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Electric field control of ion migration in semiconductors can introduce desired changes in the
material’s stoichiometry, defect profile and lattice structure, which in turn offers a versatile
and convenient means to modify the materials’ chemical compositions and physical
properties at,the‘hanoscale and in-situ.? This field, termed nanoionics, has emerged as a
new discipline that promotes the development of new materials and devices towards a broad
range of gelectronic and energy applications.®*! For example, in a two-terminal
metal/insulaté¥/metal structure, the electric field induced ion migration and the associated
redox processes./can lead to changes in local conductivity and an overall change in the
structure resistance, resulting in resistive switching (RS) effects.°”! The ion migration
induced RS effects can originate from the migration and redistribution of cations (e.g. Ag” or
Cu?" ions)hersanions (e.g. O% ions), and detailed experimental studies®®® and theoretical
analyses™®™have been carried out to reveal the dynamic ion migration processes and obtain
(semi-)quantitative information (e.g. ion diffusion energy barrier) of the ion migration
process in-situgat'the nanoscale. Recent studies have also suggested that the controlled ion
migration can modulate the materials’ optical properties,*? extending the range of nanoionics
beyond RS effects. Nanoioncs has also been widely studied in the energy conversion/storage

fields and JéadS'to various advanced battery applications.™™!

Electric_control of magnetism at the nanoscale holds great potential in reducing power
consumptiomnsandsincreasing device density in spin-based memory and logic systems.™*# So
far, electric field control of magnetism has been demonstrated through the modulations of
charge carrier_.concentrations in ferromagnetic semiconductors,**? electron orbital

occupancy.n’ ultrathin ferromagnetic metals®®*?? and magnetoelectric coupling effects in
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multiferroic , leading to promsing device application . However, most of these
effects are either volatile or indirect/weak. It has been demonstrated very recently that by
controlling the.migration and redistribution of cations (Li* or Co®" ions) or anions (O? ions),
it is possiblestesontrol the material’s magnetic moment and magnetic anisotropy.*?** These
studies presented initial, promising examples of ion migration induced magnetism control,
although hew the nanoscale, local magnetic properties are affected by ion migration still
remain unclear. Here, we report experimental studies on in-situ modulation of nanocale
magnetic domains in lithium ferrite thin films, which clearly reveal the dynamic evolution of
individual domaips and the motion of domain walls during the ion migration process. We
show that the de-intercalation/intercalation of Li* ions not only leads to RS effects, but also
directly affeetsythe chemical states of iron ions. By studying the evolution of individual
magnetic /domains during ion migration, we find that the intensity of the domains’
magnetization.can be reversibly modulated by ~100% and observe domain wall motion over
100 nm, accompanied by RS effects between a high resistance state (HRS) and a low
resistance state (LRS). Finally, we show that the Li* ions driven magnetism changes can lead

to reliable, fast and multilevel data storage elements, through the local control of

magnetization direction and intensity of individual magnetic domains.

Inverse, spinel structured lithium ferrite (LiFesOg) was selected for our study due to the
low activationsenergies for Li* ion migration in lithium ferrite™® and the hypothesis that the
redox processes associated with Li* ion de-intercalation/intercalation can possibly modulate
the iron ion’s chemical states and thus the material’s magnetic properties. In LiFesOg, the Li*

ions and threéfifths of the Fe** ions occupy the center of the octahedral sites (referred to as
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the B sites) while the rest of the Fe** jons occupy the center of the tetrahedral sites (referred
to as the A sites) (Figure 1a).®3"! The Fe** ions at A and B sites are antiferromagnetically
coupled and.the net magnetic moment is determined by the difference of the A and B-site
occupied ionsForexample, in oxygen-deficient lithium ferrite LiFesOg.x (LFO)¥ some of
the B site £€>* ions with magnetic moment 5 pg (us: Bohr magneton) can be reduced to Fe?*
ions with imagnetic moment 4 pg? thus leading to an overall lower magnetic moment.
During Li* i6R8"de-intercalation, the B-site Fe** ions can be oxidized to Fe** ions again hence
increasing the magnetic moment correspondingly (Figure S1, Supporting Information). The
reverse process accurs during Li* ions intercalation. As a result, we expect electric-field
controlled Li"_ion de-intercalation/intercalation can lead to reversible and direct modulation
of the film’smmagnetization. In the meantime, the Li* ion de-intercalation/intercalation
process modulates the local concentration of hopping centers such as Li* vacancies in the
film, which.in turn can lead to RS effects and provides a convenient means to observe and

analyze the ioni¢ processes.

Magnetic and electrical measurements were performed on devices based on a Pt (60
nm)/LFO(255nm)/SrRuO; (SRO, 60 nm) structure where the Pt and SRO layers serve as top and
bottom electrodes, and the active device area is defined by a via structure (see Methods and Figure
S2, Supporting Information). X-ray diffraction (XRD) studies (Figure S3, Supporting Information)
suggest_that, the LFO film is (111) orientated,®® with the out-of-plane direction along the
magnetocrystalline easy axis.®® X-ray photoelectron spectroscopy (XPS) results (Figure S4,
Supporting Information) indicate the existence of Fe*" ions in the virgin (as-deposited) LFO film. The

Magnetic ForcesMicroscopy (MFM) technique was used to investigate the evolution of magnetic
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domain properties during the ion migration processes. The schematic of the setup during the

measurement is illustrated in Figure 1b.

Under anmapplied electric field, the devices were found to show stable bipolar RS behaviors.
Typical current=voltage (/-V) curves during RS are shown in Figure 1c. The device at the virgin state
(VS) was highly insulating with a resistance of 4x10° Q measured at 0.1 V. During a positive bias
voltage swe€p process, the Pt/LFO/SRO device was switched to a LRS with a resistance of ~200 Q
under a compliance current of 3 mA. This first switching process is termed as the Forming process.
Subsequently, negative and positive voltage sweeps were found to alternatively switch the device
between a LRS (~200 Q) and a HRS (~3x10° Q), respectively. Changes of the device resistance during
these RS processes are shown in Figure 1d. These different resistance states are nonvolatile and
stable for weeks without obvious degradation. Interestingly, we observed that accompanying the RS
processes, [the magnetization of the magnetic domains in the LFO film was reversibly changed as
well. Figure 1le shows the corresponding morphology and MFM images of the device at different
resistance states:The MFM image at VS (()) shows the initial magnetic domain structure of the LFO
thin film beneath the Pt electrode, where the red and green areas correspond to magnetic domains
with upwafd and downward magnetization directions, respectively. After the Forming process that
switched the®device to the LRS, two distinguishable features in the MFM image (@) can be
consistently‘observed in several regions: 1. the intensity of the magnetization of domains with both
upward and downward directions was enhanced in general (as indicated by the increased phase
values ingthe MFEM images at positions marked by the crosses); and 2. the magnetization direction of
some domains was, reversed (as indicated by the reversal of phase polarity in the region marked by
the circle). The fact that the magnetism modulation is local is consistent with RS effects which are

driven byasien migration through localized paths, e.g. due to film inhomogenities.[s] This hypothesis is
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further verified by the weak dependence of the LRS resistance on the electrode area (Figure S5,
Supporting Information). It is noted that this effect is nonvolatile (Figure S6 and S7, Supporting
Information) and reversible, as shown in Fig. 1e,f. Subsequent switching of the device back to the
HRS correspendingly.decreased the intensity of the marked domains (), and further switching the
device to the LRS caused the intensity to increase again (@), indicating that the magnetization in
these domains are related to the RS effects and can be reversibly controlled by cycling the device
between the®™™RS and the LRS (Figure 1e,f). Similar behaviors have been consistently observed in
over thirty devices. These observations suggest that the magnetization of the domains in LFO films
can be reversibly'modulated in-situ by an electric field, and may originate from the same underlying
atomic processes that also drive RS behaviors, thus potentially enabling the study and development

of multi-functional systems based on nanoionics.

To directly correlate the nanoscale RS effects and magnetism modulation in the Pt/LFO/SRO
devices,.we.studied the local electrical conduction characteristics of the device using a conductive
AFM (CAFM) technique after the Forming process. After removing the Pt electrode of the device at

B9 \we found that the same area where

the LRS (see Methods and Figure S8, Supporting Information),
the magnetic properties have been apparently changed also became highly conductive, in contrast
to the areassWhich showed no obvious magnetism changes and also remained insulating (Figure S9,
Supporting Infermation). Local -V measurements suggest the observed bipolar RS behaviors in the
device originate from the RS effects in these local conductive regions whereas the insulating regions
remain wnchanged (Figure S9, Supporting Information). These results further support the concept

that changes in the film’s magnetic properties are due to nanoscale, local modulations, and are likely

of the same origin.ef the local RS effects.

More“detailed information on the ion-migration process can be obtained by systematic
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studies on the RS process. Analyzing the Forming process shows that the time it takes to form
the device increases exponentially with a decrease in the Forming voltage, consistent with the
ion hopping.madel (Figure S10, Supporting Information).”! The ion hopping distance and the
hopping energy«barrier can be extracted to be 0.57 nm and 0.59 eV respectively from the
voltage-dependent pulse width measurements (See discussion in Supplementary Information),
which are gemparable to the distance between two neighboring lattice Li* ions (~0.5 nm) and
the activation"énergy of Li* ions in similar spinel structured lithium oxides (e.g. ~0.52 eV in
LiMn,04*)/agdin supporting the concept of Li* ion migration as the mechanism behind the
observed ~magnetization modulation and RS effects™ . Temperature dependence
measurements of the device at both the LRS and the HRS show a thermal-activation behavior
and suggestingsthe semiconducting nature at both states (Figure S11, Supporting Information).
This behavior is'different from previous observations of RS effects in NiFe,O, ferrite films
where the Ni. cations are difficult to migrate and the redistribution of oxygen-vacancies leads
to metallic condlietion behavior at the LRS."* Instead, our analysis of the LFO device’s |-V
behaviors showed that the conduction of the device at both the HRS and the LRS can be well
fitted by(the space charge limited current (SCLC) model (Figure S12, Supporting
Information);¥Msuggesting a defect mediated conduction mechanism at both the HRS and
the LRS. Based on these observations and the observed magnetization modulation
accompanying the RS behaviors shown in Figure 1, we propose the following mechanism:
during the SET"process, the electric-field driven de-intercalation of Li* ions in the LFO layer
leads to the formation of conductive channels composed of Li* ion vacancies. This process
simultaneouslysoXidizes Fe?* (with low spin state 4 pg) to Fe** (with high spin state 5 pg),

thus resulting in the device switching into the LRS and enhancement of the magnetization;
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the reverse processes during RESET lead to the device switching into the HRS and
weakening of the magnetization in the LFO layer. During the Li de-intercalation
(intercalation), process, the Li ions are likely stored in (released from) the SrRuO;
(SrO-Ru0p)*L electrode, which plays a similar role as RuO, electrodes in lithium batteries*”.
As a result, through electric-field driven Li* ions de-intercalation/intercalation the local
magnetic properties can be reversibly tuned in-situ. Additionally, the accompanying RS
effects offers"a"convenient means to control and monitor the degree of Li* ions migration for
systematic tuning of induced magnetization changes. We note that additional systematic
studies are still"meeded to fully reveal the filament formation processes, including the Li
de-intercalation/intercalation dynamics, the stability of the filament and the Li-ion storage

mechanisn

To verify this hypothesis and study the semi-quantitative relationship between the
magnetization™modulation and ion migration, we characterized the evolution of the
magnetizationof a single magnetic domain in the LFO film as the device was gradually
programmed into different resistance states. The Pt/LFO/SRO device, starting from the HRS,
was first switched to an intermediate resistance state (IRS) and then the LRS by increasing
the SET compliance current from 1 mA to 3 mA during two successive SET processes
(Figure 2a, processes 1 and 2). Afterwards, two successive RESET processes were used to
switch ithe-dewiee back to the IRS and then the HRS respectively, with increasing RESET
voltage from -2 V to -3 V (process 3 and 4). The resistance changes are shown in Figure 2b.
Figure 2c_shows the MFM images of a region in the device containing a dominant

upward-magnetized domain at different resistance states. Throughout different stages of the
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RS process, the magnetization of the domain also changed accordingly, suggesting this area
to be a region where Li* ions migration has occurred. It was found that after each
SET/RESET_process, the magnetization in this region strengthened/weakened in general.
However, the,magnetization modulation was not uniform. For example, during process 1, the
magnetization in area 1 was significantly enhanced, in contrast with that in area 2, while the
opposite behavier was observed during process 2. These trends were more clearly illustrated
by plotting the“evolutions of the phase values for the two positions marked in areas 1 and 2
during the RS praocess, shown in Figure 2d. The results suggest that when switching from the
HRS to the LRS, the de-intercalation of Li* ions initially occurs in a localized region (area 1)
and correspondingly strengthens the magnetization there, continued programming in process
2 leads toanexpansion of the de-intercalated region and the strengthening of magnetization
in surrounding area 2. These observations are again consistent with the ion-migration model
in cation-.and.anion-based RS devices where the filament growth can be roughly separated
into the initial_length growth in a localized area due to the accumulation of cations or anions,
followed by lateral filament size expansion afterwards.*>**! Similar arguments can be made
during the RESET processes, where the weakening of magnetization started in area 2 and
then moved to“area 1. By programming the devices into different resistance states and
characterizing the corresponding MFM images, a semi-quantitative relationship between the
mean phase value and the resistance value was established and shown in Figure 2f. It can be
seen that"the®mean phase value of the domain can be modulated between 0.1°~0.2° by
changing the device resistance between 2.5x10* Q~2x10? Q. Since the phase value (A ®)
obtained in thesMFM image is roughly proportional to the intensity of the magnetization of

the sample™(See discussion in Supplementary Information), Figure 2e indicates that the
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significant modulation of magnetization (~ 100%) can be obtained in the LFO film through
the application of relative low voltages (2-3 volts). By taking the switching current and
switching ‘area.to be 10 A and 0.5 pm? respectively (extracted from the 1-V curves and the
current mapgindkigure S9(d)), the current density during the magnetism modulation is
estimated to be on the order of 10° A/cm?. We note that a high current density is not necessary
to induce the magnetism changes observed here, since ion migration is mainly driven by the

electric field"and can occur at very low current densities.

The loeal modulation offered by Li* ions de-intercalation/intercalation further leads to
interesting domainiwall evolutions. Figures 3a,b show the I-V curves of a device switched between
the HRS andgtheskRS along with the changes of the device resistance. Figure 3c shows the MFM
images of an‘area'with apparent magnetism changes. Similar to results in Figure 1, switching of the
device from the HRS and the LRS (or from the LRS to the HRS) can reversibly strengthen (or weaken)
the overallmagnetization in regions with different magnetization directions (Figure S13, Supporting
Information), although the magnitude of the magnetization modulation is not spatially uniform due
to the localized nature of the ion migration.[sl Furthermore, careful examination of the interface
between two neighboring domains with opposite magnetization directions reveals that the
non-uniform’™changes in magnetization leads to reversible domain wall motion during the RS
processes. Figlife 3¢ (U shows the initial MFM image with the domain wall center marked by the
yellow dashed line. Switching of the device to the LRS resulted in a clear strengthening of the
magnetizationtinithe lower left domain (with a downward magnetization direction) and caused the
domain wall to shift towards the upper right direction, as marked by the brown dashed line ().
After the subseguént RESET process, the magnetization of the lower left domain was weakened, and

the domain®wall center shifted back to the lower left side again (). Further switching of the device
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between the HRS and LRS can reversibly drive the domain wall motion (@®-®), though the exact
shape of the domain structure may be somewhat different. To more clearly reveal the domain wall
evolution, we.plot the MFM phase values along the solid line AB (D) during the RS cycles in Figure
3d, which shews' that besides the modulation of the intensity, the center of the domain wall
(corresponding to the zero-phase point) clearly moves forth and back during RS, over a distance of ~
100 nm. Additionally, near the center of the domain wall, the polarization also switches between
upwards (positive phase) and downwards (negative phase) during the RS process. These effects are
more clearly observed by plotting the location of the zero-phase point during the RS process (Figure
3e) and plotting the phase value for a point near the domain wall center (e.g. the position marked by
the cross in Figure 3¢ ) in Figure 3f. These observations are consistent with the picture of domain
wall motiophdriven by controlled Li* ions migration (Figure 3g), contrary to the cases in racetrack
memory where the domain wall motion is driven by a large in-plane electric current.[48]Significant
domain wall motion has also been observed recently in ferromagnetic metal thin films driven by

electric fields." 24

In nanoionics-based RS devices, the ion migration can be speeded up exponentially and RS
switching dan be achieved with nanoseconds.” Indeed, Figure 4a shows that the LFO devices can be
SET and RESET“using 300 ns pulses (with higher switching speed possible with higher pulse
amplitudes)."By"taking advantage of changes in magnetization, coupled with resistance changes,
these effects can potentially lead to high speed and multifunctional device applications. Here, as an
examplegwesshow that nanoscale magnetic domains can act as elements for multi-mode storage in
which the direction and the intensity of the magnetization of the domains can be independently and
switched, and used to store two bits in one physical cell (Figure S14 and S15, Supporting

Information). In this case, the upward (downward) magnetization direction is used to represent the
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first digit of “0” (“1”), and the low (high) intensity of the magnetization is used to represent the
second digit of “0” (“1”), respectively. Here switching of the first digit is achieved by changing the
direction of the magnetization using an external magnetic field, while the second digit is changed by
applying a'positive/negative electric pulse to switch the device to the LRS/HRS, which in turn

modulates the intensity of the magnetization (high or low).

Figure#db shows an example that an eight-digit ASCIl letter can be stored using four
independent “magnetic domains in four Pt/LFO/SRO devices. Initially, the devices were all
upward-magnetized using a magnetic field (~2000 Oe) and programmed into the HRS with a
resistance ~10" Quleading to weak magnetization, corresponding to “00” for all four cells. By
switching all four devices to the LRS with a resistance of ~10°Q using a SET pulse (~3 V and 200 ns),
strong maghnetization is obtained in all four domains leading to the storage of the ASCII letter “U”
(“01010101”).\ Subsequent switching of the magnetization direction and intensity in selected
domains leads to the storage of letters “M”, “I”, “C”, and “H” in the same cells, suggesting that
reversible, high“Speed and multilevel magnetic data storage can be obtained in the individual

magnetic domains.

In conclusion, we show that reversible, nonvolatile and room temperature control of magnetic
properties at the'hanoscale can be achieved through electric field controlled ion migration in solid
state thin films."Systematic electrical and magnetic measurements reveal the relationship between
Li* ion migration and nanoscale magnetization modulation during the RS processes in LFO-based
devices. wQurmresults show that the magnetization of magnetic domains can be significantly
modulated (~100%) by controlling the de-intercalation/intercalation of Li* ions, and reversible
domain wall motieh over a distance of ~100 nm can be achieved locally, thus providing an effective

and versatile,method to control magnetic properties electrically. Beyond its potential applications in
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magnetic and spintronic devices, we expect the ability demonstrated here, the nonvolatile and
reversible control of a film’s chemical composition and physical properties in-situ through controlled
ion migration, can be used to effectively tailor the properties of a broad range of functional
semiconductor _materials and lead to the application of new classes of fast, controllable and

multifunctional nanoscale devices based on nanoionics.

This article is protected by copyright. All rights reserved.

13



ADVANCED
sumitesro /MATERIALS

Experimental Section

Sample Preparation: The 60 nm-thick SRO film serving as the bottom electrode was first
deposited on"an(111) orientated SrTiO3; (STO) substrate using pulsed laser deposition (PLD)
at a nominaltémperature of 750 °C in an atmosphere of pure oxygen (10 Pa). The LFO film
was then deposited on top of the SRO film by PLD at a nominal temperature of 800 °C at an
oxygen prgssureof 0.1 Pa. The deposition frequency of both the SRO and the LFO films was

setto 2 Hz.

Device fabrication: After the LFO film deposition, amorphous silicon oxide (60 nm) was
deposited by plasma enhanced chemical vapor deposition (PECVD) method at 200 °C.
Afterwards, via structures (2 umx2 pum) were created by etching through the amorphous
silicon oxide layer using reactive ion etching (RIE) using a C4F8/SF6 chemistry to expose
the LFO film‘surface, followed by the deposition of a 60 nm-thick Pt film serving at the top
electrodemusing a DC sputtering method. Additional contact pad structures were subsequently

patternedst@ complete the device structure.

Measurements: The crystal structure was examined with XRD technique (Huber six-circle
diffractometer). XPS characterizations were performed using a Kratos Axis Ultra system to
analyze the, chemical states of the sample with a monochromated Al anode. The electric
characterizations were performed using a Keithley semiconductor parameter measurement
system. An atomic force microscope (Dimension V, Icon) was used to perform the MFM and
C-AFM measurements, and to mechanically remove the Pt electrode before the C-AFM
measurements. MFM measurements were performed at a lift height of 30 nm using a

magnetic.tip coated with Co/Cr thin film (MESP, Bruker). Before the MFM measurements, a
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magnetic field of ~2000 Oe was used to magnetize the tip’s magnetization direction
downward. To remove the Pt electrode, a silicon probe with a cantilever spring constant of 42
N/m (Bruker, . TESPA-V2) was used to mechanically scrape the Pt electrode. The contact
force between,the probe and the Pt electrode was set to ~1 uN during the process. During the
C-AFM measurements, a conducting cantilever coated with Pt/Ir (PPP-CONTPY,

Nanosensaors) was used in the contact mode, and the contact force was set to ~30 nN.
Supporting, Information

Supporting Information is available from the Wiley Online Library or from the author.
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programming the Pt/LFO/SRO device (defined by the via structure), the MFM images were
obtained without the bias voltage. c) Current-Voltage (/-V) Characteristics of the Pt/LFO/SRO
device duringmthe RS process, showing the Forming, RESET and SET processes. d) Device
resistance ggrogrammed in different states. e) Morphology and corresponding MFM images of
the deviceratudifferent resistance states in (d). The marked locations highlight the areas where
the magnetization has changed. Scale bar: 300 nm. f) MFM phase at different resistance states
in (d), measured at the two locations marked by the brown and yellow crosses in the MFM

images in ().
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Figure 3 Controlled magnetic domain wall motion in the LFO thin film. a) I-V characteristics of
the Pt/LFO/SRO device during two consecutive RS processes. b) Measured device resistance at
different_states..c) MFM images of an area with apparent magnetization changes, measured at
different resistance states in (b). The dashed line in each MFM image marked the position of the
domain wall center. Scale bar: 200 nm. d) Measured MFM phase values along line AB in the
MFM imagessins(€), at the different resistance states. e) Location of the zero-phase point obtained
from (c) at different resistance states. f) Measured phase value at different resistance states,
measured atsthe location marked by the yellow cross near the domain wall center shown in (c). g)
Schematicsyshowing possible magnetic domain wall motion when the device was switched

between the"HRSwand the LRS.
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Standard Code (ASCII) code “U”, “M”, “I”, “C” and “H” were sequentially programmed into the

domains.
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Direct, nonvolatile and reversible control of nanomagnetism in solid-state ferromagnetic thin films
is achieved by controlling the chemical composition of the film through field-driven ion
redistribution. The electric field driven de-intercalation/intercalation of lithium ions can result in
~100% mogdulation of the magnetization and drives domain wall motion over ~100 nm. High speed

and multilevel magnetic information storage is further demonstrated.
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