in the ZFC magnetization curve. The FC
magnetization decreases initially with increasing temperature
and after going through a minimum at 22 K, a maximum is
reached at 47 K and the magnetization decreases again at
higher temperatures. For BF650, the FC and ZFC curves [see
Fig. 7(b)] deviate below 230 K and show further enlarged
deviation with a slope change below 150 K. Both curves
show a large increase in the magnetization below 23 K.

Initial magnetization curves of BF500 measured at differ-
ent temperatures, shown in Fig. 4, give more information on
the changes in the magnetic characteristics of the sample at
low temperatures. As the magnetization is not saturated, the
saturation magnetization is obtained by extrapolating the M
vs 1/H curve to 1/H=0. At 10 K, the magnetization is very
low at low fields whereas higher magnetization is observed
in the 25-75 K region. It is known that the initial magneti-
zation curve reflects the domain pinning effects of a mag-
netic system and the same is reflected in the shape of the
ZFC magnetization curves.”> A comparison of the initial
magnetization at 500 Oe as a function of temperature is com-
pared to the ZFC magnetization measured at 500 Oe in Fig.
3. Apart from a maximum at 50 K, a minimum is observed at
200 K in the initial magnetization recorded at 500 Oe. The
shapes of both curves are almost similar, except for the larger
values of Msy, extracted from the initial magnetization
curves. This is possibly due to the fact that there was a small
remanent magnetization after the measurements at the suc-
cessive low temperatures.
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FIG. 4. Initial magnetization of BF500 measured at different
temperatures.

Figure 5 shows the magnetic hysteresis curves of BF500
measured at different temperatures in the range 10-300 K.
The sample shows magnetic hysteresis at room temperature,
with a coercivity of 1330 Oe, indicating that the sample is
not antiferromagnetic. Coercivity of the sample is larger than
that reported by Park et al. (425 Oe) (Ref. 13) for particles of
similar size (51 nm) synthesized by a different method. Simi-
larly, the exchange field, H,,=(H.,—H_)/2, is also much
larger in the present case (125 Oe when compared to 25 Oe).
These results suggest that the magnetic characteristics of the
nanoparticles of the material are depending on the method of
synthesis which determine the surface characteristics. The
origin of the higher magnetic moment for BiFeO5; nanopar-
ticles is attributed to surface contribution.'® For BF650, the
M —H curve recorded at 10 K (inset of Fig. 5) indicates very
weak ferromagnetism with a coercivity of 75 Oe.

Various parameters derived from the magnetic hysteresis
curves are shown in Fig. 6. There are some interesting ob-
servations from the temperature dependence coercivity (H,),

M (emu/g)

H (kOe)

FIG. 5. Magnetic hysteresis loops of BF500 recorded at differ-
ent temperatures. Inset: M —H behavior of BF650 at 10 K.
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FIG. 6. Coercivity (H,), remnant magnetization (M,), magneti-
zation at 30 kOe (M57), saturation magnetization (M), and the ratio
M,/ M of BF500 as a function of temperature.

remanent magnetization (M,), and saturation magnetization
(M,). There is a large drop in the coercivity as the tempera-
ture is decreased down to 200 K. The coercivity then remains
almost constant with a minimum at ~50 K and increases to
a large value below 30 K as the temperature is decreased.
Similar characteristics are observed in the case of the rema-
nent magnetization and M,/ M ratio also. On the other hand,
the magnetization at 3 T (maximum field used for measure-
ment) as well as the saturation magnetization show a mini-
mum at ~250 K and increase continuously as the tempera-
ture is decreased down to 10 K.

Figure 7 shows a comparison of the FC and ZFC magne-
tization curves of BF500 and BF650, measured under normal
and different conditions. Apart from the normal FC and ZFC
measurements, the field-cooled and zero-field-cooled magne-
tization measurements were also carried out after applying a
large field and then degaussing the sample at the lowest tem-
perature. Such measurements clearly give evidence for the
contribution from domain pinning effects.!>!® The sample
was initially cooled from room temperature to 10 K in zero
external magnetic field. At the lowest temperature, a large
magnetic field of 10 kOe was applied. The magnetic field
was then reduced to zero and the sample was then degaussed
at 10 K. After the remanent magnetization was reduced to
zero by degaussing at 10 K, the sample’s magnetization was
recorded while warming in a field of 500 Oe as in the case of
the usual ZFC magnetization measurement. The same experi-
ment was repeated after cooling the sample in a field of 500
Oe as in the case of normal FC measurements. Similar mea-
surements were repeated after cooling the sample under FC
and ZFC conditions to 28 K, a temperature slightly above 22
K where a minimum is observed in the FC magnetization
measurements.

For BF500, after applying a field and degaussing at 10 K,
the ZFC magnetization curve [curve ZFC1 in Fig. 7(a)]
shows a large drop in the magnetization up to 20 K and the
rest of the features are the same as in the normal ZFC curve.
However, the magnetization is larger at all temperatures and
a larger increasing difference is observed above ~100 K so
that the room-temperature value is much larger than that for
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FIG. 7. (Color online) Comparison of the ZFC and FC magnetization curves of (a) BF500 and (b) BF650, measured under different

conditions as described in the text.

the virgin sample. Similar features are observed in the case
of the FC magnetization [curve FC1 in Fig. 7(a)] also. Here,
the minimum is shifted to 26 K and the magnetization shows
larger difference above ~140 K. Both the new FC and ZFC
curves show a maximum at ~50 K. On the other hand,
when the sample is cooled down to 28 K only, during the FC
and ZFC measurements, the natures of both FC and ZFC
magnetization curves [curves FC2 and ZFC2 in Fig. 7(a)] are
almost identical after degaussing. In this case, only a shoul-
der is observed at 50 K in the magnetization curves. This
indicates that the maximum observed at 50 K in the normal
FC or ZFC curve is not associated with any spin-glass-like
transition or phase transition. Also, the magnetization at 300
K is lower than that of the virgin sample. The difference
between My, and Mg, [inset of Fig. 7(a)] shows a larger
slope change around 140 K, indicating a possible change in
the domain structure of the material at this temperature. For
BF650, after degaussing at 10 K, there is not much differ-
ence between the FC and ZFC curves [curves FC1 and ZFC1
in Fig. 7(b)]. Both curves show a minimum at 110 K, slight
deviation below 100 K, and again overlapping below 25 K.
This may be clearly seen from the difference between Mgc;
and Mc, [inset of Fig. 7(b)] which shows a minimum at 50
K.

Previous studies on BiFeO; single crystals showed a
sharp decrease in the magnetization in both the FC and ZFC
curves up to 30 K.% ac susceptibility studies indicated a
frequency-dependent cusp at 29 K assigned to spin-glass na-
ture and weak ferromagnetism. From the present results, it
appears that the large decrease in the FC magnetization up to
25 K as the temperature is increased, for both BF500 and
BF650, is due to some changes in the magnetic anisotropy or
domain pinning behavior of the system which can also show
frequency dependence in the ac susceptibility. The effect of
pinned domain walls is expected to reflect in the coercivity
of the material'® and this is observed as a large decrease in
the coercivity up to 30 K.

A sharp cusp in the ZFC curve at 50 K is assigned to a
superparamagnetic blocking of the spins.® Recent studies on
(111) oriented thin film of BiFeO; showed that the maximum
at 50 K is field dependent and varies according to the well-
known de Almeida—Thouless (AT) line where the freezing

temperature 7o H?? suggesting an acentric long-range spin-
glass behavior and mean-field system.” The AT line deviates
above 140 K and this temperature corresponds to the tem-
perature at which the magnon cross section diverges. How-
ever, it has been concluded that the AT behavior is not a
proof for the spin-glass behavior as it can be due to super-
paramagnetism as well as domain pinning effects. Park et al.
showed that a maximum in the magnetization is observed at
this temperature for samples of all sizes, bulk, as well as
nanoparticles.'® This suggests that the feature at 50 K is an
intrinsic property of BiFeOs. Present results show that the
coercivity is minimum at this temperature for BF500 and the
maximum at 50 K in the ZFC and FC curves can be sup-
pressed after degaussing the sample at a lower temperature,
indicating that this feature also is due to some domain pin-
ning behavior. The shape of the ZFC magnetization curve
when measured in a low magnetic field is related to the mag-
nitude and temperature variation of the coercivity which is a
measure of the anisotropy.!” Thus, there is a direct correla-
tion between the shape of the ZFC magnetization curve and
the domain structure of a material. The inverse of the coer-
civity of BF500, normalized with respect to the maximum in
the ZFC magnetization, is compared in Fig. 3. The features
of both curves are comparable at low temperatures. Although
there is no strong magnetic feature for BF500 at 100 K cor-
responding to the minimum observed in the FC and ZFC
curves for BF650 after degaussing, a minimum in the rema-
nence is observed at 100 K for BF500.

A broad minimum is observed around 150 K in the FC
and ZFC measurements on single crystals.® A ferromagnetic
transition is observed at this temperature from studies on
oriented thin films.® The present results show that this is not
a true ferromagnetic transition. No indication for such a
magnetic transition is observed from studies on BF500, ex-
cept that (i) a large deviation in the inverse of the coercivity
is observed above 150 K, (ii) a slope change in this tempera-
ture region is observed in the difference between FC and
ZFC magnetizations after degaussing of BF500, and (iii) the
coercivity shoots up above this temperature. These facts
again suggest the correlation between the magnetic charac-
teristics and the domain structure of the material. The diver-
gence between FC and ZFC magnetization curves of single
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crystalline BiFeO; below 250 K is previously assigned to
spin-glass behavior.® A similar feature is observed for the
larger particles of BiFeO; (BF650) in the present work.
However, this divergence between FC and ZFC is observed
immediately below the magnetic transition temperature
(~630 K) for the smaller particles (BF500), similar to other
ferromagnetic systems. A minimum in the saturation magne-
tization is observed around 250 K for BF500, indicating that
the divergence between FC and ZFC curves for BF650 be-
low 230 K is not a true spin-glass behavior. For larger par-
ticles, this can be due to the strong coupling between the
antiferromagnetic and ferroelectric domain structures.

IV. CONCLUSIONS

For nanoparticles of BiFeO; of two different sizes,
anomalous magnetic characteristics are observed at tempera-
ture regions closer to that of the phase transitions reported at
90, 140, 200, and 250 K from Raman spectroscopic studies
and spin-glass-like transitions reported at 30, 50, 150, and
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250 K from magnetic studies on single crystals and thin
films. Some changes in the magnetic characteristics are ob-
served at these temperatures when the measurements are
done under different experimental conditions, suggesting that
the phase transitions or spin-glass-like transitions are directly
associated with changes in the intrinsic magnetic nature of
the BiFeO3, strongly coupled with the lattice. The phase tran-
sitions observed in the Raman spectroscopic studies are not
directly observed in the magnetic measurements, indicating
that these are not dominant magnetic transitions as sug-
gested. Similarly, there cannot be many spin-glass-like tran-
sitions in the same material, as reported. Hence, the anoma-
lies observed at the specified temperatures are likely to be
some changes associated with the domain structure of the
material at low temperatures.
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