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Interfacial Control via Reversible lonic Motion in
Battery-Like Magnetic Tunnel Junctions
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Guo-Xing Miao*

Electrical control on interfaces is one of the key approaches to harvest
advanced functionalities in modern electronic devices. In this work, it is
proposed and demonstrated that a “battery-like” tunnel junction structure
can be embedded with added control and functionalities via reversible
lithium-ion motion. In a model system of FeCo/FeCoO,/LiF/FeCo magnetic
tunnel junctions, the ultrathin LiF barrier makes strong electric fields possible
under moderate applied voltages, and can therefore electrically drive revers-
ible lithium-ion migration within the barrier. The ion motion subsequently
leads to reversible interfacial modifications that generates over a thousand
percent resistance change across the devices. Meanwhile, sizable tunneling
magnetoresistance persists and even reverses the sign of spin polarization
as a function of the interfacial control. The devices are therefore responsive
to both electric and magnetic field manipulations, giving rise to diverse and

nonvolatile functionalities.

1. Introduction

Modern electronic devices are progressively getting more and
more sophisticated, and thus, additional control and func-
tionalities are always in high demand for better integrity and
portability. Interface engineering is one of the most important
approaches to realize such goals because “the interface is the
device.”ll With most devices’ performance depends sensitively

on the interfacial chemistry and struc-
ture; as such the electrical control over
interfacial behavior promises new func-
tionalities and device concepts.>! Being
the smallest cation ion with high ionic
mobility, lithium ions have already played
a key role in energy storage applications.[%]
Here we utilize the Li ion battery concept
in a drastically different context, for a new
type of lithium ionic device.” With the
tunable and nonvolatile motion of lithium
ions through an ultrathin dielectric bar-
rier, we show that multiple resistance
states can be written to the cell with added
control and functionalities, demonstrating
potential applications for information
storage and logic device terminal controls.

It is well known that lithium containing
materials can exchange ions with tran-
sition metal oxides, leading to notable
changes in their magnetic and electric properties.#l Our con-
ceptual heterojunction, as shown in Figure 1, consists of an
ultrathin lithium-containing dielectric layer plus a transition
metal oxide layer forming a composite barrier. The lithium
dielectric layer can provide mobile lithium ions, analogous to
the solid-state electrolyte in lithium ion batteries, but requiring
strong enough applied electric fields for the ion motion acti-
vation. The interfacial oxide layer serves as the ion reservoir
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Figure 1. Design concept of a battery-like magnetic tunnel junction under
electric field-driven migration of lithium ions. An ultrathin, lithium-con-
taining dielectric barrier serves simultaneously as quantum tunnel barrier
as well as the solid-state “electrolyte” in such structures.

(analogous to an anode) to capture and release the ions through
surface redox reactions, as shown in the formula in Figure 1.
The reversible ionic exchange in the composite barrier under
electric fields has two clear functionalities. Firstly, ionic
exchange can lead to non-volatile resistance changes, analogous
to the memristor behavior from the resistive switching (RS)
effect.'0191 At the same time, the thin tunnel barrier also permits
direct quantum mechanical tunneling, and stable resistance
states from the tunnel magnetoresistance (TMR) effect!20-2¢]
also manifest themselves. Secondly, ionic migration leads
to electrical control on the interfacial magnetic properties, 28l
which further influences the spin-polarized transport and even
reverses its polarity as the interfacial modification progresses.
The parent compound we used, LiF, does not produce RS on
its own because dielectric breakdown kicks in before that. But
introducing a thin “cathode” (oxides in our system) layer to
accept ions resolved this issue. Comparing to approaches such
as combing TMR with ferroelectricity to obtain multistates,2-31l
our “battery-like” concept borrowed from electrochemistry can
keep the layers ultrathin and makes a promising route to create
large TMR and large RS but low impedance and low operation
voltages for practical devices. Our scheme of driving lithium
ion motion for interfacial control adds considerable versatility
into existing tunnel junction devices, and opens up vast pos-
sibilities for designing improved devices with more advanced
functionalities.

2. Results and Discussion

A schematic layout of the device is illustrated in Figure 2a.
The top and bottom magnetic layers were chosen to have very
different thicknesses (8 and 3 nm, respectively) in order to
separate their switching fields. FesoCos, was selected because
of its high intrinsic spin polarization.[**l We start by looking at
the cross-sectional overview of the pristine device (Figure 2b),
which reveals well-defined layers throughout. Specifically, the
LiF is well formed and continuous. Symmetric and off-axis
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X-ray diffraction clearly showed that the top FeCo layer is
overall oriented with occasional misalignments, indicating
that LiF is also mostly oriented (Figure S1 in the Supporting
Information, but directly imaging the lattice structures
of the LiF layer was difficult because of the extremely light
elements). Experimentally, too thin LiF leads to shorted
junctions, while too thick would fully suppress quantum tun-
neling: we found a nominal thickness of 2.8 nm (calibrated by
quartz crystal microbalance) to be the optimum thickness and
thus used it throughout this work. From Figure 2c, we can
clearly see well-crystalized (100) lattice structures of FeCo elec-
trodes with occasional misalignments. Figure 2d shows the
electron energy loss spectroscopy (EELS) mapping of Si, Mg,
O, Fe, Co, and F over the marked area of Figure 2b, consistent
with the structure of the MTJs.

Figure 3a—c shows the TMR loops of tunnel junctions with
progressively increasing interfacial natural oxidation time (3,
6, and 12 h, respectively). The oxidation also sets the as-depos-
ited devices in the relatively high resistance states (HRS). As
the oxidation time increases, the tunnel junction resistance
increases and the TMR decreases. These evidenced that oxida-
tion indeed took place in our system. Here, the TMR ratio is
defined as TMR (%) = (Rap — R)/R, X 100%, where Rxp (Ry)
is the junction resistance when the magnetization directions of
the two ferromagnetic layers are antiparallel (parallel) to each
other. As a comparison, the TMR behavior of a near-pristine
device with no intentional oxidation is shown in Figure S2 in
the Supporting Information, with much larger TMR of 135%.
The XPS depth profile also confirmed the existence of richer
oxygen content on the bottom electrode (Figure S3, Supporting
Information). As the oxidation progresses, the added interfacial
oxide produces more spin scattering and weakens the TMR.
Interfacial oxidation is known to the magnetic tunnel junction
industry and happens even under ultrahigh vacuum,B? such
as on the most widely used FeCo based alloys, and can reduce
TMR due to increased spin scattering.’?-* With even further
oxidation, the TMR polarity eventually inverses. There are
multiple ways that a negative spin polarization could happen,
by competition between localized and delocalized electron
states, 3530 by resonant tunneling,*”38l or by interfacial bonding
changes.’#3% Among these, the interfacial bonding mechanism
is most relevant to our metal oxide interfaces, as the former are
not interfacial and depend strongly on thicknesses or voltages.

The current-voltage (I-V) characteristics of junctions are
illustrated in Figure 3d-f. Under applied electric fields, the
devices show bi-stable resistance states, with the positive bias
voltage switching the junction into a low resistance state (LRS)
and the negative bias voltage returning the junction to a high
resistance state (HRS). The abrupt jump in resistance is mainly
governed by the energy barrier for Li ions migrating inside the
LiF matrix, to be addressed at the end of this manuscript. Here
the positive bias is defined as current flowing from the top
electrode to the bottom electrode, and vice versa. The “set” and
“reset” voltages are around 1.0 and —0.75 V, respectively, and
the resistance ratio of the HRS versus LRS reaches more than
1000%. The I-V curve is clearly nonlinear in the HRS, which
suggests tunneling dominated transport. The fitted tunnel bar-
rier heights are relatively low (=0.2 eV) because of the presence
of defects necessary for ion migration. As a comparison, the
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Figure 2. a) Schematic layout of an MTJ with (in nm): (100)-Si / MgO (10) / FeCo (8) / LiF (2.8) / FeCo (3) / Ti (50) / Pt (5), where the FeCo (8) and
FeCo (3) / Ti (50) / Pt (5) are the bottom and top electrodes, respectively. We in situ pattern a 30 x 30 um? opening in an insulating MgO (red pad with
a hole in the middle) to define the active junction area. b) Cross-sectional overview of the device. c) A high-resolution cross-sectional STEM image of
the main section of the device. The red dashed lines are guide to the eyes to show the chemical boundaries. d) EELS mapping of individual elements

across the marked area in Figure 1b.

I-V is nearly linear in the LRS, indicating the diffusive nature
in the electron transport, and fitting tunneling models to such
curves (erroneously) produces much enlarged barrier heights.
We now look into the role of Li ion motion on the resist-
ance switching. According to reported works on transition-
metal oxide cathodes in lithium-ion batteries, the reactions of
Li ions with Fe/Co occur at 1.5-2.5 V04 and not accessible
in our devices before permanent dielectric breakdown, while
the reactions of Li ions with Fe/Co oxides occur in the range
of 0.7-1.1 VP** contributing to our observed results. Under
a strong positive bias, the metal oxides tunnel barrier gives way
to weaker Li,O*! by absorbing Li ions. More precisely, the
interface loosely resembles (but not quite due to the low growth
temperatures) the more complicated Li,M,0, compounds!*’—*)
(M is usually transition metal mixtures), and becomes more
metal-oxide-like or more Li-oxide-like depending on the extent
of Li ion insertion. There remains a possibility that the metal-
oxide reduction happens on the metal-metal oxide interface
rather than the metal oxide-LiF interface under the applied
bias.’% Tt is important to note that our oxide is on the ultrathin
level, so the two interfaces are virtually the same interface as
O can readily reach either side under almost any electromotive
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force. Then the question becomes which side has better affinity
with O electrochemically. The standard potentials (vs SHE)
for Fe?* — Fe and Li* — Li are —0.44 and -3.04 V, respectively,
therefore it is more likely Li captures O and frees up Fe in the
mean process, as we assumed in our model device.

As Li moves towards the interface, defects are also left behind
inside LiF which significantly reduces the effective tunnel bar-
rier heights. This can already induce considerable device resist-
ance changes because quantum tunneling is exponentially
sensitive to the tunnel barrier heights 2023385154 Furthermore,
the defects left behind inside the barrier can mediate diffusive
charge transport (resistor-like, linear [-V) without needing to
tunnel across the energy barrier. Adding together, when the
native oxides are reduced by the infusion of Li ions and the
LiF matrix becomes defected with the outflow of Li ions, the
device goes from the HRS into the LRS. This process is fully
reversible under the application of opposite bias. As a compar-
ison, in a near-pristine device with clean interfaces, no resistive
switching is present up to the dielectric breakdown (Figure S2,
Supporting Information).”” This is because, even though the
electric fields could be strong enough to trigger ionic motion,
the ions still need a reservoir to occupy (cathode like places)

© 2021 Wiley-VCH GmbH
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Figure 3. Magneto transport in FeCo/native oxide/LiF/FeCo tunnel junctions with progressive interface oxidation control. Measurements temperature
was 77 K. The natural oxidation was achieved by exposing the bottom electrode to the base vacuum for 3, 6, and 12 h (from top to bottom panels,
respectively). a—c) Typical TMR loops in HRS of the devices with different oxidation time. d—f) Typical I-V characteristics of the corresponding devices.
To avoid permanent dielectric breakdown, a current limit was enforced on each measurement (thus the flat region) and increased gradually until the
resistive switching occurred. g—i) Typical TMR loops in LRS of the corresponding devices.

in order to produce any stable and nonvolatile configurations.
On the other end of the spectrum, when there is a thin layer
of oxide but too thick LiF, resistive switching is present but no
noticeable TMR is visible (Figure S4, Supporting Information),
attributable to fully suppressed direct tunneling while only
defect mediated hopping remains.

The modified tunnel barrier properties show up not only in
junction resistances and resistive switching, but also in the resist-
ance-temperature dependences. The resistance values in HRS
and LRS both decrease with increasing temperatures (Figure S5,
Supporting Information). It is worth noting that, the LRS resist-
ance decreases by a factor of 5-10 as the temperature increases
from 77 K to room temperature, much faster than the corre-
sponding HRS resistance change (a factor of 1.2-1.9). Weaker
temperature variation in the HRS indicates a robust, tunneling
dominated behavior, whereas the stronger temperature depend-
ence in the LRS is resultant of the defect-mediated transport (with
low energy barriers) through the defective LiF and Li,O barriers.
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Figure 3g-i shows the TMR curves of the junctions at the
LRS, displaying another two stable resistance states. Clearly,
Li ion migration, evidenced from the resistive switching
effect, and interfacial oxidation, seen from the weakening
and reversal of TMR effect, coexist in our system. After
applying a suitable positive bias voltage, Li ions are driven
towards the interfacial oxides where surface redox happens,
and in this process more defects are generated in the tunnel
barrier because of the migration of Li ions. These not only
lead to the observed LRS switching but also the significantly
reduced TMR. This switching process is fully reversible at
particular negative bias voltages, returning the device to the
HRS. The most interesting scenario happens in the interme-
diate oxidation stage (Figure 3b,e,h), where interplay of these
mechanisms are most pronounced. The sign of TMR can be
tuned from positive to negative, and vice versa, with control-
lable ion motion. At HRS, direct tunneling between the two
electrodes still dominates and is responsible for the overall

© 2021 Wiley-VCH GmbH
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positive TMR. At LRS however, we need to note that there are
only limited Li ions available for migration from the thin LiF,
therefore not capable of fully reducing the oxide layer. As a
result, the LRS not only has a highly defected barrier but also
a partially-reduced metal oxide interface. Direct tunneling is
mostly suppressed, and transport through the residual metal
oxides (responsible for negative TMR) becomes dominant
leading to a small (due to spin scattering) and negative TMR.

Next, we would like to address the possible complications
of other elements, rather than Li, participating in the ion dif-
fusion. According to our EELS mapping, F diffusion into the
bottom electrode is clearly visible, likely during the process
of growing LiF, some of the F atoms penetrate downward.
Though Li is not visible under EELS, we can assume that
some of Li may also migrate downward. However, we note,
those elements embedded inside the metal matrix cannot
feel the applied electric fields and therefore do not partici-
pate in our described ion-driven interfacial reactions. On the
other hand, elements such as Li, F, and possibly O inside
the composite tunnel barrier could potentially be driven out
of place under applied electric fields. We performed first-
principle calculations on the diffusion barriers for Li, F, and
O inside the LiF matrix, and they turn out to be 0.78, 2.18,
and 1.21 eV, respectively (Figure S7, Supporting Information).
We can be assured that under mild electric fields, the domi-
nant element mobile enough to move across the barrier is Li,
as described in our prior discussions. We also note that these
energy barriers are significantly higher than those in typical
solid-state electrolytes, therefore ions are mostly frozen until
strong enough driving electric fields are applied. Furthermore,
under the proposed working principle, even if some other
ions would migrate and trigger redox reactions at the inter-
faces, clear resistance and TMR changes are still expected in
this device structure. In this system however, the likelihood
of counter electrode reactions such as fluoride formation is
hindered by the weak anion migration in the LiF matrix. As
a control experiment, we fabricated devices under the same
conditions with nearly identical stacking, except LiF being
replaced by CaF,, i.e., FeCo/native oxide/CaF,/FeCo/Ti, For a
nominal 2.8 nm CaF, barrier (Figure S8, Supporting Informa-
tion). No resistive switching was observed in these junctions
before dielectric breakdown kicking in (=2 V). Clearly, driving
F ions requires significantly more efforts as they are indeed
only partially mobilized.”® This observation further highlights
the important role of the Li ions, rather than the anions, as
inferred in our system.

In the end, we summarize our tunnel junction’s structural
and behavioral similarity/distinction to an actual solid-state
battery. LiF is analogous to a solid-state electrolyte, and the
metal-oxide interface serves as the cathode. Electrochem-
istry between Li ions and cathode materials in response to
strong enough electric field leads to the observed nonvolatile
resistance changes. With our efforts keeping the electrolyte
material thin, direct quantum tunneling still persists in the
devices, leading to additional set of stable resistance states.
Now it is time to point out our device’ difference from an
actual battery. Firstly, the lithium source for ions that can
take part in the ion transport is very limited, and thus the
actual charge storage is negligible. Secondly, large activation
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barriers for ion migration exist for the chosen solid-state
system, thus the created resistance states remain non-
volatile in the absence of applied fields and hence influ-
encing the spin transports. Thirdly, when the electrolytes
can accommodate the (small) ion number change and
the resultant chemical valance change, they themselves
can take care of the anode reactions and a true anode is
no longer necessary.”’% In other words, LiF functions
as the anode providing the ions needed in our system,
ie, the corresponding anode reaction is LiF — xe” — Lij,
F + xLit, and the resultant dielectric matrix also becomes
more conducting leading to even lower resistance in the LRS.
As a result, the field-driven ionic motion gives us additional
control on the effective spin transport across these devices.

3. Conclusions

We demonstrate a battery-like magnetic tunnel junction with
added ionic control and functionalities. In the LiF based tunnel
devices, we show the coexistence of reversible, nonvolatile
resistive switching and tunnel magnetoresistance effects, pro-
ducing four well-defined resistance states on each device. Con-
trolled oxidation is key to enabling interfacial redox reactions
thus the ion-motion induced resistance changes. At the same
time, the interfacial control allows one to actively tune the spin
transport across the devices, making them much more versatile
for applications.

4. Experimental Section

In this work, the battery-like magnetic tunnel junctions (MTJs) were
in situ fabricated into micrometer dimensions on (100)-Si wafers,
where the cross-bar geometry was obtained through shadow-masked
electron-beam evaporation in a high vacuum system %61 The system
base pressure was 4 X 107% torr. In order to remove the native Si
oxides and establish a hydrogen-terminated protective surface, the Si
wafers were first ultrasonic cleaned in isopropyl alcohol, next dipped
into 1% hydrofluoric acid for 90 s, and then immediately inserted into
the loadlock chamber in less than a minute. The basic layout of the
MTJs was (in nm): Si wafer / epi-MgO buffer (10) / FesoCosq (8) / LiF
(2.8) / FespCoso (3) / Ti (50) / Pt (5). The MgO (100) buffer layer was
grown on the Si wafer at 300 °C to seed the subsequent growths. The
elevated temperature was necessary to promote epitaxial correlation of
MgO with the Si substrate,®l while rest of the layers were all deposited
at room temperature. Growth rates of all layers were in the range of
0.08-0.12 A s™' for better control and smoothness. The active junction
area was 30 X 30 um?, defined by 10 nm MgO isolating everywhere else
except the junction areas. For the hybrid samples, the MgO isolation
was deposited after the bottom FeCo electrode deposition, then the
bottom FesoCosy (8) layer was left exposed under the weak natural
oxygen environment for various preset times before depositing the
LiF layers. The MgO isolation layer deposition creates some interfacial
oxidation, with notable pressure increase to the high 107 torr range.
Then sitting in the stray oxygen partial pressure of 107 torr, the
molecular impingement rate was equivalent to 10~ monolayers/
sec with a small fraction actually reacting, thus hours of exposure
was needed to induce further controllable oxidation. This way the
active junction area was exposed to oxidation whereby systematic
modification was introduced to the first FeCo/LiF interface, forming
the desired FeCoO,-LiF composite barriers. For the pristine junctions,
LiF was deposited before putting down the MgO isolation in order to

© 2021 Wiley-VCH GmbH
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prevent accidental oxidation to the bottom electrodes. In the last step,
50 nm Ti and 5 nm Pt were deposited as the top electrode as well as
a protection for the active junction regions. All transport properties
were carried out with a two-terminal method at 77 K with devices fully
submerged in liquid nitrogen. Serial resistances from the electrodes
were only a few tens Q and therefore neglected. The cross-sectional
high-resolution scanning transmission electron microscopy (STEM)
of the samples was performed with a JEOL 2200FS microscope at an
accelerating voltage of 200 kV. The X-ray photoemission spectroscopy
(XPS) depth profiling was performed with Omicron SPHERA Il analyzer
and Ar raster sputtering.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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