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In BiFeO3-based ferromagnet/anitferromagnet (FM/AFM) bilayers, ﬁeld cooling is required through the Néel
temperature to achieve signiﬁcant exchange bias (EB) at room temperature (RT). In this work, NiFe2O4/BiFeO3
(NFO/BFO) all-oxide bilayer ﬁlms were selected and deposited on SrTiO3 substrates by pulsed laser deposition to
avoid the possible interfacial oxidization during the ﬁeld cooling process. In combination with X-ray diﬀraction
(XRD), X-ray photoemission spectroscopy (XPS) and transmission electron microscopy (TEM) characterizations,
the NFO/BFO bilayers are shown to have good crystalline layered structure. After ﬁeld cooling at various
temperatures, the samples show sizable EB eﬀect at low temperature region, which is attributed to spin-glasspinned eﬀect. More importantly, signiﬁcant EB can be obtained at RT after the sample was ﬁeld cooled from
temperatures higher than 400 K. The maximal values of the exchange bias ﬁeld (HE) and the ratio between HE
and coercivity (i.e. HE/HC) are 48 Oe and 0.6 at RT, respectively. The EB eﬀect at RT is considered to result from
the pinned and uncompensated spins near the NFO-BFO interface.

1. Introduction

ﬁeld of hundreds of Oe and the observed EB eﬀects are not very strong.
It is well accepted that the local uncompensated spins at the BFO/FMmetal interface are responsible for the appearance of EB [9,11]. Generally, ﬁeld cooling process is required through TN of the AFM layer to
establish a signiﬁcant EB eﬀect if FM layer is deposited on AFM layer.
However, because BFO has relatively high TN (~640 K) and strong
chemical activity, interfacial diﬀusion and/or reaction between FM
metallic and BFO layers will happen inevitably during ﬁeld cooling
[12]. On the other hand, because pure phase BFO ﬁlm can only be
formed at a very high temperature (~700 °C), similar problems will
arise if BFO layer is deposited on FM-metal layer under an external
magnetic ﬁeld. In addition, BFO/FM metallic bilayer system is not ideal
as there are processing incompatibilities of these two diﬀerent type of
materials [11]. For example, the oxidization of FM metallic layer which
appears during the electrical manipulation limits the application in
BFO-based devices [13].
Alternatively, an all-oxide bilayer incorporating BFO may be a good
choice to replace the BFO/FM metallic combination. Recently, systematic studies have been done in BFO/LaSrMnO3 [14], BFO/Fe3O4
[15], BFO/Sr2FeMoO6 [16]. Although signiﬁcant EB eﬀect can be obtained, the blocking temperature, TB, in these bilayers are low. The
eﬀect is that the EB disappears at temperatures above TB [17]. The low

Multiferroic materials simultaneously exhibit several ferroic orders,
such as ferroelectricity, ferromagnetism, antiferromagnetism and so on
[1]. BiFeO3 (BFO) has attracted huge attention due to the coexisting
ferroelectricity (FE) and antiferromagnetism, whose phase transition
temperatures are both well above room temperature (RT) with ferroelectric Curie temperature (TCE) of ~1100 K and antiferromagnetic
(AFM) Néel temperature (TN) of ~640 K [2,3]. Exchange bias (EB) effect, manifested itself by a shift of the magnetic hysteresis (M-H) loop
along the magnetic axis (HE, exchange bias ﬁeld) and an enhancement
of the coercivity (HC) as well, is generally due to exchange coupling at
the ferromagnetic (FM) and AFM interface [4] and has been widely
used in many applications, such as read heads and magnetic sensors
[5,6]. If both EB eﬀect and magnetoelectric (ME) coupling coexist in the
FM/BFO bilayer system, electric control of magnetization can be realized, which may have great potential application in next generation
spintronic devices with extremely low energy consumption [2].
Although EB has been successfully realized in bilayers composed of
BFO layer adjacent with many kinds of FM metallic layer, such as BFO/
NiFe [7], BFO/Co [8], BFO/CoFe [9], BFO/CoFeB [10] and so on, the
FM metallic layers are all deposited on AFM BFO layer in a magnetic
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Fig. 1. (a) XRD patterns for sample 1 and sample 2. (b) The SAED pattern for sample 1. (c) The HRTEM image for sample 1. The red arrows are indications of the STONFO and NFO-BFO interfaces.

2. Experimental details

TB seems uncorrelated to the high TN of BFO and is generally ascribed to
a new interface magnetic state resulted from spin reconstruction between BFO and the FM-oxide layers. For example, TB is about 100 K in
the BiFeO3-La0.7Sr0.3MnO3 (BFO-LSMO) bilayer [14], which originates
from a strong hybridized interfacial magnetic state as a consequence of
the electron orbital reconstruction from the LSMO and BFO d3z2 − r 2 orbitals via oxygen 2p orbital. In the BFO/Fe3O4 bilayer [15], TB is observed to be about 200 K, which is also considered to result from a
novel interface state generated by the antiferromagnetic superexchange
interaction between BFO and Fe3O4. TB is only 160 K in the BFO/
Sr2FeMoO6 bilayer, which is mainly ascribed to interfacial interaction
of Fe-O-Fe [16].
NiFe2O4 (NFO) is a spinel ferrite and a typical soft ferrimagnetic
material with high ferromagnetic Curie temperature (TCM) (858 K)
[18], low anisotropy and small coercivity [19]. It is promising to obtain
signiﬁcant EB eﬀect with large HE/HC at room temperature (RT). Very
recently, Wang et al. [20] reported HE at RT in NiFe2O4/BiFeO3 bilayer,
which was found to be no more than 5 Oe. The HE/HC was found by the
authors to be 4.5%. These values are low compared to ordinary FM/
BiFeO3 bilayers [7–10]. The much weak EB eﬀect at RT might be due to
the simple sol-gel growth method and large thickness of BFO
(~215 nm) and NFO (~49 nm), resulting in rough and chemically intermixed interface with large surface roughness value (~5.88 nm) for
the BFO/NFO bilayer [20]. In this work, we used pulsed laser deposition (PLD) technique to fabricate the BFO/NFO bilayer with reducing
the thicknesses of BFO and NFO layers to be about 50 nm and several
nanometers, respectively. With signiﬁcantly improved crystallinity and
interface quality, HE and HE/HC at RT have been increased greatly to be
about 48 Oe and 0.6, respectively. Meantime, the EB eﬀect at temperatures below RT and its inherent mechanism have also been investigated.

The BFO ceramic target was prepared by the tartaric acid modiﬁed
sol-gel method [16]. Similar method was used to prepare the NFO
ceramic target. Epitaxial NFO/BFO bilayer was deposited on (0 0 1)
SrTiO3 (STO) substrate by PLD with a KrF excimer laser. The laser
ablation was carried out with a laser ﬂuence of 150 mJ and a repetition
rate of 50 Hz. Firstly, the NFO layer was deposited on STO substrate at
O2 partial pressure of 10 Pa with the substrate temperature kept at
650 °C. Then the BFO layer was deposited subsequently on the NFO
layer at O2 partial pressure of 2 Pa with the substrate temperature kept
at 700 °C. In the present studies, two representative bilayer samples
were fabricated with the stacking structures as NFO (2 nm)/BFO
(50 nm) (sample 1) and NFO (5 nm)/BFO (50 nm) (sample 2), respectively. For comparison, we made a control sample (i.e. sample 3)
composed of a NFO single layer (2 nm) deposited on STO (0 0 1) substrate under the same conditions as those for the bilayer samples. The
thicknesses labeled in parentheses are nominal values.
The X-ray diﬀraction (XRD) measurements were carried out by a
Rigaku Smartlab3 diﬀractometer with Cu Kα radiation. The X-ray
photoemission spectroscopy (XPS) (Thermo-scientiﬁc K-Alpha) measurements were carried out in an ultrahigh vacuum system using Al Kα
radiation as the X-ray source. The transmission electron microscopy
(TEM) image and selected area electron diﬀraction (SAED) were characterized by a JEM-2100HR equipment. The magnetic measurements
were performed by a superconducting quantum interference devicevibrating sample magnetometer (SQUID-VSM, Quantum Design) with
the magnetic ﬁeld applied in the ﬁlm plane. Before measurement the
superconducting magnet has been demagnetized and the residual ﬁeld
is less than 5 Oe, which can be considered as the measurement error of
HE and HC.
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3. Results and discussion
Fig. 1(a) shows the XRD patterns for sample 1 and sample 2. A weak
diﬀraction peak can be seen at 2θ = 43.4° for sample 2, corresponding
to (0 0 4) crystal plane of NFO [21]. However, this peak can be hardly
observed in sample 1, which may be due to a very thin NFO layer
(2 nm). The obvious diﬀraction peaks located at 2θ = 22.5° and 45.5°
correspond to (0 0 1) and (0 0 2) crystal planes of pseudocubic BFO
[22], respectively. Except for the (00n) diﬀraction peaks of STO, no
obvious impurity phases can be found. This indicates highly (0 0 1)
oriented growth of NFO and BFO layers on STO substrate. In Fig. 1(b),
the SAED pattern for sample 1 displays two sets of but much closed
diﬀraction spots scattered in square shape, one of which denotes STO
and the other ought to be BFO since its crystal constant is much closed
to that of STO [23]. Because the NFO layer is too thin, diﬀraction spots
are very weak and overlapped by the spots from other layers, making
them diﬃcult to be distinguished in the SAED. Fig. 1(c) provides the
high-resolution TEM (HRTEM) image for sample 1, indicating that the
STO-NFO interface is clear while the NFO-BFO interface is obscure. For
the HRTEM investigation, if one layer is nearly epitaxially grown on the
other layer, they have much similar crystalline structures, which may
make the interface between them diﬃcult to be distinguished. Similar
results can be found for BFO epitaxially grown on STO substrate [24].
To conﬁrm the quality of the NFO layer and the interface with BFO
layer in sample 1, HRTEM investigation was also performed on the
control sample, i.e. sample 3. As shown in Fig. S1 in Supporting
Information, the NFO layer is continuous with high crystalline quality.
The thickness of the NFO layer is quite uniform, implying the smooth
interface with BFO layer in sample 1.
The chemical states for sample 1 were investigated by XPS depth
proﬁling after calibrating the etching rate (~0.1 nm/s) for the BFO ﬁlm.
The XPS spectrum was ﬁrst recorded at the sample surface and then
recorded from the depth of 15 nm after the sample was etched per 5 nm
in depth. Fig. 2(a)-(c) show the corresponding XPS spectra for Bi-4f, Ni2p and Sr-3d, respectively. In Fig. 2(a), before the sample was etched,
two peaks appear at the binding energies of 158.9 eV and 164.1 eV,
which are corresponding to Bi3+-4f7/2 and Bi3+-4f5/2, respectively
[25,26]. When the sample started to be etched, two additional peaks
can be observed on the low binding energy side of Bi3+ peaks, which
are attributed to the zero valence or metallic state of bismuth (Bi0) [26].
The appearance of metallic Bi is most possibly caused by Bi–O bonding
breakage and oxygen dissociation during the etching process [26]. As
the sample is etched from the surface to the interior progressively, all
the Bi-correlated peaks become weaker and ﬁnally vanishing when the
etching depth is about 55 nm, which is approximately equal to the
nominal thickness of BFO layer. In contrast to the obvious binding
energy peaks of Bi3+, only a very weak peak at about 854 eV could be
observed in Fig. 2(b), corresponding to Ni2+-2p3/2 [27]. Moreover, this
peak can only be observed at an intermediate and narrow depth range
and disappears completely when the etching depth is about 50 nm,
indicating a very thin NiFe2O4 layer. In Fig. 2(c), the binding energies
of 133.9 eV and 135.5 eV correspond to Sr3+-3d5/2 and Sr3+-3d3/2,
respectively [28]. The two peaks cannot be detected directly from the
sample surface. As the etching process is underway, these two peaks
begin to appear and become more obvious and approach saturation
when the etching depth reaches about 60 nm. These above XPS results
demonstrate a layered stacking structure of the BFO/NFO bilayer deposited on STO substrate.
One of the common methods to establish EB in FM/AFM bilayer is
ﬁeld cooling (FC), which means the sample is cooled from a high
temperature (TFC) to a low temperature with a constant magnetic ﬁeld
(HFC) applied during the cooling process. Fig. 3 displays the M-H loops
measured at 5 K for sample 2 (the nominal thickness of NFO is 5 nm)
after it was cooled from RT (i.e. TFC = 300 K) to 5 K under HFC = 0.5 T
and −0.5 T. The inset of Fig. 3 provides the enlarged view of the M-H
loop ranged from −0.1 T to 0.1 T, indicating clearly that the M-H loop
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Fig. 2. The depth proﬁle XPS spectra for (a) Bi-4f, (b) Ni-2p and (c) Sr-3d for
sample 1. The red arrow in (b) is indication of the peak for Ni2+-2p3/2.
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Fig. 3. The M-H loops measured at 5 K after sample 2 was ﬁeld cooled from
300 K to 5 K under HFC = ± 0.5 T. The insets are the corresponding enlarge
views of the M-H loops at low-H region.

shifts leftwards (rightwards) when the HFC is positive (negative) and the
shift amounts in both directions are almost the same. The values of HE
and HC can be calculated by HE = -(HL + HR)/2 and HC = (HR-HL)/2,
where HL and HR are the left and right coercive ﬁelds, respectively.
From Fig. 3, it can be obtained that HE and HC are 130 Oe and 470 Oe,
respectively, which unambiguously demonstrate that sizable EB can be
obtained at 5 K in the NFO/BFO bilayer system through ﬁeld cooling
from RT to 5 K.
The temperature dependences of HE and HC for sample 2 with
TFC = 300 K are displayed in Figs. 4(a) and 4(b), respectively. In
Fig. 4(a), with increasing T, HE decreases fast initially and much slowly
3
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bilayers [33,34]. Therefore, the HFC dependence of EB has been frequently used to judge whether the EB comes from SG [16,35–37].
Fig. 4(c) and (d) show the HE ~ HFC and HC ~ HFC curves, respectively,
at T = 5 K, 20 K and 50 K for sample 2. All the curves demonstrate the
similar behavior of ‘increasing initially and then decreasing’, agreeing
well with those typical features of EB for FM/SG bilayers. Therefore, the
EB in the NFO/BFO bilayer at the low-T region mainly results from the
exchange coupling between NFO and SG phase in BFO.
Now we turn to discuss the EB eﬀect at RT. When TFC is increased up
to 400 K, the T dependences of HE and HC have not changed too much in
comparison with TFC = 300 K, as displayed in Fig. 4(a) and (b) for
sample 2. Only less than 5 Oe of HE can be obtained for this sample at
RT. In order to obtain notable EB in the NFO/BFO bilayers at RT, two
approaches can be considered: (1) Reducing the thickness of NFO layer
because HE is generally inversely proportional to the thickness of FM
layer in FM/AFM bilayer [17]; (2) Increasing TFC to be close to or even
larger than TN of bulk BFO. Therefore, the following studies are concentrated on sample 1 (the nominal thickness of NFO is 2 nm) and TFC is
set as 425 K, 450 K, 475 K, 500 K, 550 K, 600 K, 650 K and 700 K,
respectively. Sample 1 was ﬁeld cooled from TFC to RT under HFC
= ± 0.5 T with increasing TFC successively. After each ﬁeld cooling
process, the M-H loops of the sample were measured with increasing T
from 5 K to RT (i.e. 300 K) at some selected temperatures.
Fig. 5 shows four sets of M-H loops measured at RT with TFC equal to
425 K, 550 K, 600 K and 650 K, respectively. The insets show the enlarged views of M-H loops at low-H region. Similar to the observation in
Fig. 3, the M-H loop shifts leftwards (rightwards) when the HFC is positive (negative), which unambiguously demonstrates that EB can be
achieved at RT after ﬁeld cooling with TFC > 400 K for sample 1. In
addition to the shift along the H axis, meantime the M-H loop shifts
upwards (downwards) with positive (negative) HFC applied. The larger
the horizontal shift is, the larger vertical shift along the M axis can be
observed. In principle, there is a positive (negative) shift along the M
axis after the FM/AFM bilayer is ﬁeld cooled with applying a positive
(negative) HFC when the interfacial exchange coupling is ferromagnetic
[38]. Usually, the shift amount is quite small because it is produced by
the interfacial pinned and uncompensated spins, whose moments are
much less than those of the entire FM layer [38]. However, since the
NFO layer is very thin (~2 nm) and the saturation magnetization of
NFO ﬁlm is quite small (~190 emu/cm3, [39]), the vertical shift of M-H
loops can be clearly observed. Therefore, the concurrent shifts along the
H and M axes indicate that the EB eﬀect in the NFO/BFO bilayer at RT

after T reaches about 70 K. At RT, negligible EB eﬀect is observed with
HE less than 5 Oe, which is close to the measurement error. Fig. 4(b)
exhibits that HC decreases with increasing T generally whereas a nonmonotonic variation appears at low-T region (T < 70 K). In order to
know the inﬂuence of ﬁeld cooling on EB, sample 2 were cooled from
300 K to 5 K under zero magnetic ﬁeld (zero-ﬁeld-cooling, ZFC) and the
corresponding HE ~ T and HC ~ T curves are also displayed in Fig. 4(a)
and 4(b), respectively. Those results show that HE for ZFC is generally
much smaller than that for FC at the same temperature in the low-T
region (see in Fig. 4(a)) and HC for ZFC is also smaller than that for FC
in the entire temperature range (see in Fig. 4(b)), conﬁrming that the
EB of NFO/BFO bilayer at low temperatures is established by ﬁeld
cooling. Moreover, the EB studies were also performed on a 2 nm thick
NFO single layer ﬁlm (i.e. sample 3) after the ZFC and FC processes
identical to those for sample 2. As shown in Fig. S2 in Supporting
Information, HE is negligible in the entire measuring temperature range
(5 K ~ 300 K) for ZFC, while it is about 30 Oe at 5 K and decreases fast
to zero with increasing T to be about 50 K for FC. These results indicate
that the EB in sample 3 is much weaker than that in sample 2, conﬁrming that the EB in the NFO/BFO bilayer mainly comes from the
NFO-BFO interface at low-T region.
In order to reveal the mechanism responsible for the EB phenomena
in the low-T region, ZFC-FC M-T curves for sample 2 were measured
under H = 0.5 T, as shown in the inset of Fig. 4(a). Around T = 50 K, a
peak and a kink appear at the ZFC and FC M-T curves, respectively,
which has been attributed to the spin-glass (SG) phase transition in BFO
[29]. In contrast, as shown in the inset of Fig. S2 in Supporting
Information, the nearly overlapping of ZFC and FC M-T curves and almost continuous decrease of M with increasing T for sample 3 exclude
the SG phase formation in the NFO layer. It is well known that sizable
EB eﬀect can also be observed in FM/SG bilayers, which is due to the
exchange coupling between the FM and SG layers [30,31]. Due to diverse and entangled spin interactions existing in SG and the fact that
these interactions can be aﬀected by the ﬁeld cooling process, the HFC
dependence of EB in FM/SG bilayer is quite diﬀerent from that of
conventional FM/AFM bilayer [32]. In FM/SG bilayers, HE increases
ﬁrstly and then decreases with increasing HFC after HFC exceeds the
saturation ﬁeld of the FM layer. Similar behavior can be also observed
in the HFC dependence of HC. These results have been both experimentally and theoretically veriﬁed in FM/SG bilayers [32]. In contrast,
HE and HC usually increase with HFC in the beginning and keep almost
unchanged with increasing HFC further in conventional FM/AFM
4
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Fig. 5. M-H loops measured at RT for sample 1 cooled to RT under HFC = 0.5 T (in black) and −0.5 T (in red) with TFC equal to 425 K (a), 550 K (b), 600 K (c) and
650 K (d), respectively. The insets show the corresponding enlarged views of M-H loops at low-H region.

EB eﬀect can be realized at RT with proper TFC. As shown clearly in the
inset of Fig. 6(a), HE increases with TFC and reaches a maximum of 48
Oe when TFC is equal to 600 K, which is close to TN of bulk BFO
(~640 K) [2–3]. After that, HE decreases with increasing TFC further.
The ratio of HE/HC is also a very important factor weighing the EB eﬀect
in application, which has the same TFC dependence as that of HE and the
largest value of 0.6 when TFC is equal to 600 K, as shown in the inset of
Fig. 6(a). The maximal values of HE and HE/HC are signiﬁcantly larger
than those reported before in the NFO/BFO bilayers [20] and all the
other BFO-based all-oxide FM/AFM bilayers at RT. As for the gradual
decrease of HE and HE/HC with TFC higher than 600 K, it is most possibly due to the formation of apparent BFO impurity phases (e.g. Bi2O3,
Bi25FeO39 and etc.) generated by vacuum annealing at high temperatures, which has been veriﬁed by the XRD pattern after sample 1 was
ﬁeld cooled with TFC = 700 K (not shown here). Therefore, 600 K is the
optimized TFC in the present NFO/BFO bilayer systems. For comparison,
the 2 nm thick NFO single ﬁlm (i.e. sample 3) was also ﬁeld cooled from
600 K to RT under 0.5 T. The M-H loop measured at RT is displayed in
Fig. S3 in Supporting Information. From this it can be obtained that HE
and HC are 1.4 Oe and 34.4 Oe, respectively, which are much smaller
than those (48 Oe/80 Oe) for sample 1 after ﬁeld cooling from 600 K.
Therefore, it can be concluded that the EB eﬀect obtained at RT after
ﬁeld cooling with TFC larger than 400 K for the NFO/BFO bilayer also
comes from the NFO-BFO interface, similar to that at low-T region.

originates from the pinned and uncompensated spins near the NFO-BFO
interface [20].
The temperature dependences of HE and HC for sample 1 after ﬁeld
cooled under HFC = 0.5 T with various TFC are displayed in Fig. 6. For
comparison, ﬁeld cooling with TFC = 300 K was also performed. It can
be seen that both HE and HC decrease monotonically with increasing T
on all the curves. Each HE ~ T curve shows a sharp increase in the low-T
region, which may be also due to SG-pinning as that in sample 2.
However, the non-monotonic variation in low-T region is absent in all
the HC ~ T curves, implying that the SG behavior in sample 1 is different from that in sample 2. The most striking result is that signiﬁcant
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4. Conclusions
In summary, NFO/BFO bilayer ﬁlms were deposited on STO substrates by pulsed laser deposition technique. High-quality crystallinity
with highly (0 0 1) oriented growth and layered structure of the NFO/
BFO bilayers were conﬁrmed by XRD, TEM and XPS. After being ﬁeld
cooled from various TFC, signiﬁcant EB eﬀect can be observed at low
temperatures and RT as well. A sharp increase of HE at low-T region is
attributed to the exchange coupling between the NFO layer and the SG
phase in BFO, determined by the cooling ﬁeld dependence of EB.
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