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a b s t r a c t

We report shape- and field-dependent magnetic properties of ellipsoid-, spindle-, flattened- and

rhombohedra-shaped a-Fe2O3 samples prepared by solvothermal technique. We observed that a

magnetic spin-flip mechanism, mostly known as Morin transition (TM), depends on the shape of a-Fe2O3

as well as on the applied magnetic field. In each of these structures the obtained value of TM was less

than its bulk value of 263 K. We observed that TM shifted from highest 251.4 K for ellipsoid to lowest

220.8 K for rhombohedra structure, with intermediate values of TM for the other two structures.

However, for rhombohedra structure TM shifted from 220.8 to 177.5 K under the external magnetic field

of 100 Oe–30 kOe, respectively. The observed lowering of TM in the structured sample was analyzed in

terms of elementary size, shape of the nanocrystallites, lattice parameters and occupancy of Fe+3 ions as

well. These parameters were determined from the Rietveld refinement process using MAUD software.
1. Introduction

Spin axis of a-Fe2O3 (hematite) is oriented along the c-axis
[111] [1,2]. It demonstrates the magnetic spin-flip mechanism,
known as Morin transition (TM), at points well below the Néel
temperature (TN ¼ 961 K) [3]. Thus, at TN a-Fe2O3 shows anti-
ferromagnetic (AF) arrangements, whereas, above TM, the spins
are found to flip by 901 from c-axis to c-plane. Under this situation
hematite samples show a weak ferromagnetism because a slight
spin canting occurs out of the basal plane by the imperfect
antiferromagnetic coupling of Fe3+ ions in the alternating
sublattices [1,2,4–6]. In this state neighboring magnetic moments
are not perfectly antiparallel and non-zero value of magnetic
moment appears in the direction of the c-axis. The small canting
of moments results from the anisotropic exchange interaction,
popularly known as, Dzialoshinski–Moriya interaction [7,8].
According to Artman et al. [9] Morin transition arises from the
coexistence of two competitive anisotropy components with total
energy of comparable magnitudes, opposite signs and having
different temperature dependences. The first one is the magnetic
dipolar anisotropy (KMDo0), which is negative and directs the
magnetic easy axis within the c-plane and it falls off as the inverse
cube of dipole separation distance. The second one is the local fine
structure anisotropy component (KFS40), which is positive and
arises from the higher order of spin–orbit coupling of the
.

individual metal ions. It is short ranged and falling off exponen-
tially with the spin separation distance [1]. The positive value of
KFS directs the magnetic easy axis along the c-axis. Below TM, the
total anisotropy energy is positive as |KFS|4|KMD|. Similarly above
TM, |KFS|o|KMD|, hence total anisotropy energy is negative. The
change in total energy sign from one side of TM to another is
behind the mechanism of spin-flip transition. The transition is
found to depend on various experimental parameters like particle
size [10–14], presence of impurity [15,16], applied pressure [17,18],
stoichiometry deviations [19,20] and morphology [21,22] of
hematite samples.

We have studied these possibilities for four a-Fe2O3 samples
with different morphologies, such as ellipsoidal, spindle, flattened
and rhombohedra. The temperature-dependent hysteresis loop
measurements of these samples resulted in explicit evidences of
the structure-dependent inherent magnetic phenomena. On the
other hand, field-cooled (FC) magnetization measurement reflects
the structure sensitive spin-flip Morin transition phenomenon
and also proved to be very useful study in this connection.
2. Experimental section

Structural hematite (a-Fe2O3) was prepared by solvothermal
method. The process involved heating of a closed cylindrical
teflon-lined stainless steel chamber with a capacity of 130 ml,
containing solvent and dissolved metallic salts. A 6.3 g (0.016 mol)
of Fe(NO3)3, 9H2O was used as precursor. Ethylenediamine (EN),
ethanol (EtOH) (90%) and water were used as solvents, either
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separately or as a mixture taken in a particular ratio. The detail of
sample preparation has been explained elsewhere [23]. In the
following section we will denote the ellipsoid sample as SA,
spindle as SB, flattened as SC and rhombohedra as SD. The phase
identification of the specimen was done by X-ray diffraction (XRD)
with CoKa radiation (l ¼ 0.170058 nm). The XRD pattern was
further subjected to the Rietveld analysis [24] for the estimation
of the lattice parameter of different phases and their quantitative
abundances. For performing the Rietveld refinement, we used the
program MAUD [25], which allowed carrying out structure as well
as microstructural refinement. Another significant advantage of
using the MAUD program is in the estimation of the particle size
distribution according to the log normal distribution model
proposed by Popa and Balzar [26] and implemented in the
program. The detailed description of the methodology is beyond
the scope of the present article and can be found elsewhere [27].
The morphology, crystalline sizes and structures of the a-Fe2O3

samples were studied by JSM 6700F field emission scanning
electron microscope (FESEM) and by JEOL 2010 high-resolution
transmission electron microscope (TEM). Field- and temperature-
dependent dc magnetic measurements were studied with an
MPMS (Quantum Design). For the zero-field-cooled (ZFC) mea-
surement, the sample was cooled from room temperature (300 K)
to 5 K in the absence of dc magnetic field. Then 100 Oe magnetic
field was applied at low temperature and magnetization data
were recorded with increasing temperature. For FC, the system
was cooled from room temperature to 5 K in presence of dc
magnetic field (same magnitude which applied during ZFC
measurement) and the magnetization data were recorded with
increasing temperature.
3. Results and discussion

3.1. Phase study: XRD

Fig. 1 shows the XRD spectra and the Rietveld refinement plots
of all as-prepared samples. All samples revealed well crystalline
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Fig. 1. X-ray diffraction spectra of the structured a-Fe2O3 samples. The solid lines

are the experimental spectra (Ie), and the symbol shows simulated spectra (Is) by

Rietveld refinement. The difference (Ie�Is) in spectra are also given in the

corresponding figure.
hexagonal phase of a-Fe2O3 with cell parameters around
a ¼ 5.035 Å, c ¼ 13.74 Å, space group R3c (167) (JCPDS file no.
33-0664). These sample were phase pure, as the spectra did not
show any traces of other phases of Fe2O3, such as b, g or d phase or
any phase of iron oxide hydroxides, such as FeOOH, or Fe(OH)3.
The refined parameters, i.e., cell parameters, atomic positions,
occupancies as well as reliability factors are reported in Table 1 for
all the samples. We will use this information for the observed
shape- and size-dependent magnetic behavior of the hematite
samples. Morphologies of the ellipsoid (SA), spindle (SB), flattened
(distorted rice and mix of rhombohedra type) (SC) and
rhombohedra (SD) samples are shown in Fig. 2(a–d). Details of
the growth mechanism and structural formation of these a-Fe2O3

nanocrystals were reported in our previous publication [23]. The
average length of SA is around 200 nm. Average length and
diameter of SB are approximately 630 and 150 nm, respectively.
The average longest and broadest side of sample SC measure 250
and 150 nm, respectively, whereas for rhombohedra each edge
length measures about �400 and �290 nm [23].
3.2. Shape-dependent magnetic transition

Magnetic behaviors of structured hematite in its different
morphological attributes have been investigated in this article. It
is well established that below TM, hematite shows antiferromag-
netic phase with the two antiparallel magnetic sublattices lying
along the c-axis (rhombohedra (111)). In between the Néel
temperature (961 K in bulk) and the Morin temperature, TM ¼ 263
K in bulk [28], hematite shows a canted weak ferromagnetic (WF)
phase resulting from the inexact compensation of the two
magnetic sublattices with spins lying in the basal plane (111
plane). Fig. 3(a) presents the zero-field-cooled magnetization
behavior under an external magnetic field of 100 Oe for samples
SA, SB, SC and SD. All of the ZFC curves corresponding to different
hematite samples with diverse morphology display a sharp
variation in Morin temperatures (TM), which are derived
unambiguously from the maximum of the dM/dT curve. Fig. 3(b)
shows the variation of TM with the morphologies. For samples SA,
SB, SC and SD the values of TM were determined as �251.4(70.27),
245.4(72.2), 230.5(72.32) and 220.8(71.19) K, respectively. It is
remarkable to note that irrespective of the shape and size of the
samples the observed transition temperature is lower than the
corresponding value of the bulk hematite. We can explicitly relate
the observed decrease in TM with the morphological nature of
the samples. According to our understanding we realized that the
change in Morin transition occurred mainly because of the
variation of the crystalline anisotropy, lattice strains and crystal
defects generated by different morphologies of hematite samples.
The highest TM occurs for ellipsoidal sample with a close
resemblance to spherical shape having least strained and least
lattice distortion. For subsequent structures the decrease of TM

may be a result of increasing lattice strain and lattice distortion
due to their non-spherical shape obtained by high pressure and
temperature-mediated solvothermal synthesis. Moreover, it has
been reported that the value of TM is affected by the particle
shape, size, crystallinity, doping of impurities, vacancies, strains,
crystal defects and nature of the surface [10–12,19,29].

Along with these effects the competition among the magne-
tocrystalline, shape and surface anisotropy plays an important
role for determining TM and other magnetic properties of
structured hematite. For example, in spindle-like structure
(sample SB), the long axis is along (10 4) direction (see
Fig. 4(a, b)), while the c-axis is along the (111) direction. Below
TM, magnetocrystalline anisotropy tends to align the magneti-
zation along the c-axis and shape anisotropy tries to align the
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Fig. 2. The FESEM images of the (a) ellipsoidal, (b) spindle, (c) flattened and (d) rhombohedra structures of a-Fe2O3.

Table 1
Rietveld-refined parameters obtained for different structured a-Fe2O3 specimens.

Ellipsoidal TM�251.4 K

a-Fe2O3 (R-3c) r.m.s. strain ¼ 0.00002(2)

a ¼ 5.0347986(10) Å Rwp ¼ 4.88% Rexp ¼ 5.45% RBragg ¼ 4.75%

c ¼ 13.76356(15) Å

Atom Site X y z Biso Occupancy

Fe1 12c 0 0 0.3553 (2) 0.14 0.9600(3)

O 18e 0.3088(7) 0 1
4

0.97 1

Spindle TM�245.4 K

a-Fe2O3 (R-3c) r.m.s. strain ¼ 0.00022(2)

a ¼ 5.03584(16) Å Rwp ¼ 4.03% Rexp ¼ 3.75% RBragg ¼ 3.45%

c ¼ 13.76262 (11) Å

Atom Site x y z Biso Occupancy

Fe1 12c 0 0 0.3557(8) 0.24 0.9921(10)

O 18e 0.3085(3) 0 1
4

0.91 1

Flattened TM�231.5 K

a-Fe2O3 (R-3c) r.m.s. strain ¼ 0.000512(1)

a ¼ 5.03275 (11) Å Rwp ¼ 4.58% Rexp ¼ 4.84% RBragg ¼ 4.21%

c ¼ 13.75288(14) Å

Atom Site X y z Biso Occupancy

Fe1 12c 0 0 0.3555(1) 0.25 0.9787(3)

O 18e 0.3033(1) 0 1
4

0.84 1

Rhombohedral TM�220.8 K

a-Fe2O3 (R-3c) r.m.s. strain ¼ 0.0009(1)

a ¼ 5.03502 (25) Å Rwp ¼ 4.38% Rexp ¼ 4.35% RBragg ¼ 3.67%

c ¼ 13.7660(16) Å

Atom Site x y Z Biso Occupancy

Fe1 12c 0 0 0.3554(13) 0.68 0.9934(16)

O 18e 0.3082 (12) 0 1
4

0.95 1
moments along the long axis. Above TM magnetocrystalline
anisotropy tries to align the magnetization in the basal plane
while shape anisotropy again tries to align the moments along the
long axis. Hence in spindle-like hematite particles the
competition between the shape and magnetocrystalline
anisotropy offers significant contributions. Magnetic properties
of sample rhombohedra are much more complicated because of
their structure and because both shape and surface anisotropies
play important roles along with the magnetocrystalline
anisotropy in determining the observed magnetic behavior. For
Rhombohedra, the parallel lattice fringes of (10 4) are along the
breadth and perpendicular to (110) direction (see Fig. 4(c,d)).
Though the dependence of magnetic behavior on different
anisotropy terms along with the crystal strain and defects are
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yet to study in detail, qualitatively we can say that the surface
anisotropy results in surface spin disorder, weakening of exchange
coupling, which might play role in determining TM.
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(b) the variation of the Morin transition temperature (TM) with the structures.

Fig. 4. TEM images show the general morphologies (a) spindle (c) rhombohedra-shape

the lattice parameters for (b) spindle and (d) rhombohedra-like a-Fe2O3 samples.
Hysteresis loops for samples spindle and rhombohedra are
shown in Figs. 5 and 6, respectively, at temperatures of 5, 100, 180
and 300 K after zero-field-cooling. These samples show weak
ferromagnetic behavior at room temperature (300 K), which is
well above their respective TM (245.4 K for SB and 220.8 K for SD).
However, at temperature below TM, typical antiferromagnetic
behavior was observed. At 300 K the value of coercivity and
remanence for sample SB are 314.77 Oe and 0.1081 emu/g,
respectively. These values for sample SD are 1230.85 Oe and
0.1916 emu/g, respectively. The larger coercivity and remanence
for sample SD can be attributed to its enhanced shape and
magnetocrystalline anisotropy. Fig. 7(a) shows the anhysteric
M–H curve at 300 K for samples SB and SD. The curves show a
steep linear increase with the field at the low-field region then a
d a-Fe2O3 samples. High-resolution TEM images show the direction of growth and
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downward curvature followed by almost a linear behavior
up to the highest applied field. Hence there are two main
contributions. The magnetization in this case can be denoted as
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(SD)-shaped a-Fe2O3 samples above their respective Morin transition temperature.
M ¼ Mnc(H)+wH [29]. The initial rapid increase in magnetization
is attributed to the weak ferromagnetic behavior, Mnc in the
samples, which tries to saturate the moment. The non-saturation
of moments at high field is probably coming due to residual
antiferromagnetism in the samples, and expressed by the term
wH, where w is the magnetic susceptibility and H, the magnetic
field. Theoretical fit of the experimental curves in Fig. 7 with the
above equation gives the value of 0.257 emu/g (Mnc) and
1.754�10�5 cm3/g (w) for spindle (sample SB) and 0.472 emu/g
(Mnc) and 2.421�10�5 cm3/g (w) for (sample SD) and is shown by
solid lines in the figure. In Fig. 7(b) the M–H curve for sample
spindle (SB) and sample rhombohedra (SD) at 5 K gives a change
in their curvature at large field. This denotes a spin-flop transition
[29]. The value of spin-flip (Hsf) is taken as the field at the slope
and is shown by an arrow in Fig. 7(b).

Now we try to explain the observed variation in TM with shape
and change in lattice parameters. According to the early work of
Kündig et al. [3] it is well known that smaller particle sizes below
20 nm do not exhibit a Morin transition down to 4.2 K. However,
the findings of Dang et al. in the review work [19] deviate from the
perception that for larger particles (420 nm), particle size itself
does not play any role; instead, the precise lattice parameters are
important in understanding the Morin transition. In the present
work, the occupancies of Fe+3 and the lattice parameters of all the
four specimens at their respective Morin transition temperatures,
TM are plotted in Fig. 8(a) and (b). Interestingly, all the parameters
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in the figures show similar variation with TM, i.e., first it decreases
in the asymmetric specimen (sample SC) with increase in the TM

followed by an increase in their values in the case of spindle
specimen (sample SB) and finally again decreases in the
ellipsoidal specimen (sample SA). However, the only exception is
the lattice parameters of the ellipsoidal specimen (SA), which
change in the opposite direction (see Fig. 8(a)), i.e., ‘a’ value
decreases and the ‘c’ value increases as compared to the spindle
specimen (SB). The common perception is that with increasing
lattice distortions (either in the form of smaller particle size,
anisotropic lattice strain, non-stoichiometry) the Morin transition
should gradually shift to lower temperatures. However, it is
imperative from the review work of Dang et al. [19] that the Morin
transition is not related in a simple way to any single structural or
microstructural parameter, such as crystallographic unit cell
volume or mean particle diameter, rather a critical interplay
among the parameters exists. In the present work we can see that
the occupancy of Fe+3 is significantly low in the ellipsoidal (0.96)
and the asymmetrical (0.978) specimens. This deficiency of Fe+3

might be due to the incorporation of OH groups and/or
introduction of lattice defects. This situation increases the non-
stoichiometry of the specimens and in turn introduces significant
lattice distortions within the unit cell. To explain the observed
anomalous variation in the TM and the lattice parameters of the
asymmetric and ellipsoidal specimens, we recall our basic
understanding that this spin flip in Morin transition arises from
a competition between the local ionic anisotropy term from
spin–orbit coupling and a long-range dipolar anisotropy term.
These two anisotropy terms are of comparable magnitudes but
having opposite signs and different temperature dependencies.
They cross at a particular temperature (TM) thereby changing the
sign of the overall anisotropy constant and causing the spin flip.
The competition between the two anisotropy terms is dependent
on the lattice expansion, crystal defects including vacancies,
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the positions of Morin transition temperature as 220.8, 220.1, 218.3 and 177.5 K, respec
surface effects, and particle size and shape effects [19]. Thus in our
study, the non-stoichiometry of the asymmetric (SC) and
ellipsoidal (SA) specimens and the oppositely changing lattice
parameters in the ellipsoidal specimen are expected to generate a
strong long-range dipolar anisotropy, as compared to their
counterpart spindle and rhombohedra specimens (SD) that
might be responsible for the observed Morin transition at
relatively higher TM.
3.3. Field-dependent magnetic transition

Field dependence of Morin transition is studied for rhombohe-
dra-shaped sample (SD) and is shown in Fig. 9 with the field-
cooled and zero-field-cooled magnetization versus temperature
curves taken at fields of 100 Oe, 500 Oe, 1000 Oe and 30 kOe (3 T),
respectively. The moment was recorded at 5 K intervals following
temperature stabilization. As shown in the figure, the Morin
transition temperature (TM) shifted from 220.8(70.27) to
177.5(73.27) K as externally applied magnetic field increases
from 100 Oe to 3 T. For 500 and 1000 Oe, TM stood as 220.1(70.7)
and 218.3(72.2), respectively. Earlier experimental observations
confirmed that antiferromagnetic to weak ferromagnetic
transition can be induced by applied field perpendicular or
parallel to the trigonal [111]-axis [30–32]. In these experiments
it was also observed that if the applied magnetic field makes any
angle with the [111]-axis, an abrupt phase transition takes place.
Theoretical calculation based on these experimental results
predicted that the phase transition depends on the molecular
field, magnetocrystalline energy, applied field and magnetization
vectors. In fact, as temperature is lowered, the phase transition
depends especially on the magnetocrystalline anisotropy (K) in
the vicinity of TM in the form of –Kcos4y, where y is the angle
between the AF-axis and the [111]-axis [33]. In our experiment,
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since the direction of the magnetic field was not changed
substantially, the change in the transition temperature can
qualitatively be attributed to the other factors as mentioned
earlier.

We also observed another change of slope in the ZFC–FC
pattern between 55 and 65 K, which appears as a small peak in
dM/dT versus T curve, and is more prominent at higher field. This
change can be attributed to the blocking process of very small
sized superparamagnetic particles present in the sample [29].

Another interesting point is that at low field (100 Oe) the ZFC
and FC curves almost superposed each other at low tempe-
rature below TM, which is consistent with their antiferromagnetic
nature, and are separated at close to room temperature (i.e., above
TM). This may be due to weak ferromagnetic ordering of the
hematite samples. With the increase in magnetic field the low
temperature section remains almost superposed, however, the
room temperature part gets close in. Then at higher magnetic field
of 30 kOe, the low temperature section of ZFC–FC curve below TM

splits up, whereas above TM it is superposed. This can be
attributed to the presence of the competition between the shape
and magnetocrystalline anisotropies. At high magnetic field,
ferromagnetic ordering of the hematite samples is dominating
over antiferromagnetic ordering throughout the temperature
ranges. As a result, we observed the hysteric behavior of
magnetization values in FC curve. The superposition of the FC
and ZFC curves at higher temperature is related to blocking
phenomena of the sample.
4. Conclusions

In summary, we showed spin-flip transition (TM) of a-Fe2O3

samples with the shape and externally applied magnetic
field up to 30 kOe. The results revealed interesting behavior of
the antiferromagnetic to weak ferromagnetic phase transition
with shape and external magnetic fields. The observed transition
(TM) was found to be lower than what is observed for
bulk samples. This phenomenon was discussed in terms of the
surface and magnetocrystalline anisotropies, the change in
the lattice parameters and the occupancy of Fe+3 ions with
shape and size of the nanocrystals. The results and finding can
also be assessed in determining the magnetocrystalline aniso-
tropy, molecular field or magnetization to reveal additional
information regarding inherent structure–property relationship
of a-Fe2O3.
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