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Ha ceroppsiramii IeHb OJTHOM M3 HanOOJIee aKTyalIbHBIX 3a1ad MEKIUCIIAIUIMHAPHOH HayKu
SIBISIETCSI IPOEKTHPOBAHKE U VICCIIEIOBaHkEe HEHPOMOPGHBIX ycTporcTB. Takne ycTpolicTBa darie
BCETO MPUMEHSIOTCS IS CO3/IaHMsI CHCTeM 00pabOTKH pasHOTo pojia MHPOPMALIHH, C aJrOpHTMa-
MU CXOKHIMH C JITOPATMAMH 00paOOTKH JTAHHBIX YeJIOBEYECKUM MO3TOM HIJI MO3I'OM JKHBOTHBIX.

Panee B paborte [1] ObUTa ormrcaHa MaTeMaTHIeCKasi MOZIENb HEHPOHOIIOJOOHOTO TeHepaTropa
Ha OCHOBE cHcTeMbl (a3oBoii aBromozctpoiiku dactotsl (PAITY) ¢ monocoBsiv RC-CR ¢ub-
TPOM, a TaK *ke ObUIO TIOKa3aHO, YTO BO BCEM MPOCTPAHCTBE MApaMETPOB JAHHOH CHCTEMBI peaH-
3yIOTCS pa3NIYHbIE KOJIeOaTebHBIE PEXUMBI, TAKHE KaK PEryIpHbIE KOIEOAHHS C OJUHOYHBIMU
HMITYJIECaMH, PETYIISIPHBIC TTadeyHbIe KoJeOaHusI C ABYMsI, TpeMs U T.J. IMITYJIbCAMH B [TAUKe, a TaK
e XaoTHYeckue KoseOaHmsa. OTCYTCTBHE COCTOSIHUS PaBHOBECHS OOYCIIOBIECHO OTCYTCTBHEM
TIOCTOSTHHOM COCTABJIFOIICH CHUTHAIA YTIPABJICHHS B MeTie oOpatHOi ces3u cuctembl GAITY. B
THIOCIEICTBHE, B [2] ObLIO MPOBEICHO HCCIIEIOBaHIE 001acTell CyIecTBOBAHUS PA3IMUHBIX KojeOa-
TENBHBIX PEXNUMOB JAHHOIH MOJIENH U TIOCTPOCHO pa3OHeHne MpOCTPAaHCTBA MapaMeTpoB Ha 00ma-
CTH CYIIIECTBOBAHMS TAHHBIX PSKUMOB. B [3] ObUIO MPOBEACHO SKCIIEPUMEHTAIBHOE HCCIICTIOBAHIE
MoJIelM Heponoio0Horo reHeparopa Ha ocHoBe cucteMbl DAITY ¢ momocoBeM GUIBTpOM, B
paMKax KOTOpPOTO, ObLTH MOJy<IeHBI Pe3yNIbTaThl KAYECTBEHHO MOXOXKUE Ha PE3yNIbTaThl HCCIIE0-
BaHMH B [1] 1 [2].

B kauectBe MOIEIM MEMPHUCTHBHOTO 3JIEMEHTa OblLIa HCIIOIB30BaHA MOJEIb MEMPHCTOpA
BTOPOT'O IOpsI/IKa, TIOCTPOCHHAs Ha OCHOBE JuHaMudeckoil monenu Uya [4-6]. JlanHas Mmonens
ObUIa pa3paboTaHa M UCTIONB30BAHA B CBSA3U C BO3MOMKHOCTb PEAIM3ALIMH Ha HEel YaCTOTHO 3aBHCH-
MOH HEJIMHEHHOH CBSI3H, KOTOpasi KAYEeCTBEHHO MOBTOPSIET IMHAMUKY TaK Ha3bIBAeMOW KpaTKOBpe-
MEHHOH IIaCTUYHOCTH KMBOW HEMPOHATIBHOM KIIETKU. JIaHHAs 4acTOTHAs 3aBUCUMOCTb HAIPSIMYIO
CBSI3aHA CO CKOPOCTBIO 3AMOJIHEHNS U OITYCTOIICHHSI HOHHBIX JIOBYIIIEK.

JInsa peanmsanuu JaHHOM [IETM B TIEPBOIT yacTH paboThI ObLTa MPOBEICHA MPOBEPKA 3aBHCHMO-
CTH TIPOBOIMMOCTH MEMPHCTHBHOTO 3I€MEHTa OT JIEHCTBIS Ha HEro HeHpOHOIIO00HOTO TeHepa-
TOpa, HAXOJLIIIErOCs B PA3IMYHBIX IMHAMUYESCKUX PSKMMAaX, a IMEHHO PEeryJspHas UMITYJIbCHAs
AKTHBHOCTb, PEryJspHas MadyeyHas aKTHBHOCTb M XaOTHYECKas UMITYJIbCHAs aKTHBHOCTB. [IpH
IKCIEPUMEHTAIIEHOM HCCIIEJIOBAHNH BIIMSHUS PETyISIPHOM MMITYJIbCHOH aKTUBHOCTH ObLIa ycTa-
HOBJICHA YeTKasl 3aBHCHMOCTb IIACTHYHOCTH MEMPHUCTOpa (IMHAMUKY ITapaMeTpa IepBoro Mmopsii-
Ka) OT YacTOTHI criaiikoB. Hampumep, ecitu mipu 4actote craifkoB 1,6 k[ 11 pOBOANMOCTE MEMpH-
CTOpa yBEJIMYHMBACTCS TONMBKO 10 70% OT MaKCHMAILHOTO 3HawYeHws, To mpu yacrote 10 kI 310
yBemaenue focturaer 100% mpy ToM e KOJIMIEeCTBE BO3IEHCTBYIOIINX HMITY/IBCOB, YTO CBSI3aHO
C HETOJIHBIM OITYCTOIICHHEM HOHHBIX JIOBYIIEK W BIMSTHAEM HAKaIUIMBAIOIIETOCs 3apsiia Ha JIiHa-
MUKY NOHHBIX IIEPECKOKOB.

ITpu sKcrIeprMEeHTAIBHOM UCCIIEA0BAHUH BIMSHIS [TAY€YHOM aKTHBHOCTH OBLIO OOHApYKEHO,
4T0 3(heKT M3MEeHEeHHs MPOBOIMMOCTH MEMPHCTOpa IPOKMCXOJUT HEPaBHOMEPHO B OTBET Ha
CMalKK MavYKy U CUIIBHO 3aBHCHT OT KOHKPETHOTO Ha0Oopa CraifikoB B mauke. C OIHOM CTOPOHBIL, 3TO
CBSI3aHO C BapHAIMSIMU aMIUTUTY/] IMITYJIECOB BHYTPH ITa9KH, a C JPYroif — BIMSTHAEM HaKaIlIHBa-
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IOIIErocst 3apsiyia Ha JIOBYIIKAX, YTO TNPHBOIUT K W3MEHEHHIO (HallpuMep, K YBEIMUYEHHIO) TIOTEH-
IUaBHOro Oapbepa I MUrparyy HoHOB. [Tocneauii 3¢ deKT BOHNUKAET JIMIIE IPH AOCTATOYHOH
YacTOTe CIIeJIOBAHNS UMITYJIbCOB, KOT/Ia JIOBYIIKH HE YCTIEBAIOT MOTHOCTBIO OITYCTOLIATHCS.

Tloxoxwuii 3dekr Tak jxe ObUT 0OHAPYXKEH TP BO3ICHCTBHN XAaOTHUECKOH CTAiKOBOM aK-
TUBHOCTH. CyIIeCTBEHHbIEC M3MEHEHHS B IIPOBOMMOCTH MEMPHCTOPA HAOMIOAIOTCS B TE MOMEHTBI
BpEMEHH, KOTJIa 4acToTa CIIE[OBAaHMS CMAlKOB OKAa3bIBACTCSl HIDKE, YTO IO3BOJIIET JIOBYILIKAM
0CBOOO’KIIATHCST OT HAKOILICHHOTO 3apsiza.

13 nanHOH YacTy BCccne0BaHus MOXKHO CZIENIaTh BBIBOJ O TOM, YTO MEMPECTHUBHBII JIEMEHT
o0nanaer SPKO BHIPKEHHON 3aBHCHMOCTD OT YacCTOTHI CIICIOBAHIS MMITYJIECOB, a TAKKe CIIEyeT
OTMETHTb, NOJTy"IeHHBIE JaCTOTHBIC XapaKTEPUCTHKH Ka4eCTBEHHO ITOXOKH Ha JMHAMUKY PabOTHI
TaK Ha3bIBAEMON KPaTKOBPEMEHHO!N CHHANTUYECKOM MIaCTUYHOCTH.

B pamkax BTOpoif yacTu paboThI ObITa MPOBEEHA MPOBEPKA BO3MOMKHOCTH CHHXPOHH3AIIII
IIBYX HEHPOHOMOJOOHBIX TCHEPATOPOB, COCMMHEHHBIX ITOCIEIOBATEIFHO Yepe3 MEMpPHCTHUBHBINA
JIIEMEHT.

Tlpu perieHry TaHHO# 3a/1a9 OBUIO BBIABICHO, YTO B CITyyac B3aHMMOJICHCTBHS JIBYX HEHpo-
HOIOJIBIX TEHEPATOPOB, HAXOLIIIMXCS B aBTOKONEOATEILHOM PEKUME C Pa3IMIHBIME COOCTBEH-
HBIMH YacTOTaMH, BEIyHIUi HEHpPOH IOCIe0BAaTebHO KaXKIbIM CIIAKOM H3MEHSIET COCTOSHHE
MEMPHUCTOPA B CTOPOHY YBEIIMYECHHUS IIPOBOJUMOCTH, YTO B CBOIO OYEpelb IPUBOJUT K yBEIUUe-
HUIO TOKa, MPOTEKAOIIETO Yepe3 MEMPHCTOP, U, KaK CIIEICTBHE, K YBEIMIEHHIO CHIIBI B3aHMO/IeH-
CTBUS JIByX HEMPOHOB. Takoe yBelnuueHue Crilbl B3aUMOJEHCTBUS JIENIaeT BO3MOKHBIM CHHXPOHH-
3aIMI0 JBYX HEHPOHOB, YTO TIOATBEDKAACTCS COBIAJCHHEM YacTOT KOJNEOAHWII M MEUICHHBIM
M3MEHEHUEM pasHOCTH (a3 konebanmit. Ho B manpHEHIeM coCTOsIHIE MEMPUCTHBHOTO 3JIEMEHTa
HPOJIOJDKAET CMELLATHCS B CTOPOHY IPOBOJLIIIIETO COCTOSHUS, U CIIMIIIKOM CUJIbHAS CBSA3b Hapyllla-
€T CUHXPOHH3ALHIO.

VI3 naHHOI YyacTu MCCIIEIOBAHKSI MOXHO CJIEaTh BBIBOJ, YTO CHHXPOHM3ALMs JBYX CBSI3aH-
HBIX HEIPOHOTIOOOHBIX TeHEPaTOPOB MMEET BPEMEHHBIH XapaKTep M CHIIBHO 3aBUCTH OT TEKYILIETO
COCTOSIHUSI MEMPECTUBHOT'O 2JIEMEHTA.

HccnenoBanve BBITOTHEHO TpH (PHHAHCOBO# mofiepkke PODU B pamkax HaydHOTO MPOEK-
Ta Ne 18-29-23001 Mk.
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GENERATION OF SINE-GORDON BREATHERS
IN LONG JOSEPHSON JUNCTIONS
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In this paper we discuss a possible application of the nonlinear supratransmission effect
as a generation mechanism for sine-Gordon breathers in a magnetically driven long Joseph-
son junction. Our theoretical/computational analysis, based on a model which includes a
dissipative term and an external current source, shows the effectiveness of the approach.
Furthermore, we investigate the dynamics of the induced breathers by looking at their radia-
tive decay process.

The dynamics of an overlap-geometry Josephson tunnel junction is approximately de-
scribed by a perturbed sine-Gordon equation [1, 2]

Pxx = Pee — APy = SiNQ = Y, @
where @(x, t) is the phase difference between the pair wave functions of the two supercon-
ductors. In Eq. (1), a subscript notation has been used to denote partial differentiation, i.e.,
0@/ 0t = @, space is measured in units of the Josephson penetration depth A; =

[d)o/(anch), and time in units of the reciprocal plasma frequency w,™*, where w,

V21 /(PoC). Here, J. is the critical value of the Josephson current density, L
wo (27, + to,) /W is the inductance per unit length, C = €,€,W /t,, is the capacitance per
unit length, p, is the vacuum permeability, A is the London penetration depth, t,, and €,
are, respectively, the thickness and the relative permittivity of the oxide layer, W is the width
of the junction, and €, is the vacuum permittivity. The loss parameter a is defined by o =
G/(m,,c), where G is an effective normal conductance, and y = J,/J is the normalized bias
current.

In the presence of a magnetic field H,, applied to the x = 0 extremity of the device,
perpendicular to the length of the junction and parallel to the plane of the barrier, the bound-
ary conditions for the phase difference are

ex(0,6) =1, @ (Lt) =0, @
in which n = —HexW/(]C)\]) is a dimensionless quantity related to the external field and
[ = L/4, is the normalized length of the junction.

A breather is a localized, oscillating solution of the unperturbed sine-Gordon equation
(i.e., Eq. (1) with a = y = 0) given by [3]

( . w(t w(t —v.x)
B V1 — w? J1—v2
@p(x,t) = 4arctan 4{ TR [\/1_—(}{ — vet)] @)
1- ve
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where w <1 and v, < 1 are, respectively, the breather’s proper frequency and envelope
velocity. Equation (3) is often introduced as an analytic continuation of the kink-antikink
state, which describes the collision between the simplest sine-Gordon soliton, i.e., the kink
(also known as fluxon or vortex in the context of long Josephson junctions), and the corre-
sponding antisoliton, i.e., the antikink.

In order to determine whether the nonlinear supratransmission effect [4] can be success-
fully employed for the generation of breather modes into a long Josephson junction, we
consider the boundary conditions

0x(0,6) =A®sin(Q), @) =0 4)
with a forcing frequency Q < 1, which belongs to the medium’s plasma gap, and Gaussian
switching on/off regimes

2
Aex p[ -t ] t<ty

204,
Alt) = 4 t <t<t (5)

2
l Aexp [— C tO) t =t
205
We usually take t; = 30,,, whereas t, is not set a priori, but it is adjusted with the aim of
producing single breathers in the junction.

As presented in figure, the emergence of breather modes is numerically studied by
looking at their localization in the (€, A) parameter space. Specifically, since the driving
frequency falls in the junction’s plasma gap, only evanescent waves are supported as long as
the linear approximation holds (i.e., for the lower values of the amplitude); these regions are
indicated by the white color. However, according to the nonlinear supratransmission effect,
there exists a frequency-dependent threshold value of the amplitude that allows one to un-
lock a completely different regime, in which the energy is transmitted in the form of nonlin-
ear travelling excitations (such as kinks and breathers). By means of a simple criterion,
based on the well-known fact that breathers radiatively decay due to dissipation (while kinks
remain stable) [5], we can identify the (©, A) combinations with at least a kink/antikink at
t = tymax, Where t,,,, is the observation time (light gray areas). The remaining (dark cyan)
points are the ones in which breather modes only are eventually formed in the junction.
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The two panels, obtained for a« = 0.02 and o = 0.04, show that the extension of the on-
ly-breather regions grows for higher values of the damping coefficient, which can be under-
stood by considering the breather as the result of the bond between a kink and an antikink
generated as a pair.

We also investigated the radiative decay process of the induced (single) breathers.
Since the peaks associated with the oscillation cycles follow an exponential trend, a standard
fitting procedure is applied to these points, defining the breather lifetime t as the reciprocal
of the exponential decay rate. The obtained results (not shown here) are in good agreement
with the perturbative prediction, i.e., T ~ 1/« [5].

Finally, we looked at the effect of the bias current. In this case, only-breather zones are
expected to progressively vanish as the y perturbation term gets stronger, since it tends to
tear the breather state apart [6]. Such a phenomenon is indeed observed. However, our simu-
lations (not shown here) also indicate that current values y < a can support the formation of
breather modes, which is an interesting fact.
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MULTI-PARAMETER QUANTUM METROLOGY NEAR FIRST AND SECOND
ORDER QUANTUM PHASE TRANSITIONS
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In this paper we study how the compatibility in the simultaneous estimation of different
parameters can be affected by the critical behavior of many-body systems. The amount of
incompatibility in an estimation scheme can be measured by the compatibility index R
introduced in Ref. [1], which is proportional to the ratio between the mean Uhlmann curva-
ture and the quantum Fisher information

R = |2iF*U]|_. 1

The compatibility index denotes the discrepancy between the attainable precision in a
multi-parameter estimation setup and the precision predicted by the quantum Cramer-Rao
bound. R has values that range in [0,1]. The limit R = 0 marks the maximal compatibility
possible and it is an equivalent formulation of the compatibility conditions reported in Ref.
[2]. The latter signals the conditions in which the attainable precision saturates the quantum
Cramer-Rao bound, i.e. the ultimate precision achievable in any given setup. Higher values
of the compatibility index describe situations in which the attainable precision deviates from
the optimal one and R = 1 marks the maximal discrepancy possible.

Since the quantum Fisher information diverges at the critical point of a quantum phase
transition, it is possible that the index in Eq. (1) goes to zero near criticality, so many-body
systems become legitimate input probes for a metrological scheme. This situation was seen
for the first time in Ref. [1] where the compatibility index of a one-dimensional Ising chain
with a transverse magnetic field for a set of parameters goes to zero at the critical point. This
work provides an extension of these concepts to qualitatively different systems.

The first system analyzed is an XY lIsing chain, whose Hamiltonian has the following
form

y (44D (1-v)
H=- Z < > v oo, + > r ol +Aaiz>. 2

i=—M
where of, (i = x,y,z) are the Pauli matrices in the n-th site of the chain. Since the analytical
form of the ground state is known, we choose it as an input probe for the metrological setup

po = [¥g)(Wgl- 3
The parameters of the estimation are introduced through the unitary rotation
Uy, =expi ((pxSx + ¢,5, + (pZSZ). 4)

We perform an infinitesimal rotation around the origin ((px =@y =@, = 0). From the
analytical expression of Eq. (3) it is possible to obtain the expression of the quantum Fisher
information

Fyp =4C(S,,53), )
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where C(Su, SA) is the covariance of the spin operators. It is also possible to find the expres-
sion of the mean Uhlmann curvature

Uy = —iTr(p[S, S2]). (6)

The interesting result for this system is that the ferromagnetic region is a zone of huge
compatibility, in which the R index has values close to zero and goes abruptly to 1 at the
phase transitions with a behavior that resembles a step-function as the size of the chain
increases.

The other system analyzed is a one-dimensional Ising chain with transverse and longi-

tudi-
nal magnetic fields, whose Hamiltonian has the following form

H = —Z of 0%y + hyol + hyo! + hyof. )
7

The presence of the longitudinal magnetic field, in this case, allows us to add to the set
of estimation parameters the amplitude of the magnetic fields, a proxy of the order parame-
ter of the systems. Despite its benefit, the presence of this term breaks the integrability of the
systems, so we must diagonalize it numerically through the application of the Lanczos
method. In order to compute the compatibility index, we found numerically the quantum
Fisher information through a parabolic fitting of the Uhlmann fidelity [3] and the mean
Uhlmann curvature through the linear fitting of the complex angle of the Bargmann invari-
ant [4]. In this system the compatibility index seems not to be affected by the continuous
phase transition, that occurs when the system crosses the point in which the modulus of the
transverse field is equal to 1 and the longitudinal field is zero. This is probably due to the
presence of also a first order phase transition that takes place when the systems cross the line
h, = 0 with a modulus of the transverse magnetic field less than 1. In the figure below we
show how the compatibility index, for the simultaneous estimation of two of the three mag-
netic fields, is affected by the first order phase transition. As it can be seen, in the point h, =
0 the compatibility index goes always to zero, probably because in this point the compatibil-
ity conditions are satisfied independently of the critical behavior of the system. However,
the scaling behavior is completely different in the two scenarios: when h, = 0.2 the pres-
ence of the first order phase transition makes R go abruptly to zero and scales exponentially
with the size of the systems. On the other hand, when h, = 1.2, the compatibility index goes
slowly to zero with a linear scaling in the system size.

In this work we have seen a variegated dependence of the compatibility index on criti-
cal-ity. In fact, the R index displays qualitatively different behaviors at criticality from the
results of Ref. [1], with a special focus on the role of the first order phase transitions on the
compatibility of multi-parameter estimation. Lastly, we emphasize that the results presented
here have been obtained for a paradigmatic model whose behavior is likely to be representa-
tive of a whole universality class.

The compatibility index R,, for different values of n. (a): hy, =02 and h, €
[-1e — 7,1e — 7]. (b): h, = 1.2 and h, € [—0.06,0.06].
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ROLE OF RANDOMLY FLUCTUATING TEMPERATURE
IN A O-DIMENSIONAL BIOGEOCHEMICAL MODEL
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1 University of Palermo, Palermo, Italy
2 OGS, Trieste, Italy

To correctly and exhaustively model the dynamics of a marine ecosystem one has to
consider the random perturbations coming from the environment. Indeed, the critical role
played by environmental parameters in determining the steady-state of an aquatic ecosystem
is clearly showed in phytoplankton population dynamics. In this case, for example, physical
variables, such as temperature, can modify the spatio-temporal behaviour of the net growth
rate of the phytoplankton biomass production mechanism [1]. Moreover, changes of limiting
factors such as the light intensity and nutrient concentration cause the phytoplankton system
to undergo a passage from a stability condition to another and vice-versa [2]. These exam-
ples indicate that noise should not be considered as only a source of disorder, but as a neces-
sary and fundamental ingredient to correctly describe the dynamics of open systems and to
unveil intriguing and counterintuitive effects. Thus, in view of a combined mod-
el/experiment approach, stochastic models represent a powerful tool suitable to capture and
predict the dynamics of biogeochemical properties of real marine ecosystems.

In the light of these considerations and according to previous works [3,4], the model
used in this work takes into account the effects of random fluctuations by considering the
temperature as a stochastic process. We have devised a zero-dimensional stochastic biogeo-
chemical flux model (SBFM), starting from the well-known deterministic biogeochemical
flux model (BFM) [5]. The latter is used in a wider context to simulate the biogeochemical
dynamics as driven by circulation, seawater properties, photosynthetically active radiation,
and biogeochemical interactions. The BFM simulates a planktonic food web of four phyto-
plankton populations (P1, P2, P3, P4), one heterotrophic bacterial group (B1), two microzo-
oplankton groups (25, Z6), and two mesozooplankton groups (Z3, Z4). It accounts for bio-
geochemical cycles of carbon, phosphorus, nitrogen, and silicate. The evolution of dissolved
and particulate organic matter is also included, as well as the dynamics of the microbial
loop.

As claimed above, the SBFM includes additive noise sources to simulate the stochastic
variability of physical variables such as the temperature. In particular, we have modified the
initial (deterministic) BFM by considering the temperature as a stochastic process, i.e. a
virtual Brownian particle “moving” under the influence of a self-correlated Gaussian noise,
modeled through a term of additive noise, which accounts for random fluctuations coming
from the environment and always present in a real ecosystem. Mathematically the tempera-
ture is described by the following Langevin equation

T(t) = Tgee(t) + Fr (), @)
dFr(®) _ Fr _
- ta®, FO =0 @
where &7(t) is a white Gaussian noise with mean value and correlation function given by
Er@®)=0,  (r®ér(t)) =Dt —t") ©)
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with D being the noise intensity and Fris the temperature fluctuation.

The fluctuation of temperature described by eq. 2 corresponds to a damped brownian
motion, the so called Ornstein-Uhlenbeck process. The damping strength is parametrised by
the temporal scale t. D is the amplitude of the noise fluctuation expressed in °C?/s. The
introduction of the damping term is extremely important. In fact, perturbing the system by
modeling the temperature as a Brownian particle, i.e. subject to white Gaussian noise, re-
sults in a divergence of the temperature variance in time. Selecting different values of D and
T allows to estimate how a prescribed variance of temperature affects biogeochemical dy-
namics.

In order to find out possible nonmonotonic behaviours, in the figure below different
curves of mean value biomass concentrations for different values of t against the parameter
D are shown. The mean value concentrations of the populations, shown in the figure below,
appear to depend on both t and D, whose values determine the steady value of the tempera-
ture's standard deviation (amplitude of fluctuations) (plot not shown). Further, the mean
value concentrations of the nine populations are not equally influenced by ot (random fluc-
tuations of temperature). The concentrations of the most abundant species in the stochastic
approach (B1, P3, Z5, Z6, Z4) deviate from the deterministic value (see the left part of the
curves in the figure) approximately of -13\% for bacteria (B1) and -32\% for omnivorous
mesozooplankton (Z4). Larger effects (>100\%) are found for P1, P2, P4, Z3.

Dinoflagellates are always extinct except for t=365 days and D > 7.5 x 106 °C%s,
which indicates the constructive role of random fluctuations, whose presence can contribute
to preserve some populations excluded in the deterministic regime. From the point of view
of real ecosystems this could explain the appearance or disappearance of some planktonic
groups and the enhancement of diversity driven by fluctuations.

Nonmonotonic behaviour emerges both for bacteria and microzooplankton as a function
of the noise parameters, a phenomenon typical of noise-affected nonlinear systems. In par-
ticular, bacteria exhibits a nonmonotonic behaviour with respect to t for D=10"* °C%/s. Be-
sides the nonmonotonicity for t=365 days, which characterizes the microzooplankton and, to
a lesser extent, bacteria and omnivorous mesozooplankton, we see that other two nonmono-
tonic behaviours are present: diatoms and nanoflagellates indeed exhibit an evident maxi-
mum for t varying in the interval [45,90] days.

Results from the stochastic 0-D BFM. Each panel shows the mean value (the average is
taken over time and over 1000 realizations) of carbon intracellular content (mgC/m?3) of
BEM plankton functional type with respect to the noise intensity parameter D and for seven
different values of t, namely: © =1 day (green line, down-triangle markers), t =15 days
(purple line, diamond markers), T =30 days (yellow line, up-triangle markers), t =45 days
(black line, circle markers), t =60 days (red line, square markers), t =90 days (blue line,
right-triangle markers), T =365 days (orange line, left-triangle markers).

In conclusion, we have seen that it is extremely interesting to study the effects of noise
in marine ecosystems, which are a particular example of complex system, because of their
intrinsic nonlinearity and their interaction with random fluctuations coming from the envi-
ronment. Indeed, we have shown that the interplay between the nonlinearity and noisy per-
turbations makes the system dynamics unpredictable in a non-trivial way, giving rise, in our
case, to characteristic nonmonotonic behaviours of the mean value concentration of the nine
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population biomasses with respect to the two parameters t and D which characterize the
stochastic process describing the randomly fluctuating temperature.
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THERMAL NOISE EFFECT ON THE MAGNETIZATION REVERSAL
PHENOMENON IN ANOMALOUS JOSEPHSON JUNCTIONS

C. Guarecello
University of Salerno

In our work, we discuss the bistable behavior of the magnetization of a current-biased
@o-junction [1, 2, 7, 8], with the aim to eventually conceive applications based on the cur-
rent-induced magnetization reversal [4, 5]. This kind of superconductor-ferromagnet-
superconductor Josephson junctions, which include a ferromagnetic thin film with an out-of-
plane magnetic anisotropy and a Rashba-like spin-orbit coupling (SOC), may show a finite
phase shift, ¢, in the current-phase relation [6, 18]. In the past few years many efforts have
been devoted to the theoretical study of this device [10, 11, 13-17].

The electrodynamics of a short ¢,-junction can by investigated through the resistively
and capacitively shunted junction (RCSJ) model for the phase difference ¢, generalized to
include the anomalous phase shift ¢,, and which in normalized units reads as follow [4,5]

do y

d
YT W[Ipigs(©) = sin(p —rmy) + Iy (O] + rd—";. (1)

Here, ¢, = rm,, since we are considering a two-dimensional SOC with momenta in the
plane of the ferromagnetic film and the charge current flows in x direction, and m,,, , =

M, ./M are the normalized magnetization components, with M = fM,% + MZ + M2, so

that m2 + m3 + mZ = 1. The term I;,;45(t) is the current bias flowing through the junction,
which is modelled as a rectangular pulse with intensity A and width ¢ = 10. Moreover,
w = w;/wp, With w; = 2R /®, being the characteristic frequency of the junction (R and
I, are the critical current and the normal-state resistance of the device, respectively, and @,
is the flux quantum), and wr = g,.K/M is the ferromagnetic resonance frequency (g is the
gyromagnetic ratio and K is the anisotropy constant).

In Eq. (1), I, (t) is a “thermal current” contribution with the usual white-noise statisti-
cal properties that, in normalized units, can be expressed as

(Ien(©)) =0 and (I (O (t)) = 2D,6(t — t'), @)
where
_ kBT [O) _ 1 kBT
SR W E )

is the dimensionless amplitude of thermal-current fluctuations.
The time evolution of the magnetization can be described in terms of the Landau-
Lifshitz-Gilbert (LLG) equation [9]
dM_a(MXdM) MxH @
dt M ar) 9 eff
Here, a is phenomenological dimensionless Gilbert damping parameter, and the effec-

tive field is Herp; = v with i = x,y,z, where V is the volume of the ferromagnetic

layer and the free energy of the junction can be written as
F = —E;@lyias + Es(@, o) + E- ®)
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2
Here, E; = ®olc/(21), Es(p, ) = Ej[1 — cos(p — o)], and Eyy = — = (22)" s the
magnetic energy depending on the anisotropy constant K. The ratio between the energy
scales of the system is indicated by the parameter ¢ = E;/(KV). The effective magnetic

field reads
H.pp = %[srsin((p —rmy)P + m,z]. (6)

It is convenient to write the LLG equations in spherical coordinates [12], so that the normal-
ized components of the magnetization can be expressed in terms of the polar and azimuthal
angles 6 and y as

m, (1) = sinf(t)cosy(t)

m, (1) = sin@(7)siny (1) 7

m, (1) = cosO(7).

By normalizing the time to the inverse of the frequency wp, i.e., t = wgt, the LLG equa-
tions reduces to the following two coupled equations

dao 1 ~ ~
T iva (Hegry + aHegr0)
dy csch ~ ~ ®)
Gt = 17 a2 WHerrx = Hepro),
where
H,fpo = ersin(p — rmy,)cosBsiny — m,sing )

H,sf, = ersin(@ — rm,)cosy.

Thermal noise also affects directly the magnetization dynamics via a stochastic field
H;y, a sort of “thermal field,” which can be added to the effective magnetic field term in Eq.
(4) [3]. The amplitude of this stochastic term is Dy = (eaw)D; [4].

Figure 1 shows the stationary magnetization, m£>1, i.e., the value of m,, at the time t =
tmax = 100, as a function of both the Gilbert damping parameter, «, and the SOC strength,
r, at different value of the pulse amplitude A; = {1.2,1.35}, see top and bottom panels,
respectively, with and without considering the thermal current effect (the noise amplitude is
equal to y = 0.005). The other parametersare ¢ = 10, w = 1, 0 = 5, and m,(t = 0) = +1,
i.e., at t = 0 we assume that the magnetization of the ferromagnetic layer points towards the
positive z direction.

In Fig. 1(a)-(c) we show the behaviour of m£>?* as a function of r and « in the determin-
istic case, namely, in the absence of noise, y = 0. Here, we observe contour plots composed
by many narrow dark fringes in which m{”> = —1. These fringes tend to enlarge and merge
by increasing further the bias current. The structure of these contour plots, indeed, depends
largely on the value of the pulse amplitude Ay, despite we observe in both cases showed in
Fig.1 the appearance of large areas in which the magnetization reversal systematically oc-
curs.

The situation changes significantly if we include the thermal current fluctuations. The
stochastic maps in Fig.1(b)-(d) are computed by averaging the stationary magnetization over
100 independent numerical runs. We observe that at small r the magnetization reversal
phenomenon is still absent, whereas noise mostly affects the regions with large r where the
averaged value of the stationary magnetization tends to distribute around zero. However,
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one can still observe dark regions in which the magnetization switching occurs. With a red
circle we highlight in Fig. 1(b)-(d) the region around the points («, r) where the magnetiza-
tion takes the largest negative average magnetization, i.e., the most stable (e, r) points.

(@) A;=12 (b)  4,=12. D,=0.005

1.0, 1.0

0.8 0.8

124 @ —

Figure 1
In conclusion, we studied the robustness of the magnetization reversal phenomenon in a
@o-junction against unavoidable thermal fluctuations. We observed that a sufficiently in-
tense noise contribution can even prevent the magnetization reversal phenomenon to take
place. Our finding can therefore be used for carefully setting the temperature of the system,
in order to assure the magnetization reversal induced by a current pulse, regardless of ther-
mal noise disturbances.
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AHANN3 HECTALIMOHAPHbBIX NMPOLIECCOB
B MPOBOASALLEN HATU MEMPUCTOPA,
OBYCNOBJIEHHbLIX AN®®Y3NEN NOHOB KUCITOPOOA

B.C. Koueprun?, A.B. Kmoes?, JI.B. Cynsiiixcun U, H.. IlTpay6?),
A.B. SIxumos V), B. Spagnolo®2 3

Y HHATY um. HH. Jlo6auesckozo
2 Universitadi Palermo and CNISM, ltaly
3 Istituto Nazionale di Fisica Nucleare, Italy

C 1enbio HCCIe0BaHUs HECTAllMOHAPHEIX IIPOIIECCOB B IPOBOISIIEH HUTH MEMpPHUCTO-
pa MCHONIB30BAJICSI BUPTYaJIbHBIIT MEMPHCTOpP, B KOTOPOM JUIsl (JOPMUPOBaHHS OANHOYHOTO
(umaMeHTa B TOHKOIIEHOYHOM 00pasiie CTaOMIM3UPOBAHHOTO UTTPHEM IHOKCHAA IHPKO-
Hus (YSZ) nprMeHeH 30H]] CKaHUPYIOIIEro aTOMHO-CHIIOBOr0 Mukpockona (ACM). Cxema
YCTaHOBKH IpeJICTaBlieHa B padorax [1, 2].

CHauvaya 30H IPHBOJUTCS B KOHTAKT C IOBEPXHOCTHIO IUICHKN Y SZ, U BPEMEHHBIE OT-
cuethl 3Ha4YeHui Toka lt (t) yepes 30HA 3aMKCHIBAIOTCS MPU HYJICBOM HANPSDKCHHH, TIPUIIO-
JKEHHOM K 30HAY, Vg = 0 (coctostHMe «1», €CTh KOHTAKT), YTOOBI M3MEPUTH BHYTPEHHUH
IIyM SKCHEPUMEHTAJIBHON YCTAaHOBKH. 3aTeM BBINOJHSETCS 3JIeKTPO(OpPMOBKA IOxaue
HamnpsbkeHus1 Vg = +6 B 1o Tex mop, moka TOK He JOCTHIHET 3alaHHOoro 3HauyeHus1 10-20 HA.
Tlocie 3TOro JaHHBIe O MIyMe Ui cocTostHus Hu3koro conporusienus (CHC) samuchiBa-
forest ipu Vg = +3 B. 3aTeM o0Opasen mepekiroyaeTcsi B COCTOSHIE BRICOKOTO CONPOTHBIIC-
Hust (CBC) myrem mojaun HanpspKeHus, TMHEHHO yMeHbiatonierocs o Vg = —6 B. Tlocine
storo myMm B CBC 3anmceiBaercs npu Vg = +3 B. 3atem oOpaser] cHOBa MEpeKIIoyacTes: B
CHC mnytem yBemuuenust Vg 1o +6 B, u m3mepenns myma B CHC nostopstorcs. ITocie
3Toro obpasen cHoBa nepekmouaetcs B CBC u tak nanee. Beero ¢ oHON TOYKH MOBEPXHO-
ctu BeinonHgeTcd A0 10 nuxiioB usMepenus myma B CHC u CBC. Hakonel, BHyTpeHHUH
IIyM 9KCIIEPHMEHTAIbHON YCTAHOBKH M3MEPSIETCSI C MOJHSATHIM 30HOM HaJl MOBEPXHOCTHIO
obpasna Ha pacctosiHue 4 MKM (coctostaue «0», HeT KOHTakTa). YacToTa JUCKPETH3AIUN BO
BceX M3MepeHusx coctapiser 15 995 I'n. Kaxnprit Habop naHHBIX (7anee — CKaH) COIECPIKUT
200 3armceit mo 1024 BeI6opkH (00mIast IMTETHHOCTH OHOM 3amucH cocTaBisieT 64.02 mc)
Ui ynoOcTBa manbHeimero OwicTporo mpeoOpasoBaHus Pypoe (BIID) m ycpenHeHus.
JIMMTeNnbHOCTh O/THO¥ 3amucu cocTaBiseT 64.02 Mc, a KaKAbli CkaH 3aHUMaeT okoJo 12.8 ¢.

B CBC nanHble IIymMa MOYTH HICHTHYHBI BHYTPEHHEMY ILIYMY SKCIIEPUMEHTAJIbHON
YCTaHOBKHU B COCTOSIHMM «0» M3-3a OYEHb MAJIOTO TOKa uyepe3 30HA. [1o3TOMy naHHBIE UIs
CBC 3xech He npuBoOAATCS, a JanbHemmni ananu3 npooautcs At CHC, rae Tok 3Hauu-
TebpHO Oounblie, yem B CBC. 3anucu npou3BOAMINCH MTOCIIEN0BATEILHO O/IHA 32 IPYTOH.

Ocuumtorpamma Toka li(t) B ckane CHC «1» mokasana Ha puc. 1. DTOT TOK SBHO He-
CTaI[MOHAPEH; CKaHBI «2» — «6» IeMOHCTPUPYIOT aHAJIIOTHYHOE MoBeneHue. OCummIorpam-
Ma rocjeqHero ¢pparmMenrta u3 ckana «1» (200-s 3amuce) mpencrasieHa Ha puc. 2. B man-
HOM ()parMeHTe OTYETIIMBO BHAHO IIPHCYTCTBHE CIydalHOTO TenerpaHOro mporecca
(CTII). B 6onbmuHcTBe ckanoB CTII cTosb SIBHO HE MPOSIBIISETCS.
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IMony4eHHble OleHKH (HYHKUNH IIOTHOCTH BepositHocTd (Pdf) st mocnenoBarenbHbIX
(«1» — «6») ckanoB B CHC mpencraBieHsl Ha puc. 3. DTH OLEHKH YCEYeHBI 110 TOPU30H-
TanbHOU ocu TokoM It = 200 mA st Gojiee YETKOTO MpeACTaBIeHUs pe3yabTaToB. OTcroaa
MBI SIBHO BUJIM HECTAlHOHAPHOCTH IryMa B Toke li(t). Ckan «1» xapakrepu3yeTcsi OTHOCH-
TEJBbHO MHPOKUM pasbpocom Toka li(t) u umeer HerayccoBckyo GopMy (QYHKIHH [LIOTHO-
CTH BEPOSITHOCTH.

C TedyeHHEM BpEeMEHHU M3MEpEHHs (PYHKIHUS IUIOTHOCTH BEPOSATHOCTH HpeoOpasyeTcs.
Tlocnennuii ckan «6» mmeer pdf, OGimskyro k 3akony ['aycca, aHamornudo ckany «(0)»

BHYTPEHHET0 IIyMa SKCIIEPUMEHTAILHON YCTAaHOBKH.
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OTH Ke CKaHbl UCNONb3yIoTCs st orieHku criekTpoB Si(f). st | = 0 MbI MeeM criekTp
BHYTPEHHEr0 [IyMa dKCIIEPUMEHTAIBHOW yCTaHOBKH, a 1uist | = [1, 6] — crextpsr Toka lt(t) u3
MOCIIE/IOBATENIFHO 3alMCHIBAEMBIX CKAaHOB. ODTH CHEKTPHI TOKa3aHbl Ha puc. 4. 31ech
HAIJISAAHO BHUAHO MPUCYTCTBUE KBAa3HTapMOHHUYECKHX MOMEX; 3TH KOMIIOHEHThI yIaISOTCS
NpH JaibHelInel o6paboTke.
HekoTopble cTaTUCTHYECKHE MapaMeTphl STUX OICHOK MpelcTaBieHbl B Tabnuue. [lepBbiii
CTONIOCI] 3TOW TAOJHIIBI COMACPIKUT TMepeueHb 00pabOTaHHBIX CKaHOB «1» — «6», cpenHue
JIAHHBIC THX CKaHOB «AVI» W CPEAHEKBAJPaTHYHOE 3HAYCHHE BHYTPEHHEro LIyMa dKCIIe-
puMeHTaIbHOH ycTaHoBKH «(0)». Cnenyroiiue dYeTbipe CTOJ0LA COAEpKAT OLICHOYHBIC
JIaHHBIE, XapaKTepU3YIoIIne (YHKIHMIO NIOTHOCTH BeposTHOCTH: <|> — cpenHee 3Ha4YeHue
Toka l(t) uepes 30u1 ACM, B A; G — cpeAHEeKBaIpaTHYHbIC 3HAUCHHUS (DIyKTyal[lii 3TOro
TOKa MOCJIE BBIYUTAHUS TOIl )K€ XapaKTePHCTUKH BHYTPEHHETO IIyMa SKCIIEPHMEHTaIbHOI
YCTaHOBKH, KoTopast purypupyer B cTpoke «(0)»; Y3 U ya — KOI(DOHUIIMEHTH aCHMMETPUH H
JKcIlecca Kak Mepa OTKIOHEHHMs oT 3akoHa I'aycca. Criemyrouiue qBa cToidla coaepxar
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MOJIrOHOYHBIE MapamMeTpbl A U y s (PIMKKEpHO#H KOMIIOHEHTHI criektpa myma (1) B

nA2/Tn

A

f_y f €lfu ful: 1)
Tlocnemuuit cronber TaGIUIBI CONEPKUT OLCHKU CPETHEKBAJPATHYHON BEITHINHEBI

CKa4KOB 3JICKTPOHHOTO TOKa 4epe3 HUTh B A [2, 3, 4]

o =+<an?>. 2

31ech a,, - BEIMYMHA CKauKa B TOKe lt, 00ycIIOBIICHHas €UHIMYHBIM CKAUKOM MOHA KHCIIO-
poxa BHYTpPH, JTMOO OKOJIO IPOBOASIIEH HUTH. YTIIOBBIE CKOOKH O3HAYalOT CTATHCTUYECKOE
ycpenHeHue. B pasHBIX ckaHax BenmumHa [y coctaBmsieT oT 0.6 no 9.2 mA, co cpenHuM
3HAUEHHEM I10 BCeM IIecTH ckaHaM 4.9 mA.

Srit (f ) =

Tabu.

Ne <le> o, TA Y3 Y4 A y io, TA
«1» 299 375 1.6 1.7 4500 1.3 6.9

«@2» 64 69 4.2 25.0 1000 1.3 3.2

«3» 269 289 3.5 21.6 8000 1.3 9.2

«» 63 35 0.4 -0.3 100 1.3 1.0

«5» 37 25 1.0 5.5 40 1.3 0.6

«6» 6.7 19 6.3 91.5 120 1.3 1.1
«AVIH» 123 196 2300 1.3 4.9

«(0)» 4.3 16 0.0 -0.4 2.0 1

Kak BuaHO M3 TaONUIEI, >IEKTPOHHBIA TOK Yepe3 MPOBOSIIYI0 HHTh JEMOHCTPUDPYET
HECTAI[OHAPHOE MOBEJCHHE C Pa3HBIMH 3HAYEHWSMH CTaTUCTHYECKUX IapaMeTpPoOB OT
OJIHOTO CKaHa K Apyromy. Tem He MeHee NpeI0KEHHBIH KOCBEHHBIH METOJ| CHEKTPOCKO-
i HY ¢uikkep-yma 1aeT BO3MOXKHOCTh OLIEHUTH CTPYKTYPY JIEKTPOHHOTO TOKa depes
BUPTYaIbHBIf MEMPUCTOP HAaHOMETPOBOTO pa3Mepa, He YTOUHsS MeXaHU3Ma JICKTPOHHON
HPBDKKOBOM IIPOBOJMMOCTH.

IMpenynoxxeHHbI KOCBEHHBII MeTox criekTpockonuu HY ¢umkkep-nryma gaet BO3MOX-
HOCTb OIICHUTH CTPYKTYPY 3JIEKTPOHHOTO TOKA Yepe3 BHPTYAIbHBIH MEMpPHCTOP HAHOMET-
POBOTO pa3Mepa, He YTOUHSS MEXaHW3Ma 3IEKTPOHHOM MPBDKKOBOH IIPOBOANMOCTH.

Crnenyer OTMETHTB, 94TO MOJOOHBIH 3ddekT merpamanmy HabmMoOgaeTC Takke U B 00-
pasmax u3 HuTpuna kpemHus SisNa, ncciremoBaHHEIX B [5]. C yMeHBIIEHHEM TOJIIUHEI
IPOBOJISIICH HUTH TaKKe YMEHBIIASTCS M CTaOMIBHOCTh ee XapakTepucTuk. Heooxoanmo
MMETh B BHIY, 4TO JUIS YBEIHYEHHsI CKOPOCTH MepeKirodeHus Tpedyercs ObicTpas nudoy-
3MS1 HOHOB KHMCIIOPOa, a I YMEHBIIEHHS Jerpaanuu odpasna — Hao60poT.

Hacrosimias pabora mojiepkana IlpaButensctBoM Poccuiickoit denepaunu, 10roBop
Ne  074-02-2018-330 (2). MU3smepenmst mpoBomwiuck Ha obopynoBannu Haydno-
00pa30BaTeNLHOTO EHTPa (PU3NKH TBEPAOTENbHBIX HaHOCTpYKTyp HHI'Y.
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EFFECT OF EXTERNAL NOISE ON THE RESISTIVE STATE OF
THE MEMRISTIVE STRUCTURES BASED ON ZRO2(Y)

M.N. Koryazhkina?, A.l. Belov), M.E. Shenina?, I.N. Antonov?, A.N. Mikhaylov?,
D.O. Filatov?, O.N. Gorshkov?, N.V. Agudov?, A.A. Dubkov?, B. Spagnolo? 2

1) |obachevsky State University of Nizhny Novgorod
2 University of Palermo

The development of the a new type of computer non-volatile memory — Resistive
Random-Access Memory and its key elements — memristors (or memristive structures) — is
one of the most pressing scientific and technical problems of modern information
technologies. Memristor is a capacitor capable of changing the conductivity of a dielectric
under the influence of an applied voltage and maintaining a state with a certain resistance
for a long time without additional energy. The operating of memristors is based on the effect
of resistive switching (RS). It is a reversible bistable (multistable) change in the electrical
conductivity of a dielectric under the influence of an external electric field. Today’s
understanding of the RS mechanisms is based mainly on the concept of filaments. A
filament is a conductive area inside a dielectric. Filaments are formed during the
electroforming process. In this process the atomic configuration in the filament region
changes. This leads to a local changes in conductivity. The switching of a memristor from
the low-resistance state (LRS) to the high-resistance state (HRS) is achieved by the rapture
of the filament by a voltage pulse. The filament can be restored by a voltage pulse of the
opposite polarity that results in the switching from the HRS to LRS.

It should be stressed that the RS is a random process essentially. This is due to the fact
that the rapture and restoring of the filaments in oxides take place near the interface of the
filament with one of the electrodes through the jumps of the O% ions via the oxygen
vacancies in a small volume (several cubic nanometers) near the filament tip.

The memristor can be considered as a multistable nonlinear system whose behavior can
be described using the methods of statistical physics. The impact of noise on such systems
can lead to the occurrence of phenomena, where noise plays a constructive role. Some
phenomena inherent to the stochastic multistable systems have been observed in memristors
indeed [1-8].

The present work is dedicated to the results discovered changes in the resistive state of
memristive structures based on ZrOz(Y) under the influence of external noise signal.
Schematic representation of investigated memristive structure shown in Fig.1. The lateral
dimension of the active area of the memristive structure is 20x20 um?. The electroforming
and preliminary electrical characterization of the memristive structures were performed
using Agilent B1500A semiconductor device parameter analyzer.

Investigation of the effect of external noise on the resistive state of the memristive
structures based on ZrO2(Y) was carried out using the Multifunction 1/0 Device USB-6361
(National Instruments). A constant offset (1.5 V) with superimposed external white
Gaussian noise with different intensity (in the range of 4.9-(10"% — 10-1%) V2-s) was applied
with a frequency of 2 MHz to the memristive structure in a LRS at room temperature. The
current response of a memristive structure was recorded with a frequency of 2 MHz from a
load resistor (100 Q), which was connected in series with the structure.
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The resulting waveform of the current was obtained as time average over a short time
interval Ta = M-ts = 5x105, where M = 100 is the number of points in the time series of the
current, measured within the interval Ta. The duration of each experiment was 10 s. As a
result of effect of external noise signal, the memristive structure changed its resistive state to
a less conductive one.

Fig. 2 show the typical current-voltage curves, measured in the current compliance
mode before and after effect of external noise signal.

Fig. 3 show the typical waveform of the current flowing through the memristor under
the external noise signal. It is shown that the application of a constant offset with
superimposed noise leads to a change in the resistive state of the memristive structure. It is
assumed that this transition is associated with a change in the potential profile of the
memristive structure (microscopically with a change in the current-carrying capability of the
filament).

Fig. 4 shows the dependence of the relaxation time on the noise intensity. The
relaxation time of the resistive state (z) is understood as the average time during which the
initial value of the current decreases by a factor of e. To determine the relaxation time, each
waveform of the current was approximated by a decaying exponential dependence.
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In the present work, we have investigated experimentally the response of a memristive

structures based on ZrOz(Y) to external noise signal. It is shown that the application of such
signals leads to a change in the resistive state of the memristive structure.

Acknowledgements
This work was supported by the Government of the Russian Federation (agreement No.

074-02-2018-330 (2)). The studies were performed using the hardware resources of the
collective use center: Research and Education Center “Physics of Solid State Nanostruc-
tures” Lobachevsky State University of Nizhny Novgorod.

(1]
(2]

3]

(4]

[5]

(6]

[7]

(8]

Patterson G.A., Fierens P.1., Grosz D.F. // Applied Physics Letters. 2013. Vol. 103.

P. 074102.

Filatov D.O., Vrzheshch D.V., Tabakov O.V., Novikov A.S., Belov A.l., Antonov |.N.,
Sharkov V.V., Koryazhkina M.N., Mikhaylov A.N., Gorshkov O.N., Dubkov A.A.,
Carollo A., Spagnolo B. // Journal of Statistical Mechanics: Theory and Experiment.
2019. Vol. 2019. P. 124026.

Ntinas V., Rubio A., Sirakoulis G.C., Rodriguez R., Nafria M. // Proc. 2019
IEEE/ACM International Symposium on Nanoscale Architectures (NANOARCH).
2019.P. 1.

Filatov D.O., Novikov A.S., Baranova V.N., Antonov D.A., Kruglov A.V., An-

tonov I.N., Zdoroveyshchev A.V., Koryazhkina M.N., Gorshkov O.N., Dubkov A.A.,
Carollo A., Spagnolo B. // Journal of Statistical Mechanics: Theory and Experiment.
2020. Vol. 2020. P. 024005.

Agudov N.V., Safonov A.V., Krichigin A.V., Kharcheva A.A., Dubkov A.A., Valen-
ti D., Guseinov D.V., Belov A.l., Mikhaylov A.N., Carollo A., Spagnolo B. // Journal
of Statistical Mechanics: Theory and Experiment. 2020. Vol. 2020. P. 024003.

Ntinas V., Rubio A., Sirakoulis G.C., Aguilera E.S., Pedro M., Crespo-Yepes A., Mar-
tin-Martinez J., Rodriguez R., Nafria M. // IEEE Transactions on Circuits and Systems
I1: Express Briefs. 2021. Vol. 68. P. 1378.

Mikhaylov A.N., Guseinov D.V., Belov A.l., Korolev D.S., Shishmakova V.A,,
Koryazhkina M.N., Filatov D.O., Gorshkov O.N., Maldonado D., Alonso F.J.,

Roldan J.B., Krichigin A.V., Agudov N.V., Dubkov A.A., Carollo A., Spagnolo B. //
Chaos, Solitons and Fractals. 2021. Vol. 144. P. 110723.

Ushakov Y., Balanov A., Savel’ev S. // Chaos, Solitons and Fractals. 2021. Vol. 145.
P. 110803.

466



Tpynsr XXV Hayunoit konpepenuuu no paguodusuke, HHI'Y, 2021

PEAJNIU3ALINA TEHEPATOPA CNYYAMHbIX YACEN HA OCHOBE 5
MEMPUCTUBHbIX YCTPOUCTB Ansd CUCTEM UH®OPMALIMOHHOM
BE3OMACHOCTH

A.H. Muxaiiaos, JI.B. I'yceiinos, A.U. Bexos, /I.C. KopoJaes, A.H. lllapanos,
M.O. llammun, B.U. JIykosinoB

HHI'Y um. HHU. Jlobauesckozo

Beeoenue

TIporpamMMHBIe cpecTBa KPHIITOrpadHUuecKoi 3auThl 001aIa0T BBICOKOH CTEHCHBIO
YA3BHMOCTH, [IO3TOMY C Pa3BHTHEM HOBBIX IMPOPBIBHBIX TEXHOJIOTHH, B YacTHOCTH «HHTEp-
HeTa Belleil», HACYIIHOW MpOGIeMOil CTAHOBHUTCS CO3JaHHE KOMITAKTHBIX alIapaTHBIX
crucTeM 0e30MaCHOCTH, KOTOPBIC HE YCTYITAIOT POrPaMMHBIM CHCTEMaM B 3((eKTHBHOCTH,
HO TIPH 9TOM SIBISIFOTCSI Topasmo Gosee 3amumieHHIMA. OCHOBHASI Mes CO3MAaHMS TaKUX
aInmapaTHBIX CHCTeM 3aIllUThl — 3TO WCHOIb30BaHNE HU3UUECCKH HEKIOHUPYEMBIX DYHKIIHIA,
KOTOpBIE OMPEACISIIOT KPUITOrpadiIecKie KU U3 BAPUALNK MPOIIECCOB M3TOTOBICHUS
WJIH €CTECTBEHHOTO pa3bpoca mapaMeTpoB U3TOTOBICHHBIX CTPYKTYpP. OIHH U3 BO3MOKHBIX
BAPUAHTOB alllaPaTHBIX CHCTEM, PEATM3YIOIINX 3Ty HIEI0, OCHOBAaH Ha HCIIONB30BAaHUH B
KauyecTBE KIIFOUCBOTO 3JIeMeHTa MeMpucTopa [1, 2].

Ilpunyun pabomol

(SET)

i

Wununannzaums (RESET)

(6)

DUHANLHDE COCTORNME MEMpHCTOPa *

12 34 5 878 9

Homep yukaa

Puc. 1

Jns re”epaumu ciiydaliHBIX IOCIEIOBATENLHOCTEN YHCEN HCIOJb3YyeTcsl cilydaiHoe
MepeKTIOYeHIe OTHOTO M3 JABYX WIH 0oliee MapaulelbHBIX MEMPHCTOPOB B MPOBOJIIEE
COCTOSIHHE TIPU T0/1aue OOIIEro HanpspKeHHs cMelieHns. JJaHHbIA MPUHINT POMILTIOCTPH-
pOBaH Ha puc. la Ha mpuMepe ABYX NapajuleNbHO COSAUMHEHHBIX MeMpUCTOpoB. [Ipu nogaue
o01iero UMITyabca HalnpsDKEHHs, COOTBETCTBYyromero npoueccy SET, kak TONbKO OUH U3
JIByX MEMPHUCTOPOB IEePeXOUT B mpoBosuee coctosHue (ON), mporecc 3aBepaercs, Tak
KaK NaJCHUEC HaNpPsAXCHUA Ha BTOPOM MEMPHUCTOPE CTAHOBUTCA HEAOCTATOYHBLIM IJId MIEPE-
KITIO9eHMs (M3BECTHBIN MPUHIMNI «I00eanTeNb 3a0upaeT Bcey). VIToroBoe cocTosHIE OJHO-
TO U3 MEMpPHCTOPOB B Iape OT IWKJIA K NUKIY JaeT CIyJaifHyIo MOCIIeIOBaTeIbHOCTh OH-
HAapHBIX COCTOSIHMH, KaK 3TO CXEMAaTH4YEeCK! ITOKa3aHo Ha puc. 10. 11 MHUIMamM3anun
HCXOMHBIX BEICOKOOMHBIX cocTostHUH (OFF) 11 060MX MEMpPHCTOPOB peas3yeTcst poece
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RESET. B cinyyae MeMpUCTOPOB C OJMHAKOBBIMU XapaKTEPHCTHKAMU BEPOSTHOCTH Iepe-
KIIIOYEHUsI OJJHOro MeMpHucTopa paBHa 50%, uTo JaeT paBHOMEpHOE paclpelielieHue Cly-
YaifHBIX YHCENl B MOCIEA0BaTeNbHOCTH. [Ipy oTaMyny B mapameTpax pe3UCTUBHBIX COCTOS-
HUH MOTYT HCIOJNB30BAaThCS MOCIEAOBATENbHBIE COMPOTUBICHUS, TOACTPANBAIOIINE HEOO-
XOIMMOE TaJieHNe HAIPSHKEHUSI Ha KaXKIOM U3 MEMPUCTOPOB.

IIpoBeneHo TeopeTHyeckoe (KOMIBIOTEPHOE) MOICINPOBAHNE AUHAMUKH PE3UCTUBHBIX
COCTOSTHMM MEMPHUCTHUBHBIX YCTPOMCTB Ha OCHOBE SKCIIEPUMEHTAIILHO OIPE/IEICHHBIX Mapa-
METPOB PE3UCTUBHOTO TEPEKIFOUCHHUS W BBHIOPAHHBIX PEKUMOB DIICKTPHUECKOTO BO3JICH-
CTBHS, CTCHEPHPOBAHBI B MOJCIH OHWHApPHBIC IMOCICIOBATCIBHOCTH YHUCEN C JUIMHOU HE
Menee 106 OUT, IPUTOJHEBIC ISl TPOBEICHHS CTATUCTUIECKUX TecToB NIST.

s omucaHus AMHAMUKKA OJHOTO MEMPHCTOPA HMCIOJIb30Bajach OJHOMEpPHAs MOJAETb
MOPOTOBOTO THIIA, TJIE MIAPAMETPY COCTOSHUS X CTABHJIACH B COOTBETCTBHE IJIMHA IIPOBOIS-
mero kaxHana (Quiamenta), GpopMHUpYOLIETocs W Pa3pyLIAIOUIETOCS B OKCHIHOM CIIOE
MEMPHCTHBHOTO YCTPOICTBA B MPOILIECCE PE3UCTUBHOTO MEPEKITFOUCHHS:

dx (1)
—=f)
dt

Oynknus f(V) onuceiBaeT AMHAMUKY TIEPEMEHON X 3a c4eT napeiida BakaHCHil / HOHOB

KHCJIOpOJia MPH HAIPSDKEHUSX BhIIIE TTOPOrOBOTO:

{f(V)=a-exp(b(V—Vm)), V] = Vel @)
f) =0, V] < [Venl, ®)

rae a u b koaddunuenTe!, V — HanpspKeHHE Ha MEMPHUCTOpE, a Vih — MOPOroBOe HampsiKe-
Hue. Tak Kak B pacCMaTpUBAEMOil cXeMe JCHCTBYET OrpaHWYCHUE MO TOKY lcc, MpeaoTBpa-
HIarolIee MOBPESKACHHE MEMPHUCTOpa NPH MOJadye OTpHUIlaTeNbHoro ummyiabca SET, To
HanpsHKeHne Ha MeMprcTope V ormpeiensieTcst KaK:

V=Vth’ 1<ICC

RiR, 4

V=1 I>1 (5)

“Ry+R,’
rae Ri2 = Ronx + Rorr( - x) — comporusienus mempucrtopoB 1 n 2, a I = Vinr(R1 +
R2)/(R1Rz2) — Tok B 1ienn. CiemyeT OTMETUTh, YTO JAHHOE BBIPAKEHHE ONUCHIBACT «IIPOCA-
Ky» HalpsOKeHHs Ha MEMPHCTOPE, KOTOPas JISKUT B OCHOBE OINMCAHHOTO BBIIIE TPUHIIATA
«mobenuTens 3a6upaeT Beey.

3Kcnepwneumaﬂbuaﬂ uacmos

Bom ncmonp30BaHEl MUKPOYCTPOHCTBA HA OCHOBE CTPYKTYP «METAIT-OKCH-METalDy
(Au/Zr/ZrO2(Y)/TiN/Ti) B nHTErpansHOM HCIIOTHEHUH, yIOBJICTBOPSIONINAE MTOBHIIICHHBIM
TpeGOBAHUAM K YCTOMUMBOCTH PE3MCTUBHOTO Tepexmodenus (10 108 mukios nepesanucu)
¥ CTaOWILHOCTH 3aJIaHHBIX PE3UCTUBHBIX COCTOSHUI (He Menee 10% ¢) myist reHepauu ciy-
YaiiHBIX OMHAPHBIX TOCIIEI0BATEILHOCTEH YHCEIT.

Pe3ucTuBHOE NepexiIoYeHHue MPOU3BOIWIOCH MyTEM IOJAuM NMEPUOIUYECKHX Iepe-
KITIOYAIOIIIX UMITYJIECOB C ONPEIEIEHHON aMIUTUTY 10N B JUTHTEIFHOCTBIO. JIIsl OT/eIBHBIX
MEMPHUCTUBHBIX MUKPOYCTPOHMCTB HCCIIEJOBAaHbI 3aBUCHMOCTH BEPOSTHOCTH IEPEKIIOUCHHUS
ot ammmutyzasl (1-2 B) u mmarensrocTH (0,02-100 MC) NpsIMOYTOJIBHOTO MMITYIIBCA HAIpsi-
skeHus SET, KOoTopsIit TepeBOANT MEMPHCTOP B IPOBOsIIee cocTostHue. [t onpeneneHus
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BEPOSITHOCTH TIEPEKIIIOUCHHUS Ul KaKTOH KoMOMHanuu nmapamerpoB mMmmyisca SET, nan-
HBII UMIyJbC MOoAaBascs He MeHee 50 pa3 ¢ MHULIMAIU3alKeil HeMPOBOAAIIEIO COCTOSHUS
nmiyinscoM RESET nocne xaxnoro umnynsca SET. TunnuHbele 3Ha4eHHs BEPOSATHOCTH B
3aBHCUMOCTH OT aMIIuTyAbl (User) u anutensHocT (tseT) uMmynsca SET npencraBineHs
Ha puc. 2. BunHo, 4to npu Gosbumx aMmutyzax USET BEPOSTHOCTD MEPEKIIOUCHHS CTpe-
muTcs K exunune. [lo Mepe yMeHbIIEHU aMILTUTYIBI JUIST KaXI0T0 KOHKPETHOTO TSET BEPO-
STHOCTh yMeHbIaeTcs. OT JUIMTEIBHOCTH HMMITYJIbCa TSET 3aBUCUMOCTB IIPOCIICIKUBAETCS
JMIIG I aMIDIATYA B auanasoHe 1-1,5 B, korna HampspkeHHe MOKeT OBITH HEJOCTATOY-
HBIM JJIs1 [IOJHOTO MEpeKIIoueHHs. B 3Tux ciydasx MEMpHCTOp Hallle BCEro OCTAaéTCs B
MIPOMEKYTOYHOM COCTOSIHUH (HEIIOJTHOE IePEKITIOYCHHE).

Tsa(Me) / Usa(B) -1 -1.3

0,02 0.084211 08125

0.1 0.5 0,833333
1 0.276596 0,808511
10 0.244186 0,802469

100 0.276596

Puc. 2

IIpoBeneHo TecTHpOBaHWE C TIPUMEHEHHWEM CTaHIAPTHBIX CTaTHCTUYECKUX TECTOB
NIST crenepupoBaHHBIX OMHAPHBIX MOCIEIOBATEILHOCTEH YHCEN, KOTOPHIE MOATBEPIIH
WX CIy4alHBII XapakTep U BO3MOXHOCTb MX HCIIOJIB30BAHUS MPH IIOCTPOSHUH KPUITOTpa-
¢ugeckux xmovet. ['eHepanms OWHAPHBIX CIYYalHBIX ITOCIEIOBATEIFHOCTEH YHCEN OCY-
MIECTBIATIACH KAaK B MIPEJCTABICHHOM BBIIIE MOJIEINH, TaK U B SKCIIepIMeHTe (puc. 3 u puc. 4
COOTBETCTBEHHO) C HCIOJIBb30BaHHEM OTOOPAaHHBIX MapaMeTpoB umIryascoB SET, moaxons-
WX JUIS TTIOJTHOTO MEPEKII0YeHHUs KaXKJI0r0 MEMPUCTHBHOTO YCTPOWCTBA B TIape.
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Jlunelika W3 mapayuleIbHO COSTMHEHHBIX MEMPHCTHBHBIX CTPYKTYP MOXKET OBITh HC-
TOJTb30BaHa KaK 3JIEMEHT aIllapaTHOW CUCTEMBI TeHepalny OMHAPHON CITy4aiiHOW MOCieno-
BaTenbHOCTH. [TyTéM Bapmariy mapaMeTpoB MEePEeKITIOYeHHs B J00aBOYHBIX CONPOTHBICHUH
MOXHO yHPaBIISITh BEPOSITHOCTHIO MEPEKITFOUCHHUSI TOTO WIIM HHOTO MEMPHCTOPA B JINHEHKeE.

TecTupoBaHre MOAENBHBIX JAaHHBIX T'€HEPAIMH CIyJaiHBIX YHCEN MOKAa3alo, 4To MOo-
Jy4eHHasl MOCJIeI0BAaTeIbHOCTh OTBEYAET KPUTEPUSIM «UCTHHHO CITydaifHoi» mocnenosa-
TEJNBHOCTH. DKCIEPUMEHTAIbHbIE K€ JaHHble MOATBEPXKAAIOT 3TO JIUIIb OTYACTH, BBUAY
Masoi AMUTENBHOCTH TOCIEN0BATENBHOCTH ISl TECTUPOBAHHSI.

[1] Jiang H., Belkin D., Savel’ev S.E., Lin S., Wang Z., Li Y., Joshi S., Midya R., Li C.,
Rao M., Barnell M., Wu Q., Joshua Yang J., Xia Q. // Nature Commun. 2017. Vol. 8.
P. 882.
[2] Nili H., Adam G.C., Hoskins B., Prezioso M., Kim J., Mahmoodi M., Merrikh Bayat F.,
Kavehei O., Strukov D.B. // Nature Electronics. 2018. Vol. 1. P. 197.
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AHAIU3 3HEPTUA AKTUBALIUK OUDDY3UN MOHOB KUcnorop
B MEMPUCTOPAX METOAOM ®JIMKKEP-LLYMOBOW CMNEKTPOCKOMNNU

0.B. Maropuna®, A.B. Kmoes?), A.B. Sikumos?, B. Spagnolo? 2

1) HHT'Y um. H.H. Jlo6auesckozo
2) Universita di Palermo and CNISM, Italy
3) Istituto Nazionale di Fisica Nucleare, Italy

HccnenoBancst BUPTyaIbHBIIT MEMPHUCTOD, COCTOSIIIMN U3 KOHTAKTa IPOBOMSIIETO 30H-
Jla aTOMHOTO CHJIOBOTO MHuKpockoma (ACM) k TOHKOH IIEHKE MEepeKIIIoYaloIiero IudJeK-
TpHKa — JUOKCHJA IUPKOHMS, cTabmnmm3upoBanHoi nrtpueM (Y SZ), HaHec€HHOH Ha 0a3o-
BeIi TiN anextpon. [lnamerp KOHTaKTa 30HAA C TUIEHKOH cOCTaBIsLI 0kojo 10 HM.

AnanusupoBaics snekrpudeckuit Tok l(t), mporekarommii Yepe3 MpOBOMIMINIA KaHAT
(¢punament) B minéHke, obpasoBanHb mox 30HA0M ACM, kak B Hu3koM (LRS), tak u B
BeicokoM (HRS) pesuctuHOM cocTostHun. V3MepeHs! CIIEKTPBI TOKa B BHICOKOM M HU3KOM
pEe3UCTUBHBIX cocTosHMIX. OOHapyxkeHo, yTo mym B HRS mmeer mpaktuuecku TOT ke
CIIEKTp, YTO M COOCTBEHHBIH IIYM SKCIIEPUMEHTAIBHOH ycTaHOBKH. B LRS HaOmomancs
3HAUUTENbHBIH (uukkepHblil mym (PII). Onpenenén mapamerp dopmsr criektpa (y) I
IIpeamnonaraercs, 4To TOT IIYM CBsI3aH C JBIDKCHHEM MOHOB KHCIOPOZAA Yepe3 KUCIOpPO.-
Hble BakaHcud (Vos) B GUIIAMEHTE, KOTOPOE XapaKTEPH3YETCsl pa3InUaroIUMUCs (Cirydaii-
HBIMHU) 3HaueHusIMU >Hepruu E axtuBanmm. HaiineH Bua BEpOATHOCTHOTO paclpeneieHus
SHepruil axkTtuBanuy U(GQy3uH HOHOB KUCIOPOAAa BHYTPU MPOBOISAIIETO (hHIaMeHTa,
BILUIOTH 0 mpeaenbHoro ciydas (y=1), paccmorperHoro A. Bax nep 3wiom [1]. 3HaueHus
SHeprui, onpenenéHnsie mo cnextpy PII [2—4], yaoBIETBOPUTENHHO COBIAJAIOT C PE3YIIb-
TaTaMu u3MepeHuii mpu temmeparypax 300-500 K na obpasmax ¢ MakpOCKOMHYECKUMH
konTakramu, E=0.53-0.56 3B, npusenéuusiMu B padore [5].

W3mepenns: npoBoamiuck ¢ ucnonb3oBanueM Omicron® UHV AFM / STM LF1. ba-
30BO€ JIABJIEHUE OCTATOUHBIX ra3oB B kamepe ACM cocrassio ~10~° Topp (cm. [6]). Cxe-
Ma M3MEPeHHsI ToKa mokas3ana Ha puc. 1. Tok |t orudpoBbiBaics 1s AanbHeitmei 00padoT-
KU C TIOMOIIHI0 MHOTO(QYHKIIHOHATBFHOTO aHanmm3aropa ADSViewer, cMm., Hapumep, [7, 8].

CHauana 30H] ObII MIPUBEJCH B KOHTAKT C IMIOBEPXHOCTHIO TNIEHKH Y SZ, W 3alHCaHbBI
BpeMeHHbIe peaim3anun Toka li(t) mpu HampspkeHHH, NPHIOKEHHOM K dJekTponaaM, Vg=0
(cocrostare 1 «B KOHTakTe»); M3Mepsics IIyM SKCIEPHMEHTaJbHOH YCTAaHOBKH. 3aTeM
OblIa BBITIOJIHEHA DIEKTPOGOPMOBKA (HIaAMEHTa HapacTaroLIMM HanpsbkenueM Vg = +6 B,
[IOKa TOK HE JOCTUI NpeBapUTesbHO ycTaHOBIeHHOro 3HaueHus 10—20 HA. ITocne 3toro
3anucad wyM B LRS npu Vg = +3 B. 3arem o6pasen nepeximouen B HRS nanpsbxenuem,
JIuHeWHo ymeHbpmaBmmmMes 1o Vg = —6 B. IMocne vero 3anmcan mrym npu Vg = +3 B. Bbein
CHOBA M3MEpEH IIIyM YCTAaHOBKH; 30H] MOAHSIT HaJl HOBEPXHOCTHIO 00pasiia MpuMepHo Ha 4
MKM (cocTostane 0 «Het KoHTaKTa»).

YacToTa IUCKpETU3AIMU BO BCEX M3MEpPEHHAX cocTaBisuia 15 995 ', kaxaeiii HaGOp
IaHHBIX conepxan 200 3ammceid mo 1024 BEIOOPKH I yAOOCTBa NATBHEUIIEro OBICTPOTO
npeobpasoBanus Oypbe U yCPEAHEHUS MOTYYCHHBIX CIIEKTPOrpaMM.

OOHapyXeHO, YTO IIYM YCTAaHOBKM MOXXHO CUMTATh IayCCOBBIM M CTAallMOHapHBIM. B
HRS xapakTepucTHKH LIlyMa WICHTHYHBI [IyMYy YCTaHOBKU. MHas cuTyarus HaOuroqanach B
LRS: wym necranmonapes. [onusrit crektp uryma St(f) cocrout u3 crekrpa myma Sirs(f),
reHepupyeMoro (pHIaMeHTOM, U CrieKTpa ryma ycranoBku So(f).
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Yro6sl ompenenuts cuektp Sirs(f) mryma, reHepupyemoro (HIaMEHTOM, MBI BBIYIH
criextp So(f) u3 St(f). [osyyeHHsIii crieKTp U €ro anmpoKcUManust 3aBucuMocThio 1/f Y moka-
3aHBI Ha puUC. 2.

100 T T
E 10 B
o~
<
=]
= 17 b
=)
g
H]
o 01 u
1 0.01 L L
10 100 1000 10000

Oopasen (Mempucrop) Hacrora f [Hz]

Puc. 1 Puc. 2
Crextp Sirs(f) mMeeT GIMKKEpHBIH XapakTep; ero ammpokcuManus (¢ mapameTpamu
Ao=2.3x10%; y=1.3) onuckIBaeTCSA CIEAYIONUM COOTHONIEHHEM:

Srie(f) = 73 [pA2/Hz] (1)

B kauectBe mpuumabl Ol paccmarpuBaetcs aBwxkeHue (apeiid / muddysus) Vos
BHYTpHU (prstamenra. Mcmoms3oBana Mogens [1], cM. Takxke [9, 10]. DneMeHTapHBIN CKavyoK
Vo tpebyert sHeprun akTuBanuu E. CpemHsis 4acToTa 3THX CKAuKOB OIPENEssieTCs COOTHO-
menueM (3aech fr=10% 'l — cpeaHss 4acTOTa TEMIOBBIX KOJIeOaHUMH pelIeTKN):

f(E) = frexp (—Z) @

Ckauku Vos mopoxniaioTr ciy4daidHeiid Tenerpadusiii mym (RTN) B mpoBoammocti
G=G(t) punamenra. Crekrp storo uryma SrTn(f | fc) umeer nopennes tum.

Cpennsis yactora (2) UMEeT CMBICIT YacTOTHI cpe3a Julsl JopeHieBa criekrpa [2-4]. Vos
BHYTpH (huaMeHTa UMeIoT dHeprun aktuBanuu E, xapakrepusyemsie pdf We(E), ompene-
nsroteit pdf We(fe) wacror cpesa (3mecw E(fe)=kTIn(fr/fc), cm. (2)).

Crnextp Sc(f) daykryaruii mpoBoANMOCTH ONpeAEsIeTCs EPecTPOHKOH BAKaHCHOHHON
CTPYKTYpHI Vos (31eck NT — KOIHYECTBO MOABMKHBIX BAKAHCHH BHYTPH (HIaMEHTA):

Ss(f) =Ny f(fc) 5RTN(f|fc)Wc(fc)dfc (3)

Wurerpan B (3) paccuutsiBaercst o Bcemy auarna3ony 4actot fe. Crexrp @I kak cy-
MEPIO3HUITHSI IOPECHIICBBIX CIIEKTPOB MPEACTABJICH Ha puc. 3. B o0riem ciaydae Takoit criekTp
HaOJII01aeTCsl B OTPaHUYCHHBIX (HO IOCTATOYHO HIMPOKHX) mpenerax fe[fu; fu].

JIy1 IPOCTOTHI 3/1€Ch I/ICl‘lOJ‘IbSyeTCﬂ (bMHMTHaﬂ pdf gacror cpesa:

W(fc)— v; Be = 1y 17ffc [fL'fH] 4)
fe fu I

Ecmu y—1, xoadduiment nopmuposku paseH Be=1/In(fu/fL). Beicias u Husmas da-

CTOTHI OIIPEIEISAIOTCS TIPEAeIaMHt JUIsl SHeprun aktuBaimu Ee[Ea; E2]:
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— Y. g — fr
Ey = KTin ( fH), E, = kTin ( fL) ©)
Pdf st suepruit akruBanun umeet Buj (31ech Be — koadduimeHT HOpMUPOBKH):
E
W;(E) = Bgexp (v — 1) =] E € [Ey; Ez] ®)

JlaHHOE pacIipesieNieHue AT Pa3IuYHbIX 3HAaU€HUH Y IPeACTaBIeHo Ha pHC. 4.

14
So(f)
1 «— IInamo 2
- 10
] ufr 3 =
= A
- glu //
1 Y=l
i 6
1 17 bl —
T 4 y=12
Ya=1.3
111N f 2
fL\ \ ‘ T t ? t ? ? f/fH 054 056 058 060 062 064 066 068 070
Yacmomeoi cpesa Onepruu akTHBalmH E, eV
Puc. 3 Puc. 4

Taxum 00pa3oM, UCCIEOBaHBI IIYMBl B MEMPHCTOPHOH CTPYKType HAa OCHOBE TOHKON
IUIEHKU TUOKCUA IUPKOHUS, CTAOMIN3NPOBAaHHON MTTpHeM. [IpoaHamn3upoBaHbl SHEPTHN
akTHBanuK Iu(GYy3UH HOHOB KHCIOPOa BHYTPH poBosmiero gpumamenTa. Jra quddy3ust
HNPUBOUT K CTOXAaCTHYECKOW MOZIYJLSIIMHM TMPOBOAMMOCTH (uilamMeHTa, IMpOSBIAIOIEHCS
gepe3 (IMKKEPHBII [IyM JIEKTPHYECKOT0 TOKA uepe3 CTPYKTYPY.

W3menenne mapamerpa GopMbl (GIMKKEPHOH KOMIOHEHTHI CIIEKTPa MPHBOIHUT K U3Me-
HEHHIO (OPMBI BEPOSTHOCTHOTO paclpeleNieHus] dHepruidl akThBanuu AuG(y3uH HMOHOB
KHCIIOpOJIa.

Hampuwmep, yBenmdenune mapamerpa (GOpPMBI CIIEKTpa OTpaXkaeT yBEIMYCHHE OTHOCHU-
TENBHOTO BKJIaJa 0oJjiee HU3KOYACTOTHBIX KOMITOHEHT (DJIMKKEPHON KOMITIOHEHTHI CIIEKTpa.
D10 OOBACHSAETCS YBEMIMYSHHEM OTHOCHTEIBHOTO BKJIAJa MPOIECCOB, 00ONafaronmx 00ib-
MMM 3HAYEHHUSMH SHEPTUH aKTHUBALHH.

Heo06x0quM0 OTMETUTB, YTO METO]] IIIyMOBOH CIEKTPOCKOITMH ITPUMEHHUM HE TOJBKO K
aHanu3y Au(Qy3HOHHBIX MPOLIECCOB B MEMPHCTOpax, HO W, HAIPUMeEp, K aHAIHN3y TeHepa-
OUHA-PEKOMOMHAIINA MarHUTHBIX Je(PEKTOB (MAarHUTHBIX KBAa3UMOHOIIOJNEH) B CIIMHOBOM
ey [11-12].

Hacrosimmas pabora mognepxana IIpaBurensctBoM Poccuiickoit @enepanuu, T0T0BOp
Ne 074-02-2018-330 (2). U3mepenuss mnpoBoawianch Ha  obopynmoBanumu — HayuHo-
00pa3oBaTeNIbHOrO IEHTPa (PHU3NKH TBEPAOTENbHBIX HaHOCTpyKTYyp HHI'Y.

[1] Van der Ziel A. // Physica. 1950. Vol. 16, Ne 4. P. 359.

[2] Awnwkuna FO.U., SIkumos A.B., ®unaros [1.0., Topmxos O.H., Artonos [I.A., Jluckun
I.A., Aaronos U.H., Kirroe A.B., Spagnolo B. // B ku. Tp. XXIII nayun. xoud. mo
pamnodusuke. 13-21 mas 2019 r. H. Hosropoa: Mzn-so HHI'Y, 2019. C. 489.
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D.A., Antonov I.N., and Anikina Yu.l. Proc. 25th International Conference on Noise
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MONEKYNAPHO-AUHAMUYECKOE MOAENNPOBAHUE HAYAJIbHOIO
STANA KNACTEPOOBPA30OBAHUA SI NP NOCTUMIMITAHTALMOHHOM
OTXWUFE SIO:

E.B. Oxyinu?, B.1. Oxyauu?, A.H. Muxaiintos?, .. Tereanfaym®

Y HHT'Y um. H.H. Jlo6auesckozo
2 HUY PAHXul C

B HacTtostmee BpeMst po0InKaeTcsl MHTEHCHBHBIN HMOMCK ITyTeH YIydIIeHUs XapakTe-
PHUCTHK U CTaOMIBHOCTH HMPUOOPHBIX CTPYKTYP M 3JIEMEHTOB DHEPrOHE3aBHCHMOH IaMsTH
HoBoro Tuma [1]. IIpu 5TOM OCHOBHBIMH JUIsl HUCCIIEAOBaTeNed B 9TOH 0OJACTH OCTAaIOTCS
BOIIPOCHI O IIPUPOJIE CTOXAaCTHYHOCTH U CTaOMIBHOCTH 3IEKTPO(PHU3NIECKUX XapaKTEPUCTHK
MEMPHCTHBHBIX ycTpoiicTB. ChopMHpOBANIOCH YCTOMYHMBOE MHEHHE 00 OMpeAeisIoneM
BIIMSHUM HA 3TH XapaKTEPUCTHUKU Ae(PEeKTOB pabouero cios mempuctopa [2, 3]. B cBs3u ¢
STHM TIPEACTAaBISIETCS TEPCIEKTUBHON BO3MOXKHOCTH YIPABICHUS XapaKTEPUCTHKAMH
MeMpHCTOpa 3a c4ET MoaudUKauu Ae()EeKTHOH CTPYKTYpHI, B YACTHOCTH, METOZIOM HOHHOU
umiantanuu. Tak, B padore [4], Ob10 0OHapyxeHO yiyuineHrne BAX MeMpHCTOpOB Ha
ocHoBe amop(hHbIX WIEHOK SiO2 (a-Si02), 06nyuénnsix nonamu Xe*. IIpoBeneHue 1aHHOTO
HCCIIeI0OBaHMs ObIIIO MHUIMUPOBAHO TEM, YTO, COTJIACHO OOLIETIPUHATON MoenH oOpa3oBa-
HUS IyTed NpoBOAUMOCTH ((IIAMEHTOB), IS JUAICKTPUKOB HAa OCHOBE HEOPTaHUYECKUX
OKHCIIOB OCHOBHBIM areHTOM, OOECIEUYMBAIONINM HX BBICOKYIO IPOBOJMMOCTD, SBIISIOTCS
BakaHCHU Kuciopoja. OgHako, HapsIy ¢ KHCIOPOAHBIMH BaKaHCHSIMH, B Impouecce (op-
MOBKH U TIEPEKIIIOUCHUS] MEMPHUCTUBHBIX CTPYKTYP (OPMHUPYIOTCS M MEXKIO0Y3eJIbHbIE aTo-
Mbl. OOpazoBanue aeekToB 000MX THIIOB MMEET MECTO M IPH MOHHOM oOmydeHuu. [Ipu
HaJMYUU BBICOKHX TEMIIEPaTyp, Pa3BHBAIOLIMXCS BO BpeMsi (JOPMOBKH U INEPEKITIOUCHHUS
[5, 6], a Taxxe mpu OTXKHUrax MOHHO-UMIUIAHTHPOBAHHBIX MEMPHCTHBHBIX CTPYKTYp, BO3-
MOXKHBI SIBJICHHSI KJIacTepooOpa3oBaHMsi KpEeMHHMs, a 00pa3oBaBLINECs KIacTepbl MOTYT, B
CBOIO Ouepe/lb, BIUATh HAa MX XapakTepucTuku. Tak, B [7] ObIIO SKCIIEpHMEHTAIBHO yCTa-
HOBJICHO CYIL[ECTBOBaHHE KIacTepoB Si B (ritaMeHTax MeMpHUCTOpoB Ha ocHoBe SiO2.

B [4] meTomoM MONIEKYIISIpHOW TUHAMHUKH HAMH OBUTIO YCTaHOBJIEHO, YTO BBEJCHHUE B a-
SiO2 15% KHCIOPOJHBIX BAKAHCHI MPUBOIHUT K HOPMHUPOBAHUIO KOMITAKTHBIX 00pa30BaHMit
(xomrutexcoB) u3 2-3 atomoB Si npu temmeparypax 300-900 K 3a Bpemst ~ 10 ue. Onnaxo, B
9TOM pacy€Te He YYMTHIBAJIMCH MEXJ0Y3eJbHbIe aToMbl Si, obOpasyrommecs B Kackagax
CMEIIEHMS, YTO TaKKe MOIJIO KaTalH3upoBaTh IMporecc (HOpMHPOBaHHUs Si-KIacTepos.
IMomy4yeHHbIH pe3ybTaT AaéT OCHOBAHUS MIPEANOIOKHUTh, YTO MEXAHH3M MPOBOIUMOCTH IO
¢bunamenty B 8-SiO2 MOXXET peallH30BbIBATHCS HE TOJNBKO C Y4aCTHEM BaKaHCHH KHCIOpO/a,
HO ¥ HAHOKJIACTEPOB KpeMHHs1. [I0CKOJIbKY YCTaHOBIICHO, YTO B 30HE (unamenTa (5-20 HM)
TEMIIepaTypa B COCTOSIHUU HH3KOTO COMPOTHBIICHHUS MOKeT nocturats 6omee 1000 K [5, 6],
TO MOXHO TIPEATONaraTh HaJWYHe IPOIEcca CaMOOTXKHIa NEe(eKTHBIX CTPYKTYp B ITOH
obnactu. I103TOMY mpencTaBisieT MHTEPEC TEOPETHYECKH (a 3aTeM HSKCIEePUMEHTAIbHO)
uccreioBaTh BIMsIHUE Ha BAX MeMpHCTOpOB Ha OCHOBE 3TOTO MaTepHana H30BITOUHBIX
ATOMOB KPEMHHUSIL.

C 3TOoM 1eNbIo U1 OLEHKHU CKOPOCTH U «IIyOHHBD» MIPOLECCOB aTOMHON MEpecTpOrKu
HaM# ObUIO MPOBEICHO MOJICKYJISIPHO-ANHAMHYECKOE MOJIEIHPOBAaHHE C HCIOIb30BAaHUEM
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naketa LAMMPS [8] mpouecca omxura amopdHoro SiO17, o6inyuénHoro noHamu Si* ¢
sHeprueii 20 k3B u 1030ii 1-107cm? npu Temneparype 1500 K.

OcCHOBHOI1 3ajja4ell peaan3anyyl YUCIEHHOTO IKCHEPHMEHTa OBUIO CO3JaHHe MOJEIH-
pyemoro o6béma a-SiOz, W3HAYANBHO copepyKaliero 15% BakaHCHil KHCIOPOOAa W HACHI-
IIEHHOT'O MOHaMH KPEMHUsI B COOTBETCTBHUE € 33/1aHHOI 103011 Ha onpenenéHHo rimyonHe, a
TaKKe COAEPIKAILEro TOUeUHbIe Ne(EKThI, CO3JAaHHbIE STUMH HOHAMU. 32 OCHOBY OBLI B3ST
TOT ke 006EM 60x60x60 A3, uTo 1 MCHOJB30BaHHLIH B paboTe [4].

Jnsa pacu€ra uncna CMEIEHHBIX B MEXKA0Y3JIUs aTOMOB KPEMHHUSL M KUCIOPOJa, a Tak-
K€ X BaKaHCHH Ha Pa3HBIX TIyOHHAX NMPOHUKHOBEHHS HOHOB B MHUILIEHb OBLIH HCIIONB30-
BaHbl JaHHble nporpammbl SRIM [9] mist ray6ussr 20 HM a-SiO2, 4TO COOTBETCTBOBAIO
NPUMEPHO TOJIOBHHE TOJNIIMHBI IUIEHOK, HCIOJIB30BAaHHBIX B HAIIMX OSKCIIEPUMEHTaX ¢
MEMPUCTUBHBIMH CTPYKTYpaMHU.

PaccunTaHHOE YMCIIO BaKaHCHOHHBIX JE(EKTOB CTPYKTYPHI CO3IaBAJIOCh UX CITydai-
HBIM YZaJE€HHEM, a UMIUTAHTHPOBAaHHbIE HOHBI Si* — CIIyJailHBIM BHEAPCHHEM B MEXaTOM-
HO€ MPOCTPAHCTBO TIPH BHINOJIHEHUH YCIIOBHUS, YTO PACCTOSHHE MEXTY ABYMS aTOMaMH HE
JIOJDKHO OBIIIO OBITH MEHBIIIE CyMMBI AaTOMHBIX PaJHyCOB COOTBETCTBYIOMINX COCEMEH.

KoopauHatsl aToMOB KIacTepoB MEPHOANYECKH (PUKCHPOBATUCH C BPEMEHHBIM IIPO-
MEXYTKOM 5 HC (HauMHas ¢ 25 HC) ¥ MPUBOJIWINCH K HyJIeBOW Temrmeparype. [lonyucHHbIC
3HAUEHUS] KOOPJMHAT MCIOJIB30BAIMCH ISl OLIGHKH CTPYKTYPHBIX XapaKTEPHCTHK MOJEIIH-
POBaHHOTO 00BEMA C HCIOJIB30BAHUEM CIIEINATIBHO HATMCAHHOTO KOMIUIEKCA TPOTrPaMM.

O06paboTka MaccuBa KOOPAMHAT MTO3BOJIMIIA HAOIIOaTh SBOIIOHIO B IIPOIIECCE OTIKHUTa
YHCNa, B3aMMHOTO PACIIONOXKEHUSI CKOIUICHWH aTOMOB KPEMHHS, Pa3MEpOB KIACTEPHBIX
00pa3oBaHUil 1 OCHOBHBIX CTPYKTYPHBIX €IMHHIl aMOP(GHOTO IMOKCHAA KPEMHHS THIA Si-
Os. Taroke pacCUUTHIBAINCH PafnaibHbIC (QYHKIMH PACIPENEIeHHsI aTOMOB KaK OTMEYEeH-
HBIX 00pa30BaHMH, TAK ¥ MOAEIHPYEMOT0 00beMa B IIEIOM, a TAKXKE YTl MEXIY CBS3SIMH.

Hekotopsle pe3yabTaTsl npeacTaBieHs! Ha puc. 1. Ha Hem noka3aHsl H3MEHEHHs Yucia
KJIaCTEPOB, COJIEpPIKAIMX PAa3HOE YHCIO aTOMOB KPEMHUS, B 3aBUCHMOCTH OT BPEMEHH OT-
skura. OHM CBHUJIETENILCTBYIOT O B3aUMHOM IEPETEKaHUH aTOMOB KPEMHHMsSI MEXIy KiacTe-
paMmu pa3HoOro pasmepa.

o e p o ,., P w0
Puc. 1

Pacuet paguansHbIx QyHKIHNA pacnpeneneHus (puc. 2 u 3), NpOBEISHHbIH IS KilacTe-
POB C TOCTATOYHO OONBIINM YHCIOM aTOMOB KPEMHHS, IIOKa3al HX COOTBETCTBHE CTPYKTY-
pe KPHCTAIUTMYECcKOro Si.
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Ha puc. 4 npezicraBiieHa SBOIIONUS KIACTEPOB, cojiepkamux 5 u 8 aromoB Si B

Si=5, OHC Si=5, 100Hc

L L. y

Si=8, OHC Si=8, 100HC
Puc. 4
Takum o6pa3oM, MPOBEIEHHBIH B AaHHON paboTe pacdeT MoKa3all BOZMOXHOCTDH Cy-
LIECTBEHHON MEPeCTPOKH CTPYKTYphl cios amopdHoro SiO2 B ¢uiameHTe B yCIOBHIX
BBICOKOW KOHIICHTPAIM{ BHEIPEHHOTO MOHHOI MMIUIAHTalueld KpeMHUs U (MiH) OONbIIoNn
KOHIIEHTpaluy BakaHCHH. IIoCKONIBKY Takue MpOLECCH COMPOBOXKIAIOTCA CIydalHBIM U
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MOCTOSIHHBIM 00pa30BaHUSIM JIEKTPOHHBIX JIOBYIIEK B JIOKaJbHON 00JIACTH, TO HIMEHHO OHH
MOTYT OBITH OTBETCTBEHHBI 32 CTOXAaCTHYHOCTH IIPOIECCa MEMPHCTHBHOTO IMEPEKIFOYCHS,
IIyMOBBIE XapaKTEPUCTUKU U, B KOHEYHOM CUETE, Ierpalalliio MEMPUCTOPA.
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TEMNEPATYPHAA 3ABUCUMOCTb BPEMEHWU NMEPEXOOA MEMPUCTOPA
HA OCHOBE ZrO2(Y) B COCTOAHUE C BbICOKMM COMNMPOTUBJIEHUEM

B.A. IlInmmakosa?, A.C. Houxos?, 1.0. ®uaaros’), M.E. Illeanna?),
O.H. T'opmikos?), U.H. Auronos?, B. Spagnolo’?

Y HHT'Y um. H.H. Jlo6auesckozo
2 Vuueepcumem ITarepmo

Beeoenue

B nocnennee Bpems mccienoBaHus pe3ucTuBHOrO IeperiodeHus (PII) mpusnekator
3HaunTensHoe BHUManue [1]. Dddexr PII 3akmovaercss B 6GnctabmiibHOM (MyIbTHCTaOMIb-
HOM) IEpEeKITIOYEHHH CONPOTUBIICHUSI TOHKOM IVMAJNEKTPHYECKON IICHKH, 3aKJIIOUEHHON
MEXIy IBYMs IPOBOISIIMMH OSJIEKTPOJAMHU IIPU IPWIOKEHHH K IJIEKTPOAaM BHEIIHETO
HanpspkeHus [2]. DneKkTpoHHbIe TPUOOPHI, GU3NYECKUH PUHIUI ISHCTBUS KOTOPBIX OCHO-
BaH Ha >ddekre PII, HazpBatoTCcs mMempucmopamu [3]. MeMpHCTOPBI CUUTAIOTCS TIEPCIEK-
THUBHBIMH JUISl IPIMEHEHHS B SHEPTOHE3aBUCHMON KOMIBIOTEPHON MaMATH HOBOTO MOKOJIe-
Hus [4], B HeHpOMOP()HBIX BEIYHCIUTENBHBIX CHCTEMaX [5] u zp.

OOmenpuHsITOE B HacTOsIee BpeMs MoHNMaHue Mexann3Ma PII B okcumax meramioB
OCHOBAHO Ha KOHIEIIMU (OPMHUPOBAHUS IIPOBOILIETO (PHIIaMEHTa, COCTOSILETO U3 KHCIIO-
POIHBIX BaKaHCUI, MEXY 3JIEKTPOJaMI MEMPHUCTOPHOH CTPYKTYPHI B IEKTPHIECKOM I10JIe
B IIpollecce TaK HazblBaeMoro aiekrpodopmunra [6]. [lepexioueHne MeMpucTopa U3 co-
crostHus ¢ Hu3kuM compotusieHrneM (CHC) B cocrosHME ¢ BBICOKHM COIPOTHBICHHEM
(CBC) u obpaTtHO moCTUTaeTCs 3a CYET PaspyLICHUS W BOCCTAHOBJICHUS (pHIaMEHTa INpH
HNPUIOKEHUH K 3NEKTPOAAM HMITYIbCOB HAIPSUKEHUS] COOTBETCTBYIOIIEH MOIAPHOCTH (Tak
HazbsIBaeMoe bunonapHoe PII).

B Hacrosmee BpeMst MUpPOKOE MPAKTHIECKOE IPUMEHEHNE MEMPHICTOPOB CICPKHBACT-
csl HEZIOCTaTOYHOU cTabmiIbHOCTBIO mapameTpoB PII B xoxe axcrutyararmu [7]. OxHoit u3
(yHIaMEHTaIBHBIX NPUYMH HECTaOMIBHOCTH MEMPHCTOPOB SIBISIETCS CYLIECTBEHHO CTOXa-
cTudeckuii xapakrep npoueccoB PII [8]. Kak mpaBuiio, pa3mep nomnepedHoro cedeHus ¢u-
nameHTa coctapisieT 1-10 uM. OObIYHO, pa3pyIICHHE U BOCCTAHOBIICHHE (PHIIAMEHTA MPOKC-
XOAUT B OTPAaHMYEHHOM O00BEME B MPOMEXKYTKE MEXIy OKOHEYHOCTBIO (pramMeHTa M IIO-
BEPXHOCTBIO TIPOTHBOTIONIOKHOTO JJIEKTPOJIA OCPEICTBOM TIEPECKOKA HOHOB O~ TI0 KHCIIO-
POIHBIM BaKaHCHSM, P 3TOM B nponecc PII BoBneueno nebGompmoe (C4€THOE) KOMNIECTBO
noHoB O%. B Takoii cucteMe (IyKTyalluu e NapaMeTPOB MOIYT 3HAYUTENLHO MPEBHILIATH
UX CpeJHNE 3HAYCHMSI.

B mocnenHue roapl MHTEHCHBHO Pa3BUBAETCS HHHOBAIIMOHHBIH MOAXOJ K ITOBBILIICHHIO
CTaOWIIBHOCTH MapaMeTPOB MEMPHUCTOPOB, OCHOBAHHBIH Ha A (peKTe KOHCTPYKTUBHOI poin
IIyMa B CTOXAaCTMYECKHUX MYJIbTHCTAOWJIBHBIX HENMHEHHBIX cucteMax. B [9] skcmepumen-
TaJIBHO ITTOKA3aHO, YTO PEAKIMs] MEMpPUCTOpA Ha BHEIIHMI IIYMOBOH CHTHAJl MOXKET OBITh
OIFCaHa HA OCHOBE MOJENHU JBIKEHHs OpOYHOBCKOW 4acTHIBI B OMCTaOHIBHOM (B IIpO-
CTelIeM ciydae) WM MyJIbTHCTaOMIBHOM ITOTeHIHane. HeKoTopsle SBIEHUS, CBOMCTBEH-
HBIE MYJIbTHUCTaOMIBHBIM CTOXACTHYECKHM CHCTeMaM, HaOJIIOJalNCh B MEMPHCTOpax dKc-
IEepUMEHTaNIbHO: CTOXacTU4eckuil pezoHaHc [10], pezonancHas axtuBamusa PII myrém no-
0aBleHUs MEPUOJUYECKOTO0 CHIHala K MepexirodaromuM ummyiascam [11] u gp. B [12]
OTMEYEHO IOJIOXKUTEIbHOE BIMsSHHUE JOOAaBKH OEJIOoro IiyMa K MEepeKIIoYaloeMy CUTHATY

479



Ceknus «CToxacTHuecKre MyJ'JLTHCTa6I/IJ]I>HLIe CUCTEMBD»

Ha crabmwibHOCTh PII. DkcnepnMeHTaNbHBIE pe3yibTaThl B MUTUPOBAHHOW padore ObuM
MHTEPIPETHPOBAHEI HA OCHOBE KOHIETIIIMH KOHCTPYKTHBHON POJIN IIyMa.

OnHUM U3 MPOSIBICHUH KOHCTPYKTUBHOM POJM IIyMa B CTOXACTHUECKUX HEIHHEHHBIX
cuctemax siBisieTcss dpdexT crabuiaM3aluu MeTacTabumibHO#l cuctemsl mymoM. B [13]
paccMoTpeHa 3ajada 0 BPEMEHH JKHU3HH OpPOYHOBCKOH HacTHIIHI T B (pIyKTyHpyromeM pac-
MaJJHOM ITOTEHIHaNe. bputo 1mokasaHo, 9TO 3aBHCHMOCTD T OT HHTEHCHUBHOCTH (DIyKTyaruit
D HeMOHOTOHHA M MMeeT MaKCUMYyM IIpU ONpenenéHHOM 3HaueHuu D, 3aBHcsIEeM oT mapa-
METPOB CHCTEMBI.

B nacrosmeit paboTe 3KCHEPUMEHTANBHO HCCIEAOBAaHA TEMIIEpaTypHas 3aBHCHMOCTH
KUHETHKH peslakcaimy Mempucropa Ha ocHoBe ZrOz2(Y) mpu mnepexmodennn u3 CHC B
CBC. Ilenbro paGoTHI SBISUIOCH SKCIIEPUMEHTAILHOE 00HapyxeHue 3 deKTa crabuiu3ayn
napamerpos PII mox peiicTBreM BHYTpeHHEro (TEIJIOBOTO) IIyMa.

Okcnepumenm

Mewmpucropasie cTpykrypsl Au(40 mM)/Ta(40 BM)/ZrO2(Y)(20 uM)/Pt(10 HM)/Ti(10
HM)/N*-Si(001) hopMHUpPOBAIKCH TPH TOMOIH BaKyyMHOH YCTaHOBKH JUISi HAHCCCHHUS TOH-
kux mieHok Torr International R2G1-1G2-EB4-THI. ITnenku ZrO2(Y) HAHOCHIUCH METO-
JIOM BBICOKOYAaCTOTHOTO MAarHETPOHHOTO PAcIbUICHHS NIPECCOBAHHBIX MUILICHEH M3 CMecH
nopowkoB ZrOz u crabunmmsupymomero okcuaa Y203 (12% mon.) mpu TemnepaTrype Hoj-
noxku Tg = 250 °C. Cron MeTauioB HAHOCHINCH METOJJOM MarHeTPOHHOTO PACIIBUICHHs Ha
HOCTOSIHHOM Toke mpu Tg = 200 °C. Ha ocHOBE HOJy4eHHBIX MEMpPUCTOPHBIX CTPYKTYp
MerooM (otomurorpaduu ObUIH CHOPMUPOBAHBI TAOOPATOPHBIE MAKETHI MAaTPHUIl MEMPH-
CTOPOB THUIA «KPOCC-TIOMHT» ¢ pazMepaMy akTHUBHOH o6mactu 20x20 um?. WccnemoBaHus
SNEKTPUIECKHX XapaKTEePUCTHK MAaKeTOB MEMpPHUCTOPOB MPOBOAMINCHE MPH ITOMOIIH
ALII/ITAIT monyns National Instruments USB-6361. KoHTakT K 35IeKTpoJiaM OTAETBHBIX
JJIEMEHTOB MAaTpHI] MEMPHCTOPOB OOECICUMBAICS TIPH MOMOINM 30HAOBOH CTAHIINU
EverBeing EB-6. Jlns u3mepeHus TeMepaTypHbIX 3aBUCHMOCTEH 3JIEKTPUUSCKUX XapaKTe-
PHCTHK MEMpPHCTOPOB 00pa3Iibl MOMEIAINCh Ha TepMocToiank «Mukpoctat-300COH» co
BCTPOCHHBIM XOJIOJHIBHUKOM [lelbThbe M KOHTPOJUIEPOM aBTOMAaTHYECKOTO IOJUICpIKaHMs
Temrepatypsl. TOYHOCTE cTabnn3anuu TeMneparypsl cocrasisia +1 °C.

DnexTpohOpMUT MEMPHCTOPOB MPOBOAMICS ITyTEM NPHIIOKEHUs Hanpspkenus V = +5—
6 B mpu Toke orpannueHus 600 pA. VccnenoBaHusl KHHETHKA TEPEKITIOYEHUS] MEMPHUCTO-
poB u3 CHC B BC npoBoamiuch myTéM MOAa4H CTyleHYaToro HampsbkeHus Vo = —1,5 B =
VReseT (VReser — Hanpspkenne nepeximodenus u3 CHC 8 CBC) u u3MepeHus: OCIMILIO-
rpaMMBbI CHIIBI TOKa Yepe3 Mempuctop I(t), rae t — Bpems. YacToTa IUCKpETH3ALNK COCTAB-
mwia 100 k. Tlepex kaxapiM u3mepenueMm ocummiorpammsr |(t), mpoBoamicst KOHTPOIH
COCTOSIHUSI MEMPHCTOpA MyTEM H3MEpeHHs 5—6 MUKIMYECKIX BOJIBT-aMIIEPHBIC XapaKTepH-
cruk (BAX) I(V) npu munooGpasuoii pa3séprke HampspkeHus V oT Vmin —2 B < VReset 10
Vmax = +2 B > Vst (Vser = +1,0 B — Hanpsokerne nepexmouerus u3 CBC 8 CHC) u 06-
patro. Ckopocts pa3BepTku V coctarisiia 1-5 B/c. Tlocie 3T0ro MeMpUCTOp MEpEBOIIICS
B CBC u npoBoauiiocs ovepeaHoe usMepenue 3asucumoct I(t). s Kaxaoro sHaueHus
TeMmreparyps! 6610 u3mMepero 100—150 kpusbix I(t).
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Pezynomamaul u o6cysycoenue

Ha pucyHke | mokasaHa TUIUYHAs IEPEXOHAs XapaKTEPUCTHKA MEMPUCTOPA HPH Iie-
pexmouenun n3 CHC B CBC mox nericTBreM NOCTOSHHOTO HampsbkeHus V = —1.5 B, u3me-
peHHas pH KOMHATHOH Temmeparype. Bbuio 0OHapyeHO, 4TO KHHETHKa Hpoliecca nepe-
xomga 3 CHC B CBC mMeer CloHBII Xapakrep. B Hell MOXHO BBIIENUTH, IO KpaifHEiH
Mepe, Be KOMIIOHEHTHI — OBICTpYIo (BpeMs mepekimodeHus < 1 pc) u Oonee MEAJICHHYIO
JaIbHEHIIYI0 penakcalnuio MEMPUCTOPa B (KBAa3M)CTAlIMOHAPHOE COCTOSHHE (BPEMs pellak-
caiuu T~ 1 c).

Jltst ompeneneHusl BpeMeHH pejakcalui T, H3MepeHHsie 3aBucumoctd |(t) ammpokcu-
MHPOBAIHCH HOPMYJIOit

I1(t) =1y + Iiexp (— ;), 1)

rae lo m lo — moATroHOUYHBIE KOHCTaHTHL. AMNMPOKCHMANUS MPOBOJWIACH IPH ITOMOIIH
¢yakoun «Non-linear Curve Fit» mporpammuoro obecneuenust Origin 7.0. IIpumep an-
MPOKCHUMAIINH dKCTIepUMEHTaIbHOM KpuBoii |(t) 3aBucumocTsio (1) npuBené Ha pucyHke 1.
Tony4eHHbIe 3HAYEHMS T JUIS PelaKCallMOHHBIX KpuBbIX |(t), H3MepeHHBIE TPU OAHOI TeM-
neparype, yCpeaHsUIHCh.

Ha pucynke 2 npencraBieHa TeMIepaTypHasi 3aBUCHMOCTD T, Ha KOTOpOH HaOmomaeTcst
makcumyM mipu T =50 °C. TlomyuenHas B skcrepumenTe 3aBUCHMOCTh T(T) KadeCTBEHHO
corjacyercsi ¢ Teoperudeckoit 3aBucumocteio (D), momyuenno#t B [13] u mMoxer ObITh
MHTEPIPETHPOBaHA KaK MposiBIeHHE d(deKxTa yBelInueHne BPEeMEeH! KU3HH MeTacTaOHIb-
HOT'O COCTOSHMS MEMpHCTOpa IoJ JAeiiCTBUEM BHYTpEHHEro (TeIUIoBOro) mryma. B cBoro
o4depelib, 3TO YKa3bIBAET, UTO TEIUIOBOM IIYM MOKET UrpaTh KOHCTPYKTHBHYIO POJIb B IO-
BBIIIEHUH CTAOMJILHOCTH MapaMeTpOB MEMPHUCTOPOB. B mepcrnekTuBe mpakTHYeCKOro Mpu-
MEHeHHs OOHapyKeHHOro 3¢dekTa, MOXeT ObITh JaHa PEKOMEHJAAIMsS JKCIUTyaTalllu
MEMPHUCTOPOB TIPH OIPENeNEHHOI TeMneparype, KoTopas JOoJDKHA OBITh ompeseneHa Iuoo
HKCIEPHMEHTAIBHO Ul KOHKPETHBIX pealM3aluii MeMpHCTOpa (MaTepHanbl M TOJIIMHA
CJI0EB MEMPHCTOPHOH CTPYKTYpHI), THOO HAa OCHOBE TEOPHH, Pa3BUTHE KOTOPOH NPHUMEHH-
TENBHO K MEMpHCTOpaM OyeT OXHUM W3 HAIlPaBICHUH JaNbHEHIINX HCCIET0BAHHI.
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Saknrouenue.

B naHHo#1 paboTe ObUIH SKCIIEPUMEHTAIBHO UCCIIEIOBaHA TEMIIEPATYPHAs 3aBUCHMOCTh KUHE-
THKH TIEPEKITFOYCHUSI MEMPHCTOpa Ha 0a3e TOHKOIUIEHOUHOH cTpyKTyphl Ta/ZrO2(Y)/Pt u3 coctos-
HUSI C HU3KUM COTIPOTUBIICHHEM B COCTOSTHHE C BBICOKAM COIPOTHBIICHHEM B JIMIAla30HE TEMIIepa-
Typ 20-80 °C. OGHapy>KeHO, YTO BpeMs1 pelakCalli PE3UCTUBHOTO COCTOSHISI MEMPUCTOPa HEMO-
HOTOHHO 3aBHICUT OT TEMIIEpaTyphl: Ha TEMITEPATYPHOH 3aBHCHMOCTH BPEMEHH PerlaKkCarii
Habmonaercst MakcumyM BOMH3H 50 °C. Pe3ysbTaTsl SKCTIEpUMEHTA HHTEPIIPETUPYIOTCS HA OCHOBE
MO/IEIIH IBIKEHHUST OPOYHOBKOH YacCTHIIBI B (DIyKTYHPYIOIIEM PacTiagHOM ITOTSHIHANIE KaK IIpOsIB-
nenre 3 deKkTa yBeImIeHus CTa0MIBHOCTH METaCTaOMITEHOM CHCTEMBI IO ISHCTBEM BHYTPEHHE-
TO (TEIIOBOrO) LITyMa.
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PHYSICS OF COMPLEX SYSTEMS: MULTISTABILITY, NONEQUILIBRIUM
PHENOMENA AND ENVIRONMENTAL NOISE

B. Spagnolo®?, A A. Dubkov?, N.V. Agudov?, A\V. Yakimov®, A.N. Mikhaylov?,
O.N. Gorshkov?, D.O. Filatov?, V.A. Demin3, A.Carollo*?, D. Valenti?

1 |obachevsky State University of Nizhny Novgorod
2 University of Palermo
3 National Research Center “Kurchatov Institute”, Moscow

The interdisciplinary nature of the Physics of Complex Systems is essentially due to the
possibility of applying the typical conceptual and computational tools of Statistical Physics
to other fields of research, ranging from nuclear physics to astrophysics, black hole physics,
material science, chemistry, biology, medicine and even social sciences, as already pre-
viewed many year ago by the great physicist E. Majorana [1]. Statistical Physics is a funda-
mental discipline, dealing with phenomena involving a large number of interacting ele-
ments. These can represent particles, such as electrons or quarks, atoms or simple molecules
in the different states of aggregation of matter, but also chemical interacting compounds,
complex molecules or polymers, interacting cells of an organism, neurons that carry infor-
mation through synapses, animal or vegetal species interacting in an environment, specula-
tive agents trading in a competitive financial market and social networks, or even stars in a
galaxy and even galaxies in the universe. For example, a black hole (Fig. 1, left), a dark
matter (Fig. 1, right), the free energy landscape in the brain (Fig. 2, left), connection be-
tween neurons (Fig. 2, right), fish schools as an example of emergent pattern (Fig. 3, left),
complex mechanics of the evolution of the universe (Fig. 3, right).
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Fig. 3

All that is traditionally summarized by the term “complexity” and one can certainly af-
firm that Statistical Physics is the cradle of complexity. As declared by Stephen Hawking
“The 21% century will be the century of complexity’, while L.P. Kadanoff wrote ‘the next few
years will likely lead to an increasing study of complexity in the context of statistical dynam-
ics, with a view of better understanding physical, economic, social, and especially biological
systems’ [2]. Both these great scientists recognized the general importance of a basic princi-
ple of statistical physics: the collective properties of a large number of interacting elements
is not just the sum their individual features. As pointed out by the Nobel Prize P. Anderson
‘More is different’ [3], meaning that any complex system may appear and behave in an
unexpectedly different way from its individual components, because of a phenomenon
known as ‘emergence’, typically yielding non-trivial collective structures and large-scale
behaviors. Complex systems are characterised by multistability and a noisy interaction with
the environment. A memristor system is a typical complex system where the internal state of
resistance depends on the history of the applied voltage and current. Multistability and the
role of noise in memristor devices have been the focus of growing research activities, in
particular at the Interdisciplinary Laboratory of Multistable Stochastic Systems of the Uni-
versity of N. Novgorod (LMS-UNN).

T,arb. un.

/L,
Fig. 4

The resistive switching or “memristive effect” has a pronounced stochastic nature, and

it is characterised by multiple memory states. Therefore, the memristor appears as a multi-
stable system with some metastable states, whose switching dynamics occurs under the
action of strong noise. With the aim of using memristors as memory elements in resistive
random access memory (RRAM) and neuromorphic systems, and taking into account multi-
stability, the role of internal and external noise sources and metastable states in nonlinear
transient dynamics of such non-equilibrium systems has been investigated. Moreover, the
nonlinear relaxation process in multistable systems is crucial for understanding the switch-
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ing mechanism in memristive nanomaterials. Recently, we have proposed a simple stochas-
tic model for memristive systems. The model has been validated experimentally and some
fundamental properties of resistive switching such as the hysteresis of the -V characteristic
and its dependence on the driving frequency has been confirmed [4]. The proposed model
takes random fluctuations into account and allows us to obtain the exact analytic solutions
for the concentration of defects, under arbitrary values of noise intensity, driving voltage
and other parameters. The relaxation time to the stationary state is obtained in analytic form
and it has a nonmonotonic dependence on the intensity of the fluctuations for a certain set of
values of the external parameters (see Fig. 4). There is an optimal intensity of the external
noise so that the relaxation time is minimal, in other words the noise is a control parameter
for the switching dynamics [4].

Moreover, memristors are used to build higher-performance computing systems in an
analogue-digital mem-Hopfield architecture to solve optimisation problems using intrinsic
noise [5].

At the atomic scale, memristive devices exhibit quantum conductance levels and are
proposed as quantum metrology devices [6]. One of the main challenges related to the de-
velopment of a memristive device as a standard of resistance is the intrinsic stochasticity of
atomic rearrangement during the formation/rupture of the conductive filament that strongly
affect reproducibility (see Fig. 5). If the size of the conductive filament is reduced to the
atomic scale, memristive devices exhibit quantized effects of conductivity typical of ballistic
electron transport through a constriction (quantum point contact). In such systems, quan-
tum-sized effects are expected to become relevant when the filament size is of the order of
the phase coherence length of the electrons. In this case, the atomic-sized conductive path
behaves as an electron waveguide where condugtion does not follow Ohm’s law [6].
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Fig. 5
Experimental results show conductance quantization effects in memristive devices as a
consequence of the filament evolution in terms of single atomic point contact units. The
main challenge for the realization of metrological devices is represented by the control of
the filament evolution that requires a deep understanding of the kinetics of nanoionics ef-
fects underlying resistive switching phenomena. One of the main challenges related to the
development of a memristive device as a standard of resistance is the intrinsic stochasticity
of atomic rearrangement during the formation/rupture of the conductive filament that
strongly affect reproducibility. Moreover, atomic fluctuations near the point contact related
to internal dynamical defects of the conductive filament are considered as the main contri-

bution to electronic noise of quantized levels [6].
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Recent publications of the LMS-UNN have shown that the noise can play a construc-
tive role in nonlinear memristive systems far from equilibrium [7-9]. In fact, the following
noise-induced effects have been observed in memristor systems: a) the stochastic resonance
phenomenon for a memristive device based on yttria-stabilized zirconium dioxide and tanta-
lum pentoxide [7]; b) the flicker noise, caused by the random motion jumps of oxygen ions
via oxygen vacancies within and around the filament [8]; ¢) the noise-assisted persistence of
memory in a neural network system [9].

Finally, as perspectives and open questions we mention: a) the role of multiplicative
noise in memristor systems and noise as a control parameter for the switching dynamics; b)
the role of internal and external random fluctuations of the memristor in neural network
systems; c) the control of the filament evolution at the quantum level by a quantum point
contact model for a microscopic understanding of resistive switching phenomena.
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HITTING TIME AS A MEASURE OF STABILITY IN FINANCIAL MARKETS
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Financial markets can be considered as complex systems modeled by using stochastic
processes [1]. The statistical properties of price fluctuations are indeed important in under-
standing and revealing the mechanism underlying financial market dynamics [2, 3, 4]. Level
crossings, hitting times and extreme values associated with volatility, for example, can be
extremely useful to better monitor market behavior, and estimate and offset risk [5].

In this paper, we report on results concerning first hitting times obtained from the anal-
ysis of the daily closure prices for 1071 stocks traded at the New York Stock Exchange
(NYSE) and continuously recorded for twelve years from 1987 to 1998 (3030 trading days)
[6]. For each stock we have considered the full series of returns and calculated the volatility
over the entire period. Afterwards, the average standard deviation ouxx = 0.02254 of all
stocks was calculated. The first hitting time (FHT) was then defined as the “time to hit” a
fixed final threshold, Ax:, starting from a given initial position Axi, by choosing these two
thresholds as hioux and htoux, where hi and hr are prefactors suitably chosen. Since we are
interested in large negative price variations, for each threshold we have considered negative
values (hi = -0.1 and hr = -1.5), setting Axi = -0.1ou, At = -1.50ux. By this procedure we
obtained several subseries, each one corresponding to one first hitting time. We then calcu-
lated the variances of the subseries, obtaining for each FHT a corresponding value of volatil-
ity. The results are shown in Fig. 1a. Each volatility value is calculated within the subseries
corresponding to the hitting event. Blue circles are average FHTSs obtained from empirical
time series. Red triangles represent theoretical results obtained from a nonlinear Heston
model (see Egs. (1) and (2)); b) zvs volatility for a fixed difference between thresholds, Axs-
Axi = -1.4 oux, with [Axi,4x] ranging from [+0.90ux,-0.504] t0 [-1.604x,-3.00u]; C) 7 VS
volatility for fixed starting threshold Axi = -0.1oa and different final threshold Ax, ranging
from -0.50ux t0 -3.0oux.
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Fig. 1
In the figure, it is evident the nonmonotonic behaviour of the average first hitting time
as a function of volatility. Indeed, for intermediate values of noise intensity we observe a
stabilizing effect of the volatility (or noise).
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We have also investigated whether this phenomenon persists for: (i) fixed difference be-
tween thresholds (see Fig. 1b); (ii) fixed starting threshold and different final threshold (see
Fig. 1c). The results indicate that the nonmonotonic behaviour of the average FHT as a
function of volatility is “robust” to sizeable variations of the two thresholds. The behaviour
of 7 as a function of v shows the typical signature of the noise enhanced stability (NES)
phenomenon [7,8]: the stability of a metastable state can be enhanced by the noise and its
average lifetime is a measure of this stability. The empirical evidence of a NES effect in the
behaviour of the average first hitting time (see Fig. 1) suggests that the price return dynam-
ics could be depicted by considering the value of the return as the position of a fictitious
Brownian particle moving in an effective potential with a metastable state.

Here we propose a generalization of the Heston model [9, 10], by replacing the geomet-
ric Brownian motion with a random walk in the presence of a cubic nonlinearity. Our theo-
retical approach considers the financial market as an out-of-equilibrium system, whose
dynamical evolution can be described by a nonlinear Heston model defined by the following
Ito stochastic differential equations

dx(t) = — <Z—Z + ?) dt + +Jv(t) dw,(t), @
dv(t) = alb — v(t)]dt + c /v(t) dW,(t) 2

with the volatility v(t) given by the CIR mean-reverting process [5,9] and
Ulx) =px3+ qx? 3

is the effective cubic potential with a metastable state (see Fig. 2). The black circle denotes
the starting position (xo = 0.0) used to obtain the theoretical results. The potential parameters
arep=2andq=3.
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Fig. 2
In Eq. (1) x(¢t) = In[p(t)/p(0)]] is the return in the time window [0,t], p(t) is the price
and Wi are uncorrelated Wiener processes with the usual statistical properties (dW;(t)) = 0,
(dW; ()ddW;(t")) = dts;;6(t — t"). We solved Egs. (1) and (2) numerically, obtaining a
number of time series of returns equal to 1071, with potential parameters p = 2 and g = 3,
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initial position xo = 0.0, and CIR stochastic process v(t) given by Vstart = 8.62-10% a = 2.00, b
=0.01 and ¢ = 0.83. By setting Axi = -0.1oux and Ax = -1.50u4, for the average FHT we get
from the model the nonmonotonic behaviour shown in Fig. 1a (red triangles), which repro-
duces quite well the behavior obtained from real data (blue circles).

Our findings show that lower stability (smaller average first hitting times) can be the re-
sult not only of large volatility, as it would be expected during periods of market “turbu-
lence” [11], but also of small volatility [6], which is usually considered an indicator of
“tranquil” periods. This result bears important implications both for policymakers and prac-
titioners alike.
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