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ABSTRACT

Combining nonequilibrium Green’s function technique with density functional theory, electron transport, and structural properties of an Ag

atomic switch through Ag ,S have been investigated. We have found that an Ag atomic conductance channel in Ag »S is generated after
structure optimization, resulting in large enhancement of the electron transmission coefficient at the Fermi level and metallic behavior of the
Ag—Ag,S—Ag system. Such spontaneous metallization at the Ag  —Ag.S interface may play an important role in fast switching of the Ag -Ag,S
atomic switch.

One of the most active fields in nanotechnology research is been well clarified yet. In addition, it is still unknown what
the development of electronic circuits made of nanoscale kind of changes (e.g., structural change) induces the metallic
components. Several groups have succeeded in fabricatinghature in the ON state. These points remain unclear because
devices such as rectifietd switches* and latchesin which of the following reasons: (1) The A§ region in the atomic
the active part is a single molecule, a metallic nanowire, or switch takes the room-temperature phasepliase), while

a similar nanoscale structure. Among them, switches haveprevious researches concerning.8@re focused on the high-
captured considerable attention because they are key elementgmperature phase{phase) due to its superionicit{!8(2)

of both logic and memory circuits. It is essentially important  Ag—Ag,S(3-phase) interface structures are still unknown
to examine switches through nanowfrésor molecule¥’12 because of the difficulty in direct observation of the interface
because the appearance of quantum effects makes it difficultin experiment, together with the lack of theoretical investiga-
to understand and design these nanoscale switches from théions. (3) The effect of applied bias voltages on atomic

knowledge of microelectronic devices. structure and electronic properties is also quite hard to
Recently, Terabe et al. proposed a novel switch fabricatedinvestigate both experimentally and theoretically.
by a mixed ionic conductor A.**'* This switch has the Here, as an initial step to clarify its switch mechanism,

advantage of having simple device structure, stability and ye have examined atomic structure, electronic states, and
reliability at room temperature and being easy to transfer to g|ectron transport properties of the AB.S(B-phase)Ag

real electronic circuits over most of other nanoscale system from first-principles. Note that hereafter ,8g
switches'>In their research, an A§ layer is connected jngicates theg-phase AgS in this Letter. First, we con-

to a battery through two metallic leads (at least one is silver). strycted atomic models of the AAg.S interface and
They speculated that Ag atoms are accumulated at thegyamined their relative stabilities. Then, we investigated
interface between silver sulfide and the negative electrode gjactronic states and electron transport properties oBAg
and, finally, a conductive Ag bridge inside the Agsegment  ¢onnected with two Ag electrodes to clarify the physical
is generatgd to make thg system SWI.tCh ON. S_W|tch OFF properties of AgS around the AgAg,S interface. Unex-
can be rez?lllzgd py reversing the electrical potential. Thpugh pectedly, we have found that a zigzag arrangement of Ag
a lot of intriguing res:lljét§ have already been obtained 416ms is formed in AgB after structure optimization and that
concerning this switch}~'® its working mechanism has not o Ag-Ag,S—Ag system shows metallic characteristics.

This is the first report on the spontaneous metallization of
* Corresponding author. Current address: Department of Materials ;

Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo, AgzS at the Ag-Ag2S interface.
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bridges in a vacuur?-?®> The local density approximation
(LDA) and the TroullieMartins nonlocal pseudopotential
are adopted® and the valence electrons are expanded in a
numerical atomic-orbital basis set of single zeta plus
polarization (SZP). Only-point is employed in th&-point
sampling in the surface Brillouin zone. For transmission
spectra, we have found that an increask points has little
effect. The optimum lattice constant of the room-temperature
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within the LDA. The deviation from the experimental value
Figure 1. (a) Schematic illustration of the AgAg,S—Ag system. can be ascribed to the well-known drawback of the density
The yellow balls represent S atoms while green ones represent Agfunctional theory.
atoms. (b) The three interface structures investigated: on-top, The calculated total energy of the Adg,S—Ag system
bridge, and hollow cases. . . 2 .

as a function of the contact distanckis illustrated in

i Figure 2a. The three curves in this figure corresponding to
observed to be (912)Ag,S//(001)Ag and [100]AgS//[100] the on-top, bridgeand hollow cases are calculated without

Ag by transmission electron microscopy and selected arearelaxing structural parameters except theThe calculated

; i 2091 i . )
elez_:tron diffraction obser\_/ano%‘i. Since no detailed ex total energy of the bridge case is 0.167 and 0.180 eV lower
perimental data on atomic arrangement at the-Ag,S )
: . han those of the on-top and hollow cases, respectively, per
interface are available, we have constructed three models o : -

surface atom. Fad values that give the minima of the total

the interface structure within the above orientation relation- : .
ship. In the three models, S atoms in the;Bdayer proximal energies of respective cases, we have also calculated the total
' ' energies with relaxing all the atoms in the #&gplus two

to the interface are located at the on-top, bridge, and hollow . .
X ) Ag layers proximal to the two interfaces. The results are
sites of the outmost layer of Ag electrode, respectively, as i .
d';\lso shown in Figure 2a, and we can see that the bridge

shown in Figure 1b. Various cases have also been examine .
. . : case remains stable over the on-top and hollow cases by
for the junction distance between the Ag electrode and the :
0.029 and 0.125 eV, respectively, per surface atom.

Ag.S, d. . .
géigure 1a shows our model of AQAG,S—Ag system For the bridge case, the minimum energy corresponds to
which can be divided into the left semi-infinite electrode, 9 = 1.9 A, which is shorter than those for the on-top and
the scattering region, and the right semi-infinite electrode. NOllow cases. This is because S atoms at the interface tend
to keep an energetically favorable distance from neighboring

The electronic and atomic structures of the semi-infinite y ic ‘
electrodes are assumed to be the same as those of the bulRd atoms. For the optimized bridge case, the bond length

Ag. On the other hand, the electronic states of the scattering?€Ween Ag and S atoms at the interface is 2.387 A, which
region are calculated self-consistently, and atomic relaxation

is close to the corresponding bond length in8doulk,
is also examined in some cases. The scattering region consisté47 A?"We have also examined the effect of applied bias
of monoclinic AgS layers and four (2 2) surface layers

voltages on the stability of the three cases. As seen in the
of the left and right electrodes. The periodic boundary total energies calculated with fixing structural parameters
conditions are imposed in the directions parallel to the

except thed shown in Figure 2b, the bridge case remains
interface & andy directions). The unit cell of the scattering 0West in total energy even in the cases with applied bias
region consists of 84 atoms, of which 52 atoms are in the Voltages.

Ag:S layers. The Mulliken charge distribution calculated self-consis-

The electronic states and electron transport properties oftently for the unrelaxed bridge case is shown in Figure 3.
the above system are explored with the fully self-consistent Only a small amount of charge, approximately 0.05 electrons

nonequilibrium Green'’s function method implemented in
TranSIESTA-C code and its latest version, Atomistix ToolKit
(ATK) code?? This method has been applied to many
systems successfuffy/but was applied to heterostructures
of metal and solid electrolyte for the first time in this study.

per two-dimensional unit cell, is transferred from the Ag
electrode to the A¢p layers at each interface, as in the case
of the Fe-MgO—Fe sandwich systei{.We can see clearly
from Figure 3 that the charge variation due to the formation
of the interface decays rapidly as the distance from the

It is also noted that to the best of our knowledge, the effects interface becomes larger, and the entire interfacial region is
of interface structure, contact distance, and structural opti- €ssentially neutral. It should be noted that there is a little
mization on transmission for a bulk material sandwiched to Polarization within the AgS, that is, S layers obtain electrons
two semi-infinite metallic electrodes have also been reported at the expense of the electron loss in Ag layers.

for the first time in this study, although such effects have

Next, the transmission spectra for the three unrelaxed cases

already been examined in the cases of atomic and moleculaiof interface structures with the same contact distance of
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Figure 2. Calculated total energies as a function of the interlayer distanicetween the Ag electrode and #gylayer, for the three

interface structures (a) without applying a bias voltage and (b) with applying bias voltages. Note that the curves in these figures are calculated
with fixing structural parameters excegtln (a), the total energies calculated with full relaxation are also showthatues corresponding

to the minima of respective curves.
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Figure_3. Mulliken charge distribution in the AgAg.S—Ag eV
sanawich. Figure 5. (a) Transmission spectra and (b) the total DOS, for the
3 : bridge case without and with structural relaxation under 0 V. The
)l On-top Fermi level is set to zero.
1L ] are shown in Figure 5a. The transmission coefficierEat
Sol ] increases from 0.04 before structural relaxation to 0.455 after
Y Bridge relaxation, which shows the opening of a conduction channel
5l ] in the relaxed structure. Moreover, the profiles of transmis-
g ol . , sion spectra change drastically, which reflects sharp changes
a 5l ' Hollow| of electronic states in the sandwich system by the relaxation.
I ] From the density of states (DOS) shown in Figure 5b, we
i J\/\) ] find that the huge increase in the DOS after structural
0= y 0 T 2 relaxation makes transmission coefficient soaEat
E-E, (eV) Investigation into atomic arrangement of the relaxed bridge

structure reveals that a zigzag Ag atomic chain is formed in
Figure 4. Transmission spectra of the three unrelaxed interface the AgS. Atomic configuration of the Ag atomic chain and
structures with the same contact distance of 2.0 A. The Fermi level its electron density are illustrated in Figure 6. The neighbor-
is set to zero. . : .

ing Ag—Ag distances along the chain range from 2.84 to
2.0 A are displayed in Figure 4a. The transmission spectra3.07 A (see numbers in Figure 6a), which are very near to
differ from one another suggesting the changes of electronthe nearest neighbor distance in Ag bulk, 2.89 A but deviate
states with interface structures. Common features seen in allseverely from Ag-Ag separation in the Ag bulk, 3.08-
the three interface structures are that the total transmission3.74 A2’ Therefore, the zigzag Ag atomic chain is considered
coefficients are almost zero in a region just above the Fermito play a crucial role in the rise of the transmission coefficient
level Er and that the coefficient & is very small, though and DOS akg. Every atom along the chain except surface
it is finite (~0.04 x 2 €/h). This means electrons cannot atoms of the electrodes has moved by approximately 1.2 A
permeate easily from the left Ag electrode to the right one. in average during the process of the relaxation. This large
The “gap” in the transmission spectra can be attributed to displacement can be attributed to the influence of junction
the intrinsic semiconducting nature of /%) to the two electrodes, which may be enhanced by the large

The transmission spectra for structures of the bridge caselattice mismatch between the Ag and #8gin our model.

having the lowest total energy with and without relaxation The AgS lattice constant is elongated by 15.2% along the
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Figure 7. Difference of effective potential along the Ag chain plane
by an applied bias voltage of 0.5 V for (a) an unrelaxed bridge
case and (b) a relaxed bridge case.

and relaxed bridge cases. Note that, strictly speaking, the
Ag chain is not in a plane, but we can say so roughly. One
can see that intensive voltage drop takes place mainly around
0.000 0.033 0.061 0.094 the negative bias end (left side) of the interface region,

Figure 6. (a) Atomic arrangement of the relaxed structure of the espeCIaIIy' in the eIectrode area, for both Cz?lses. This
bridge case under 0 V. The numbers denote the neighboring Ag cOncentration of the potential change due to the bias voltages

Ag distances along the chain in the &g (b) Electron density ~ around the negative bias end suggests that any change in
corresponding to the atoms along the chain (represented by silverythe AgS layer by applying bias voltage should commence
balls). from this are&®32 This is consistent with the speculation
based on macroscopic electrochemistry that the formation
f Ag switch starts from precipitation of Ag atoms near the
egative electrode in the A§ layer. We can also expect
that forces in the direction act on Ag atoms in the interface
region by applying bias voltages (say, 0.21 eV/A in average
at 0.2 V). However, the displacements of the atoms by these

x direction and compressed by 7.1% alongyhtrection to
compensate the large mismatch of the interface constructecﬁ
on the basis of the experimental rep8#: To clarify which

of the two factors, the junction formation and the lattice
mismatch, is dominant, calculations using models with larger
size should be_ performed. Investigation (_)f _structur_al relax- forces are small, on the order of 0.02 A at 0.2 V.
ation effects with such models, however, is impracticable at

present because of huge computational cost and remains as 't Should be noted that the mechanism of the “switch OFF”
a future task. has not been discussed in the present study. Moreover, that

To confirm the role of the zigzag Ag chain more precisely, Of the “switch ON” state has hardly been discussed either,
we considered a virtual system where all the atoms in the Pecause the formation of the Ag chain without applying bias
Ag.S segment are removed from the relaxed bridge structureV0lt@ge is not directly related to the “switch ON” state.
except Ag atoms in the chain and calculated the transmissiont Urther work to clarify the mechanisms is in progress.
between the Ag electrodes through this virtual chain. The Nevertheless, we can say that the formation of the Ag chain
calculated transmission coefficient Bt is 0.967, which is found in the present study is instrumental for understanding
in good agreement with the value calculated by Mozos et the “switch ON” phenomenon. This suggests the possibility
al. for an Ag wire! It is worth noting that in their calculation, ~ thatin actual switches certain regions of the;8dayer near
a zigzag arrangement of the Ag atoms is found to be the interface to electrodes may be conductive even in the

energetically preferred and the optimized distance between SWitch OFF” state. Then the length of the Ag bridge to be
atoms along the Ag chain is 2.78 A. Our results are in formed for the transition to the “switch ON” state may be

accordance with theirs in both the shape of atomic chain Shorter than the naive guess, that s, the thickness of ti& Ag
and the interatomic distance. The difference of the transmis- [ayer. Therefore, such spontaneous metallization at the Ag
sion coefficient aEr between the AgAg,S—Ag sandwich AQS interface may pl_ay an important role in fast switching
system and the virtual Ag chain system can be ascribed to©f the Ag—Ag,S atomic switch.
the effect of other atoms in the A§ on the Ag chain. To conclude, we have examined electron transport and
We also investigated the electronic and electric properties structural properties of the A§ sandwiched between Ag
of the sandwich system under applied bias voltages. First, electrodes, which models the nanoscale-Ag.S atomic
we calculated currentd)(under voltages\() ranging from switch using first-principles calculations. In the most stable
—3.0 to 3.0 V using the relaxed bridge structure. Th&/ structure we have examined, the transmission coefficient at
curve is nearly linear, showing the metallic nature of this the Fermi level increases sharply from 0.04 before structure
system, which can be explained by the formation of the optimization to 0.455 after structure optimization, showing
zigzag atomic chain. It is worth noting that the shape of the the opening of a conductance channel. Furthermore, we have
transmission spectra changes by applying bias voltages. Thigound that a zigzag Ag atomic chain is formed in the,8g
change, however, is not surprising because the applicationafter relaxation, which is responsible for the increase in the
of bias voltage inevitably alters the effective potential in the transmission coefficient as well as the metallic behavior seen
scattering region. Next, we examined how the applied bias in the calculated currentvoltage curve. We have also found
voltages drop along the Ag chain plane. Figure 7 illustrates that the potential change due to applied bias voltages mainly
the difference of the effective potential in the plane including concentrates around the negative bias end of the interface
the Ag chain between the case where the bias voltage ofregion, which suggests that any change in theSAtayer
0.5 V is applied and the case of 0.0 V, for both unrelaxed by applying bias voltage should commence from this area.
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