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obtain higher tunneling magnetoresistance (TMR) ratio before 
MTJs can be applied as magnetic sensors, [ 19 ]  magnetic read 
heads, or a storage unit in magnetic random access memories 
(MRAM). [ 20 ]  Multistep annealing process is used to achieve 
linear magnetoresistance in MgO-MTJ sensors. [ 19 ]  In the case 
of MRAM, TMR ratio of CoFeB/MgO/CoFeB MTJs can be 
improved from 20% to 220% after 350 °C annealing process. [ 20 ]  
This thermal treatment, however, will inevitably promote the 
chemical reaction between oxygen and metal atoms, further 
deteriorating the interfacial coupling in a ferromagnetic/ferro-
electric (multiferroic) heterostructure, and eventually leading to 
the failure of the GMR or TMR devices. Therefore, the thermal 
stability of the metal/oxide interface is at the core of the reli-
ability of the interface-mediated magnetoelectric effect, which 
warrants adequate attention in the recent magnetoelectric 
renaissance. 

 Intuitively, the interfacial oxidation process is directly deter-
mined by the ionization energies or electronegativities of the 
metals as well as the cations in the oxides. However, in this 
communication, we report an unexpected modulation of 
thermal stability of metal/oxide interface by the spontaneous 
polarization of the ferroelectric oxide. The mechanism is 
believed to rest on the inherent coupling between spontaneous 
polarization and defect chemistry of the ferroelectric oxide via 
electrostatic interaction. [ 21,22 ]  This fi nding casts new insights 
into the chemistry of the metal/oxide heterointerface, and 
provides extra degree of principle in device design with better 
performance. 

 CoFeB/BiFeO 3 (BFO) was chosen as the metal/oxide system 
in this study. Due to the robustness of its multiferrocity at room 
temperature, BFO has been extensively studied in the past 
decade, as a promising candidate for magnetoelectric devices. 
Abundant work has been devoted to study magnetic proper-
ties of BFO and its coupling behaviors with adjacent magnetic 
materials, [ 23–26 ]  proving the feasibility to control magnetism by 
electrically tuning the magnitude of exchange bias or switching 
the magnetic anisotropy of the ferromagnetic layer. [ 27–30 ]  Amor-
phous Co 40 Fe 40 B 20  is benefi cial to obtain high TMR [ 31,32 ]  or 
GMR [ 13 ]  ratio and can be easily prepared by magnetron sput-
tering which is widely used in industry. From here onward, 
CoFeB is used to represent Co 40 Fe 40 B 20 . However, all the device 
paradigms rely critically on the delicate magnetic coupling at 
the interface, which is highly sensitive to the interface chem-
istry. Thus, it would be desirable to test the thermal stability of 
the CoFeB/BFO heterointerface. 

 During annealing, the thermally activated oxygen ions move 
into the magnetic layer and form oxides with the magnetic 
metal. To improve the thermal stability of the CoFeB/BFO 

  With great advances in thin-fi lm growth and characterization 
techniques, heterointerfaces are rising as rich grounds hosting 
various emergent phases of condensed matters as well as exotic 
functionalities inaccessible in the corresponding bulk mate-
rials. [ 1–5 ]  Aside from the structurally commensurate epitaxial 
oxide interfaces where multiple degrees of freedom (spin, 
orbital, charge, and lattice) are intimately linked, the hybrid 
interfaces between metals and oxides are also receiving consid-
erable attention from the research community. Among them, 
hybrid interfaces comprising ferromagnetic metals and ferro-
electric/multiferroic oxides are of particular interest for the next-
generation magnetoelectric memories, in which magnetism 
can be tuned electrically via strain-/spin-mediated couplings 
across the interfaces. [ 6–11 ]  However, these two constituents are 
chemically incompatible with each other as oxidation of the 
metal layer is apt to take place during the fabrication process. 
Even if a chemically sharp interface can be achieved, subse-
quent electrical switching can also lead to irreversible oxidation 
of the ferromagnetic layer, which is detrimental to the device 
performance. [ 12 ]  Notable examples include Fe/BaTiO 3  hetero-
interface where a native iron oxide exists [ 13,14 ]  and CoFe/
BiFeO 3 -based giant magnetoresistance (GMR) device that fails 
after only a few electric cycles. [ 15 ]  Hence, it remains a chal-
lenge to improve the stability of the metal/oxide heterointerface 
before it can be incorporated with existing spintronics devices 
to build the new class of magnetoelectric random access mem-
ories (ME-RAM), which take advantages of nondestructive read-
out as well as low-power electrical writing processes. [ 16–18 ]  

 For spintronics devices, such as magnetic tunneling junc-
tions (MTJs), annealing process is usually indispensible to 
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interface, this oxidation reaction must be suppressed. There 
are two effective methods to prevent oxidation: i) increasing 
the density of oxygen vacancies around the surface of BFO 
and ii) suppressing of the electrochemical oxidation reaction 
at the interface.  Figure    1  a,b was drawn to illustrate the band 
structure of BFO which is in contact with vacuum during 
high-temperature growth. Because the growth temperature is 
way below BFO’s Curie temperature, the BFO is still in its fer-
roelectric state. Driven by the need to screen the polarization 
bound charges, oxygen vacancies are preferably formed at the 
side with negative bound charges, resulting in asymmetric dis-
tribution of the oxygen vacancies after the BFO growth. With 
the help of preset polarization direction, the surface of BFO can 
be set to oxygen-rich or poor. [ 33,34 ]  A polarization-mediated sur-
face with poor oxygen distribution could dramatically weaken 
the oxidation reaction. In addition, band structure of oxide/
metal heterointerface also has its infl uence on this chemistry 
process which involves a transfer of electrons. When polariza-
tion of BFO points downward, the bound charge at the inter-
face is negative. The depolarization fi eld, in opposite direc-
tion of polarization, points from the bulk to the interface. The 
energy of electron at the interface is higher than that of electron 
located in the body, resulting in the upward bending of conduc-
tion and valence bands. [ 35–37 ]  This upward band bending pre-
vents negatively charged oxygen ions from transferring into the 
metal layer, and suppresses the oxidation reaction. As a result, 
the thermal stability of oxide/metal heterointerface could be 
improved by introducing a downward polarized ferroelectric 
fi lm which could raise the density of oxygen vacancies and sup-
press the electrochemical oxidation reaction at the interface.  

 The topography images of SrTiO 3 (STO) substrate, 
SrRuO 3 (SRO) grown on STO substrate, BFO grown on STO, 
and BFO grown on STO(sub.)/SRO was demonstrated by 
Atomic Force Microscope (Supporting Information, Figure S1). 
The out-of-plane piezoelectric force microscopy (OP-PFM) 

images shown in Figure  1 c,d verifi es the opposite alignment 
of the polarization in STO/BFO and STO/SRO/BFO samples, 
respectively. This is made possible by controlling the atomic 
terminations, and accordingly the uncompensated charges of 
the substrate surface. [ 38,39 ]  Specifi cally, as shown in Figure  1 e,f, 
bare STO substrate terminates with TiO 2  results in a TiO 2  0 -BiO +  
atomic stacking and consequently a fully  P  up  state (polarization 
point away from the substrate). In contrast, SRO-coated STO 
leads to a SrO 0 -FeO 2  −  stacking and a fully  P  down  state (polariza-
tion point towards the substrate) due to the A-site termination 
inversion of the substrate. Spin valves consisting of CoFeB(4)/
Cu(2)/Co(4)/Ir 22 Mn 78 (12)/Ta(5 nm) were grown on top of BFO 
in these two samples. 

 The GMR ratio in a spin valve is defi ned as: 

    / ( )/AP P APΔ = −R R R R R   (1) 

 where  R  AP  and  R  P  are the corresponding resistances when the 
two magnetic layers are antiparallely (AP) or parallely (P) mag-
netized. In our case, the CoFeB in direct contact with BFO is 
the free layer, while the upper Co layer adjacent to IrMn is the 
pinned layer. Below 300 °C, the magnitude of Co/IrMn(12 nm) 
exchange bias was stable. [ 40 ]  According to previous reports, [ 41,42 ]  
the oxidation of the free layer reduces the effective magnetic 
thickness of the free layer, which depresses the spin-dependent 
bulk scattering effect and thus decreases the GMR effect. When 
the spin-dependent scattering is depressed, AP PR R−  becomes 
smaller. So the GMR ratio decreases. Thus, oxidation of CoFeB 
by oxygen ions from BFO layer during the annealing process 
would be indirectly refl ected by the decrease in GMR ratio. 
Therefore, spin valves on bare STO(sub.), STO(sub.)/SRO/BFO, 
and STO(sub.)/BFO are used as probes to explore thermal sta-
bility of the interface between BFO and magnetic metal CoFeB. 

 Typical GMR curve and magnetic hysteresis loop of STO/
BFO/STO/BFO/CoFeB(4)/Cu(2)/Co(4)/Ir 22 Mn 78 (12)/Ta(5 nm) 
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 Figure 1.    Schematic band diagrams of ferroelectric oxide (BFO) layer which is in contact with vacuum during high-temperature growth, whose preset 
polarization points a) upward and b) downward, respectively. The surface of the ferroelectric layer is indicated by the perpendicular black line. The right 
side of this line is the vacuum region. Detailed band structures are also shown in Figure S2 in the Supporting Information. Out-of-plane PFM signals 
overlaid on the topographic images of c) STO(sub.)/BFO and d) STO(sub.)/SRO/BFO demonstrated the direction of spontaneous polarization. In the 
case of STO(sub.)/BFO and STO(sub.)/SRO/BFO, the polarization points away from the substrate and towards the substrate, respectively. The area of 
c) and d) is 3 × 3 µm 2 . Schematic diagrams of atomic stacking for e) STO(sub.)/BFO and f) STO(sub.)/SRO/BFO heterointerface.
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are shown in  Figure    2  a,b, respectively. In the GMR curve, 
there are two stable resistance states corresponding to antipar-
allel (high resistance) and parallel state (low resistance) states. 
First, free layer and pinned layer of the GMR device were both 
magnetized to saturation negatively, corresponding to the low 
resistance  R  P . As increasing the magnetic fi eld positively, the 
free layer (CoFeB) was switched to the positive direction fi rst 
and the pinned layer maintained in the negative direction, cor-
responding to the high resistance  R  AP . Finally, as increasing 
the magnetic fi eld positively, the pinned layer was switched 
to positive direction, leading to the low resistance  R  P . In the 
hysteresis loop, the same magnetic reversal process is observed 
as the GMR curve. Both free and pinned layer were negatively 
magnetized at fi rst. Then free layer and pinned layer were 
switched to positive one after another as increasing magnetic 
fi eld positively. The GMR ratio is about 4.2% at room tem-
perature. Coercivity ( H  c ) of the free layer is 30 Oe with a small 
exchange bias of about 20 Oe. The exchange bias of the pinned 
layer is about 130 Oe which is quite stable after annealing 
process.  

 Magnetoresistance measurements were then performed after 
1 h annealing process of different temperatures. The change of 
the normalized GMR ratio against the annealing temperature 
is presented in Figure  2 c. The GMR ratio of spin valves with 
upward polarization begins to decrease at an annealing temper-
ature of 150 °C, and almost disappears after 250 °C annealing 
(see Figure  2 c). This reduction of GMR ratio strongly indicates 
that oxidation occurs through the BFO and CoFeB interface, 
because the GMR of CoFeB(4)/Cu(2)/Co(4)/Ir 22 Mn 78 (12)/
Ta(5 nm) alone does not decrease even after 250 °C annealing. 
Oxidation of free layer would also decrease the saturation 
magnetization ( M  s ) of CoFeB adjacent to BFO and this has 
been verifi ed by the hysteresis loops (Supporting Information, 
Figure S3). By contrast, the GMR ratio of the spin valves with 
downward polarization persists up to 250 °C and only disap-
pears above 300 °C (see Figure  2 c). As expected, the downward 
polarization leads to higher oxygen vacancy density on the 
BFO surface and suppresses the oxidation reaction between 
BFO and the adjacent ferromagnetic metal. By tuning the as-
grown polarization direction of BFO, the thermal stability of 
BFO/CoFeB interface is improved by about 100 °C. However, 

annealing above 300 °C would eventually destroy the device 
performance due to the onset of decomposition of BFO (Sup-
porting Information, Figure S4). 

 To investigate the oxidation of CoFeB at the interface, annular 
bright fi eld (ABF), energy dispersive X-ray spectroscopy (EDS) 
and electron energy-loss spectroscopy (EELS) experiments were 
performed using a Cs-corrected transmission electron micro-
scope. As shown in  Figure    3  a for STO/BFO/CoFeB(4)/Cu(2)/
Co(4)/Ir 22 Mn 78 (12)/Ta(5 nm), interdiffusion can be observed 
and the interfaces become rough after 300 °C annealing pro-
cess. It is noted that the disappearance of GMR is not merely 
caused by the rough interface because the GMR value of GMR 
device grown on STO was close to that GMR of as grown. Main 
reason is that oxygen ions diffuse into the GMR multilayers and 
lead to magnetic metal oxidization. This concentration gradient 
of oxygen ions is demonstrated in EDS results (in Figure  3 b). 
In Figure  3 b, oxygen element is observed throughout the BFO 
and STO substrate and begins to decrease in GMR multilayers 
in oxidized sample. To confi rm this observation, EELS spectra 
of Co and oxygen in the GMR multilayers including Co and 
CoFeB are acquired. [ 43,44 ]  In the upper Co layer which is adja-
cent to IrMn (Figure  3 d1), only EELS spectrum of Co-L 2,3  edges 
could be acquired. The spectrum of oxygen is negligible. How-
ever, in the bottom Co which is adjacent to Cu, EELS spectra 
of Co-L 2,3  and O-K edges are both observed (Figure  3 d2). It 
indicates that partial Co element in Co layer is also oxidized by 
oxygen ion from BFO. During the annealing process, Co ele-
ment in CoFeB layer is oxidized by oxygen ions (Figure  3 c). In 
the Co EELS spectra of the CoFeB layer (Figure  3 e), L 3 /L 2  ratio 
shows that both Co 2+  and Co 3+  exist, indicating that CoO and 
Co 3 O 4  might form during the annealing process. CoO is anti-
ferromagnetic and Co 3 O 4  is paramagnetic at room temperature, 
both of which would result in decrease of the saturation mag-
netization (Supporting Information, Figure S3).  

 In summary, we have investigated the thermal stability of 
GMR devices on ferroelectric BFO fi lms. It is observed that the 
BFO polarization direction induced oxygen vacancies differ-
ence is the key to the change in thermal stability of the metal/
oxide heterointerface. Through polarization engineering, the 
thermal stability of the interface between BFO and CoFeB can 
be improved by about 100 °C. The oxidation at the interface 
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 Figure 2.    a) Giant magnetoresistance curve and b) representative magnetic hysteresis loop of STO/BFO/CoFeB(4)/Cu(2)/Co(4)/Ir 22 Mn 78 (12)/Ta(5 nm) 
after 150 °C annealing. Applied magnetic fi elds in hysteresis and RH measurements were all along the induced easy axis of CoFeB. c) Annealing tem-
perature ( T  A ) dependence of normalized giant magnetoresistance ratio in spin valve grown on STO substrate (squares), STO (sub.)/BFO (circles), 
and STO (sub.)/SRO/BFO (triangles).
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between BFO and GMR multilayers is confi rmed by com-
bining scanning transmission electron microscopy and EELS 
with macroscopic magnetic characterizations. This work could 
be helpful to introduce annealing process to BFO/FM inter-
face while maintain the magnetic properties of ferromagnetic 
layer, and the development of electrically tunable GMR or TMR 
devices for memory applications.  

  Experimental Section 
 20 nm thick SrRuO 3  bottom electrode was grown on (001)-oriented 
SrTiO 3  single crystal substrate by pulsed laser deposition (PLD) at 
650 °C. Subsequently, about 40-nm-thick epitaxial BiFeO 3  fi lm was 
fabricated on SrTiO 3  single crystal substrate and SRO-coated SrTiO 3  
substrate at 650 °C using a stoichiometric BiFeO 3  target. BFO fi lms 
were grown at 13 Pa oxygen pressure and in situ annealed to room 
temperature in oxygen atmosphere at 10 4  Pa for 2 h. Surface topography 
and ferroelectric domain images were studied using PFM based on 
an atomic force microscope system (Asylum Research MFP-3D). After 
that, we prepared GMR multilayers on epitaxial BFO fi lms using ULVAC 
magnetron sputter system with a base pressure of 2.0 × 10 −6  Pa under 
magnetic fi eld of 200 Oe. Spin valve consists of Co 40 Fe 40 B 20 (4)/Cu(2)/

Co(4)/Ir 22 Mn 78 (12)/Ta(5 nm). Magnetic properties of GMR multilayers 
were measured by vibrating sample magnetometer (Microsense, EZ7) 
at room temperature. Measurement electrodes of four-probe method 
were achieved by combined ultraviolet optical lithography technique 
and Ar-ion beam etching. Magnetoresistance tests were carried 
out by Keithley 2400 and 2182 in a Helmholtz coils system at room 
temperature. Annealing process was carried out in a vacuum system 
with a base pressure of 10 −4  Pa and a static magnetic fi eld of 5 kOe. 
Sample was heated to the target temperature at the rate of 5 °C min −1 , 
held for 1 h and cooled down to room temperature. Further investigation 
on the interface structure was carried out by cross-sectional STEM, EDS, 
and EELS experiments using JEM-ARM200F (JEOL).  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 3.    a) The cross-section ABF image of STO/BFO/CoFeB(4)/Cu(2)/Co(4)/Ir 22 Mn 78 (12)/Ta(5 nm) after 300 °C annealing. b) EDS mapping of 
oxygen element in STO/BFO/GMR (not the same area as (a) but the same sample). c) EELS spectra of O-K edge and Co-L 2,3  edge in CoFeB layer with 
subtraction of the background. d1) EELS spectra of O-K and Co-L 2,3  in Co layer adjacent to IrMn without oxidation. d2) EELS spectra of O-K and Co-L 2,3  
in Co layer adjacent to Cu with partial oxidation. e) Profi les of EELS L 3 /L 2  intensity ratios of Co in the CoFeB layer (scan step is 0.4 nm).
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