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Two-dimensional (2D) elemental metals, often overlooked owing to their
lack of switching or dielectric properties, have the potential to exhibit
unique properties unachievable by their bulk counterparts if their
microstructure can be controlled. Here we propose an electrodeposition
method that utilizes a confined 2D template to prepare elemental metal
nanosheets with an aligned grain orientation, resulting in an exceptionally
highin-plane electrical anisotropy of >10% Heterogeneous nucleation is
initiated and the directed growth of the metal at the cathode is controlled
within a channel whose size is smaller than the critical size of the

nuclei. This leads to the formation of anisotropic microstructures, and
consequently, the nanosheets exhibit anisotropic electrical properties.
Unlike conventional field-effect transistors, devices employing a channel
with two orthogonally separated conduction paths yield an exceptional
on-off switching ratio exceeding 10*. Our approach offers a promising route
to produce various 2D elemental metals with properties different from
those observed in their bulk counterparts and highlights the potential of
anisotropic metallic nanosheets as switching elements.

The degree of anisotropy in a material is often related to its crystal
symmetry'’, withmore symmetrical structures, such as cubic metals,
typically exhibiting lower anisotropy'®"? (Extended Data Fig.1and
Supplementary Table 1). Therefore, the degree of electrical anisotropy
incommon metalsis generally low. For example, Cu,acommon cubic
metal with a face-centred cubic (FCC) crystal structure, has an iso-
tropic (-1) electrical conductivity inits bulk form. However, thin films
of Cu can exhibit innegligible anisotropy along the out-of-plane (x-z
plane) direction owing to theirinternal microstructure”, with reported
anisotropy ratiosof upto1.77. As the crystal structureis largely deter-
mined by free energy and may not be easily modified, microstructure

control™, particularly in the form of grain orientation and texture, is

akey strategy for achieving anisotropic behaviour in metals.

The nucleation free energies of metals are lower than those of
semiconductor materials composed of covalent bonds". Consequently,
metals often undergo extensive nucleation, leading to the formation of
polycrystalline phases. The control of crystal grain size and orientation
plays a crucial role in tailoring the electrical and mechanical proper-
ties of materials'®*% This manipulation can be achieved by control-
lingthe nucleation and growth processes. Electrodepositioninitiates
nucleation at aspecific location®* (Supplementary Table 2), with the
cathode serving as the energetically favoured site for the reduction of
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metalions®. When this process is conducted on a flat conducting sub-
strate, the random nucleation and growth of metal nanoparticles and
nanosheets withrandom orientations are observed”? (Fig. 1a, left). By
contrast, template-mediated electrodeposition holds promise for the
growth of metalsinto corresponding nanostructures® . However, the
microstructures obtained through this method often exhibit randomly
oriented grains, akin to their bulk counterparts, leading to electrical
properties similar to those of bulk materials.

Inthis study, we propose an electrodeposition method for synthe-
sizing 2D elemental metal nanosheets with an aligned grain orientation
(right, Fig. 1a), resulting in high in-plane electrical anisotropies of over
three orders of magnitude (Extended DataFig.1). Our methodreliesona
confined 2D template todirect the heterogeneous nucleationand growth
of metal atoms at the cathode withinachannel several angstromsinsize.
Importantly, this channelsize is smaller than the critical nucleisize, lead-
ingtothe formation of anisotropic microstructures that contribute to the
observed anisotropicelectrical properties. Weintroduce athree-terminal
switching device that exhibits an on-off switching ratio exceeding 10*.
The key innovation lies in the anisotropic metal channel with aligned
grain boundaries, which enables a distinct electrical conductivity in
boththelongitudinal and transverse directions. Further, we describe the
growth mechanism and resulting characteristics of our 2D metals, fol-
lowed by ademonstration of their anisotropic structure and properties.

Results

Metal deposition mechanismin 2D channel

During electrodeposition, there are two types of nucleation mecha-
nisms: (1) heterogeneous nucleation at the cathode-electrolyte
interface and (2) homogeneous nucleation withinthe channels. The free
energy of heterogeneous nucleation®*is aproduct of the free energy of
homogeneous nucleation and a function of the contact angle 6,
givenas AG; . = AG; o f(6), where f(6) =(@2-3cos0+cos>0)/4<1,
making nucleationmorelikely at the cathode. The 2D templates, unlike
conventional ones**% have sub-1-nm planar channels (Supplementary
Note 1, Extended Data Fig. 2a and Supplementary Fig. 1). We selected
a 2D template with an interlayer space (6= 4.5 A) smaller than the
critical size 2r* (5.54 A <2r* <11.36 A for Ni; Supplementary Figs. 2
and 3, Supplementary Table 3 and Supplementary Note 2) at room
temperature (6 < 2r’). Homogeneous nuclei have a maximum radius
of /2, which is consistently smaller than r’, causing them to shrink
and disappear (as shown by the dashed grey regions in Extended Data
Fig.2band thegrey circlesin Extended DataFig. 2¢). In contrast, hetero-
geneous nuclei have a radius of curvature r such that rsin 6 = g <r

enabling spontaneous growth when r' < r < r'/sinf (as indicated by
the dashed blue lines in Extended Data Fig. 2b and the blue circles in
Extended Data Fig. 2c). Within channels smaller than 2r', nucleilarger
than the nucleation barrier (r > r’) cannot exist at the centre of the
channel (homogeneous, 1., <), but can form on the surface of the
cathode (heterogeneous, ., > '), leading to localized nucleation
and controlled grain growth.

Another critical aspect involves controlling the direction of ion
diffusion. In conventional electrodeposition (Fig. 1b, top), ions diffuse
(-y) perpendicularly to the substrate (x-z plane), leading to random
nucleation and isotropic crystal structures with grain boundaries in
random orientations. In contrast, in 2D template-mediated electro-
deposition (Fig. 1b, bottom), the template (x-y plane) aligns parallel to
the ion diffusion direction (-y). Nucleation occurs exclusively on the
surface of the cathode at one end of the template, resulting in nuclei
growing inone direction (+y) towards available space. After complete
growth, the grain boundaries within the sheet align uniformly, forming
ananisotropic microstructure. Note that, not only the channels within
the template but also the shape and position of the cathode can con-
trol the direction of ion diffusion. This could offer potential methods
for achieving diverse microstructures, as intended (Supplementary
Fig. 4 and Supplementary Note 1). Conventional anodic aluminium
oxide templates, with pore sizes larger than 2r*, cannot achieve grain
alignment, even when the growth direction is controlled.

To evaluate this concept, we fabricated a 2D template from
graphene oxide (GO) layers confined to epoxy*’ and glass (Fig. 1c
and Supplementary Fig. 5), enabling a planar channel for metal
deposition via reduction. For a demonstration (Supplementary
Figs. 6 and 7), we used a Watts bath for Ni deposition*°, which does
not require complexing agents to maintain hydrated metal ions in
the electrolyte. To explore template-mediated electrodeposition for
controlling the growth direction of other metals, (1) the form and size
of metalions present in the plating bath and (2) the chemical stability
between the electroplating bath and the template (Supplementary
Note 3) must be considered. Note that pristine GO expandsinanaque-
oussolutionbecause the hydrophilic surface attracts water molecules
into the layers, resulting in the hydration of the GO layers. This is due
to the occurrence of van der Waals bonding, which is relatively weak
compared with the strong hydrogen bonding that occurs in an aque-
ous solution. To maintain the interlayer space, which enables het-
erogeneous nucleation and suppresses homogeneous nucleation, a
pair of glasses and epoxy were used to fix the interlayer spacing in
theaqueous solution. The X-ray diffraction (XRD) patterns of pristine
GO in the aqueous solution showed apparent time-dependent varia-
tionsin peaks: (1) low-angle shifts occurred owing to anincreasein the
interlayer distance beyond 7.6 A and (2) peak broadening occurred
owingtosequentialincreasesintheinterlayer distance (or separation)
(Fig. 1d,f and Supplementary Table 4). In contrast, the peaks from
confined channels shifted by only 0.42°, indicating effective channel
confinement with aninterlayer distance (d) change of 0.29 A (Fig. 1e,f
and Supplementary Table 5). The free spacing (6) was observed to be
4.3-4.6 A by subtracting the GO layer thickness (3.4 A) from d.

Inachannel <1 nmwide, metalion depositioninvolves critical steps
(Fig.1gand Supplementary Fig. 8). Initially, the size of hydrated metal
ionsintheelectrolyte exceeds the GO spacing (§) (stepI). Partial dehy-
dration enablesions to enter the confined template with an energy pen-
alty (£,) (Supplementary Fig. 9 and Supplementary Table 6) (step II).
Thereafter,ions becomeelectrostatically stabilized (E) by GO matrix

Fig.1|Working principle and concept of 2D template-mediated
electrodeposition. a, A schematic of the electrodeposition method for
producing nanostructures. The conventional flat surface (nanoparticle and
isotropic nanosheet) and 2D template-mediated (anisotropic nanosheet) metal
nanostructure produced via electrodeposition. The white dashed rectangles
represent thein-plane orientation of the obtained nanosheets. b, A conceptual
illustration for acomparison of conventional deposition and 2D template-
mediated electrodeposition. ¢, A photograph of a gap-confined GO template
using a pair of glasses and epoxy. The scale bar indicates1cm. d-f, The stable gap
fixation performance of physically confined templates. XRD patterns of pristine
(d) and gap-confined (e) GO wetted with deionized water, and the d spacing (f)
of GO with respect to wetting time calculated using Bragg’s law. g, A schematic
and energy profile of ametal ion entering the gap-confined GO. Sequence of

stepsillustrating the interaction of hydrated metal ions with GO during 2D
template-mediated electrodeposition: hydrated metal ions larger than the GO
gap (8) inthe electrolyte (step 1), partial dehydration enables ions to penetrate
the confined GO template (step II), subsequent electrostatic stabilization of ions
by functional groups on GO (such as -OH, C=0 and -COOH) (step llI), the release
ofiions from GO template interaction, allowing diffusion towards the cathode
(step1V), and the reduction of diffused metal ions by electrons from the cathode
surface (step V). h, Snapshots from MD simulations showing Ni** entering the
GO channel. Catomsin the GO sheets are depicted as black spheres, O as grey
spheres, H as mint spheres and Ni** as blue spheres. i, The simulated energy
profile of Ni?* entering the gap-confined GO, corresponding to the grey dashed
boxregioning. The gradient of the energy change undergoes reversal each time
dehydration (positive), stabilization (negative) and diffusion (positive) occur.
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Fig.2|Structural characterization of 2D template-mediated Ninanosheets.
a, Annular BF-STEM images of the GO-based template after the electrodeposition
of Ni. b, The magnified EDS mapping of Ni for the GO-based template after the
electrodeposition of Ni. ¢, An AFM image of bulk-transferred Ni nanosheets

on aSiO,substrate (top inset graph) with the height distribution histogram of
the AFM image (bottom inset graphs). Line profiles of the bulk-transferred Ni
nanosheets transferred to a SiO, substrate, corresponding to the white linesin
the AFMimage are shown. d, An AFM image of single 2D template-mediated Ni
nanosheets onaSiO, substrate. The scale for height is 5nm per division (div).

e, Height distribution histogram and line profile of a2D template-mediated
Ninanosheet transferred to a SiO, substrate, corresponding to the regions

highlighted with the blue box and bluelinein d, respectively. f, Simulation of Ni
growthina GO template with an interlayer gap of 5 A shows the Ni nuclei growing
from the cathode surface. The grain orientation (the blue arrowheads indicate
the[110] direction) determined in the initial nucleation stage is maintained,

and the grain boundaries (indicated by dashed pink lines) are parallel to the
iondiffusion direction. Niatoms are depicted as blue spheres. g, The atomic
model (12A x12 A) of onegrain boundary (dashed pinkline) basedona
simulation snapshot, corresponding to the white dashed box regioninf. h,i, The
corresponding electron density distribution (h) and its cross-section (i) derived
from DFT calculations.

(forexample, -OH, C=0 and -~-COOH) (step lll). The netenergy change
isgiven by AE, = E,, — E5. The ions then escape interaction with the GO
template charges and diffuse to the cathode (step IV). The diffusion
flux increases within the Debye length with a diffusion energy barrier
(Ep) akin to ion-sieving*. Electrons from the cathode surface reduce
the diffused metalions (step V), further stabilizing them because of the
standard reduction potential (£°). Molecular dynamics (MD) simula-
tions, which track a single Ni ion (Ni**) entering the interlayer space

(Fig.1h, Supplementary Videoland Supplementary Fig.10), were used
to quantify these energy barriers. Simulations confirmed the dehydra-
tionand diffusion energy barriers, with diffusion being the rate-limiting
step, surpassing the dehydration energy (Fig. 1i and Supplementary
Note 4). The results suggest that, despite the larger size of hydrated
ions in the electrolyte compared with the gap spacing (6) of GO, the
Ni?"ions could undergo dehydration and enter the internal pathways
of the template by the external electric field.
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Freestanding metal nanosheets and simulated
microstructures
We produced freestanding Ninanosheets by depositing the metal onto
atemplate and then removing the template (Supplementary Figs. 11
and12). The electrodeposition process, as shownin the representative
scanning electron microscopy (SEM) image, formed Ni nanosheets
between the template layers (Extended Data Fig. 3a), as confirmed by
energy-dispersive X-ray spectroscopy (EDS) elemental mapping (Sup-
plementary Fig.13). The X-ray photoelectron spectroscopy results of
the pristine and Ni-filled GO showed peaks corresponding to Ni 2p;,
and 2p,, (Extended Data Fig. 3b). High-angle annular dark-field and
bright-field (BF) scanning transmission electron microscopy (STEM)
images supported these findings, showing a uniform distribution
of Ni nanosheets within the template, with an average thickness of
2.3+ 0.3 nm (Fig. 2a and Extended Data Fig. 3c). The EDS mapping of
the Ni-filled template confirmed the separation of Ni from GO without
the formation of a mixed phase (Fig. 2b and Supplementary Fig. 14).
Methods for minimizing metal damage during the removal of the
GOtemplate werealsoinvestigated (Supplementary Note 5and Supple-
mentary Figs.15-17). Atomic force microscopy (AFM) results revealed
Ninanosheets with the lateral dimensions of afew micrometres and the
thicknesses of mostly <13 nm (Fig. 2c and Supplementary Fig.18). The
high-resolution AFM images of overlapping sheets (Fig. 2d) showed
the thickness of theindividual sheets to be 1.4 nm, whichis four times
thelattice parameter of FCC Ni (@ = 0.352 nm)*%. The thickness doubled
inthe overlapping region between the single-sheet areas (Fig. 2e), with
the thickness distribution in ‘region A’ revealing 0-, 4- and 8-unit cell
thicknesses of approximately 0,1.4 and 2.8 nm, respectively. Although
anumber of nanosheets were observedin astacked form (Supplemen-
tary Fig. 19), only the freestanding Ni nanosheets were selected for
subsequent electrical property measurements. The average size of the
observed 2D template-mediated Ni nanosheets is limited to 1.55 pm?
owing to the non-uniformity of GO, potentially reducing the yield of
metal nanosheets from a device fabrication perspective. However,
using templates made with larger GO flakes for electrodeposition
allows for larger Ninanosheetsinterms of lateral size to be obtained. If a
continuous vander Waals gap is secured within the 2D template, it could
increase both the lateral size of the metal nanosheets and the yield
of the devices (Supplementary Fig. 20 and Supplementary Note 6).
Subsequently, we examined the influence of the confined 2D
template on nucleation and growth during electrodeposition using
MD simulations (Fig. 2f and Supplementary Video 2). The injected Ni
atoms diffused by 2.8 nm within the interlayer space of 5 A (matching
gap-confined GO) of the 35-nm-wide channel (Supplementary Fig. 21)
atone atom per 10 ps. These atoms crystallized into an FCC structure
over 10 ps (Fig. 2f and Supplementary Fig. 22a). These crystals dis-
played distinct orientations ([110]; blue arrows), but maintained a fixed
directionas the simulation continued for 20,30 and 40 ps, eventually
forming grain boundaries at their contact points (dashed pink line)
(Fig.2fand Supplementary Fig. 22b). The grain boundary was aligned
with both theion diffusion (-y) and metal sheet growth (+y) directions,
indicating potential grain orientation control. We further explored the
electrical properties using density functional theory (DFT) calculations
in a37-atom region with two grains and one grain boundary (Fig. 2g).
The 3D charge-density maps (Fig. 2h) reveal electron sharing among
metal atoms, which is further illustrated in the 2D charge-density
images (Fig. 2i) with the presence of linear voids (grain boundaries) in
theelectrondistribution. Additionally, the electronlocalization func-
tion (ELF) mapping (Supplementary Fig. 23) indicates the absence of
localized electrons and confirms that the regions of electron deficiency
areindeed located at the grain boundaries.

Experimental verification of electrical anisotropy
We systematically studied the electrical properties of the Ninanosheets
(Supplementary Fig. 24) using angle-resolved direct current (DC)

conductance measurements to determine the electrical anisotropy
from the grain boundary alignment (Supplementary Fig. 25). Using
standard electron-beam lithography (EBL), we made 12 contacts
around the Ninanosheet atintervals of /6 (Fig. 3a). The conductance
(G=Al/AV)decreased from1,265 puSat 6 = 0 (the blue squaresindicate
the maximum nanosheet conductance direction) to 968 uS at /6,
955 uSatm/3and 25 pSat /2 (red triangles) before increasingto 6 =t
(Fig.3b). The inset of Fig. 3b illustrates the conductance at various
grain boundary orientations in a single nanosheet, revealing nearly
a50-fold variation in electrical conductance between the transport
parallel to the grain boundary orientation (6 = 0) and the transport
perpendicular to the grain boundary orientation (6 =1/2), following
asinusoidal pattern. This ability to manipulate the grain orientation
and diversify the conductivity distinguishes our approach from previ-
ous studies with template pore sizes exceeding 2r*.

We analysed the relationship between electrical anisotropy and
crystal grain orientationin cross-sectional samples with a similar thick-
ness (35 +10 nm) along two perpendicular directions (Fig. 3c, blue and
redboxes). These samples, prepared using focusedionbeamtechniques,
had planes perpendicular to each other: (1) one aligned with the common
zaxis and the direction of maximum conductance (y-zplane; Supplemen-
tary Fig. 26) and (2) the other along the direction of minimum conduct-
ance (x-zplane), determined through angle-resolved DC conductance
measurements. Transmission electron microscopy (TEM)-EDS line scan
profiling (Fig. 3d) identified the substrate (Si), pristine nanosheet (Ni)
and deposited electrode regions (Cr and Au). Further TEM analyses
(BF-STEM and high-resolution TEM) revealed microstructural differ-
ences between the two samples. The y-z plane displayed the geometry
and symmetry of the [0 11] plane of FCC Ni with a consistent periodic
structure and fewer grainboundaries (Fig. 3e, left), indicating predomi-
nantly heterogeneous nucleation on the cathode surface and growth
alongtheydirection. In contrast, the x-zplane exhibited arandomgrain
distribution with various orientations (Fig. 3e, right), highlighting the link
between the crystal grain orientation and the conductivity anisotropy.

Subsequently, we compared ‘sputtered’ Ni thin films with vary-
ing thicknesses (t) with template-mediated Ni nanosheets in terms of
electrical anisotropy using angle-resolved conductance measurements
with 12 contacts (Fig. 4aand Supplementary Fig.27). The sputtered Ni
thin films (£=10, 20, 50 and 100 nm) exhibited a consistent conduct-
ance (Gya/Gmin = 1.57 £ 0.33) inall directions regardless of the thickness
(Fig. 4a, left and Fig. 4b, grey circles), indicating long-range isotropic
microstructures (Supplementary Fig. 28, right). In contrast, the
template-mediated Ninanosheets exhibited in-plane electrical anisot-
ropy (Fig.4a, rightand Fig. 4b, blue squares), reflecting the anisotropic
microstructures (Supplementary Fig. 28, left). Furthermore, G,,,,/Gin
increased with decreasing thickness (Supplementary Fig. 29 and Sup-
plementary Note 7), indicating that the grains had alarger aspect ratio
when grown withinthe highly confinedinterlayer spaces of GO. Notably,
anunprecedented electrical anisotropy G,,/G,, (= Ga/ Gmin) 0f >10* was
exhibited by the Ninanosheet with a thickness of -10 nm. In the meas-
urements of electrical anisotropy in Ninanosheets, the direction of the
applied voltage was confined to the x-y plane. As a result, anisotropy
inthezdirection could not be experimentally determined. However, it
is expected that electron scattering in the z direction will be similar to
that observed in the x direction (Supplementary Fig. 30).

To evaluate the intrinsic resistivity (p), we positioned four-point
probe electrodes at intervals along the direction of maximum con-
ductance (G, = G,,) for each sample (Fig. 4c and Supplementary
Fig. 31). Figure 4d shows the ratios of the measured sample resistivi-
ties to the bulk Ni resistivity (o/ppui), With a reference line at p/py =1
(purple line). The sputtered thin film exhibited p/p, in the range of
6.4-19.2 in the in-plane direction (10 nm < ¢t <100 nm) owing to ran-
domgrain boundary scattering. This behaviour is consistent for both
micrometre-scale (Fig. 4d, grey-filled triangles) and centimetre-scale
(Fig.4d, unfilled triangle) lateral sizes. Conversely, the grain-aligned 2D
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Fig.3|Electrical and structural anisotropy of 2D template-mediated Ni
nanosheets. a, SEM image of the Ni nanosheet with 12 electrodes deposited

for angle-resolved conductance measurement. The grain orientation was
determined through DC conductance measurements, aligning conducting paths
with the y axis, which minimized grain boundary scattering, maximized the
electrical conductance along the y axis and minimized the electrical conductance
along thexaxis. b, /-V curve from the angle-resolved conductance measurements
of'the Ninanosheet inincrements of /6 (inset). The corresponding angle-
resolved conductance of the single Ni nanosheet is also shown. ¢, Schematics of

5% Zone 5-1 ——]

the microstructuresin the y-z plane (blue box) and x-z plane (red box), where
Gumax and G, are respectively analysed for electrical anisotropy are shown. The
white dashed lines represent the grain boundaries of the 2D template-mediated
Ninanosheets. d, A cross-sectional STEM image and elemental line profile (red
indicates Si, green indicates Ni, purple indicates Cr and blue indicates Au) of
the electrode-deposited Ninanosheet is shown. The line profile data represents
normalized counts per second (cps). e, Cross-sectional STEM images of the 2D
template-mediated Ni nanosheet in the y-z plane (left) and x-z plane (right)
observed at various magnifications.

Ninanosheets exhibited lower p/py, (Fig. 4d, blue circles) and longer
mean free paths (Supplementary Note 8, Supplementary Fig. 32 and
Supplementary Table 7) owing to the reduced grain boundary scat-
tering, with surface scattering (P, s.c.) Playing a dominant role. The
correlation between the high anisotropy (G,,/G,,) and the grain size
distribution is discussed in Supplementary Note 9 (see also Supple-
mentary Figs. 33 and 34 and Supplementary Table 8).

Using Andrews’ method*, we derived the grain diameters (d) from
the measured ratios (G,,/G,,and p/p,) (Fig. 4e, triangles and squares).
Thegrainsize was validated via TEM imaging (Fig. 4e, blue-filled circles
and Supplementary Fig. 35) and the full width at half maximum of the
(111) peak in the XRD spectra (Fig. 4e, unfilled circles, Supplementary
Fig. 36 and Supplementary Table 9). For the template-mediated Ni

nanosheets, the grain size was <5 nm in the x-z direction, which was
smaller than that of the sputtered thin films of equal thicknesses. TEM
could not determine the grain size in the y-z direction because of the
large grain sizes. However, the substantial G,,/G,, probably resulted
fromanisotropic grainsizes.

Anisotropic Ninanosheets have shown potential for use in switch-
ing devices. A single nanosheet exhibits two resistance states. In the
four-terminal orthogonal setup (Fig. 4f, inset), we cycled 12 times
between the low- and high-resistance states (LRS and HRS, respec-
tively). Uniform tenability (/ s//zs = 200) persisted for 1,200 s, alter-
nating V; at 0.1Vbetween electrode pairs every 100 s (Fig. 4f). These Ni
nanosheets demonstrated the switching potential of elemental metals
asorthogonal elements.
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Fig. 4| Thickness-dependent electrical properties and switching elements
of 2D template-mediated Ni nanosheets. a, The thickness dependence of

the angle-resolved conductance of the sputtered (grey, left) and template-
mediated (blue, right) Ni nanosheets. b, The electrical anisotropy (G ./ Gumin)

of the sputtered (circles) and template-mediated (squares) Ni nanosheets as
afunction of the sample thickness. The unfilled squares correspond to the
template-mediated Ni nanosheet samples (marked as ‘i’ to ‘vii’) shown on the
right side of a. The shaded lines represent the trends in thickness-dependent
electrical anisotropy for 2D template-mediated (blue line) and sputtered (grey
line) Ni nanosheets. ¢, SEM image of four-point probe measurementin the
maximum conductance (G, = G,,) direction of the nanosheets. d, Resistivities of
the template-mediated (filled circles), sputtered with lateral size of micrometre-
scale (filled triangles), sputtered with lateral size of centimetre-scale (unfilled
triangles) and theoretically ideal (purple line) Ni nanosheets as a function of the

thickness. Data for unfilled triangles are expressed as mean + standard deviation
from three different nanosheets (n = 3). pgg and pg,r.c. represent the resistivities
determined by grain boundary scattering and surface scattering, respectively.

e, Acomparison of the calculated grain diameters (open squares and triangles)
with the observed grain diameters via XRD and TEM analyses (circles) for the
template-mediated (unfilled squares, filled circles) and sputtered (unfilled
triangles, unfilled circles) Ni nanosheets. Data for filled circles are expressed as
mean + standard deviation values from different grains in cross-section (n=6, 6
and 9 for 36 nm, 40 nm and 45 nm, respectively). The shaded lines represent the
trends in thickness-dependent grain diameter for 2D template-mediated (blue
line) and sputtered (grey line) Ni nanosheets. f, The -V curve for six sweep cycles
of the 30-nm-thick Ni nanosheet switching device with an orthogonal element
(leftinset) exhibiting the two resistive states, the HRS (grey lines) and LRS (blue
lines),at V;=0.1V.

All-metal three-terminal electrical switch

Weintroduce a three-terminal switching device using single-element
metals within-plane electrical anisotropy. This all-metal device, featur-
ing three metal electrodes, allows current modulation using an exter-
nal voltage (Fig. 5a). Unlike conventional transistors, our device uses

a channel with two orthogonal conduction paths (R,,/2» R,,/2)
(Fig. 5b, Supplementary Figs. 37-39 and Supplementary Note 10).
Note that we define the voltage applied in the x direction as Vd” and
the voltage applied in the y direction as le. Briefly, when l/dL =0

I
(off state), the current measured at the sourceis /s o5 = 24 However,

XX
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Fig. 5| Switching properties of the all-metal three-terminal electrical switch.
a, SEMimage of the all-metal three-terminal electrical switch. b, The device
concept of the all-metal three-terminal electrical switch. ¢, V,4*-dependent
transfer characterization of the all-metal three-terminal electrical switch at

Vy Il-0.01vand V4 =0t0107V (topinset). The constant slope (2/R,,) of the 7
-dependent transfer characterization is shown (bottom inset). The voltage is
required to generate a one order of magnitude difference in the current (AVdi/
Alog(/y) of the all-metal three-terminal electrical switch. d, The endurance of the
currentintheon (le =0.01V)and off(VdL =0 V) states for1,800 consecutive
sweep cycles of the all-metal three-terminal electrical switch at V4 - 0.01v.

e, The numerical calculation of the V4 /V4 II-dependent on-offratio foran
all-metal three-terminal electrical switch with an electrical anisotropy (R,./R,,) of
200 (inset). Acomparison between the experimental and calculated values of the
on-offratio for each combination of (V4™ V4 llis shown. f, Switching behaviour
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ofan all-metal three-terminal electrical switch based on the electrically anisotropic
template-mediated and isotropic sputtered Ni nanosheets. Measurements are
conducted at V4 = 0.01 V, with switching between the off(VdL =0V)andon

(le =0.01V)states atintervals of 600 ms. g, The numerical calculation of

the Vg'/Vy II-dependent ]| for an all-metal three-terminal electrical switch with
an electrical anisotropy (R,,/R,,) of 48.2. The four corners of the white boxes
represent the input voltages (le, Vy II) toimplement six logic gates (AND, OR,
NAND, NOR, XNOR and XOR). h, The truth table (upper table) and schematic of
output currentlevels (|/,]) for the four input states ((IN1,IN2) = (0, 0), (0, 1),
(1,0)and (1,1)) onthe |/|-Vy4 lcurves (bottom graph) of the AND gate. i, The logic
input (IN1, IN2) (upper two graphs) and measured output current levels (|/;])
(bottom graph) for the logic behaviours of the AND gate. The four continuously
changing (IN1and IN2) states ((0, 0), (0,1), (1, 0) and (1,1)) have 20 measurements
each with intervals of 60 ms, for a total of 4,800 ms.

when le >0 (on state), the current measured at the source is
ZZ)‘:XH + le/—dl, indicating a linear increase (slope: 2/R)) (Fig. 5c,
topinset graph){yConsequently,the on-offratiois/; ../l =1+ ﬁ;‘:::;
indicating that the on-offratio of the three-terminal switching device

s,on =

depends on the electrical anisotropy of the metal nanosheet (R,./R,,)

and the ratio of the drain driving voltages (le/Vd D) (Fig.5c).

To validate the behaviour of our three-terminal switching device
experimentally, we used a24-nm-thick Ninanosheet with V4 I-0.01V.
We cycled le on and offin 60 ms cycles and measured /, (Fig. 5d).
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AtV4 =0V (grey dots), I, was 8.47 x 10~ A, indicating electron flow
with R,/2 =1.18 x10° Q. When V4" = 0.01 V was applied (blue dots),
I,increased to 2.25 x 107° A (2.65 x 10” times larger than that in the
off state), resulting in an on-off ratio exceeding 10°.

A higher le and lower V4 'were expected to yield a greater
on-off ratio. Predictions for a metal nanosheet with R,,/R,, =200
(Fig. 5e) showed that, for le =1VandVy =10V, the on-off ratio
exceeded 10’. The experimental confirmation included nine combi-
nations of V4 and V4! (107, 102 and 107V, respectively) (Fig. Se,
inset graph, Extended Data Fig. 4a,b and Supplementary Note 11),
resulting in a consistent log(/,.//,¢) trend, as predicted. Notably, we
experimentally achieved ,,/I;>10*for V4- =10 Vand V=10 V.

Furthermore, we examined the importance of the highR,,/R,,
ratioinour three-terminal switching device by comparing the template-
mediated Ni nanosheets with isotropic Ni nanosheets (sputtered Ni;
Supplementary Fig. 40) (Fig. 5f). Under V4 =V, '= 0.01V, the expected
on-off ratio was 1+ (R,,/R,,). The template-mediated Ni nanosheets
had anaveragel/,/l.0f249,indicatinganR,,/R,, ratio of approximately
248 (Fig. 5f, blue dots). In contrast, the isotropic nanosheets from
sputtering had an average /,.// ratio of 1.96, indicating an R,./R,,
ratio of approximately 0.96 (isotropic, ~1) (Fig. 5f, black dots). The
device performance depended on the nanosheet thickness, with
thinner nanosheets having a higher R,,/R,, value (Extended Data Fig. 4c
and Supplementary Fig. 41).

Operation of two-input logic gates
We performedsix logical operations (AND, OR, NAND, NOR, XNOR and
XOR) by adjusting the vertical drain-source voltage(Vj)and horizon-
taldrain-sourcevoltage (V4 hand manipulating the current (/;) (Fig.5g).
To elucidate: (1) we designate V4" as input 1 (IN1), V4 llas input 2 (IN2)
and/;asthe output (OUT) (Extended Data Fig. 5a); (2) given the absence
of memory retention capabilities, we represent the output /; as |/,
effectively replacing the concept of amemory window; (3) importantly,
as the channelin the nanosheet never completely turns off (/, # 0), we
define the off-currentlevel (OUT = 0), considered as‘0’,as |/ <4 x 108 A
(Fig.5g, region betweenthe dotted bluelines), and the on-current level
(OUT:1)as|/| >4 x 1078 A(Fig. 5g, region outside the dotted bluelines).
To determine the input voltage (VdL, Vy ) required to configure
thelogic gates (AND, OR, NAND, NOR, XNOR and XOR), two different
[I|-Vq4 lcurves (Extended Data Fig. 5b) obtained from two different V4"
conditions are required (detailed in Supplementary Note 12, Supple-
mentary Fig. 42, Supplementary Tables 10 and 11 and Extended Data
Fig.5c).Forinstance, to configurean AND gate (Fig. 5h, bottom graph),
thefollowing steps arerequired. (1) Utilize two |/,|-V4 Icurves for condi-
tions IN1=0’ (Vj =0mV, grey curve) and ‘IN1=1 (le =5mV, navy
curve). (2) Designate the intersection points of these two curves as
(0, 0) and (1, 0), and determine V4 'at this intersection as ‘IN2= 0’
vy - _0.12V, dashed grey line). (3) Designate a point on another
‘IN1=0’ curve with the same |/, values of (0, 0) and (1, 0) as (0, 1), and
determineits Vg4 las‘IN2=1 (Vj‘ =0.12V,dashedredline). (4) Designate
the intersection of the IN2=1'line and the IN1=1curve as (1,1). The
input voltage determined through this process for the AND logic is
represented by the dashed whiterectanglein Fig. 5g. In thisrectangle,
four input conditions [(IN1, IN2) = (0, 0), (0, 1), (1, 0) and (1, 1)] are
represented as the corners (Supplementary Fig. 43). For instance, the
top right corner of the dashed white rectangle representing the AND
gate[(IN1,IN2) = (1,1)] existsinthe ‘OUT =1'region. Thisindicates that,
when the device operates with the input voltages ‘IN1 =1 (l/dl =5mV)y
and IN2=1 (VdH =0.12V), it has an output current of ‘OUT =1
(Il > 4 x10"8 A). The other three corners [(IN1, IN2) = (0, 0), (0,1) and
(1,0)] existinthe ‘OUT = 0’ region. This signifies that, when the device
operates with the remaining three input voltages [(Vdi, Vy4 = my,
-0.12V), (0OmV, 0.12V), (5 mV, -0.12 V)], it has an output current of
‘OUT =0 (|/]| <4 x 1078 A)”. The same methodology was applied to con-
figure the remainingfive logic gates (OR, NAND, NOR, XNOR and XOR);

in addition, the input voltage conditions for these five logic gates are
indicated in Fig. 5g using dashed white (OR, NAND, NOR and XNOR)
and solid (XOR) rectangles (Extended Data Fig. 5d-h and Supplemen-
tary Note13).

Figure 5i and Extended Data Fig. 5i-m show the measured output
(I1)) for theinput voltages (V4" V4  of the six logic gates after the actual
operation. The output data for the four input combinations [(IN1,
IN2)=(0,0),(0,1),(1,0)and (1,1)] (Fig. 5i) match the truth table for the
AND logic (Fig. 5h, upper table). Additionally, the output current (|/,|)
measured at this point is distinguished by a threshold value
(|, =4 x 1078 A; Fig. 5i, dashed blue line and Extended Data Fig. 5i-m).
The actual operations of the remaining five logic gates (OR, NAND,
NOR, XNOR and XOR) were performed similarly (Extended Data
Fig.5i-mand Supplementary Table 12). Note that these results consti-
tute an experimental demonstration solely intended to demonstrate
the on-off characteristics of anisotropic metal nanosheet-based
switching devices and are not intended for direct integration into
current logic architectures.

Discussion

This study demonstrated that the grain orientation of heterogene-
ously nucleated and grown 2D Ni metal nanosheets is dictated by
the space allowed for nucleation, as spatially confined nucleation
resultsin aligned grains. Unlike bulk Ni, these nanosheets exhibited
highly anisotropic electrical properties, with G,,/G,, ratios greater
than 103, and this level of anisotropy is greater than those of other
2D metals reported thus far. The application of an external voltage
activated theresistance component between the source and the ver-
tical drain, resulting in an on-off ratio exceeding 10*. Our proposed
template-mediated electrodeposition involves achieving anisotropic
2D metals through grain boundary alignment, facilitating the fabrica-
tion of electrical switching elements. This method can be expanded
to various metals by reselecting combinations of electroplating
baths and 2D templates. However, some challenges remain, such as
(1) the enlargement of the lateral size of freestanding nanosheets
when further integrated into functional devices and (2) the uniform
suppression of the 2D template during deposition when fabricat-
ing monolayer-level nanosheets. Despite these limitations, there is
potential for improvement through the introduction of continuous
GO films or 2D templates with better crystallinity. With these issues
resolved, we believe that our approach could be adapted for the prepa-
ration of several 2D metals with properties not observed in their bulk
counterparts.

Methods

Preparation of 2D template

GO films were prepared by dropping a highly concentrated GO solu-
tion (5g17; Graphene Supermarket) onto asubstrate (glass slide) until
amembrane height of 20 pm was achieved for each film. The GO films
werethendriedat 25 °Cfor 24 h. Asilver paste electrode and a Cuwire
were attached to the end of the prepared GO membrane. An additional
glass slide paired with the substrate was placed on top of the GO. Com-
mercial epoxy (S-208, DEVCON) was added in the gap between the
glass slides, including the three corners. The epoxy was then dried at
25°Cfor24 h.

Preparation of 2D template-mediated Ninanosheet

ApureNiplate was used asthe anode, and a 2D template with confined
GO was used as the cathode that was to be plated. The electrolyte was
prepared by dissolving 280 g I NiSO,-6H,0, 40 g "' NiCl,-6H,0 and
30 gI™H,;B0,indeionized water. Auniform current (0.01 A) was applied
through apower supply, which provided a uniform depositionrate. The
2D templates were plated for 24 h to ensure sufficient metal formation.
After electrodeposition was completed, the 2D template filled with Ni
metal was transferred onto a SiO, wafer after mechanical exfoliation
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using atape. Toremove the template, the wafer was annealed at 350 °C
for thermal decomposition***,

Characterization

SEM and EDS were conducted using aJSM-7001F scanning electron
microscope (JEOL). XRD was performed using the Rigaku Ultima IV X-ray
diffractometer with Cu-Kot (1 =1.5418 A) radiation (40 kV, 150 mA),and
X-ray photoelectron spectroscopy was performed using the Thermo
Scientific Ka spectrometer. The morphologies and thicknesses of the
nanosheets were analysed using contact-mode atomic force micros-
copy (AFM, XE-150, Park Systems Corp.). High-resolution TEM and
STEM datawere obtained usingJEM-2100Plus and JEM-ARM20OF with
a200 kV acceleration voltage, respectively.

MD simulation for ion entrance

The simulations were performed using a large-scale atomic/molecular
massively parallel simulator (LAMMPS) package. A reactive force field
(ReaxFF) was used to describe the potential energy of the GO mem-
brane. This force field is known to accurately model hydrocarbon
nanostructures, considering possible bond formation, dissociation of
different bond orders and charge polarization within the molecules.
The interactions between GO and the atoms in the system were cal-
culated using the Lennard-Jones potential. The Lorentz-Berthelot
mixing rule was employed for the Lennard-Jonesinteractions between
different particles. The van der Waals interactions were truncated at
1.0 nm, and the long-range electrostatic interactions were computed
using the particle-particle particle-meshalgorithm. The temperature
was maintained at 300 K using aNosé-Hoover thermostat and adamp-
ing constant of 10 fsin the constant number of molecules, volume and
temperature ensemble. The simulation time step was set to1fs, which
was adequate for investigating the phenomena under the imposed
conditions. An extended simple point-charge water model was used.
To reduce the high-frequency vibrations of the hydrogen bonds, the
SHAKE algorithm was applied to the bonds and angles of the water
molecules. The system energy was first minimized using the conju-
gate gradient algorithm. After the systems approached equilibrium,
a production run was performed for 1 ns to collect data for analysis.
Post-processing was performed using an open visualization tool.

Finite element method simulation

Three-dimensional finite element method simulations were con-
ducted usingelectrostatics in AC/DC module of COMSOL Multiphysics
ver. 6.1 (COMSOL). Three different values of relative permittivity (¢,)
were used for the blank materials: ¢, ,, = 80.0 for the aqueous elec-
trolyte, & ip templae = 10.0 for the templates with cylindrical voids and
&30 templare = 5.0 for the templates with cuboidal voids. Terminal and
ground conditions were applied to parallel conductive plates. Electric
flux streamlines represent the orientation of the electric field vector
invarious geometric configurations.

MD and DFT simulation for grain growth

We performed MD simulations at 300 K using a Nosé-Hoover
thermostat*® with LAMMPS®. Ni nucleation was performed by insert-
ingaNiatom at the interlayer space every 10 ps using the ‘fix deposit’
in LAMMPS. The Ag cathode was modelled as four-layered FCC Ag
terminated with (111) direction, and the Ag and Ni atoms were described
using an EAM force field*®. The GO templates were simply described
as graphite, which had no specific interactions with Ni or Ag, and
were fixed during the MD simulation. The simulation cell size was
35.1x 8 x 6.1 nm, with 11,520 Ag atoms for the cathode and 15,744 C
atoms for the template (see Supplementary Fig. 21 for details).

DFT calculations were performed using VASP*’ 5.4.4 with projector
augmented-wave pseudopotentials. The Perdew-Burke-Ernzerhof*°
exchange-correlation functional and the kinetic energy cut-off of the
plane-wave basis were set to 450 eV.T-centred (1 x 1 x 1) mesh was used

to sample the reciprocal space of the isolated cluster. An additional
-15-Athick vacuum regimen was introduced in thex, yand zdirections.
The convergence of the self-consistent field was set to 10 eV, and
the ionic position was fixed as a snapshot from the MD simulations.
The 3D charge density and localization function map was obtained
using VESTA"",

Preparation of sputtered Ninanosheet

The sputtered Ni nanosheets were fabricated using a conventional
EBL process. First, a co-polymer of 8.5 % of methacrylic acid (MAA)
in methyl methacrylate (MMA) (MMA(8.5)MAA EL 9, MicroChem)
was spin-coated (4,000 rpm for 50 s) onto a SiO,/Si substrate and
soft-baked at 180 °C for 90 s using a hot plate. Next, polymethyl-
methacrylate (PMMA A5, MicroChem) was spin-coated and baked
under the same conditions, resulting in the formation of a bilayer. The
P(MMA-MAA)/PMMA bilayer was then exposed to an electron-beamion
lithography system (FE-SEM;JEOL-7900F) equipped with aNanometer
Pattern Generation System (NPGS) lithography attachment (gun volt-
age 30 kV, areadose 650 pC cm). The development process was per-
formedinal:3 mixture of methylisobutyl ketone and isopropyl alcohol
(MIBK-IPA1:3; MicroChem) for 60 s, followed by rinsing with isopropyl
alcohol. Ninanosheets were then deposited, followed by sputtering of
Niat aslow deposition rate of 2.2 A s and lift-off in acetone.

Measurement of electrical property of Ni nanosheet
Angle-resolved conductance measurements were conducted with
12 contacts and a four-point probe measurement device, following
the conventional EBL process. First, PMMA (A5, MicroChem) was
spin-coated (4,000 rpm for 50 s) onto the transferred Ni/SiO,/Si sub-
strate and soft-baked at 180 °C for 90 s using a hot plate. The PMMA
layer was then exposed to an electron-beam ion lithography system
(FE-SEM; JEOL-7900F) equipped with an NPGS lithography attach-
ment (gun voltage 30 kV, area dose 650 pC cm). The development
process was performed in al:3 mixture of methylisobutyl ketone and
isopropyl alcohol (MIBK-IPA 1:3; MicroChem) for 60 s, followed by
rinsingwithisopropylalcohol. Then, the source/drain electrodes were
thermal-evaporated with the metals (Cr/Au) at a slow deposition rate
of 0.5 As™, following which the layers were lifted off in acetone. All
electricalmeasurements, thatis, angle-resolved conductance measure-
ments with 12 contacts and the four-point probe measurement for the
2D template-mediated and sputtered Ni nanosheets, were conducted
using a Keithley 4200A-SCS parameter analyser.

Measurement of switching and logic behaviours of
three-terminal electrical switch

Three-terminal electrical switch measurements were conducted with
source, drain and gate contacts. To achieve equivalence in the cur-
rent path length between the most conductive (source-to-gate) and
least conductive (source-to-drain) electrode directions, anadditional
conventional EBL process was employed. First, PMMA was spin-coated
(4,000 rpmfor 50 s) onto the 12 contacts (template-mediated and sput-
tered Ninanosheets), followed by soft-baking at 180 °C for 90 s using
a hot plate. The PMMA layer was then exposed to an electron-beam
ionlithography system (FE-SEM;JEOL-7900F) equipped withan NPGS
lithography attachment (gun voltage 30 kV, area dose 650 pC cm™).
The development process was performed in a 1:3 mixture of methyl
isobutyl ketone and isopropyl alcohol mixture (MIBK-1PA 1:3; Micro-
Chem) for 60 s, followed by rinsing with isopropyl alcohol. Subse-
quently, the source/drain electrodes were thermally evaporated with
the metals (Cr/Au) at a low deposition rate of 0.5 A s, after which the
layers were lifted offin acetone.

Allelectrical measurements, that s, three-terminal measurements
of the 2D template-mediated and sputtered Ni nanosheets, were per-
formed using asemiconductor parameter analyser (Agilent 4155C) in
the dark atroom temperature.
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Data availability

The datasupporting the finding of the study are availablein the Article
and its Supplementary Information. Source data are provided with
this paper.
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Extended Data Fig. 1| Electrical anisotropy of existing materials. The
electrical anisotropy of a material is generally determined by its atomic structure.
The cubicstructure, which is the most isotropic crystal system, is limited to a
relatively low electrical anisotropy compared with the high anisotropy of other
crystals. The greater the number of elements, the greater the possibility of
anisotropy of the atomic structure. Most of the materials with higher electrical

anisotropy (for example Bi,Sr,Cu,0x, MoAIB, V,AIC, and GaTe) among the
existing references contain three or more elements (> ternary). Ag, an elemental
material with a cubic structure, exhibits high anisotropy (-27) owing to grain
elongation, which suggests that microstructural control and grain orientation
arerelated to the anisotropy of the symmetrical structure. The detailed
descriptions of each data point are provided in Supplementary Table 1.
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Extended Data Fig. 2| Nucleation and growthin 2D template-mediated

electrodeposition. (a) Distribution of electric flux (@) distorted by the

template. Through the finite element method simulation results, the electric
flux density D (= @ /A; @g: electric flux, A: area of the surface) is observed to be
localized. On aflat cathode surface without a template, electric flux exists in
parallel (left). The presence of a template with alower relative permittivity than

that of the surrounding medium distorts the flux at the interface between the two
media, regardless of the template shape (templates with cylindrical (1D template,

middle) and cuboid-shaped voids (2D template, right)). (b) Grain growthin the
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2D template restricts the interlayer space and consequently suppresses the
formation of homogeneous nuclei. Within channels with sizes smaller than

2r*, nuclei that surpass the energy barrier for growth cannot be formed. Only
heterogeneous nucleion the cathode surface can attainaradius of curvature
greater than r*. (c) Free energy as a function of the radius of homogeneous and
heterogeneous nuclei. Points marked on the curves corresponding to states1to
3 depictedin (b) forhomogeneous nuclei (gray open dots) and heterogeneous

nuclei (blue open dots).

Nature Synthesis


http://www.nature.com/natsynth

Article

https://doi.org/10.1038/s44160-024-00669-4

Extended Data Fig. 3| Characterization of 2D template-mediated Ni
nanosheets with the GO template. (a) Cross-sectional SEM image of the
GO-based template obtained through cross-section polishing (CP) after
electrodeposition with Ni, viewed at a tilt angle. The Ninanosheets are
highlighted in blue. (b) XPS spectra of the electrodeposited GO template.
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Spectrashowing peaks corresponding to Ni2p,,, and 2p, , for the GO-based 2D
template before (gray line) and after (blue line) Ni deposition. Two new peaks
corresponding to Ni2p,, and 2p,, appeared at the binding energies of 852.7 and
869.9 eV, respectively. (c) HAADF STEM images of the GO-based template after Ni
electrodeposition.
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Extended Data Fig. 4 | Device performance of the all-metal three-terminal
electrical switch. (a) Current measured from the source (/;) for the analysis of
the gate dependence of the all-metal three-terminal electrical switch using nine
combinations of(le, Vy Ih. Fitting is performed using the numerical model
=2V, VR, + 2V, */R,). AV, /Alog (1) is estimated from the slope between two
measurements (between Vg,L =0Vand le =107V, inset). (b) Horizontal
drain-voltage (V4 th dependence ofAVdi/Alog(Is) estimated experimentally and
calculated using the numerical model. The detailed descriptions of the
calculated AV,*/Alog(l,) are provided in Supplementary Note 11. (c) On-off ratio
of the all-metal three-terminal electrical switch based on the

thickness-dependent electrically anisotropic template-mediated and isotropic
sputtered Ninanosheets. The measured thicknesses of the template-mediated Ni
nanosheets prepared using the same method are 24, 45, and 57 nm. A 50-nm-thick
isotropic sputtered Ninanosheet has an on-off ratio of approximately 1.94. In
comparison, atemplate-mediated Ni nanosheet with a thickness of 57 nm
exhibits an on-off ratio of approximately 36.54. Reducing the thickness of the
template-mediated nanosheet to 45 and 24 nmincreases the on-off ratio to 139
and 286, respectively. All the measurements are performed at le =V, l=0.01v,
and eachmeasurement is performed for 1800 cycles.
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Extended DataFig. 5| Digital logic gates based on an all-metal three-terminal
electrical switch. (a) Schematic of an anisotropic-metal-based three-terminal
device for driving alogic gate. The device has two perpendicular input terminals
(INL(V/), IN2(V,; ")) and one output terminal (I1,)). (b) I1,]-V, ' curves for the IN1=0
(V4-=0mV, gray curve) and INL=1(V,; =+ 5mV, blue curves) states. The blue
dashed lineindicates |/, =4x107® A. (¢) Numerical prediction of |/||-V, llcurves
with (le =5mV)and without (l/dL =0V) le depending onthe electrical anisotropy
(R«/Ryy). As the electrical anisotropy increases, the magnitude of the curve shift
(Vymir) increases. The numerical approach involving variations in electrical

anisotropy (R,./R,,) is conducted while maintaining a constant R,, =1.89 x10° Q.
(d-h) Truth tables (upper table) and schematics of output current levels (|/,|) for
the four input states ((IN1,IN2) = (0,0), (0,1), (1,0), and (1,1)) on the IISI—Vd”curves
(bottom graph) of (d) OR, (e) NAND, (f) NOR, (g) XNOR, and (h) XOR gates.

(i-m) Logic input (IN1, IN2) (two upper graphs) and measured output current
levels (|/]) (bottom graph) for the logic behaviors of the (i) OR, (j) NAND, (k) NOR,
(I) XNOR, and (m) XOR gates. The four continuously changing (IN1, IN2) states
((0,0),(0,1), (1,0), and (1,1)) have 20 measurements each with intervals of 60 ms,
for atotal of 4800 ms. The blue dashed line indicates |/|;, = 4x10 8 A.
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