
Citation: Attanayake, S.B.; Chanda,

A.; Hulse, T.; Das, R.; Phan, M.-H.;

Srikanth, H. Competing Magnetic

Interactions and Field-Induced

Metamagnetic Transition in Highly

Crystalline Phase-Tunable Iron Oxide

Nanorods. Nanomaterials 2023, 13,

1340. https://doi.org/10.3390/

nano13081340

Academic Editors: Hsi-Chin Wu and

Shiao-Wen Tsai

Received: 20 March 2023

Revised: 7 April 2023

Accepted: 10 April 2023

Published: 12 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Competing Magnetic Interactions and Field-Induced
Metamagnetic Transition in Highly Crystalline Phase-Tunable
Iron Oxide Nanorods

Supun B. Attanayake 1 , Amit Chanda 1,* , Thomas Hulse 2, Raja Das 3, Manh-Huong Phan 1,*

and Hariharan Srikanth 1

1 Department of Physics, University of South Florida, Tampa, FL 33620, USA; attanayake@usf.edu (S.B.A.);
sharihar@usf.edu (H.S.)

2 Department of Physics & Astronomy, University of Louisville, Louisville, KY 40208, USA;
thomas.hulse@louisville.edu

3 SEAM Research Centre, South East Technological University, X91 K0EK Waterford, Ireland; raja.das@wit.ie
* Correspondence: achanda@usf.edu (A.C.); phanm@usf.edu (M.-H.P.)

Abstract: The inherent existence of multi phases in iron oxide nanostructures highlights the signifi-

cance of them being investigated deliberately to understand and possibly control the phases. Here, the

effects of annealing at 250 ◦C with a variable duration on the bulk magnetic and structural properties

of high aspect ratio biphase iron oxide nanorods with ferrimagnetic Fe3O4 and antiferromagnetic

α-Fe2O3 are explored. Increasing annealing time under a free flow of oxygen enhanced the α-Fe2O3

volume fraction and improved the crystallinity of the Fe3O4 phase, identified in changes in the mag-

netization as a function of annealing time. A critical annealing time of approximately 3 h maximized

the presence of both phases, as observed via an enhancement in the magnetization and an interfacial

pinning effect. This is attributed to disordered spins separating the magnetically distinct phases

which tend to align with the application of a magnetic field at high temperatures. The increased

antiferromagnetic phase can be distinguished due to the field-induced metamagnetic transitions

observed in structures annealed for more than 3 h and was especially prominent in the 9 h annealed

sample. Our controlled study in determining the changes in volume fractions with annealing time

will enable precise control over phase tunability in iron oxide nanorods, allowing custom-made phase

volume fractions in different applications ranging from spintronics to biomedical applications.

Keywords: magnetic nanorods; biphase iron oxide; Verwey transition; Morin transition; annealing;

magnetic hyperthermia; spintronics; metamagnetic transition

1. Introduction

Since the groundbreaking revelation of the concept in the 1960s by Richard Feynman,
nanoparticles have made significant strides in many fields, especially magnetic nanopar-
ticles have attracted significant attention for their potential applications in drug delivery,
cancer treatment, and hyperthermia [1–7]. The scope of these fields has recently expanded
into spintronic devices as well, which cover a wide variety of applications such as stor-
ing, processing, and transmitting data as well as in the energy sector showing potential
applications as effective catalysts in fuel cells [8–14]. The iron oxide nanoparticles which
are discussed here are well-known in all the above-mentioned fields as they are non-toxic,
stable, able to functionalize, and possess a high surface–volume ratio [15–18]. Addition-
ally, different phases of iron oxide such as α-Fe2O3, γ-Fe2O3, Fe3O4, etc. possess distinct
magnetic ordering. These phases enable iron oxide nanoparticles and thin films to be
customized to variable applications [19–25].

High aspect ratio nanorods synthesized by Das et al. [25]. illustrated exotic mag-
netic and inductive heating properties mainly due to the high surface–volume ratio and
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anisotropy. The epitaxial growth of these highly oriented Fe3O4 nanorods on SrTiO3
substrates has created a novel heterostructure with enhanced perpendicular magnetic
anisotropy, which is desirable for magnetic data storage and spintronic devices [12]. Func-
tionalizing the structure not only enhances its basic capabilities but opens a wide range
of additional applications. For example, usage as a contrast agent in magnetic resonance
imaging, as a gas sensor, or as an anode in battery cells [26–29]. To further extend the
functionalization of iron oxide nanorods, phase, and structural tunability are necessary.
A rigorous examination of iron oxide nanorods via magnetometry enabled Attanayake
et al. [19]. to determine the presence of biphase which is undetectable when using orthodox
characterization methods such as X-Ray Diffractometry (XRD). These results proposed
the opportunity to study the phase tunability and coexistence of antiferromagnetic (AFM)
α-Fe2O3 and ferrimagnetic Fe3O4. α-Fe2O3 is thermodynamically more stable and its
changes with varying annealing temperatures in the presence of a free flow of oxygen
were initially checked to determine an ideal formation temperature, which preserves the
magnetic qualities of Fe3O4 but leverages the characteristics of α-Fe2O3 [29–31]. This tem-
perature was later determined to be 250 ◦C and has been utilized in all the annealing runs in
the current experimental setup which was annealed for varying durations in the presence
of a free flow of oxygen to observe the phase changes as a function of annealing time.

In this context, we report on the results of a thorough study of the magnetic and
structural properties of high aspect ratio iron oxide nanorods with ferrimagnetic Fe3O4 and
antiferromagnetic α-Fe2O3 phase tunability. A comprehensive understanding of the phase
changes in these iron oxide nanorods will allow for the precise tailoring of these structures,
enhancing the phase-specific magnetic and structural properties and giving greater control
over the phase tunability of biphase iron oxide nanorods paving the way for a wider range
of potential applications.

2. Materials and Methods

The iron oxide nanorods (NR) were synthesized by closely following the method
proposed by Sun et al. [32]. The initial solutions containing 0.4 g of Hexadecylamine (HDA),
4 mL of Oleic acid (OA), and 16 mL of 1-Octanol (Sigma-Aldrich, St. Louis, MO, USA) were
continuously stirred for 30 min at 55 ◦C. The ratio of HDA to OA which determines the
aspect ratio of the NR was fine-tuned by varying the amount of HDA, based on the work
of Raja et al. [25]. The resulting clear solution was then left to reach room temperature,
into which 4 mL of Iron (0) Pentacarbonyl (Sigma-Aldrich, St. Louis, MO, USA) was added
and stirred for another hour. The solution in a Teflon-lined container was then encased
in a steel metal jacket and placed inside a 200 ◦C pre-heated oven for 6 h to undergo
autonomous pressure resulting in elongated nanostructures. After the solution reached
room temperature, the dark-colored nanostructures were retained in the solution while the
yellowish supernatant was poured out. The remainder of the solution was then cleaned
using ethanol and a small amount of hexane by sonicating and centrifuging and repeated
at least two times or until the solute is well-separated. The well-separated product is
then left to dry for a minimum of three days to obtain a fine powder. The powder is then
placed in a ceramic combustion boat and inserted into a tube furnace heated to 250 ◦C with
a continuous flow of oxygen. The samples were kept at this temperature for durations
of 1, 3, 5, 7, and 9 h, and finally, all the samples were examined for their structural and
compositional consistency by using the FEI Morgagni 268 Transmission Electron Microscope
(TEM) (FEI, Hillsboro, OR, USA) and Bruker AXS D8 X-Ray Diffractometer (XRD) (Bruker,
Madison, WI, USA), respectively. All the magnetic measurements were completed by
using the Vibrating Sample Magnetometer (VSM) option in a DynaCool Physical Property
Measurement System (PPMS) manufactured by Quantum Design, San Diego, CA, USA.

3. Results

Figure 1 shows how the iron oxide nanorods changed their structural composition with
annealing and additionally the inset in Figure 1a shows the TEM image of a high-quality
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ments and the ferromagnetically arranged uncompensated sublattice magnetization of
AFM FeRh at the Fe/FeRh interface, the Fe/FeRh/MgO film did not show EB because
of the compensated AFM sublattice magnetization [65]. A controllable EB effect was also
observed in an ion-implanted single-layer AFM FeRh film introducing a surface FM layer
on top of the bulk AFM layer [66]. However, the origin of the absence of the EB effect and
the existence of the field-induced metamagnetic transition in our iron oxide system with
competing magnetic phases are rather different from the aforementioned case. Usually,
the metamagnetic transition requires very strong magnetic fields to transform an anti-
ferromagnetically/ferrimagnetically ordered state into a ferromagnetically ordered state.
Because of the presence of the weakly ordered AFM α-Fe2O3 phase specifically near the
MT, the metamagnetic transition occurs at a much lower magnetic field (also known as the
spin-flop transition field of α-Fe2O3 [59]) in our Fe3O4/α-Fe2O3 system, unlike classical
AFM materials. However, the strength of the AFM interaction increases gradually at low
temperatures, which requires higher magnetic fields to drive the metamagnetic transition.
This explains the disappearance of the metamagnetic transition in the measured field range
(<1 T) below 250 K (Figure 4a).

As shown in Figure 6a, the MS value (magnetization at the highest magnetic field 1 T)
at 10 K and at 300 K show variation between their respective low and high-temperature
values which can be observed in the AP, 1 h, and 3 h AN. The MS tends to be higher at a
low temperature in comparison to a high temperature as the magnetic moments can be
easily aligned with fewer thermal fluctuations [67–69]. Clearly, the MS value for the 9 h
AN sample is minimum amongst all the other samples at both 10 K and 300 K. Moreover,
the difference in the MS values between 10 K and 300 K significantly decreases with an
increase in the annealing duration. All these observations strongly indicate an enhancement
in the volume fraction of the AFM α-Fe2O3 phase with increasing durations. This can
be compared with Figure 6b where the HC at low and high temperatures followed the
same trend until the 9 h AN where the weakly FM α-Fe2O3 phase above the MT results
in a higher HC at the high temperature. The enhancement of the HC until the 3 h AN in
both temperatures is understood to be due to the interfacial interaction between the AFM
and FiM phases with the optimization of the two phases, as the spin distribution and the
arrangement change [70]. Specifically, the significant enhancement of the crystallinity in
the FiM Fe3O4 phase of the 3 h AN results in a better ordering of spins, which has a higher
potential for influencing the spins at the interfaces as they prevent the spins from getting
freely ordered with the applied field leading to the enhanced HC [71]. When the AFM
phase further increases, the HC decreases as the interfacial interactions become directly
affected by the effective area and microstructural changes between the two phases as the
local spin frustrations result [70,72]. Figure 6c was calculated using

∆MX = MX,FC − MX,ZFC (1)

where ∆MX denotes the difference in magnetization at the “X” applied field. Here, the
relation highlights the difference between the FC and ZFC magnetization at 0.25 T and 1 T
applied field points which clearly shows that at around 0.25 T field, the difference between
the FC and ZFC magnetizations is higher, indicating the pinning effect [19]. Though the
trend is similar at both the said applied fields of 0.25 T and 1 T, the AP sample is an
exception as it shows a higher change in MS values at 0.25 T which can be understood to
be due to the significantly higher FiM Fe3O4 with the low AFM α-Fe2O3 phase. This is
the reason we observe a larger difference between the magnetization in the FC and ZFC
protocols in the low-field field (0.25 T) as the α-Fe2O3 phase aligns [33]. The percent change
in magnetization (% ∆M) at VT and MT has been calculated by using the following equation:

% ∆M = (Mmax − Mmin)/Mmax (2)
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