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ABSTRACT

Developing quantum materials for electronic devices, including neuromorphic computing, is a rapidly expanding field. Vanadium
dioxide (VO,) is a prototypical correlated oxide known for its sharp, reversible insulator-to-metal transition (IMT), making it a
compelling platform for reconfigurable electronics. Controlled defect formation, such as focused Ga* ion beam irradiation, can
influence the IMT in VO,, yet the associated nanoscale phase behavior and switching mechanisms remain largely unexplored. Here
we introduce spatially localized defects in VO, using focused Ga™ irradiation with tunable dose and probe the resulting thermal-
and voltage-driven IMT using infrared and terahertz near-field nano-imaging. Focused Ga* irradiation alters, and often suppresses,
phase switching behavior, localizing the conductive pathway and reducing switching power for energy-efficient neuromorphic
functionality. Compared to pristine VO,, the irradiated material exhibits suppressed IMT behavior, with lower resistivity below the
transition temperature but higher resistivity above it. Varying irradiation dose modulates this suppression, impacting filamentary
nucleation. Devices with lightly irradiated regions localize the resistive switching behavior, whereas heavily irradiated regions
remained inactive during switching, with neighboring pristine material switching into the metallic phase instead. These findings
reveal selective ion irradiation enables local control of the IMT in VO,, offering a scalable route to programmable, energy-efficient
neuromorphic devices.

1 | Introduction offer new ways to manipulate electronic phase, conductivity, and
switching behavior at the device level.

Engineering quantum materials for electronic device applica-

tions, especially in areas like neuromorphic computing [1-7] and
adaptive electronics [8-10], is a rapidly growing field. These mate-
rials exhibit emergent properties that can be tailored through
defect creation, strain, or compositional modulation to enable
reconfigurable, low-power and high-performance functionalities.
Transition metal dichalcogenides (TMDs) [11-13] and correlated
oxides like vanadium dioxide (VO,) [14-16] are among such
materials actively explored for these purposes. Techniques such
as ion implantation, interfacial control, and nanoscale patterning

VO, is a widely studied correlated oxide known for its insulator-
to-metal transition (IMT) [17] near room temperature [18]. The
IMT has been extensively investigated over several decades, yet
it continues to reveal new complexities [6, 17-19]. The transition
temperature (T.) and other phase characteristics of VO, can be
significantly modified through doping, strain, intercalation, or
irradiation [19-24], making it a versatile platform for explor-
ing phase-transition-based functionalities in nanoscale devices.
Many stimuli can drive the IMT, including temperature and
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applied electric field [17, 18]. In VO,, the application of sufficient
current or voltage can locally trigger the IMT, leading to the
formation of a percolating conducting filament in a process
known as volatile resistive switching [6, 8]. Once the stimulus
is removed, the material rapidly relaxes back to its insulating
state [25].

An exciting application of VO, lies in neuromorphic computing,
where it can mimic the key functionalities of neurons, including
leaky-integrate-and-fire [25], through its IMT behavior. This
intrinsic ability can be used to store and process information
[26, 27] in a dynamic and energy-efficient manner, making VO,
an ideal candidate for brain-inspired hardware. One promising
approach to control the IMT is through focused ion beam
[28, 29] (FIB) irradiation, which can locally define metallic
and insulating domains in the material [14, 30-33]. This tech-
nique has been employed to realize memristive devices with
tunable switching characteristics. However, despite its poten-
tial, much of the nanoscale physics in irradiated VO, remains
poorly understood due to the lack of methods that can resolve
both surface and subsurface conductivity with high spatial
resolution.

In this work, we use IR and THz near-field nanoimaging [34]
to investigate how focused Ga* ion beam irradiation modulates
the phase transition and electronic behavior of VO, thin films.
By systematically varying the ion dose (0.2-50 pC um™2), we
introduce well-defined nanoscale defects and track the resulting
changes in local and global device properties. Both thermally-
and electrically- driven phase switching are spatially resolved
using scattering-type scanning near-field optical microscopy
[34, 35] (s-SNOM) with harmonic-dependent imaging, which
distinguishes surface and subsurface features. Low-dose Ga*
irradiated regions exhibit increased metallic behavior at room
temperature compared to pristine VO, and retain phase transition
characteristics similar to pristine VO,, whereas regions irradiated
with high-dose Ga* display suppressed switching and insulating
behavior, unlike the IMT of the pristine VO,. These findings
highlight how local defect engineering can program phase behav-
ior and conductivity at the nanoscale, providing insight for the
design of energy efficient reconfigurable VO,-based devices in
neuromorphic systems.

2 | Results and Discussion

Vanadium dioxide (VO,) thin films with thickness 40 nm were
fabricated using radio frequency (RF) magnetron sputtering on (1
0 2)-oriented Al,O; substrates [14]. The deposition of VO, thin
films was conducted in an atmosphere of 3.6 mTorr of Ar/O,
(93/7%) at a substrate temperature of 470°C, employing reactive
RF magnetron sputtering from a V,0; target. Following deposi-
tion, the VO, samples were preserved in the same atmosphere
and cooled at a rate of 12°C per minute. Figure 1la shows the
schematic of a focused ion beam creating defects in the VO,
film using a 30 keV Ga* ion dose. FIB [28] irradiation provided
a controllable way to introduce structural defects into VO, film
by adjusting the ion fluence. Figure 1b and Figure S1 depict the
estimated depth-dependent ion trajectory distribution for 30 keV
Ga' ions implanted into a VO, thin film, simulated using the
Monte Carlo code Transport of Ions in Matter (TRIM) [36-38].

The X-axis denotes penetration depth, while the Y-axis represents
lateral spread perpendicular to an incident point source. Figure
S2 shows the density of Ga* ions implanted into the VO, film,
which we estimated using TRIM [30, 36] simulations for 0.2
and 50 pC um~2 dose of Ga* ions on VO, film. The vertical
axis indicates the Ga* density (10 ¢cm~3), while the horizontal
axis shows the implantation depth (nm) into the VO, layer. The
profile exhibits a non-monotonic behavior, with Ga* density first
increasing with depth, reaching a maximum at ~20 nm, and
then decreasing. This characteristic shape results from the inter-
play between electronic and nuclear stopping processes during
implantation: at shallow depths, Ga* ions retain sufficient kinetic
energy to traverse the lattice with minimal scattering, whereas
at intermediate depths, increased nuclear collisions promote ion
capture and implantation. Beyond the peak, the drop in Ga*
density indicates a lack of ion kinetic energy, therefore ending the
penetration process. Each incident Ga* ion generates hundreds
of lattice displacements, with oxygen vacancies (Figure S3) being
the dominant defect species. The inset of Figure 1b shows the
vacancies created per incident ion in VO, film when irradiated
by Ga* ions using a 30 keV ion source. Other works have
also shown that irradiation with different ion species produces
similar effect in VO,, reinforcing defect creation as the primary
mechanism [14, 30, 33, 39]. In particular, O* irradiation has been
shown to produce similar changes in the transport behavior of
VO, despite introducing oxygen into the material, indicating
that the irradiation response is not governed by stoichiometric
modification alone [39]. Consistently, TRIM simulations of Ga*-
irradiated V,0; have shown that each incident Ga* ion can
generate hundreds of atomic displacements throughout the film
thickness, further highlighting the important role of collision-
induced lattice defects in modifying the electronic response [40].
This implantation profile directly defines the spatial distribution
of Ga-induced defects, mainly oxygen vacancies, within the VO,
film, crucial for tailoring its optical and electronic properties via
defect engineering.

Figure 1c displays the resistance versus temperature (blue curve)
and the resistance versus applied voltage performed at room
temperature ~300K (red curve) for the VO, device which shows
the temperature-driven insulator-to-metal phase transition and
volatile resistive switching, respectively. Both measurements
display characteristic features of a first-order phase transition,
including coexistence of phases and hysteresis loops, consistent
with previous studies [5, 6, 14, 41-43]. The Ga*-irradiated VO,
device is then investigated using IR and THz s-SNOM (schematic
shown in Figure 1d), which provide sub-diffraction spatial pro-
files of the electronic phase of the device when exposed to voltage
or temperature. A light-irradiated s-SNOM tip is brought into
close proximity to the sample surface, and the scattered light is
collected at higher harmonics of the tip’s oscillation frequency.
Raster scanning the sample yields spatially resolved near-field
images at a single excitation frequency (Figure le-i-iii), revealing
the conductivity profile with spatial resolution limited by the
tip apex radius (typically < 50 nm). The lateral resolution, as
well as the depth composition profiling, are harmonic-order-
dependent. In Figure le-iv, the second harmonic signal is large
due to larger probe volume, and the signal progressively weakens
with increasing harmonic order (schematic shown in Figure 1d),
while simultaneously the near-field is spatially more confined
with increasing harmonic order.
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FIGURE 1 | (a)Schematic of the FIB-assisted Ga* ion irradiation setup; the sample is a VO, thin-film device on a R-cut sapphire substrate. (b)
SRIM simulation of the experimental conditions using 30 keV Ga* ion implantation on a 40 nm thick VO, film, showing the Ga* ion distribution of

implanted ions as a function of penetration depth along the ion beam direction and lateral (Y-axis) displacement transverse to the beam. The dashed

line at 40 nm indicates the experimental VO, film boundary. Inset: simulated vacancies created per Ga* ion as a function of target sample depth. (c)

Resistance vs temperature (blue curves) and resistance vs. applied voltage at room temperature (red curves) for VO, devices irradiated with a 1 pm wide

strip of Ga* ions using a dose of 0.2 pC um~2. (d) Schematic of the s-SNOM experimental setup: a metal-coated AFM tip illuminated with IR or THz

beam near the VO, device. The dashed lines surrounding the tip apex illustrate the probing regions associated with different harmonics (nQ, where Q
denotes the tip oscillation frequency). (¢) Near-field amplitude images and corresponding line profiles of the Ga*-irradiated VO, film at 314 K, recorded

at various harmonics using an excitation laser frequency of 952 cm™!.

We performed infrared nanoimaging to investigate the phase
transition and the nanoscale conductivity profile of varying Ga*
ion irradiated VO, thin film devices as a function of temperature.
Figure 2a-c and Figure S4d-f show the third harmonic IR
amplitude images taken at a laser frequency of 952 cm™ of
three devices exposed to 0.2, 10, and 50 pC um~2 Ga* doses at
different temperatures. The images reveal various degrees of the
electronic phase transition of VO, and remarkable differences
in nanoscale conductivity for varying Ga* irradiation doses,
inducing localized defect formations. To elucidate these changes
in Figure 2d-f, we plotted normalized third harmonic amplitude
values as a function of temperature on the Ga* ion irradiated
area (blue curve) and on the pristine VO, film without irradiation
(green curve). The signal is acquired from the blue and green
points shown in panel (i) of Figure 2a-c and normalization was
performed relative to the signal on the gold electrode (black dots).
The irradiated regions (blue) for the three different devices with
0.2, 10, and 50 pC um~2 Ga* doses show profoundly different
phase transition behavior than the pristine (green) VO, film
when heated to ~353 K (above T, ~ 340 K). The normalized
amplitude values at room temperature (304 K) are higher for Ga*
irradiated regions compared to the pristine film for all devices we
measured, indicating the irradiated region is more conductive in
the insulating state than the as-grown VO,. This is noteworthy
since it implies that Ga* irradiation can create conductive paths
for directing current flow; a useful feature which could enable

energy minimization in neuromorphic applications. However,
when the base temperatures (340K, and 353K) are close to the
transition temperature or above, the irradiated regions for all
devices display lower amplitudes and thus become less metallic
compared to the metallic state of the pristine film at the same
temperature. This indicates that the Ga* irradiation makes the
insulating phase more conductive and the metallic phase more
resistive.

Interestingly, while the 0.2 pC um~2 device still transitions in a
similar trend as the pristine region (though it transitions less and
the metallic state resistance of the irradiated region is still higher
than the metallic state resistance of the pristine film at the same
temperature). The devices with larger doses: 10 pC um~2, and
50 pC um~2 show complete suppression of the electronic phase
transition in the irradiated region. These results clearly show
that irradiation with varying dose of Ga* significantly changes
both the local, room-temperature conductivity as well as the
IMT switching of VO, films. Furthermore, the Ga* irradiation
perturbs adjacent “pristine” VO,, as evidenced by the decrease
in its normalized amplitude with increasing dose, indicating that
elastic strain and/or irradiation-induced point defects from the
damaged region may influence the neighboring pristine film.

Figure 2g-i shows near-field amplitude images and correspond-
ing line profiles along the irradiated regions, normalized to the Au
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FIGURE 2 | Infrared imaging of temperature-dependent nanoscale conductivity profiles of VO, devices irradiated with varying Ga* ion doses. (a—
¢) Third harmonic near-field IR amplitude images of VO, films taken at a laser frequency of 952 cm™~!, showing the effects of three different Ga* ion

irradiation doses at two temperatures: (i) 304.4 K (below T,) and (ii) 353.8 K (above T,). (d-f) Normalized third harmonic near-field amplitude signals

from regions irradiated with Ga™* ions (blue points) and non-irradiated regions (green points), plotted as a function of temperature for devices subjected
to different irradiation doses. The connecting lines serve as guides to the eye. The blue and green points marked in panel (i) of (a-c) denote the locations
from which the blue and green curves were extracted, with normalization performed relative to the signal on the gold electrode (black dot). Scale bars

represent 4 um. (g-i) Second (i) and fourth (ii) harmonic amplitude images of VO, devices irradiated with varying Ga* ion doses and their corresponding

line profiles (iii), all acquired at a laser frequency of 952 cm™.

electrode and taken from the marked locations in the amplitude
images. The difference in Ga* irradiation dose is reflected in the
harmonic-dependent near-field amplitude contrast. In the lightly
irradiated device (0.2 pC um~2), the fourth harmonic signal, being
more surface-sensitive, exhibits greater contrast than the second
harmonic signal, as shown by the blue and black line profiles
respectively in Figure 2g-iii. In contrast, for the heavily irradiated
device (50 pC um~2), the irradiation induces a greater concentra-
tion of defects more deeply into the sample, and the second har-
monic signal, being more sensitive to subsurface features, shows
stronger contrast than the fourth harmonic, as shown by the black
and blue line profiles in Figure 2i-iii. The near-field harmonic
responses imply that, although the Ga* irradiation depth remains
roughly comparable across doses, the resulting defect concentra-
tion landscape does not. Higher irradiation doses promote the for-
mation of a larger defect population that extends deeper into the
VO, film, indicating that the harmonics are sensitive to subsur-
face defect profiles and not just to the nominal penetration depth.

Line profiles in Figure S5d-f, derived from the third harmonic
amplitude images along the white dashed lines in Figure S5a—
c, reveal spatial variations in conductivity across the irradiated
regions, independent of Ga* dose. These variations could arise
from dose exposure non-uniformity and inhomogeneities pro-
duced during growth or self-induced strain [24]. As temperature
increases, the profiles become more uniform, as shown in Figure
S3, due to an increase in the metallic phase fraction that smooths
conductivity differences.

We further investigate how varying local doses of Ga* ion irra-
diation affect voltage-induced resistive switching characteristics
using infrared near-field nanoimaging. Figure 3a,b display near-
field amplitude images for a lightly irradiated (0.2 pC um~2) and
heavily irradiated (50 pC um~2) devices at the room temperature
(~300K). The corresponding normalized near-field signal plots
as a function of voltage are shown in Figure 3c,d for each
device. In Figure 3a, for the 0.2 pC um~2 device at 0 V, the
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FIGURE 3 | Nanoscale infrared profiling of voltage response of VO, devices irradiated with Ga* ions. Near-field amplitude images for voltage-

induced resistive switching in devices irradiated with a dose of (a) 0.2 pC um~2 and (b) 50 pC pm~2. The comparison of normalized third harmonic

amplitude responses to voltage changes for Ga*-irradiated and pristine VO, films is shown in (c) for the sample with a 0.2 pC um~2 dose and in (d) for

the sample with a 50 pC um~2 dose, where the blue dashed lines represent data taken at Ga*-irradiated region and the green dashed lines represent data

taken pristine VO, film. Scale bars indicate 4 pm.

third harmonic amplitude image shows bright contrast in the
irradiated area compared to the rest of the pristine VO, film,
indicating the irradiated region is more metallic than the pristine
region below T.. However, as the applied voltage reaches the
transition voltage of 31.7 V and the device undergoes resistive
switching (see IV curve in Figure S8a), the contrast reverses, and
the irradiated area becomes darker than the pristine VO, region.
The relatively high transition voltage arises primarily from the
approximately 18 pm electrode separation required for near-field
scanning, while scaled devices with shorter channels are expected
to operate at substantially lower voltages. These images show that
the irradiated region has a lower room temperature resistivity
than the pristine region, which can dominate current conduction.
Due to the voltage-controlled measurement, the voltage across
the device must remain the same after switching, indicating that
the VO, device switches deeply into the metallic state, forming
a very wide filament that extends beyond the irradiated region.
Thus, both the pristine and irradiated regions undergo resistive
switching, and the metallic phase of the irradiated region is more
resistive than the metallic phase of the pristine region.

To further analyze voltage controlled near-field measurements,
we plotted the normalized near-field amplitude signal from the
irradiated region in the 0.2 pC pm~? (Figure 3c) and 50 pC
um~2 devices (Figure 3d). Consistent with the temperature-driven
near-field data in Figure 2, these measurements show that Ga*-
irradiated regions undergo a modified IMT: the transition is
strongly suppressed (with higher doses effectively quenching it
in the irradiated area), the metallic state becomes more resistive,
and the insulating state becomes more conductive. When the

lightly irradiated 0.2 pC um~2 device is heated, the whole film
easily changes phase. For higher dose irradiation (10 and 50 pC
um~2) heating does not seem to switch the phase of the irradi-
ated regions, suggesting potential defect-induced amorphization,
which can suppress the phase transition and lower the phase
transition temperature [14]. We also note that the near-field
amplitude ratio is small in Figure 3b (maximum ~0.3) when the
device is switched using voltage compared to Figure 2d where
a heater was used (maximum ~0.8). This suggests that because
s-SNOM is sensitive to surface conductivity changes, the onset
of current in the voltage-exposed case corresponds to the device
becoming conductive/metallic at the surface. In contrast, in the
heated sample, the bulk of the film transitioned to a metallic
phase, potentially leading to higher near-field amplitude contrast.

Terahertz nanoimaging enables diffraction-unrestricted probing
of conductivity in correlated electron systems by providing
high sensitivity to local variations in free carrier concentration
associated with the IMT. We used broadband THz time-domain
nanoimaging to investigate a 0.2 pC um~2 Ga™ ion-irradiated VO,
thin film, revealing voltage-driven phase transitions and local
conductivity changes at 0, 9, and 38 V, as shown in Figure 4a
and Figure S9b. The near-field broadband THz amplitude images
in panel 4(a) show voltage-dependent, reversible changes in con-
ductivity. The spatial non-uniformity in the near-field signal at a
fixed voltage is not evident in the line profiles in panel 4(b), which
is attributed to both lack of resolution due to THz tips used as well
as a uniform local THz scattering response of the film. Figure 4c
shows normalized second harmonic amplitudes for a 0.2 pC pm=2
Gat-irradiated device, comparing signals from irradiated (blue)
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FIGURE 4 | Temperature-dependent THz nanoimaging of conductivity profiles in VO, thin films irradiated with a 0.2 pC um~2 Ga™ ion dose. (a)
Broadband THz near-field amplitude images taken at (i) 0 V, (ii) 38 V, (iii) 9.21 V, and (iv) 0 V. (b) Line profiles extracted from the dashed lines in the
amplitude images shown in (a)(i-iv). (c) Normalized second harmonic amplitude signal as a function of voltage, measured in the Ga*-irradiated region

(blue) and the pristine region (green). Scale bars represent 4 um in (a).

and non-irradiated (green) regions during both increasing and
decreasing voltages. The normalized amplitude in both the Ga*-
irradiated and pristine regions gradually increases, though the
transition is slightly suppressed for the irradiated region. The THz
mapping captures the device’s hysteretic behavior as the voltage
is decreased (Figure S10). The normalized amplitude values for
the pristine VO, film area are greater than that of the irradiated
area for both increasing and decreasing voltages, similar to results
observed in the IR in Figure 3. Another important distinction
between THz and IR responses lies in the slower rise of the
normalized near-field amplitude signal at THz frequencies. At
THz frequencies, the metallic state and the insulating state
contrast increases gradually to ~1.3, whereas in the IR it changes
abruptly, exceeding a ratio of 3. This slower rise at THz implies
stronger scattering even from low concentrations of free carriers.
The underlying mechanism is linked to the behavior of the plasma
frequency (see Figure SI1), which shifts to higher energies for
large carrier densities and to lower energies for smaller ones.
As a result, the THz amplitude change remains gradual when
transitioning from insulating to metallic regions, since low carrier
density regions continue to scatter strongly [44]. This leads to
a small and relatively constant contrast in THz between low-
and high-carrier-density regions. In contrast, higher frequencies
(IR and above) exhibit a large, abrupt amplitude difference
between insulating and metallic regions—corresponding to small
and large carrier concentrations, respectively—enabling clearer
distinction between the two phases.

3 | Conclusion

We investigated how focused Ga* ion beam irradiation modulates
the insulator-metal transition (IMT) and electronic properties
of VO, thin films at the nanoscale, relevant for neuromorphic
device architectures. Near-field nanoimaging reveals nanoscale,
dose-dependent control of the IMT: irradiated filaments are more
conductive than pristine VO, below the transition temperature
but become more resistive at elevated temperatures. Conse-
quently, irradiation suppresses thermal and electrical switching,
yielding higher resistance than pristine VO, above the IMT. Our

results further reveal a distinct contrast in behaviors in IR and
THz responses due to their respective sensitivities to carrier
density and scattering mechanisms. Together, these findings
provide a better understanding of nanoscale phase engineering in
defective correlated oxides and could be extended to other mate-
rials exhibiting nonvolatile resistive switching behavior at the
IMT, thus offering a route toward reconfigurable, energy-efficient
devices based on programmable quantum materials.

4 | Methods
4.1 | Nanoscale Imaging

For obtaining the nanoscale topography and near-field amplitude
images of Ga irradiated VO, thin film devices, we utilized a s-
SNOM configuration in which a platinum-iridium-coated atomic
force microscope (AFM) tip oscillating at a resonance frequency
of ~280 KHz, was illuminated by a focused laser of wavelength,
A =10.5 um (E;,.) at 45° with respect to the sample. A parabolic
mirror was used to focus the illumination laser to the tip-sample
interface region, and the same mirror was used to collect the
scattered light (E,,) from that region. The excitation laser was
polarized perpendicular to the plane of incidence (s-polarized),
and the scattered signal was detected in the plane of incidence (p-
polarized). The scattered signal from the tip-sample interface was
demodulated at higher harmonics of the tip frequency to suppress
background and detected via pseudo-heterodyne interferometry.
By raster scanning the sample surface, concurrent topographical
and near-field optical amplitude images were recorded.

4.2 | VO, Film Growth and Device Fabrication

VO, thin films, 40 nm in thickness, were grown on R-cut Al,0,
sapphire substrates by reactive radio frequency magnetron sput-
tering from a V,0; target [14]. The deposition of VO, thin films
was carried out in an atmosphere of 3.6 mTorr of Ar/O, (93/7%)
at a substrate temperature of 470°C, employing reactive RF
magnetron sputtering from a V,0; target. After growth, the VO,
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samples were kept in the same atmosphere and cooled at a rate of
12°C min~'. (100 nm Au)/(20 nm Ti) electrodes were fabricated
in a two-terminal geometry using standard photolithography
techniques. The 40 nm thickness was selected to preserve a
pronounced and reproducible insulator to metal transition while
providing substantial overlap between the VO, layer and the
depth distribution produced by 30 keV Ga® irradiation. R-cut
sapphire was selected as a stable, electrically insulating substrate
that supports reproducible VO, growth and is compatible with the
infrared and terahertz measurements used in this study.

4.3 | Focused Ion Beam Irradiation

Spatially selective irradiation was performed using a Ga* focused
ion beam operated at an accelerating energy of 30 keV. The ion
energy was held constant for all samples, and the areal dose
was varied between 0.2, 10, and 50 pC um~2. Irradiated strips
approximately 1 um wide were patterned across the VO, channel.
The 30 keV energy was selected because the calculated retained
Gat' and primary displacement distributions overlap with a
substantial fraction of the 40 nm VO, film. Other ion energies
were not experimentally investigated. Ga*™ was selected because
the available FIB platform provides mask-free, direct-write spatial
modification and because the same ion species has previously
been used to modify the VO, transition and localize resistive
switching in VO, and V,0; [14, 28, 30]. Also, Ga* irradiation
was used just as a prototypical case and that similar effects have
been observed in VO, irradiated with different ion beams (oxygen,
helium, etc.) [39]. Thus, we believe that this effect does not Ga
irradiation specific and is general irradiation by different ions.
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