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The negative differential resistance (NDR) device is attracting atten-
tion because of its broad potential application in neuromorphic
computing and non-volatile memory. However, only a limited
range of materials show NDR and, therefore, there is less choice
in material selection for NDR devices. Considering this issue, we
here demonstrate a novel current controlled NDR device based on
phase transformation. To the best of our knowledge, this report is
the first experimental demonstration that NDR can be induced by
phase transformation. We believe that the impact of this demon-
stration is very large, as phase transformation is the most common
phenomenon in materials and consequently most materials can be
reconsidered as possible candidates for NDR devices. The prototype
NDR device is constructed using hydrogen absorbing metal palla-
dium (Pd) thin-wire and the phase transformation from metal-
hydride to metal is employed for the demonstration. The observed
NDR property shows a strong dependence on the current sweep
speed. Also, it exhibits no current polarity dependence. Therefore,
the NDR device based on phase transformation is significantly
different from typical NDR devices such as tunnel diodes and
memristors. The prototype NDR device has been found to be very
useful for evaluating the hydrogen storage properties of metals.
The advantage of this analysis method is that the storage properties
can be acquired just by sweeping the applied current. This demon-
stration offers novel directions for both the development and
utilization of NDR devices.
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New concepts

We present a novel current controlled negative differential resistance
(NDR) device based on phase transformation. To the best of our knowl-
edge, this paper is the first experimental demonstration that phase
transformation can induce the NDR phenomenon. We believe that the
impact of this demonstration is very large, as phase transformation is the
most common phenomenon in materials and consequently most materi-
als can be reconsidered as possible candidates for NDR devices. The
phase transformation-based NDR device exhibits several advantages such
as its very simple working principle and potential for further
development. The experimental demonstration focuses on the phase
transformation from metal-hydride to metal and the observed NDR is
very different from that observed in conventional devices such as tunnel
diodes. Indeed, the proposed NDR device shows a strong dependence on
the current sweep speed and it has been found to be very useful for
evaluating hydrogen storage properties of metals. The advantage of this
evaluation method is that the storage properties can be acquired just by
sweeping the applied current. This research offers novel directions for
both the development and utilization of NDR devices, and accelerates
research in neuromorphic computing, non-volatile memory, and
hydrogen storage metals.

Introduction

Negative differential resistance (NDR) refers to a negative
differential slope in a current-voltage (I-V) characteristic curve
of two-terminal devices." This extraordinary property is applied
to microwave oscillators and amplifiers which work at ultra-
high frequency such as tens of GHz. The historical NRD device
is a pn-junction based tunnelling diode, which shows NDR
originating from the quantum tunnelling effect at high bias
voltage.>* In recent decades, a similar NDR property based on
electron tunnelling has also been observed in molecular
films.*” These kinds of bias voltage induced NDR are known
as a voltage controlled NDR (VC-NDR). These days, intensive
research can also be found on another type of NDR, namely,
current controlled NDR (CC-NDR; V decreases with increasing
applied I). The memristor-based CC-NDR device is currently
attracting the most attention due to its potential application
in neuromorphic computing and non-volatile memory.*°
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The device typically consists of metal-oxide thin films such as
titanium oxide (TiO,) and niobium oxide (NbO,) films, and the
driving current is applied via metallic electrodes. Although the
origin of CC-NDR observed on these devices is still under
discussion, Joule heat plays an important role in the for-
mation/destruction of the conductive filament in the metal-
oxide film, the excitation of Mott metal-insulator transition in
the film, and the Poole-Frenkel electron transport via defects in
the metal-oxide lattice.* " However, only a limited number of
materials are known to show NDR properties and, therefore,
there is less choice in material selection for NDR devices.
Considering this situation, we here report a novel CC-NDR
device based on phase transformation. According to our literature
survey, this is the first experimental demonstration that CC-NDR
can be induced by phase transformation. As discussed later in the
section “potential and advantages of phase transformation-based
NDR devices,” this demonstration has a large impact on NDR
studies. This is because phase transformation is one of the funda-
mental phenomena of materials and most of the materials can
hence be reconsidered as candidates for NDR devices. Also, the
phase transformation-based NDR device shows potential and
several advantages. Therefore, we strongly believe that this study
offers diversity and a novel direction for NDR studies in the future.
In this study, as an example demonstrating our idea, we
designed an NDR device based on metal-hydride. The NDR device
shows NDR as expected. However, unlike typical NDR devices, the
observed NDR based on phase transformation from metal-hydride
(high resistance) to metal (low resistance) shows a strong depen-
dence on the sweep speed of I. Therefore, our NDR device is
significantly different from typical NDR devices and it is expected
to be very useful for analysing hydrogen storage properties, since
important parameters such as phase transformation temperature
from metal-hydride to metal can be measured just by sweeping
the applied I. The cyclic hydrogen storage properties can also be
evaluated from the NDR property during cyclic current sweeps.

Results and discussion
Proposal of the NDR device based on phase transformation

In this study, we employed ‘“metal-hydride to metal” phase
transformation as the first step of the demonstration, although
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the idea of the phase transformation-based NDR is not limited
to the example described here. From the viewpoint of practical
applications and performance, there may be a more suitable
choice than the present metal-hydride (note: the present metal-
hydride requires relatively high current/power to induce NDR
switching, as its resistance is low). However, metal-hydride is
adopted, because the phase transformation and resistance of
metal-hydride systems have been investigated very deeply. Also,
as the prototype device of metal-hydride can be constructed
simply using the commercially-available bulk material (please
refer to the section ‘“Experimental method”) and it is hence
possible to exclude complicated phenomena such as interfacial
effects observed in thin-films, making it easier to demonstrate
that the observed NDR purely originates from the phase trans-
formation of metal-hydride.

Here, prior to proposing the NDR device based on phase
transformation, it might be better to summarize the phase
transformation of hydrogen storage metals briefly. In general,
hydrogenation of metals consists of two steps.'>® The first
step is the slight incorporation of hydrogen atoms into the
metal lattice, resulting in a solid solution. Within this first step,
the lattice maintains its original crystal structure and the
physical properties remain almost unchanged from the initial
metal state. Thus, in this paper, this phase is denoted as
“metal,” although it may contain a small amount of interstitial
solid solution hydrogen atoms. The second step occurring at
higher hydrogen pressure involves the formation of a new
phase consisting of metal and hydrogen. This new phase has
a different crystal structure and contains a higher concen-
tration of hydrogen atoms. Therefore, large differences can be
found in physical properties. Accordingly, this phase is referred
to as “metal-hydride” in this paper.

The resistance of hydrogen storage metals depends strongly on
the amount of hydrogen atoms in the lattice."”® This is because
of the increased electron scattering by hydrogen atoms incorpo-
rated in the lattice. Therefore, from the viewpoint of relative
resistance, “metal” represents a low resistance state (LRS) and
“metal-hydride” represents a high resistance state (HRS).

Here, let us consider the electrical resistance change during
the application of heat to the metal-hydride (Fig. 1). As shown
in the figure, three mechanisms work together in response to
temperature increase. The first mechanism is a resistance

Increased Resistance | Small gradual £ Smaller temperature
phonon =1 " o ase ﬁ S+ coefficient of
scatterin - i
Current Temperature 9 - K resistance (TCR)
= e Cancellation _ _ :
Joule heating Escape of Resistance | Small gradual Negatlvg differential
- hydrogen =3 resistance
Phase transformation ; decrease NDR
from metalhydride / from lattice Large abrupt (NDR)

to metal

Fig. 1 Flow diagram showing effects of temperature on the electrical resistance of metal-hydride. The flow shown in black is a typical response of metal and it
results in small and gradual increase in resistance. The flows shown in red and green are only available in metal-hydride. In detail, the red-flow originates from the
slight hydrogen escape in response to temperature increase and it has small and gradual impact on resistance. The green-flow is available only during the phase
transformation and it leads to a large and abrupt decrease in resistance, as the phase transformation is the change in the crystal structure and it accompanies the large
decrease in hydrogen concentration, or the huge amount of hydrogen escape from the lattice, at the phase transformation temperature. Because of red- and green-
flows, smaller TCR and NDR can be observed in metal-hydride. Note that line thicknesses of arrows in the diagram are schematically weighted by their impacts.
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increase due to the increased phonon scattering (black-flow in
Fig. 1). This increase is a well-known phenomenon in metals
and is related to larger lattice vibration at higher temperatures.
The impact of this first mechanism is small (in comparison to
the third one), resulting in a gradual increase in resistance. The
second mechanism is a resistance decrease originating from
the slight hydrogen escape from the metal-hydride lattice in
response to a temperature increase (red-flow in Fig. 1). This
originates from the temperature dependence of hydrogen
concentration in metal-hydride.”® It results in a resistance
decrease and its impact is small and gradual (in comparison
with the third one). However, its impact on resistance is
comparable to that of the first mechanism. The third mecha-
nism is a resistance decrease due to the phase transformation
from metal-hydride to metal (metal-hydride — metal) (green-
flow in Fig. 1). This mechanism is only active at the phase
transformation temperature; however, it has a large and abrupt
impact on resistance.'® This is because the phase transforma-
tion is a change in the crystal structure and is accompanied by
large and abrupt decrease in hydrogen concentration in the
lattice. Note that both second and third mechanisms originate
principally from the escape of hydrogen; however, their impacts
(small gradual < large abrupt) and occurrence conditions
(almost always in metal-hydride < only at the phase transfor-
mation temperature) are completely different from each other.
As discussed in the following section, the third mechanism, or
the phase transformation, induces the NDR property.

The measured response against temperature is a sum of these
three impacts, namely, a residue that remains after the cancella-
tion of three mechanisms. Accordingly, a smaller temperature
coefficient of resistance (TCR) may be observed, when the phonon
scattering effect (black-flow) remains stronger than other mechan-
isms (red- and green-flows). The experimental observation of this
situation is displayed later in the “Smaller TCR” section.

In contrast, when the supplied heat is enough to induce the
phase transformation from metal-hydride to metal, the impact of
the phase transformation (green-flow) may exceed the phonon
scattering effect (black-flow). In such cases, a large and abrupt
resistance decrease (from HRS to LRS) can be expected at the
temperature of the phase transformation. This suggests that
when the applied current is swept up to a sufficient level to
induce the phase transformation, a decrease in R takes place. In
other words, R decreases at a certain amount of current, namely,
CC-NDR. This is the working principle of the proposed CC-NDR
device based on the phase transformation and the NDR property
can be observed at the current which induces phase transforma-
tion. Although the explanations here are focused on the NDR
property originating from the HRS to the LRS during the current
increasing sweep (sweep heated), the inverse phenomenon of
NDR from the LRS to the HRS also takes place during the current
decreasing sweep. The experimental demonstration of this CC-
NDR is shown later in the “NDR property” section.

Design and fabrication of the NDR device

In the previous section, the possible NDR property of metal-
hydride was discussed. To confirm this expectation, we
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designed an NDR device (Fig. 2). This device structure was
inspired by our previous studies.>*>* Fig. 2(a) shows a sche-
matic illustration of the device and measurement circuit.
Fig. 2(b) shows a photo-image of the actual experimental setup.
The device consists of a thin-wire of hydrogen storage metal
and a metal nipple for ultrahigh vacuum equipment. As the
thin-wire of hydrogen storage metal, palladium (Pd) thin-wire
was employed. Note that Pd is known as the most famous
hydrogen absorbing metal and the easiest metal to
hydrogenate.'**® Therefore, as the first step in demonstrating
our idea, Pd is the most suitable material. However, as the
conductivity of Pd is very high, it requires a high current/power
to induce NDR thermally. Therefore, from a practical aspect,
considering factors such as power consumption of the device,

NDR device
Digital Pd thin-wire
voltmeter
No-H,
Programmable Four-wire
current source connection

Pd thin-wire
—

Diameter: 0.05 mm
Purity: 99.95%

2.75 inch CF flanged full nippley

c aal T T T T T 118
(=1.77)
~ 28 Valve closed and adjusted 18 P
[ pressure to 100 kPa o
x g‘
8 114 3
S 24 @,
o 28
‘0 )
e {12 8
2.0 X
)
B —41.0
1.6 L 1 1 1 !
0 60 120 180 240 300

Time £ (s)

Fig. 2 Prepared NDR device. (a) Schematic illustration of the negative
differential resistance (NDR) device and measurement circuit. The circuit
consists of a programmable current source, digital voltmeter, and PC.
(b) Photograph of the NDR device. The Pd thin-wire was placed in the
nipple and annealed via electrical resistance heating in vacuum. Afterward,
the N»-10 vol% H; gas mixture was filled at 100 kPa (1 atm.). Therefore, the
partial pressure of H, (p(H>)) is 10 kPa. (c) Change in resistance (R) of the Pd
thin-wire during hydrogenation. At time (t) is equal to O s, the N,—H, gas
mixture was introduced to the device and it was encapsulated att ~ 180 s
and p(H,) = 10 kPa. The axis on the right-hand-side shows a relative
resistance (R is an initial R at t = 0 s). It reaches 1.73 at t = 300 s and
converges to 1.77 after waiting for a long time. The slope triangle in
(c) indicates the maximum speed of the transformation.
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materials having higher resistances, smaller heat capacity, etc.
are suitable and, therefore, the next step of our study is the
employment of such materials as the NDR element (please find
our future report). The Pd thin-wire was placed in the nipple and
hydrogenated using the process described in the Experimental
section. Fig. 2(c) shows the change in electrical resistance (R) of
Pd thin-wire during hydrogenation. The increase in R corre-
sponds the amount of hydrogen atoms in the metal lattice."”*® It
is clear from Fig. 2(c) that hydrogenation consists of two steps.
The first step is the gradual increase region. In this region,
hydrogen atoms slightly dissolve into the Pd lattice (crystal
structure of Pd: face-centred cubic (fcc)). In the case of Pd, such
a solid solution “metal” is usually denoted as the o-phase and
shows similar characteristics to pure-Pd. According to the
increase in the relative resistance (R/R,, R, is the initial R before
hydrogenation) at the transition point at ¢ ~ 40 s, the solubility
limit in the a-phase is estimated to be 0.04 H/Pd (this number is
calculated from the relation between R/R, and H/Pd in the
literature'”). This number is slightly larger than the literature
value (0.02 H/Pd at 25 °C) measured on bulk material."?
However, we consider that it is still within the acceptable range,
as the hydrogenation at this stage involves interstitial incorpora-
tion and it is very sensitive to defects, residual micro-strains,
and grain boundaries in metal.’® The second step is the rapid
increase region and it corresponds to the formation of a “metal-
hydride” phase. The metal-hydride phase has a sodium chloride
(NaCl) type crystal structure and is denotated as the B-phase.
Once the wire completely transforms into the B-phase at ¢ ~
110 s, no further large change in R can be observed even when
the pressure is adjusted. Under the assumption that the progress
of & — P phase transformation is 0% at ¢ ~ 40 s and 100% at
t &~ 110 s and the increase in R is proportional to the progress,
the maximum transformation speed is estimated from the slope
shown in Fig. 2(c) and it is around 2% s . Also, the time
constant of the phase transformation, or the time at 63.2%
progress, is 33 s. This suggests that the transformation is slow
and on the order of 10" s. After waiting for a long time, the
relative resistance (R/Ry, R, is the initial R before hydrogenation)
reaches to 1.77 (i.e., R is increased by 77%). According to the
relation between resistance and hydrogen concentration,'’*®
this number indicates that the hydrogen concentration is 0.68
H/Pd (PdH, ¢s). This H/Pd concentration is very reasonable from
the viewpoint of the pressure-composition-isotherms (PCT)
diagram in the literature (at hydrogen partial pressure p(H,) =
10 kPa, thermodynamic equilibrium composition is PdH, ¢5)."*
Therefore, the Pd-thin-wire in the device was completely hydro-
genated and we can conclude that the NDR device consisting of
metal-hydride was fabricated successfully.

Smaller TCR

First, the TCR of the NDR device was measured to confirm the
impact of hydrogen on R (Fig. 3). To clarify the effect of H, the
TCR measurement was performed in both N,-10 vol%H, (p(H,) =
10 kPa) and pure-N, (p(H,) = 0 kPa) atmospheres. From Fig. 3,
the TCR of the metal-hydride phase (B-PdH, ¢g) was found to be
0.0009 K. This number is very small (around one-fourth)
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Fig. 3 Temperature dependence of resistance (R) of the Pd thin-wire. R is
normalized using R at 23 °C (Ry3-c). TCR numbers shown in the figure were
estimated from a slope around room temperature (range: 23-33 °C). TCR
in a-Pd at p(H,) = 0 kPa is in agreement with the number in literature, while
much smaller TCR is observed in B-PdHggg at p(H,) = 10 kPa. Details are
summarized in Table 1.

compared to than the TCR of the metal phase (o-Pd) at p(H,) =
0 kPa (0.0034 K™ "). From this result, there is no doubt that the
red-flow shown in Fig. 1 really exists in the metal-hydride and the
effect of red-flow (hydrogen escape) on the TCR is comparable to
the typical effect of thermal vibration. Table 1 shows a summary
of measured and literature TCRs. The measured TCR at p(H,) =
0 kPa is equal to the literature TCR of pure-Pd,> while a
relatively small TCR was observed in metal-hydride at p(H,) =
10 kPa.

The reference measurement on the Pt thin-wire is shown
in Fig. S1 in the ESLf The measured TCR of the Pt wire is
0.0036 K ' at p(H,) = 0 kPa. This TCR number is slightly smaller
than typical TCR values such as 0.00385 and 0.00392 K '.>*
However, this number is reasonable when one considers the
temperature range (this study: 23-33 °C; typical: 0-100 °C) and
the measurement accuracy (see Table 1). The measured TCR at
p(H,) = 10 kPa is 0.0038 K ' and it is almost equal to the
number at p(H,) = 0 kPa.

In short, a smaller TCR was observed for the metal-hydride.
Therefore, the impact of hydrogen escape on resistance is
significant. Accordingly, at the phase transformation tempera-
ture where the rapid escape of hydrogen atoms occurs, NDR
could take place. In the next section, a very large current was
applied to the devices for inducing the NDR property.

NDR property

Fig. 4(a) shows the I-V characteristic curve measured under the
current sweep condition. The sweep sequence is 0 — +250 — 0
— —250 — 0 mA and the sweep speed is 0.4 mA s~ *. Therefore,
one sweep loop takes 2500 s. At a glance, it is possible to observe
the hysteresis CC-NDR properties at around I = +150 mA.
In detail, the NDR property was observed four times during
the sweeps of 0 — +250, +250 — 0, 0 —» —250, and —250 —
0 mA. The NDR observed during the current increasing sweeps

This journal is © The Royal Society of Chemistry 2023
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Table 1 Summary of measured TCRs of thin-wires. TCR numbers shown
here are estimated from Fig. 3 and Fig. S1 (ESI). Note that all TCRs in this
table are slightly different from typical TCR values, because the tempera-
ture range of TCRs shown in this table is 23-33 °C, while the typical range
in the literature is 0-100 °C

TCR of Pt
thin-wire (K™ )

TCR of Pd

p(H,) (kPa) thin-wire (K™

0 0.0034 £ 0.0004
10 0.0009 + 0.0001
Reference values in literature 0.0035¢

0.0036 = 0.0004
0.0038 =+ 0.0004
0.0036°

¢ Calculated from numbers at 20 °C and 27 °C in the literature.”®
b Calculated from the Callendar-Van Dusen equation for Pt (tempera-
ture range: 23-33 °C). The most typical constants are employed (4 =
3.908 x 107 °C™ ' and B = —5.775 x 1077 °C™").

(0 - +250 and 0 — —250 mA) corresponds to the § — o phase
transformation [from metal-hydride (HRS) to metal (LRS)]. The
NDR observed during the current decreasing sweeps (+250 — 0
and —250 — 0 mA) corresponds to the o — 3 phase transforma-
tion [from metal (LRS) to metal-hydride (HRS)]. The hysteresis is
related to the splitting of the transformation temperature of
hydrogenation/dehydrogenation, which is a typical characteristic
of hydrogen storage metals.">">'® The NDR property was further
confirmed from the viewpoint of resistance (R) (Fig. 4(b)). The
change in R from the HRS to a LRS was observed at a large
applied current such as |I| 2 150 mA. The change in R reaches
—32% at peak-to-peak. Note that a slight R increase can be found
in the non-NDR regions of both LRS and HRS. This can be
attributed to increased phonon scattering due to self-heating
(temperature increase). Fig. 4(b) is symmetric about the vertical-
axis, indicating no current polarity dependence. Considering the
device structure and working principle of the device (the present
NDR is induced thermally), the square of I associated with the
input power is important rather than the polarity of I. For
details, please find the explanations about Fig. 4(c); this result
is reasonable. For further clarification, R is plotted against the
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input power (P; P = IV = RI”) (Fig. 4(c)). As the two curves of 0 — +
250 - 0 mA and 0 - —250 — 0 mA are overlapped completely,
it is further confirmed that the NDR property is not dependent
on the current polarity. From Fig. 4(c), it is also clear that the
curve consists of two components: one is a large R decrease due
to the phase transformation and another is a slight increase due
to the self-heating. From the TCR number in Table 1, the extent
of the temperature increase can be roughly estimated (right-
hand-side axis of Fig. 4(c); note that this axis is valid only before
the B — o phase transformation; after the transformation, it is
impossible to estimate the temperature from R, as the influence
of hydrogen escape becomes the dominating effect). The phase
transformation from metal-hydride to metal takes place at an
~ 80 °C increase. When R.T. is added to this number, the phase
transformation temperature is estimated to be ~100 °C. Accord-
ing to the PCT curve in the literature,"® the phase PdH, s metal-
hydride could transform to metal at 80 °C. Thus, the estimated
temperature is slightly higher than the literature value. However,
considering the hysteresis nature of hydrogen storage
metals,'*'>'¢ it can still be concluded that the estimated tem-
perature is the phase transformation temperature from metal-
hydride to metal and the NDR property observed here is related
to the heat driven phase transformation (i.e., thermally induced
phenomenon). Consequently, the direct effect of applied I is
expected to have a minor impact on the phase transformation.
In the case of Pt thin-wire, no hysteresis and no NDR can be
observed (Fig. S2, ESIt), as Pt does not react with H,. Instead,
an increase in R is observed at a large applied I and corresponds
to self-heating (as discussed below). In detail, from Fig. S2(a)
(ESL;t in this figure, two curves are completely overlapped
because of no hysteresis behaviour), it is found that the I-V
relation is almost linear when I is small such as |I| < 50 mA.
However, at |I] > 50 mA, a non-linear response can be
observed. This non-linearity can be displayed as the quadratic
curves of R against I (Fig. S2(b), ESI;T in this figure, two curves
are completely overlapped because of no hysteresis behaviour).

i — T T T ] T T e S DY
a 60r Pd wire b Pd c Pd _AHRS g
Y/ &k 32 LIS 32 o 8
400 |- 72 )
—~ — — c
S a j \4 2] c u 1 5
E 200f 1 & 28 Sl x 28f 5
> a) <u T Q
[0} 0 o o 4 [}
o : . 5 G ]
S b - @
o LRS LRS 2290 o LRS =

400 | Py 400 - v ] i

/ 300 L—>IINDR . 20 ] 20F
_600 [ 1 1 100 1 150 1 200 1 1 1 1 1 1 1 i
-300 -200 -100 100 200 300 -300 -200 -100 0 100 200 300 0 40 80 120 160
Current / (mA) Current / (mA) Power P (mW)

Fig. 4 NDR property based on phase transformation. (a) Current—voltage (/-V) curve of the NDR device consisting of Pd thin-wire. NDR can be found at
| & £150 mA. The inset figure shows the close view around +150 mA and NDR regions are indicated using red arrows. Since the curve shows a symmetry,
the same situation can be found at negative / (/ & —150 mA). (b) Current-resistance (/-R) curve estimated from (a). The symmetric decrease in R can be
observed at larger / on both positive and negative polarities. As indicated by red lines, the decrease in R reaches 32% at peak-to-peak. (c) Input power—
resistance (P—R) curve estimated from (a). Two curves corresponding to positive and negative | are completely overlapped, indicating no dependence on
current polarity. The axis on the right-hand-side shows the increase in the wire temperature, which is estimated using the TCR in Table 1. Note that this
temperature axis is valid only before B — o phase transformation.
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This quadratic response suggests that self-heating due to large
current application is the origin of the observed non-linearity.
Indeed, R shows an almost linear relation to P (= RI*) (Fig. S2(c),
ESIt). The temperature increase was estimated from the TCR
number shown in Table 1 and it is around 70 °C at || = 250 mA.
Note that, in Fig. S2(c) (ESIf), two loops corresponding to
positive and negative I applications are overlapped completely
(i.e., four lines of 0 — +250, +250 — 0,0 — —250, and —250 —
0 mA are overlapped completely, although they look like one
line). This indicates that there is no current polarity depen-
dence. These observations on the Pt wire are very reasonable,
because no reaction should take place on the stable Pt wire
under slight self-heating.

Sweep speed dependence

Fig. 5 shows the sweep speed dependence on the NDR property.
Roughly speaking, there is less change during the current
increasing sweeps of 0 — +250 and 0 — —250 mA (corres-
ponding phase transformation: 3 — o). In contrast, a large
difference can be found during the current decreasing sweeps
of +250 — 0 and —250 — 0 mA (phase transformation: o — f).
The higher sweep speed results in a larger hysteresis area.
These observations indicate that « — [ transformation is a
slower reaction than f — o transformation. In other words, the
hydrogen escape from metal-hydride is faster than the hydro-
gen incorporation into metal. This observation is consistent
with the typical properties of hydrogen storage metals in the
literature.*** Therefore, from the sweep speed dependence of
the NDR property, it is possible to measure the dynamic
parameters of hydrogen storage properties such as the phase
transformation speed and hydrogen diffusivity.

In the case of Pt thin-wire, no sweep speed dependence can
be found (Fig. S3, ESIt). This result is reasonable, since nothing
will happen except for self-heating.

T T T T
60 Pd wire 7
| —o0.1mAss Y7, g’
— 0.4 g B
2 200F —o08 LA
N 16 .
[0} 0
E I ' \—I/
S 500 =/
= -200 - -
ok Z — 300 L —
100 150 200
1 1 1 1
-300 -200 -100 0 100 200 300
Current / (mA)

Fig. 5 Effect of the sweep speed on current—voltage (/-V) curves of the
NDR device. At higher sweep speed such as 0.8 and 1.6 mA s, larger
hysteresis can be found in the /-V curve. This relates to the slow phase
transformation between metal (x-phase) and metal-hydride (B-phase).
From the comparison between increasing and decreasing current sweeps,
B — o phase transformation is found to be faster than o« — B phase
transformation.
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Cyclic sweep

The cyclic sweep measurement has been conducted up to
10 cycles (Fig. 6). As one cycle consists of two metal-hydride
= metal transformations, 10 cycles correspond to 20 sets of
hydrogenation and dehydrogenation. At a glance, I-V curves
show almost no cycle dependence. However, in detail, the
decrease in measured V can be observed at a larger cycle
number. This suggests that the amount of stored hydrogen
was decreased and/or the wire morphology was changed. Note
that the cyclic hydrogenation and dehydrogenation are well
known to cause metal lattice degradation and result in the poor
hydrogen storage capacity.>*°

In contrast, results from the Pt wire show no cyclic depen-
dence (Fig. S4, ESIt). Note that, in Fig. S4 (ESIt), 10 loops (i.e.,
20 lines) are overlapped completely. These observations indi-
cate that nothing happens on the Pt wire at the slightly elevated
temperature of 70 °C. From these cyclic measurements, we
conclude that the cyclic hydrogen storage properties can be
evaluated very easily using the current sweep and resulting NDR
property (details of which are under investigation).

Long-term retention characteristics

The long-term retention characteristics of the NDR device were
measured over 10> s (Fig. 7). It is obvious that R at the HRS
(applied I: 1 mA) is very stable. In the case of the LRS (applied I:
250 mA), R is almost stable. In detail, however, a slight gradual
decrease in R during the initial period of time can be found at
the LRS. This could be attributed to the slight escape of H from
Pd thin-wire due to the continuous application of 250 maA,
which induces an additional increase in the wire temperature.
However, both HRS and LRS are stable enough to be distin-
guished from each other. These results also indicate that the
amount of H, gas leakage is negligibly small from the viewpoint
of the NDR property and, therefore, a H, gas atmosphere can be
employed for electrical devices when H, gas is encapsulated

properly.

T T T T
60 Pd wire y 1
400} —— 1 —— 6cycle .
| —2 7 N
< 3 —38
) A
N 5 —10
© 0
(o))
S L
L 200}
-400 | yy
-600 |-
1 1 1
-300 -200 -100 0 100 200 300
Current / (mA)

Fig. 6 Cycle characteristics of the NRD device measured at 0.4 mA s~*

sweep speed. Roughly speaking, the current—-voltage (/-V) curve shows a
stable response to cycle. However, in a close view (inset figure), a slight
decrease in V can be found.
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Fig. 7 Long-term retention characteristics of the NDR device. Rs at the
HRS and LRS are measured under continuous application of 1 and 250 mA,
respectively.

Tailorability

Next, we demonstrate the tailorability of the NDR property. As
the proposed NDR is based simply on self-heating, the input
power P (= RP) is of course an important parameter (and it
determines the wire temperature). Accordingly, the NDR prop-
erty may be tailored by adjusting R of the wire. To confirm this
expectation, the NDR property of the thicker Pd thin-wire was
also measured (Fig. 8). The diameter of the thicker wire was
0.1 mm (ie, the diameter of the wire was doubled). For
comparison, the result for 0.05 mm wire (originating from
Fig. 5) is also shown. It is obvious that the employment of
the thicker wire results in a large change in the NDR property.
Indeed, the NDR region shifts to larger I. Roughly speaking, the
required I for inducing NDR is almost doubled. This could be
explained as follows: as R is proportional to the reciprocal of
the square of the diameter, R of the thicker wire is one quarter
of R of the thinner wire. Therefore, twice the I is required for
injecting the same amount of P into the wire.

T T T T T T T T T T
60T Pd wire 1
400 L ——0.10 mm diameter f / i
—0.05 P
E 200 = 4
>
[0) 0
=)
S
L 200} > .
’2
-400 Y/ ‘/ E
-600 _
1 1 1 1
-600 -400 -200 0 200 400 600

Current | (mA)

Fig. 8 Impact of the diameter of Pd thin-wire on the NDR property. [-V
curves were measured at 0.2 mA s~ In the case of the thicker wire, larger |
is required to induce NDR.
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In addition to the required I, a large difference is also
observed in the shape of the I-V curve. The larger hysteresis
and smaller NDR observed on the thicker wire can be attributed
to the slower hydrogen absorption/desorption due to its larger
diameter. In short, the dimension of the wire has been found to
have a large impact on the NDR property and, therefore, it can
be used to tailor the NDR property.

Potential and advantages of phase transformation-based NDR
devices

Finally, we summarize the potential and advantages of the
proposed NDR device based on phase transformation. As
described at the beginning of the section ‘“proposal of the
NDR device based on phase transformation,” the metal-
hydride = metal phase transformation was employed only as
an example. According to the measured results and discussion,
it can be concluded that the condition for inducing CC-NDR
consists only of the following three factors:

(1) HRS at low temperature

(2) LRS at high temperature

(3) Sufficient applied I to induce phase transformation
resulting in HRS — LRS

When these criteria are satisfied, NDR can be simply
observed during phase transformation. Therefore, we expect
that, in future, a variety of novel NDR devices can be developed
in accordance with these criteria and this report provides a
starting point for them. Note that a H, gas atmosphere is
required only for the present case of metal-hydride = metal
phase transformation and the atmosphere is not a principal
condition for inducing NDR.

The advantages of phase transformation-based NDR devices
are yet to be identified; however, the following are at least some
of the advantages and characteristics of the proposed devices.

(a) Very simple working mechanism. It employs phase
transformation, which is one of the most typical phenomena
of materials. Therefore, it has very broad applicability and
almost any material can be reconsidered as a possible candi-
date for NDR elements. Also, this simple mechanism is
expected to be more reliable compared to those based on
metastable working mechanisms such as the formation of the
conductive filaments,”'® because phase transformation is not a
coincidental phenomenon but an inevitable phenomenon at
the temperature of phase transformation.

(b) Large tailorability. As phase transformation can be con-
trolled by employing materials science-based approaches®”
such as alloying, NDR based on phase transformation can be
extensively tailored to meet the required specification. In addi-
tion, as shown in the previous section, material dimensions can
also be employed in tailoring the NDR property.

Finally, we describe the suitable device structure for prac-
tical use. As the objective of this study is the demonstration of
the novel mechanism for inducing NDR, we constructed the
prototype device using bulk material, or commercially-available
thin-wire, and the dehydrogenation reaction was employed.
However, it results in very slow operation. Therefore, the next
step toward practical use is to demonstrate NDR in a material
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which shows faster phase transformation. Another is to demon-
strate NDR in thin-film devices, namely, miniaturized devices.
The combination of these two is best, as they result in both
higher operation speed and lower power consumption. In
addition, the use of high resistance materials is desired for
reducing the operation current. The material in which phase
transformation is induced easily is of course preferred. As
discussed in a), there are a huge number of candidate materials
for these phase transformation-based devices and, therefore,
contemporary approaches such as materials informatics®® may
be helpful in searching suitable materials.

Conclusions

Using the designed NDR device, it was demonstrated that
the CC-NDR property can be realized through phase transfor-
mation. Therefore, a novel NDR device has been proposed and
it is now available for further investigation. Because the device
employs the most common phenomenon of materials, namely,
phase transformation, as the origin of NDR, this proposal has
relatively high applicability and most materials can be recon-
sidered as possible candidates for NDR devices. The criteria
for inducing NDR are very simple and summarized in
three lines. The potential, advantages, and future direction of
the proposal are also discussed deeply and some of them
remain to be studied. We believe that this demonstration
increases the diversity of studies about NDR devices. Indeed,
it widens the options for material selection for NDR devices and
contributes to neuromorphic computing and non-volatile
memory.

The demonstration of the proposed NDR mechanism was
performed on the phase transformation between metal (LRS)
and its hydride (HRS). The observed NDR property can be
attributed not to the direct effect of the applied current but to
the thermal effect, or Joule self-heating, on the phase transfor-
mation. Therefore, the device shows no current polarity depen-
dence. Also, the observed properties of the NDR device are very
different from those of conventional NDR devices and they can
be explained by characteristics of the employed phase trans-
formation from metal-hydride to metal. The proposed NDR
device is found to be a very convenient analysis method to
measure the hydrogen storage property of metals. Indeed, just
by sweeping the applied current, important parameters such as
the phase transformation temperature and hydrogenation/
dehydrogenation speeds, of hydrogen storage metals can be
acquired. We consider that this analysis method is suitable
especially for the cyclic performance test, as it can be per-
formed just by sweeping the applied current.

Regarding the TCR, a smaller TCR was found on metal-
hydride and it originates from the gradual escape of hydrogen
from the metal lattice. This observation indicates that the
influence of hydrogen escape is comparable to the effect of
the thermal vibration on resistance. Also, it suggests that the
TCR of metals can be controlled by adjusting the hydrogen
amount in the metal lattice.
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Experimental

The NDR device was assembled using the ConFlat (CF) flanged
stainless steel components for ultrahigh vacuum equipment.
The Pd thin-wire (diameter: 0.05 mm, purity: 99.95%) was spot-
welded to thick copper electrodes and connected electrically to
the measurement circuit on the atmospheric side of the device.
The hydrogenation of the Pd wire was performed through the
following procedures. First, the Pd wire was annealed around
900 °C by applying large current (200 mA) in vacuum. Next, the
nitrogen-hydrogen (N,-H,) gas mixture was slowly introduced
into the NDR device. The H, concentration of the introduced
gas mixture was 10 vol%. After the pressure reached to slightly
higher than 100 kPa (1 atm.) at around 180 s, the pressure
was adjusted to 100 kPa and the device was encapsulated at
100 kPa. Therefore, the partial pressure of H, gas (p(H,)) was
10 kPa. The hydrogenation of the wire was confirmed by
monitoring R of the wire. The applied current was only 1 mA
and its effect on phase transformation was negligibly small (see
the “NDR property” section). For comparison, a reference
measurement on the Pt thin-wire (diameter: 0.05 mm, purity:
99.98%) was performed in the same manner. The results of the
Pt reference measurement can be found mainly in ESI.7

The TCR of the prepared NDR device was confirmed using a
low temperature oven and precision resistance meter. The
applied I for the R measurement was 1 mA and this current is
small enough to ignore any influences on the device (“NDR
property” section). The current-reversal method was employed
for removing electromotive force (EMF). As the temperature
increase results in the elevation of p(H,) and it may affect the
TCR, the temperature range for the TCR measurement of this
study is limited to the very narrow range of 23-33 °C. From a
safety point of view, it is also preferable to restrict the tempera-
ture range of the TCR measurement to narrow limits near room
temperature. Note that, at temperatures higher than room
temperature, the device is at risk of explosion. This is because,
at such temperatures, the inner pressure of the device exceeds
the outer atmospheric pressure; however, such a situation is
not assumed for the vacuum components employed for fabri-
cating the prototype device.

The NDR property was measured using the circuit shown in
Fig. 2(a). The measurement circuit consists of a programable
current source and a digital voltmeter. They were connected
to the device using the Kelvin four-wire connection method.
The sweep sequence of 7is 0 - +250 — 0 — —250 — 0 mA, or
a triangular waveform having peak values of +250 mA. The
increase of the current sweep was 0.1 mA and the voltage was
measured at each increment. Therefore, one sweep loop con-
sists of ~10000 data points of (applied I, measured V). The
sweep speed was 0.1-1.6 mA s~ ". R is simply calculated using
Ohm’s law (R = V/I).

The long-term retention characteristics of the NDR device
were measured under the continuous application of constant I.
As shown in Fig. 4, the applied I was chosen to be +1 mA for the
HRS and +250 mA for the LRS. Note that, during the retention
measurements, no temperature control was performed other
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than air-conditioned room temperature. Therefore, LRS is induced
and retained simply by the application of a large I of 250 mA.

A thicker Pd thin-wire (diameter: 0.1 mm and purity: 99.9%)
was also employed for demonstrating the tailorability of the
proposed NDR. The wire was annealed by applying a large
current (400 mA). The NDR property was measured under the
sweep sequence of 0 - +500 - 0 - —500 — 0 mA. The sweep
speed was 0.2 mA s~ (increase in sweep current: 0.2 mA and
time period of each increase: 1 s). Other details are the same as
those of the thinner wire.
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