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Nanogrowth twins 共GTs兲 have been observed in CoFe2O4 共CFO兲 epitaxial thin films deposited on
共111兲 oriented SrTiO3 substrates by pulsed laser deposition. The GTs form during nucleation and
growth and consist of CFO growth regions that have a mirror relationship with respect to each other.
We show that the films with GTs 共i兲 are better crystallized than the ones without them and 共ii兲 have
higher saturation magnetizations due to the presence of twin boundaries. © 2008 American Institute
of Physics. 关DOI: 10.1063/1.3033371兴
I. INTRODUCTION

Cobalt ferrite CoFe2O4 共CFO兲 is a magnetic oxide with
the spinel structure, which has a cubic close packed 共CCP兲
oxygen framework structure. Early studies of bulk CFO revealed that it tended to form a partially inverse spinel structure, where the degree of site inversion depended on thermal
treatment:1 共Co0.07Fe0.93兲关Co0.93Fe1.07兴O4 in a slow cooled
condition and 共Co0.24Fe0.76兲关Co0.76Fe1.24兴O4 in a quenched
one 共the parentheses indicate tetrahedral A sites and the
square brackets indicate octahedral B sites兲. The spins of
ions on A and B sites partially cancel each other. Spinel
ferrites are unique among magnetic materials simultaneously
having high resistivities, high Néel temperatures, high saturation magnetizations, and high permeabilities. Consequently, they are a material of choice for various magnetic
applications ranging from high frequency devices to
magneto-optical recording, and to microelectromechanical
systems.2–5
There are two kinds of magnetic exchange interactions
in spinel ferrites: 共i兲 a direct M-M interaction Jd between two
cations and 共ii兲 a M-O-M superexchange interaction Js .6 Experimentally, it has been found that the direct interaction Jd
is favored when  ⬇ 90°, whereas Js dominates from 90°
ⱕ  ⱕ 180°. The anisotropy of the superexchange can be
given as
s
s
Js = J90
sin2  + J180
cos2  .

共1兲

When  ⬇ 180°, an antiferromagnetic exchange that is proportional to cos2  is favored; whereas when  ⬇ 90°, a ferromagnetic exchange that is proportional to sin2  is
favored.6–9 Several papers have previously been published
on superexchange interactions in CFO.10–14 The effect of
heat treatment on superexchange interaction is known to be
quite small, which means that the interaction is not so sensitive to whether Co occupies A or B sites.10
Various ferrite thin films 共CFO, Fe3O4, NiFe2O4,
MnFe2O4, etc.兲 have been grown on numerous substrates
共MgO, SrTiO3, MgAl2O4, etc.兲 by many deposition methods
关sputtering, sol-gel, pulsed laser deposition 共PLD兲, etc.兴.2–5
a兲
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Previously, studies of single crystal Fe3O4 films grown on
MgO substrates by Margulies et al.15,16 reported a local enhancement in the intrasublattice antiferromagnetic superexchange over that of the intersublattice in the vicinity of antiphase boundaries 共APBs兲. Such APBs have been reported
in Fe3O4 films grown on MgO by various deposition methods including solid state,17 chemical vapor deposition,18
PLD,19 and molecular beam epitaxy.20 These APBs are stacking faults inherited from film nucleation and growth. Such
faults across APBs were shown to enhance the 180° B-O-B
共intrasublattice兲 antiferromagnetic superexchange. Other
types of stacking defects, such as twin boundaries, are
known in ferromagnetic 共magnetostrictive兲 and ferroelectric
共piezoelectric兲 perovskite oxides.21–26 In magnetostrictive
oxides with high Néel temperatures 共such as CFO兲, such
twin boundaries could readily form in epitaxial thin layers
during crystallization, annealing, or thermal treatments.
Growth twins 共GTs兲 could offer another possible means
to enhance the superexchange in CFO or other spinel ferrites.
In this letter, we report the presence of GTs in ferromagnetic
CFO thin films deposited on 共111兲 oriented perovskite substrates. The GTs were identified by x-ray diffraction 共XRD兲
and were shown to be of the order of tens of nanometers in
size by electron microscopies. In addition, we show that
films with such nano GTs have higher saturation magnetizations compared to those that are untwined.
II. EXPERIMENT

We deposited CFO layers by PLD on 共001兲, 共110兲, and
共111兲 oriented SrTiO3 共STO兲 with thickness of 140 nm. Heterostructures with SrRuO3 共SRO兲 and/or Pb共Zr, Ti兲O3 共PZT兲
layers 共50 nm thick兲 sandwiched between STO substrate and
CFO films were also prepared, buffering the lattice mismatch
between film and substrate. All films were deposited by a
Lambda 305i KrF laser 共wavelength of 248 nm兲, focused to a
spot size of 2 mm2, and incident on the surface of a target
using energy densities of 1.2, 1.6, and 2.0 J / cm2 for SRO,
PZT, and CFO, respectively. The distance between the substrate and target was 6 cm, and the base vacuum of the chamber was ⬍10−5 Torr. During film deposition, the oxygen
pressure was 150 mTorr for SRO, and 60 mTorr for PZT and
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FIG. 1. 共Color online兲 XRD, AFM, and SEM results of CFO thin film. 共a兲 共i兲 Intensity and 共ii兲 full width at half maximum of 2- line scan of 共440兲 peak
of 共110兲 oriented CFO thin films 共red dots兲 and 共222兲 peak of 共111兲 oriented CFO thin films 共black dots兲 as a function of annealing temperature, demonstrating
trend of crystallization. 共b兲 Phi scan of 共i兲 共440兲 peaks of as-grown 共111兲 oriented CFO thin film, 共ii兲 共440兲 peaks of after annealed 共111兲 oriented CFO thin
film, and 共iii兲 共110兲 peaks of 共111兲 oriented STO substrate.

CFO. The crystal structure of the films was measured using a
Philips X’pert high resolution x-ray diffractometer equipped
with a two bounce hybrid monochromator and an open threecircle Eulerian cradle. The analyzer was a Ge 共220兲 cut crystal which had a -resolution of 0.0068°. The x-ray unit was
operated at 45 kV and 40 mA with a wavelength of
1.5406 Å 共Cu K␣兲. The magnetic properties of the CFO layers at 5 K were measured using a superconducting quantum
interference device 共SQUID兲 共Quantum Design MPMS magnetometer兲. The surface topology of CFO layers was studied
by atomic force microscopy 共AFM兲 共Veeco 3100兲 and scanning electron microscopy 共SEM兲 共LEO 1550兲.

shows the M-H response of 共111兲 CFO/STO. It is important
to note that the saturation magnetization 共M s兲 before annealing is higher than M s after annealing. However, magnetization behavior of 共110兲 CFO/STO is quite normal, which is
similar to literatures reported,27 that M s before annealing is
lower than that of after annealing, as shown in Fig. 2共b兲. By
comparing the magnetization and crystallization results, we
can see that the better the crystallization, the higher the magnetization.

III. RESULTS AND DISCUSSION

First, we investigated the structure of 共111兲 and 共110兲
CFO films by XRD. Line scans revealed that all of our thin
films were epitaxial single crystals 共data not shown兲. Figure
1共a兲 summarizes the effect of annealing temperature: the integrated intensity of the corresponding principal reflection
can be seen to be low in as-deposited 共110兲 films 共650 ° C兲
but to increase with increasing annealing temperature,
whereas it was initially high in the as-deposited 共111兲 films
and decreased slightly with increasing annealing temperature. In addition, this figure shows that the linewidth was
narrow in as-deposited 共111兲 films and broadened slightly
with increasing annealing temperature, whereas that of 共110兲
films was initially broad but narrowed with increasing annealing temperature, approaching the same value as that of
共111兲 films annealed at higher temperatures. These data demonstrate that the 共111兲 films are well crystallized as deposited
and that annealing is slightly detrimental to the crystal integrity. Whereas 共110兲 films are not as well crystallized in the
as-deposited condition but become better crystallized upon
annealing.
We also observed an anomalous magnetization for CFO
films deposited on 共111兲 oriented STO substrates. Figure 2共a兲

FIG. 2. 共Color online兲 SQUID results of magnetization as a function of
magnetic fields for 共a兲 共111兲 and 共b兲 共110兲 oriented CFO thin films as-grown
共black dots兲 and after annealed 共red dots兲 taken along the in-plane direction
at 5 K.
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FIG. 3. 共a兲 SEM image of as-grown 共111兲 oriented CFO thin film demonstrating GTs, the bar is 100 nm, and 共b兲 SEM image of after annealed 共111兲
oriented CFO thin film.

It is natural to ask how annealing could make 共111兲 CFO
films apparently less crystallized, but 共110兲 more. Figure 1共b兲
shows -scans taken from 共i兲 共111兲 CFO/STO before annealing, 共ii兲 共111兲 CFO/STO after annealing, and 共iii兲 a STO
substrate for comparison. The STO substrate reveals three
equivalent peaks separated by 120°, marked by ⌬ in graph
共iii兲 of this figure. This is consistent with a cubic lattice
symmetry. We can also see that the annealed films had similar -scans, whose peaks were shifted by 60° with respect to
the STO substrate lattice planes, as marked by  in graph
共ii兲. Finally, we can see from graph 共i兲 that the as-deposited
films had three equivalent  peaks shifted by 60° and also a
smaller fraction of three ⌬ peaks that were not shifted with
respect to the substrate. The volume fraction of the ⌬ regions
was I⌬ / 共I⌬ + I兲 ⫻ 100% = 14%, where I is the relative diffraction intensity. We also obtained SEM images of 共111兲
CFO films as given in Fig. 3共a兲 before annealing and in Fig.
3共b兲 after annealing. These images clearly reveal the presence of two growth regions in the as-deposited films, one
with a triangular morphology of about 80 nm in size that is
embedded within another. However, after annealing, only
one region was observed. We also note that similar results
were found for 共111兲 CFO/PZT/STO and 共111兲 CFO/SRO/
STO, where the twin volume fraction was altered by the
lattice mismatch with the buffer layer 共data not shown兲.
These results clearly show that the as-deposited 共111兲 CFO
films have two types of growth regions, which have the same
out-of-plane 关111兴 directions, but with their 具011典 and 具110典
axes rotated by 180° into mirror directions. Therefore, the
minor ⌬ regions are epitaxial to the substrate, while the major  regions are twin-related to the substrate.
The formation of triangular ⌬ regions embedded in the 
regions maybe a result of the anisotropic interfacial energy
of the twin boundaries of the spinel crystal structure. After
nucleation ⌬ and  regions seemingly grow on 共111兲 substrates, impinging upon each other to form GT boundaries;
triangular shapes with 具110典 edges may then form in order to
minimize interfacial energy. We conceptually illustrate the
twin boundary structure between the two types of growth
regions for our as-deposited 共111兲 CFO/STO, as given in Fig.
4共a兲, which shows a top view of the morphology consisting
of triangular GTs embedded in a matrix, similar to the image
in Fig. 3共a兲. These triangles represent the ⌬ epitaxial regions
and the matrix, the  GT regions. Two types of atomic structures in the planes across the twin boundary between ⌬ and

FIG. 4. 共Color online兲 Stacking methods of oxygen ions across GTs in CFO
thin films. 共a兲 Top view of the GT structure and 共b兲 cross-sectional view of
GT, which is grown in 共011̄兲 plane, where the bottom is the perovskite
substrate, the top is the spinel thin film, the top left is ⌬ regions, and the top
right is  regions demonstrating the possible stacking methods of oxygen
ions in GTs.

 regions can be seen in Fig. 4共a兲, which have different
oxygen stacking sequences: ABCABC . . . ABC and
CBACBA . . . CBA.
The cross sections of one possible stacking sequences of
GTs in 共111兲 CFO films are schematically illustrated in Fig.
4共b兲, which correspond to twin boundaries in 共011̄兲 planes.
The 共011̄兲 twin boundaries are created normal to the substrate. It should also be noted that there is a difference between GT boundaries and APBs; across an APB the oxygen
framework is not disturbed rather only A and/or B site cations are slipped. Accordingly, one cannot observe APBs by
XRD but rather only by electron microscopy. Whereas, GTs
twist their oxygen frameworks, which can be detected by
XRD by a peak shift. Figure 2 also illustrates that the 
regions have a stacking sequence that is rotated by 180° with
respect to the STO substrate, producing a mirror growth
plane 共twin plane兲 at the film/substrate interface, whereas the
⌬ regions have a stacking sequence, which continues that of
the substrate on which it grows. The ⌬ regions nucleate epitaxial to the substrate, whereas the  regions nucleate on a
mirror plane to it. Across the boundaries, the oxygen stacking sequences are mirror related to each other. Furthermore,
results also show that annealing 共111兲 CFO films drives out
GT boundaries. Dislocations and point defects are confined
in the twin boundary regions during film deposition; thus the
films are better crystallized before annealing. During annealing at 1050 ° C, diffusion may result in the movement of
twin boundaries and shrinkage of the minor regions, reducing interfacial energies; only the mirror growth regions of
CFO films on STO substrates persist.
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The preference for mirror growth regions can be attributed to the stacking sequence difference between spinel and
perovskite structures at their interface. The oxygen stacking
sequence of spinel is ABCABC . . . ABC, whereas perovskite
has the same sequence but requires that 31 of the oxygen ions
are missing, substituted by M4+ on the B sites. The reason
why such twin boundaries are only found in 共111兲 oriented
CFO thin films is that 共111兲 is the CCP plane; thus twinned
boundaries are generated when the first two layers are mismatched, which does not happen for 共001兲 and 共110兲 oriented
CFO films grown on STO substrate.
IV. CONCLUSIONS

In summary, we have found that as-grown 共111兲 CFO
films deposited on STO are 共i兲 better crystallized and 共ii兲
have higher magnetization than after annealing. The reason
is the nanogrowth twin structure in 共111兲 CFO/STO thin
films.
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