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The exchange-coupled bilayers containing antiferromagnetic (AF) Cr2O3 have potential applications in
novel spintronic devices with magneto-electric properties. The microstructures and magnetic properties
of ion-beam sputtered NiFe/Cr2O3 bilayers are comparatively investigated at different Cr2O3 thicknesses
on single-crystalline SiTrO3 (STO) (001) and amorphous SiO2 substrates. The formation of Cr2O3 is
verified by X-ray photoelectron spectrometry. X-ray diffraction reveals a distinction in the preferred
orientation of Cr2O3 deposited on different substrates. The variations in microstructure are responsible
for the higher exchange bias, larger coercivity, and higher temperature stability of magnetization for
samples grown on STO substrates. The coercivity and exchange bias at 10 K increases with Cr2O3

thickness. Higher Cr2O3 thickness also results in higher surface roughness, higher irreversibility tem-
perature, and increased peak temperature of the out-of-phase AC susceptibility. This work has revealed
the thickness dependence of the microstructure and magnetic properties of NiFe/Cr2O3 bilayers prepared
on STO substrate. The outcome of this work may provide some insight for developing novel spintronic
devices containing Cr2O3 and perovskite oxides.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Exchange-coupled ferromagnetic/antiferromagnetic (FM/AF)
bilayers are widely used in spin-valve based spintronic devices,
such as hard disk reading heads, magnetoresistance sensors [1],
magnetic random access memories (MRAM) [2], and spin-torque
oscillators [3]. The coercivity (Hc) and exchange bias field (Hex)
can be tailored through modifying the exchange interaction in the
FM/AF interfaces, enabling flexible control over the magnetic
properties. The exchange coupling is influenced by a variety of
factors such as temperature [4], layer thickness [5,6], interfacial
qualities [7,8], and the domain structure [9] and composition of AF
materials [10,11]. Cr2O3 is AF below 307 K [12e14] when Cr3þ spins
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are arranged antiparallel along the c axis [111] [15,16]. The AF order
parameter of Cr2O3 can be switched by external electric field,
enabling the magneto-electric (ME) switching of exchange
coupling [12,15e17]. The application of Cr2O3 in exchange-biased
multilayers will lead to novel spintronic devices with ME proper-
ties [18e20]. In these investigations, Cr2O3 epitaxially grown on
single crystalline substrates is widely used for the high ME voltage
coefficient. The ME properties can be induced in polycrystalline
Cr2O3 through post-deposition field annealing [21e23]. This has
enabled the fabrication of ME devices by a variety of methods on
various substrates. Our previous research on NiFe/Cr-oxide bilayers
deposited on SiO2 and Al2O3 (0001) substrates has demonstrated
modified magnetic properties by the substrate structure [24]. In-
plane Hex increases linearly with the thickness of Cr-oxide on the
SiO2 substrate, while the engagement of Al2O3 (0001) substrate has
introduced out-of-plane exchange bias. SiTrO3 (STO) is a high-k
material that is widely used as a substrate in the preparation of
perovskite oxides with various magnetic and electronic properties
[25e27]. Asada et al. has shown that rhombohedral Cr2O3 can be
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formed on STO substrate with CeO2 buffer layer [28]. However, the
crystalline structures of Cr2O3 deposited directly on STO substrates
are not yet reported. The thickness dependence of the micro-
structure and magnetic properties of FM/Cr2O3 bilayers grown on
STO substrates remain unclear. The investigation on FM/Cr2O3 bi-
layers prepared on various substrates help to reveal the substrate
effect of the properties of polycrystalline Cr2O3.

The dual ion beam deposition technique is a powerful sample
fabrication method in which the chemical composition and surface
quality of the layers can be manipulated through the bombardment
of the End-Hall ion source [29e32]. This feature has offered great
flexibility for the investigation of the exchange bias effect. In this
work, dual ion beam sputtering is engaged to prepare NiFe/Cr2O3
bilayers on STO and SiO2 substrates. The microstructures and
magnetic properties are comparatively investigated to reveal the
influence of STO substrate and AF-thickness on the bilayers'
magnetism.

2. Materials and methods

NiFe/Cr2O3 bilayers were deposited on STO (001) substrates by
dual ion-beam sputtering technique [33,34] at ambient tempera-
ture. The bottom Cr-oxide layer was prepared through in-situ oxi-
dization during the deposition of Cr with an End-Hall ion source
(VEH¼ 70 V, 500mA)with15% O2/Ar ratio. The thickness of Cr-oxide
layer was varied between 5.5 nm, 11 nm, 27.5 nm, and 55 nm. A 15-
nm-thick NiFe layer was subsequently deposited using a Kaufman
ion source (800 V, 7.5 mA) which was focused on a commercial
Ni80Fe20 target. The base andworking pressurewere 3.9� 10�7 and
6.5 � 10�4 mbar, respectively. A JEOL-2010 transmission electron
microscope (TEM) operating at 200 kV was used to collect the
planar and cross-sectional images. A ULVAC-PHI PHI 5000 Versa
Probe X-ray photoelectron spectroscopy (XPS) was utilized to
detect the depth profile of binding energy. A Brüker AXS D8
Advance grazing incidence (0.5�) X-ray diffraction (XRD) spec-
trometer was engaged in characterizing the crystalline structures.
The topography and roughness were measured by a Bruker
Dimension Icon atomic force microscope (AFM). Magnetic hyster-
esis loops were measured at 10 K by a superconducting quantum
interference device (SQUID) magnetometer.

3. Results and discussion

The cross-sectional TEM images of NiFe/Cr2O3 (50 min)/STO are
shown in Fig. 1(a). Sharp interfaces between Cr2O3 and STO are
observed. A thin intermixing layer (~2 nm) is formed between NiFe
and Cr2O3, as shown in the cross-sectional TEM and the depth
profile of XPS in Fig. 1. (b). The XPS of Cr 2p and O 1s in the Cr-oxide
layer (sputtering time ¼ 3.65 min) are shown in Fig. 1 (c) and (d),
respectively. The binding energy of 576.4 eV and 586 eV for Cr 2p
[35] and ~530.2 eV for O 1s [36] indicates that Cr2O3 is formed
during the bombardment.

The crystalline structures of bilayers deposited on STO and SiO2
substrates were characterized by XRD as shown in Figs. 2 and 3,
respectively. The major peak of NiFe (111) at 2q ¼ 43.9� indicates
that the lattice constant of the face-centered cubic (FCC) NiFe
(3.55 Å) is not influenced by the thickness of Cr2O3 layer nor the
different substrates. Rhombohedral Cr2O3 (110) peaks are observed
at 2q ¼ 36.2� in thick Cr2O3 layers grown on both substrates, and
the lattice constants of hexagonal Cr2O3 are inferred to be 4.9 Å (a-
axis) and 13.5 Å (c-axis). The poor (100) crystallinity in thin Cr2O3
layers is due to the amorphous nature of SiO2 substrate or resulted
from the large lattice mismatch (26%) between Cr2O3 (100) and STO
(100) substrate. However, sharp Cr2O3 (211) peaks are observed at
2q ¼ 57.6� in Fig. 2, which reveal a distinction in the preferred
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orientation in bilayers grown on single-crystalline STO substrates
compared with those on the amorphous SiO2 substrates. This is
because the Cr2O3 (211) plane has smaller lattice mismatch with
the STO (100) substrate. The substrate effect vanishes in the
thickest Cr-oxide layer, since the ion-beam bombardment disorders
the Cr2O3 (211) arrangement and establishes Cr2O3 (110) texture.
From the XRD characterization, we can conclude that poly-
crystalline Cr2O3 can be formed on bare STO substrates. The crys-
talline phases are modified by the single-crystalline substrate.

The surface morphologies of NiFe/Cr2O3 5.5 nm/STO, NiFe/Cr2O3
27.5 nm/STO and NiFe/Cr2O3 55 nm/STOwere characterized by AFM
(Fig. 4). In each measurement, an area of 1 mm � 1 mmwas scanned
at the resolution of 256 � 256 pixels. The thin films grown on
single-crystalline substrates are typically very smooth, due to the
low roughness of the substrates (root mean square roughness (Rq)
of 0.14 nm as reported in Ref. [37]). The ion bombardment during
the Cr deposition also contributes to lower surface roughness [33].
With increasing Cr2O3 thickness, Rq gradually increases from 0.1 nm
to 0.23 nm. This is likely due to the growth of Cr2O3 grains with
increasing layer thickness.

The above results have shown that the STO substrates influence
the bilayers by altering the preferred orientations of grains while
the increasing Cr2O3 thickness modifies both crystalline structures
and surface morphologies. SQUID measurements were subse-
quently conducted to investigate how the magnetic properties
were modified by these structural changes. The hysteresis loops of
bilayers grown on STO and SiO2 substrates were measured at 10 K
after field cooling (Fig. 5 (a) and (b), respectively). Square hysteresis
loops are observed in all the samples, which is attributed to the
enhanced ferromagnetism at cryogenic temperature. The curved
edges and slightly reduced squareness (Mr/Ms decreasing from 0.99
to 0.95) in the hysteresis loops of NiFe/Cr2O3 55 nm/SiO2 indicates
enhanced exchange coupling in the bilayer. The establishment of
exchange coupling is evidenced by the shifted hysteresis loop to the
negative field. The observed exchange bias in polycrystalline-Cr2O3/
NiFe [24,38,39] indicates that epitaxy of Cr2O3 is not necessary for
introducing exchange interaction.

In order to gain insight on the thickness dependence of the
magnetic properties, Hex and Hc are plotted as a function of Cr2O3
thickness. The negative Hex exhibits a trend to increase with Cr2O3
thickness (Fig. 6(a)). The enhanced exchange coupling when a
thicker Cr2O3 layer is engaged is explained by the increased domain
wall stability in Cr2O3 [40], the enhanced Cr2O3 (110) ordering, and
the higher interfacial roughness [41] in the samples with thicker
Cr2O3. The fluctuation in Hex-thickness relation is attributed to the
loop shift induced by the remnant field in the superconducting
solenoid. The measured Hex with SiO2 substrates are smaller than
that reported in Ref. [24] because thinner NiFe layers and annealed
Cr-oxide layers are used in the previous investigation. The smaller
FM thickness [42] and the annealing-induced AF ordering
enhancement [24] contribute to higher Hex in the previous paper.
The intermixing in Cr2O3/NiFe interface also prevents the uncom-
pensated spins from providing high unidirectional anisotropy to
the FM layer. The Hex of bilayers on SiO2 substrates are smaller than
those on STO substrates. As discussed in Figs. 2 and 3, the Cr2O3
exhibits (110) ordering on SiO2 whereas it shows (211) ordering on
STO. The atomic spins in Cr2O3(110) plane has larger magnetic form
factor along the diagonal of the unit cell compared with the (211)
plane [43]. This indicates that the Cr2O3 with (110) ordering has
larger atomic magnetic moment [44] in each AF-aligned sub-lattice
and thus stronger exchange interaction with the adjacent NiFe
layer. Hc increases linearly with Cr2O3 thicknesses in the samples
prepared on both substrates (Fig. 6(b)). The higher Hc in the sam-
ples with thicker Cr2O3 can be explained by the following two as-
pects. First, Hex increases with Cr2O3 thickness, while higher Hex
kness on the magnetic properties of NiFe/Cr2O3 bilayers deposited on
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Fig. 1. (a) The cross-sectional TEM image, (b) the depth profile of elemental concentration, and the XPS of (c) Cr 2p and (d) O 1s in NiFe/Cr2O3 55 nm/STO.

Fig. 2. The XRD patterns of bilayer deposited on STO (001) substrate with various
Cr2O3 thicknesses (a) 55 nm (b) 27.5 nm (c) 11 nm, and (d) 5.5 nm.

Fig. 3. The XRD patterns of bilayer deposited on SiO2 substrate with various Cr2O3

thicknesses (a) 55 nm (b) 27.5 nm (c) 11 nm, and (d) 5.5 nm.
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typically results in larger Hc [45]. Second, thicker Cr-oxides require
ion bombardment of longer duration, which also induces more
defects in the interfaces. These defects act as pinning sites in
domain wall motion, which also contributes to the enhancing of Hc

with increasing Cr-oxide thickness. The relatively larger Hc of the
bilayers on SiO2 substrates compared with STO substrates are
consistent with the higher Hex in these samples.

DC magnetometry measurements are conducted during the
field cooling (FC) and zero-field cooling (ZFC) processes to reveal
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the temperature dependence of the bilayers' magnetism (Fig. 7).
The bilayers deposited on both substrates show blocking temper-
ature (Tb) of ~20e30 K, which is independent of Cr2O3 thickness.
This indicates that exchange coupling is established when T < 20 K,
which is also verified by the shift in the M-H loop at 10 K (Fig. 5).
Themeasured Tb is far below the Neel temperature of Cr2O3 (307 K).
The low Tb is possibly because of the finite thin film thickness and
the disordered NiFe/Cr2O3 due to intermixing [46]. As a result, the
thermal fluctuation should be reduced to a much smaller value to
kness on the magnetic properties of NiFe/Cr2O3 bilayers deposited on
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Fig. 4. The 2D and 3D morphologies and Rq of the bilayer with various Cr2O3 thicknesses deposited on STO (001) substrate (a) 5.5 nm (b) 27.5 nm (c) 55 nm.

Fig. 5. The hysteresis loops of bilayer with various Cr2O3 thicknesses on (a) STO
substrates and (b) SiO2 substrates.

Fig. 6. (a) Hex and (b) Hc as a function of Cr2O3 thickness in bilayers deposited on STO
substrates and SiO2 substrates.
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maintain the AF ordering in Cr2O3 and to establish exchange
coupling with NiFe. The irreversibility temperature (Tirr) represents
the temperature where the frozen spin starts, and is calculated as
the temperature where FC and ZFC curves diverge (DM ¼ (MFC-
MZFC)/MFC >1% [47]). A gradual increase of the Cr2O3 thickness is
observed in the samples deposited on both STO and SiO2 substrates.
This indicates that higher thermal energy is required to activate all
the frozen spins of NiFe crystallite. The wider distribution of energy
barrier with increasing Cr2O3 thickness shows that the magneti-
zation of FM crystallites are also influenced by AF thickness.
Highest Tirr of 250 K and 340 K are achieved in NiFe/Cr2O3 55 nm
bilayers grown on STO and SiO2 substrates, respectively. The
strength of exchange coupling is quantitatively evaluated by the
DM at 10 K [48]. As the thickness of Cr2O3 is increased from 5.5 nm
to 55 nm, DM changes from 0.011 to 0.99 on STO substrates, and
from 0.022 to 0.24 when SiO2 substrates are used. This is consistent
with the observation that Hex increases with Cr2O3 thickness. It is
noted that DM is smaller in NiFe/Cr2O3 55 nm/STO than in NiFe/
Please cite this article in press as: Y.-C. Chang, et al., Influence of Cr2O3 thic
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Cr2O3 55 nm/SiO2 above Tb. This indicates that the STO substrates
alter and improve M(T) of the Cr2O3 layers by increasing its tem-
perature stability.

The in-phase (c0
AC) and out-of-phase (c”AC) AC susceptibility of

NiFe/Cr2O3 5.5 nm/STO and NiFe/Cr2O3 11 nm/STO are plotted
versus temperature in Fig. 8. The c0

AC is a measure of the reversible
magnetization process. At low temperatures (T < 20 K in NiFe/Cr2O3
5.5 nm/STO, and T < 70 K in NiFe/Cr2O3 11 nm/STO), the magnetic
moments are locked into a static and ordered configuration [49], as
evidenced by the low c0

AC. As the temperature increases, the locked
spins are activated by the thermal energy and start to fluctuatewith
the alternating magnetic field. The smaller c0

AC in NiFe/Cr2O3 11
nm/STO results from the enhanced exchange coupling with the
thicker AF layer, since c0

AC is inversely proportional to the uni-
diactional anisotropy [50]. c’’AC reflects the magnetic energy
dissipation in the sample. The peak temperature of c’’AC (240 K) in
NiFe/Cr2O3 11 nm/STO is higher than that in NiFe/Cr2O3 5.5 nm/STO
(40 K). The higher peak temperature and the higher onset
kness on the magnetic properties of NiFe/Cr2O3 bilayers deposited on
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Fig. 7. The temperature dependent low-field magnetization of the bilayers under FC and ZFC with various Cr2O3 thickness on STO and SiO2 substrates.

Fig. 8. The temperature dependence of the in-phase (c0
AC) and out-of-phase (c’’AC) AC

susceptibility of bilayers with Cr2O3 thickness of (a) 5.5 nm and (b) 11 nm.
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temperature for the locking of magnetic moments in NiFe/Cr2O3 11
nm/STO is consistent with the increased Tirr with Cr2O3 thickness
observed in DC magnetometry (Fig. 7) [51].
4. Conclusions

The thickness dependence of the microstructures and magnetic
properties of NiFe/Cr2O3 bilayers are investigated on single-
crystalline STO substrates and are compared with that on SiO2
substrates. Cr2O3 layers are formed by dual ion beam deposition, as
characterized by XPS. The adoption of STO substrates changes the
preferred orientation of Cr2O3 to (211), and this substrate effect
diminishes with the increasing Cr-oxide thickness. The change in
AF ordering is responsible for the smaller Hex and Hc in hysteresis
loops and higher temperature stability in MFC/MZFC (T) of the
Please cite this article in press as: Y.-C. Chang, et al., Influence of Cr2O3 thic
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bilayers prepared on STO substrates. While the Cr2O3 thickness is
increased from 5.5 nm to 55 nm, enhanced Cr2O3 (110) ordering
and increased surface roughness (from 0.1 nm to 0.23 nm) are
observed. These structural changes result in enhanced m0Hex

(from �0.1 mT to �0.5 mT) and increased m0Hc (from ~2 mT to
3mT) when STO substrates are used. Similar Tb of ~20 K is observed
in all samples, which is attributed to the finite size effect and
intermixing. Tirr increases with Cr2O3 thickness, which is also
accompanied by the higher peak temperature in c’’AC(T) curves.
This work has shown that polycrystalline Cr2O3 can be directly
grown on STO substrates. The revealed thickness dependence and
substrate effect can be beneficial for evaluating the properties of
multilayers containing Cr2O3. Further investigation is undergoing
to explore the ME properties in field annealed polycrystalline-
Cr2O3/FM bilayers prepared on different substrates.
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