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The electric field-controlled exchange bias effect has drawn considerable attention of researchers as it shows
great application scope in the development of modern low power consuming spintronic devices. In this research
work, we have realized a reversible controlled exchange bias effect in Co/NiO heterostructures by utilizing all-
solid-state Li-ion redox capacitors having antiferromagnetic electrodes, at room temperature. The nonvolatile
and reversible control of exchange bias is obtained at room temperature, resulting from controlled intercalation

and deintercalation of Li-ion in antiferromagnetic NiO via galvanostatic charge and discharge process. The ion
migration-controlled exchange bias mechanism in Co/NiO heterostructures is studied by using various structural,
electrochemical and magnetic characterizations. This work designs an approach to control the exchange bias
phenomena in all-solid state magnetoionics at room temperature, which has potential importance in establishing
modern spintronic devices such as magnetic random-access memories.

1. Introduction

The pinning of magnetic spins at the interface of a ferromagnetic
(FM) and antiferromagnetic material (AF) is known as exchange bias
(EB). The basic reason for EB is the exchange coupling of spins at the
FM-AF interface and it results in shifting the magnetic hysteresis loop.
The phenomenon of EB shows potential applications in many modern
spintronic devices such as; magnetic random access memory and the
magnetic read head. In these devices, pinned FM layer is very important
and acts as a reference layer [1-3]. Nowadays, electric field control EB
has been gaining great interest from researchers due to its potential
applications in tunable low-power EB systems [4].
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It is reported that EB can be effectively tailored in different ways such
as; when a thin FM layer of an EB system is interfaced with a piezo-
electric material, resulting in the transfer of strain from piezoelectric
material to the FM layer and altering the value of EB field (HEB) [5-8].
Another way to tune the EB effect is the modulation of the density of
charge careers at the surface of metallic AF substances, in which applied
voltage exerts a force on the exchange spring, resulting in a positive or
negative change in HEB [9]. The sign of HEB depends on the sign of bias
voltage. Recently, it is also reported that EB can be controlled by
spin-orbit coupling induced by an electric current, leading to horizon-
tally positive or negative shifting of EB hysteresis at low temperatures.
The positive/negative shift depends upon the polarity of the current
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Fig. 1. (a) Schematic illustration of the all solid-state Li-ion

pulse [10].

An effective way to tune the magnetic properties of materials is
electrically driven ion migrations, leading to effective results [11-17].
The utilization of oxygen ion has been proved to be a potential way for
ionic controlled migration, where electric field-coefficient § reaches
more than 5000 fJ which is very high as compared to previously used
techniques. The electric field-coefficient p corresponds to interfacial
magneto-crystalline anisotropy energy per voltage per unit length [13,
18]. It is also reported that reversible toggling of state from AF to FM can
be obtained in SrCo02.5 using oxygen ion migration at low values of
voltage [17]. The oxygen ion migration technique has been also
employed to tune the EB phenomena in Ref. [19] Si/SiO2/Pt/Co/NiO/Pt
[20] and Pt/Co/NiHfO2 compounds. Owing to rich chemistry, Li-ion
migration effective technique for magnetic properties as it promotes
better diffusion at room temperature [16]. Li-ion migration facilitates to
control of the various magneto-responsive effects such as; magnetic
cycling, magnetic anisotropy, on-off magnetism and remnant magneti-
zation of bulk magnetic materials [21-24].

In this research work, we have controlled the EB phenomena at room
temperature in Co/NiO heterostructures by utilizing all-solid-state Li-
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ion redox capacitors using electric field-driven controlled Li-ion
migration. When Li-ion transports into the AF NiO electrode, leads to
producing spin disorder due to a conversion reaction between oxygen
ions. A systematic investigation to control the Li-ion migration-
controlled EB phenomena has been made using structural, magnetic and
electrochemical characterizations. As a result, an EB control has been
realized at room temperature using all-solid state magnetoinics.

2. Experiment
(i) Sample Preparation:

The proposed all-solid-state Li-ion redox capacitor has been fabri-
cated as follows; the Li-ion conducting glass-ceramic (LICGC) with
general composition Li20-Al203-Si02-P205-GeO2, is used as sub-
strate and also as solid-state electrolyte. The pulsed laser deposition
(PLD) technique is used to deposit a 250 nm thick layer of LiCoO2 as
cathode material on one side of the polished LICGC to supply the Li-ion.
The temperature of the substrate was kept at 873 K under an oxygen
pressure of 20 Pa. A Pt layer of thickness 70 nm is deposited over LiCoO2
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Fig. 2. (a) Normalized MH loop measured for (a) Co(20 nm)/NiO(50 nm), (b) Co(20 nm)/NiO(60 nm) and (c) Co(20 nm)/NiO(70 nm) bilayer deposited on LICGC.
The inset of every figures shows central part of MH loop at room temperature (d) Hgg versus thickness of NiO curve.
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Fig. 3. (a) CV curves of the Pt/Co/NiO/LICGC/LCO/Pt hetrostructures. (b) The inset Schematic illustration of GCD at application of potential difference.

to get Pt electrode using magnetron sputtering technique. In magnetron
sputtering 0.6 Pa Ar pressure with 20 W power is used. The function of
this Pt electrode is as a current collector. Before growing NiO films on
the other side, the diamond polishing liquid is used to remove the silver
paste used as glue to clamp the LICGC on the sample holder to deposit
LiCoO2. PLD technique is used to deposit the 50-70 nm thick NiO films
under 30 Pa oxygen pressure and 873 K deposition temperature. A 20
nm Co film is deposited over NiO using magnetron sputtering at Ar
pressure of 1.2 Pa and 20 W power and the substrate temperature is
maintained at 393 K. The Pt electrode is deposited over the Co layer
which acts as a current collector.

(ii) Structure and Magnetic Measurements:

X-ray diffraction (XRD) is employed to identify the structural phases
of the prepared sample. XRD is carried out using Bruker D-8 DISCOVER
diffractometer using Cu Ka radiation of a wavelength of 1.5406 A0 at a
scan rate of 0.020 per second. A superconducting quantum interference
device (SQUID) is used to perform the magnetic hysteresis (MH) loop.
The investigation of change in stretching and bending modes of the
charged and discharged is done In Situ. Raman spectroscopy using the
Renishaw Invia Reflex Raman spectrometer. A Talos F200x is used to
perform the HRTEM of prepared samples. The samples for HRTEM are
prepared by using the Auriga Carl Zeiss dual beam-focused ion beam.

(iii) Electrochemical Characterization:

The galvanostatic charge-discharge (GCD) cycles and cyclic vol-
tammetry (CV) measurements in all-solid-state Li-ion redox capacitor
are carried out by using a Zahner Zennium electrochemical work station.
A potential difference of 0-2.3 V at current densities of 2-6 pA cm-2 is
used to perform GCD measurements while CV measurements are carried
out at a potential difference of —0 to 3 V at a scan rate of 100 m Vs-1 [25,
26]. Moreover, NiO acts as a working electrode while LiCoO2 is used as a
counter and reference electrode as well.

3. Results & discussions
(i) Exchange Bias Effect in Co/NiO Heterostructures

Fig. 1(a) shows the schematic illustration of deposited hetero-
structures while the XRD pattern of as-deposited Pt/Co/NiO/LICGC/
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LCO/Pt thin films is shown in Fig. 1(b), indicating the crystalline nature
of the structure. The indexed peaks at 33.1, 33.84, 35.3, 46.12 and
48.37° correspond to reflections of LIGCC solid electrolyte while the
peaks at 37.14 and 48.88° correspond to NiO (111) and Co (002),
respectively [21,27,28].

The normalized MH loops at room temperature are measured to
investigate the EB in Co/NiO heterostructures. In order to measure the
MH loops, the thickness of Co was fixed at 20 nm but NiO was taken as
50, 60 and 70 nm, as shown in Fig. 2 (a), (b) and (c). The obtained curves
show typical ferromagnetic behaviour for all thicknesses. It can be seen
that the MH curve clearly shifts to the negative field, which is evidence
of exchange bias phenomena [29] The most important reasons for the
formation of the thin layer EB system are the thickness of the AF layer
and the interfacial roughness of FM and AF layers [30,31]. The EB arises
from the uncompensated spins resulting from the combined optimal
roughness of FM and AF thin films at their interfaces [31,32].

The HEB dependence on NiO thickness is shown in Fig. 2(d). A
decrease in HEB is observed with an increase in the thickness of NiO. The
HEB of 116, 105 and 58 Oe were observed at 50, 60 and 70 nm, and the
enlarged central part of the MH loops are shown in insets. The change in
HEB with respect to the thickness of NiO can be understood by the
domain-state model in a better way. This model predicts that the
domain-state spin changes on changing the thickness of AF material. It
also relates the realization of HEB with defects in AF material. Actually,
the thickness of AF plays a crucial role in getting HEB. The previously
reported research also shows that the thickness of AF up to a certain
limit cause’s increase in defects, which leads to the domain formation in
AF [33].

(i) Control of EB by Li-ion transport

The CV curves of Pt/Co/NiO/LICGC/LCO/Pt drawn in the voltage
range of 0-3 V, are shown in Fig. 3 (a). The two Pt electrodes at the top
and bottom of the structure are used to apply the bias voltage, as shown
in Fig. 3(b). The oxidation and reduction processes are confirmed from
the CV measurements, confirming the intercalation and deintercalation
of Li-ion into AF NiO [34]. The oxidative and reductive peaks are ob-
tained at 2.2 V and 0.45 V, respectively. The oxidation and reduction
processes are the signature of an electrochemical reaction taking place
between an electropositive Li-ion and electronegative oxygen via con-
version reactions. The intercalation and deintercalation of Li-ion at
different electrode potentials are responsible for the redox reactions
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Fig. 4. (a) GCD measurements at current densities of 6 and 2 pA Cm-2. (b) The inset Schematic illustration of GCD at application of potential difference. (c) Room
temperature normalized MH loop using SQUID VSM at pristine, charged, and discharged states. (d) HEB as a function of galvanostatic charge-discharge voltage from
pristine state. HEB versus different values of x in LixNiO. (e) Cycling stability of Pt/Co/NiO/LICGC/LCO/Pt structure.

only, as no Li-ion can be stored or redox reactions occur in Ni due to its
inability to react with Li-ion [35].

In order to check the stability of all-solid-state capacitors, the GCD is
obtained in the voltage range of 0-2.3 V at current densities of 6 and 2
HA cm—2, as shown in Fig. 4(a) [36,37]. The high value of specific ca-
pacity is observed at 2 pA cm—2. The device exhibits a strong GCD
stability for 500 cycles at a current density of 2 pA cm—2 [Fig. 4(c)].
Only 3% irreversible capacity loss is observed after the first charge and
discharge cycle and is stable up to 500 charge-discharge cycles, indi-
cating that the material is highly stable. The nonlinear behavior in the
charge-discharge profile is the signature of the occurrence of electro-
chemical redox reactions during Li-ion intercalation and dein-
tercalation. Faraday’s law of electrolysis (Equation (1)) can be used to
determine the quantity of the Li-ions (x) per formula unit of NiO under
constant current electrolysis.

CM,,
F

X= 1)
Here C is specific charge capacity, My, is the molecular weight of NiO
and F is Faraday’s constant. It is clear from Fig. 4(a) that the value of x
depends upon the GCD potential difference and not on constant current
density.

The pristine state exhibits a Hgp of 116 Oe at room temperature, as
shown in the normalized MH loop. As potential difference reaches a
critical value, the Hgg decreases. Which is due to the fact that the
number of Li-ion concentrations is very small at low values of applied
potential difference. The concentration of Li-ion in the NiO electrode
increases when increasing the potential difference from the critical
value. The observed normalized MH loop shows zero Hgp for x = 1.15
concentration of Li-ion, resulting from the distortion in the interface
[Fig. 4(b)]. The Hgp returns to 96 Oe as when the sample is discharged in
the potential difference of 30 mV. Therefore, the Hgg onset temperature
observed to be at room temperature after first discharge shows that the
Co layer is exchanged coupled with NiO. The irreversible capacity loss
which results in irreversible structural changes in the material may be
responsible for the decrease in observed Hgp. Furthermore, the revers-
ible control of Hgp is observed up to the 500th GCD cycle after the first
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Fig. 5. Raman spectra for pristine charged to x = 1.15 and x = 2 in the range of
400-2000 cm .

charge-discharge process, as shown in Fig. 4 (c). Hgg as a function of x in
Li,NiO is also measured with x ranging from O to 2, as shown in Fig. 4
(d). A gradual decrease in Hgg is observed when x is increased from 0 to
0.5, but Hgp decreases and reaches zero with a further increase of x from
0.5 to 1.15. No Hgg is observed when x increases from 1.15 to 2. For x <
1.15, the control of Hgg is irreversible but for x > 1.15 it is irreversible.
This irreversible behaviour of Hgg shown by GCD for x > 1.15 can be
attributed to a permanent change in the magnetic ordering of the Co/
NiO structure. It is very important to understand the irreversibility of
Hpgp for x > 1.15, therefore the Li-ion inserted samples with values of x =
0 (Pristine), 1.15 and 2 are investigated by advanced structural studies
such as Raman spectroscopy and Tunneling electron microscopy (TEM)
in next sections. Moreover, the stability of the material is checked for
1000 cycles but also can be run for more than that. The materials exhibit
good stable behaviour, as shown in Fig. 4(e).

Raman spectroscopy is a vital tool to confirm the crystal structure,
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Fig. 6. TEM images of Co/NiO hetrostructures in (a) pristine state, (b) charged to x = 0.5, and (c) charged to x = 1.2. In addition, the enlarged region of Co30,4 and

its corresponding FFT are shown for (a), (b), and (c).

defects and vacancies of the fabricated samples. Fig. 5 unrevealed the
Raman spectra of pristine NiO. For the pristine NiO case, the Raman
feature observed at 1006 cm ™! and the strong band at 1578 cm ™! are
linked to 2P (LO + TO) and 2 M scattering resulting from Brillouin zone
edge magnons of NiO, linked with super-exchange symmetry of Ni%*-
OZ-Ni?*. It is also noticed, that 2 M peak intensity varies and is
broadened in the doped sample, therefore, the doping effect created
more Ni®*0 cations, nickel vacancies, and non-stoichiometric features
compared with pristine NiO [38]. During charging, the Raman intensity
is suppressed for 2 M mode which represents the characteristics sym-
metry of NiO. The reverse trend is seen in Raman spectra during dis-
charging for x = 0.5, however, the peak shifting is negligible. Clearly,
after the insertion of Li-ion, the Li-ions tend to diffuse in octahedral
interstitial sites compared with tetrahedral interstitial sites, due to
higher interstitial positions owned by the octahedral site than the
tetrahedral site [27]. Previous results showed that the singular Li atom is
more compatible at the octahedral site compared with the tetrahedral
site due to Fermi energy [39]. Therefore, during charging, the preferred
occupancy of Li ions at octahedral Ni2* sites create strain in Ni-O
stretching band. Raman peaks reverted to their original values after
discharge. Again for charging x = 2, the Raman peak linked with 2 M
mode shows a broad spectrum which indicates the larger strain, addi-
tionally peak located at 1085 cm™! corresponds to LiOs.

Furthermore, TEM investigations have been carried out for pristine
and charged materials to make a qualitative understanding of strain in
the lattice of NiO after the lithiation process. The interface of Co/NiO for
pristine, charged for x = 1.15 and x = 2 is shown in Fig. 6(a), (b) and (c),
respectively. The average d spacing values calculated by HRTEM for Co
and NiO are 0.204 and 0.148 nm, respectively. The given d spacing
values from HRTEM measurements correspond to the (111) plane of Co
and (111) plane of NiO. It can be seen from the magnified image of
HRTEM that NiO exhibits an ordered structure in a pristine state and the
spiral structure of NiO is confirmed by the corresponding fast Fourier
transform (FFT) image. After charging to x = 1.15, the d spacing is
increased and the structure changes to a partially rock-salt crystalline
structure which confirms expansion in the volume of the lithiated
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region. This volume expansion agrees well with Raman spectroscopy
discussed in the previous section. For x = 2, the NiO structure transforms
to amorphous LiO2 and Ni-O as a whole and the formation of LiO2 is
confirmed by the halo-diffused FFT. This is consistent with Raman
spectroscopy of LixNiO when charged to x = 2 (see Fig. 6).

4. Conclusion

The EB has been successfully realized in Co/NiO heterostructures via
all-solid-state Li-ion redox capacitors at room temperature. The
nonvolatile and reversible Ion migration-controlled EB is achieved by
the induction of a reversible spin disorder in the AF NiO by intercalation
and deintercalation of Li-ion. The controlled mechanism of EB in Co/
NiO heterostructures via Li-ion intercalation and deintercalation is
explained on the basis of detailed structural, magnetic and electro-
chemical properties such as XRD, Raman, TEM, CV and GCD. This
research work provides a way to tune the properties of AF oxide mate-
rials in nonvolatile and reversible manners. Additionally, it is a different
technique to modulate the AF properties via Li-ion solid-state capacitor
as compared to Li + chemical reactions such as alloying, insertion and
conversion reactions.
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