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NEXT I

Pe3ynbTaTtbl NpeaesibHO BbICOKOro Kayecrtsa
Ha I'IOBCGAHEBHOﬁ OCHOBe

® liccneposatenbckmin ACM C MCKAHOUYUTENBHBIM YPOBHEM
aBTOMATM3aLMN NOATOTOBKM M NPOBEAEHUA SKCNEPUMEHTA

® PeKOpAHO HM3KWUIN YPOBEHD LLIYMOB W BblCOYalLlan
CTabunbHOCTb

® [lo/HbIM Habop cambix COBPeMEHHbIX MeToaos ACM, BK/toYas
MeTOoAbl NPbIXKKOBOM MUKpocKkonuu (HybriD Mode™)

OcTpoKOHeYHasA CTPYKTypa Kpuctannbl neHTayeHa. MonekynapHble Lenoyku KpucTann nosapeHHo conu
ALO, nony4eHHas ¢ 9CM KapTa Ha/IoXKeHHaA Ha ¢dTopankaHos F14H20 Ha

ncrnonb3osaHnem ScanTronic penved cnoge
1 B PYYHOM pexume

vV e 6 A

BbicokonpoussoauTtenbHbii ACM pgnsa
uccnepoBaHua 6onbliepasmepHbIX 06pa3uoB

® lIamepeHuns penbeda U Apyrux NOBEPXHOCTHbLIX CBOMCTB
C HAHOMETPOBbLIM MPOCTPAHCTBEHHbIM Pa3peLleHneM Ha
naactuHax anametpom Ao 200 mm, 60/bluepasmepHbIX
obpasuax n maccuBax obpasLos

® BbicoYaLLMii ypOoBEHb aBTOMATM3ALLMKN NPOLECCOB
HACTPOMKN U U3MEPEHN

® 50+ coBpemeHHbIX meTogoB ACM, BK/to4Yasa meToapl
BbICOKOCKOPOCTHOW MPbIXKKOBON MUKPOCKOMNUMU

® bbicTpoe CKaHUPOBaHUE ANA PYTUHHbIX MOTOKOBbIX
n3mepeHunii Mopdoornmn CTpyKTyp

70 MRM 4 paRm

Penbed dparmenTa MarHuTHble JOMEHbI MoBepPXHOCTHbIN NpTeHLUUan ATOMHOe paspelueHune
MUKPOCXEMbI B HDD 1 Tb 8 SRAM Ha rpaduTte

www.ntmdt-si.com Y3Hatb bosibule www.ntmdt-tips.com
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KoHtponnep HD 2.0

PeanusyeTt camblii LLMPOKUM Habop meToa0B
NPbI)KKOBOW aTOMHO-CU/I0BOA MUKPOCKONUMU

® Hepaspywatowme nccnegoBaHna MArKUX, XPYMKUX 1 NJ0X0
3apMKCUpPOBaHHbIX 06BLEKTOB o ™
® bbicTpble KONMYECTBEHHbIE HAHOMEXAaHUYECKMe N 06 bEMHO- Hyb ri DM Ode
CUNIOBble U3MEpPEeHMA, HepaspyLlatoLLne N3MmepeHna NPOBOAMMOCTH,
Nbe3031eKTPUYECKOro OTKAMKA, TENAOMNPOBOAHOCTU U
TEPMO3NEKTPUYECKUX CBONCTB, MU3MEPEHUA MArHUTHO-CUIOBOA,
3NEKTPOCTAaTUYECKON, CKAaHUPYIOLLEN EMKOCTHOM MAn KenbBuH-
30HA0BOW CUI0BON MUKPOCKOMKEN
® HoBble BO3MOXHOCTWN KapTUPOBaHMA B 30HA,0BO-YCUEHHOW
CNEKTPOCKONUU KOMBUHALUMOHHOro pacceaHmusa (2D TERS mapping)

Penbed Apresua Mogaynb FOHra JlaTepanbHbli Mbe300TKANK
Hepaspywatouiee nccnepoBaHme nenTUAHbIX HAHOTPYOOK Ha ocHoBe AndeHunanaHnHa metoLom Mpbixkkosoit ACM. Pazmep CKaHa: 7x7 MKM

ScanTronic™

MporpammHbIii moaynb ScanTronic: NONHOCTbIO aBTOMaTHUUYeCKan
HACTPOMKA CKAHMPOBAHMA B NONIYKOHTaKTHOU ACM

® ABTOMAaTMYecKasa HaCTPoiKa NnapameTpoB 06paTHOM CBA3M, aMMANTYAbI
KonebaHuit 30H4a, 3HaYEHUs paboyelt TOYKM U CKOPOCTU CKaHUMPOBaHMUA
® Bbibop pernma NpUTAKEHUA UM OTTA/IKUBAHUSA
e CkaHupoBaHue 6e3 apTedaKTOB NapaLOTUPOBAHMA UAN UX KOMMEHCaUMs TexHuka polgeT a0
® bnectauwme n3obparkeHusa penbeda n pasoBOro KOHTPacTa Ha obpasuax Ntboi TaKOrO COBEPLIEHCTBA,

mopdonormm YTO YE/IOBEK CMOKET
pd) oboiTUCh 6e3 cebs

Cranucnas Exu ey,

10510 0,8 mMxMm 700 HMm 2 MM
Maccus 3arotoBok ACM HuTtpouenntonosHan [OHK-opuramu Ha catoge OcTpOKOHeYHas CTPYKTypa
30HA0B membpaHa AlLO, nony4eHHas ¢

mcnonb3oBaHmMem ScanTronic
1 B PYYHOM pexmme

www.ntmdt-si.com Y3Hatb bosibule www.ntmdt-tips.com
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Spectrum Instruments

NTEGRA Il Pro

NereHpgapHbin ACM ana HayuyHbIX UCCef0BaHUNIM, OCHALWEHHbIA BCEMU
HOBEULIMMMU peLleHUAMMU

e OTKpbITan apXMTEKTypa: NoTpsAcatoLan rMbKoCTb CUCTEMbI U LIMPOYALLME BO3SMOXKHOCTU KOHOUTYPUPOBAHUSA
nog, KOHKPETHYH Hay4HY 3a4a4vy

® Bce camble coBpeMeHHble meToabl ACM, BKAKOYAA CaMblil LULMPOKUIA HABOP MeTOA,0B NPbIXKKOBON MUKPOCKOMNM
(HybriD Mode)

® ABTOMATM3aLMA IKCNepMMeHTa baarogaps UHTENNEKTYaIbHOMY NPOrpammMmHOMY moayato ScanTronic

® Bo3MOXKHOCTb pa3suTtua o ACM-PamaH cuctem, cuctem MMKPOCKOMUM U CNEKTPOCKONMUMU HAHOMETPOBOTO
NPOCTPAHCTBEHHOrO pa3spelleHmnsa B suammom, MK n Tly, ananasoHe

ACM un3obpakeHue HelTpoduaos  [lomeHHas CTPYKTypa TOHKOM MN306parkeHne KannbposoyHol  KapTa moayns ynpyroctu cmecum
Ha cTekne Nbe3031EeKTPUYECKON NAEHKN peLeTKN, NoayyeHHoe noauctmpona (rony6oit)
B KOHOUrypauum DualScan™ C MONNITUIEHOM (3eNEHbIN)

www.ntmdt-si.com Y3Hatb bosibule www.ntmdt-tips.com
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NTEGRA Il Pro - KOHuUrypauum u onuyumn

® 3mepeHua B YCNOBUAX HU3KOTO U CPeAHero Bakyyma

® /I3mepeHuna B XKUAKOCTU N B YCIIOBUAX KOHTPOAUPYEMOM
atmocdepbl

® I3mepeHuna Npu NPUIOKEHUN BHELUHEro MarHUTHOIO NoaA
(ropr3oHTanbHOro, BEPTMKabHOrO)

® KoHourypaumm ana CKaHMPOBAHUA 30HAOM UM 06PaA3LLOM,
a TaKe KoHdurypaums DualScan

® [locTyn BHELLIHUX YCTPOWCTB K curHasnam ACM

e LLInpoKunin BbIBOP MCTOYHMKOB CUCTEMbBI PEFUCTPALLMN N3rMbBoB
KaHTW/ieBepa Ha OCHOBE NOYNPOBOAHUKOBbLIX JIA3EPOB MU
CYMepAOMUHUCLLEHTHBIX ANOA0B

8 MKM
MCM KapTbl UTTPMEBOrO KapTa agresuun nieHkn butyma MosepxHocTb BOIT B Bakyyme KapTa noBepxHOCTHOro
YKenesHoro rpaHaTa o u nocne noteHuunana yewyek WS,
NPUNOXKEHUA NaTepasbHOro BbIPALLLEHHbIX Ha ANUTaKCUAZIbHOM
MarHMTHOro Noas rpadeHe. U3obpaxkeHne

MOJIYYEHO B BaKyyme

www.ntmdt-si.com Y3Hatb bosibule www.ntmdt-tips.com
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NTEGRA Spectra ll

MHoropyHKLUMOHaNbHaA
aBTOMATM3MPOBAHHAA cMCTema ANA
ACM-PamaH, CBOM u TERS uccnepoBaHui

® ABTOMaTM3MpOBaHHbI ACM BbICOKOIo pa3peLleHuns

® KOHCTPYKTUBHbIE peLleHns, ONTUMM3NPOBaAHHbIe ansa TERS

N3MEpPEHWNI: ONTUYECKUI AOCTYN CBEPXY, CHU3Y U COOKY

MogaynbHas onTMYecKas cuctema No3BONAET peanm3oBaThb /0byto

KOHdUrypauuto Bo3byKaeHMA 1 cbopa ONTUYECKOTo OTK/IMKa

ABTOMaTM3MPOBAHHAA HAaCTPOMKA CUCTEMbI 1a3ep-30HA-POTOAMOL,

MpocTaa cmeHa A/IMHbI BOMHbI UCTOYHWMKA U31y4eHUA onTudeckon cuctembl ACM

Jlerkas u To4yHas HacTPOMKa 0ObEKTUBOB

CoxpaHHocTb TERS 30HA0B Npu KapTUpoBaHUKM Baarogapa ucnonb3osaHuo HybriD Mode™

(a)

Height PVAC (2839 cm™-2980 cm™) PS (3000 cm™-3140 cm?)
(a) PamaHoBcKMe cnekTpbl nonveuHWAaLeTara (PVAC) n noamctupena (PS), (b) sobpaskeHme pesbeda naeHkm PS/PVAC. (c)-(d) PamaHoBckme KapTbl nosoc PVAC 1 PS

NTEGRA nano IR

MHdpaKpacHas MUKPOCKONUA U CMEKTPOCKONUSA C
HAaHOMETPOBbIM NPOCTPAHCTBEHHbIM pa3peLleHUeM

e PaccenBatolLas 6AMKHENONbHASA ONTUYECKAs MUKPOCKOMKUSA
(s-SNOM) B BUAMMOM, MHPpaKpacHoM (MK) u TIuy, AnanasoHax

® Huskuii gpeiid 1 BbicOKasa CTabUIbHOCTb CUCTEMBI

® YHuMBepcanbHbIN UccieaoBaTenbckmini ACM ¢ nonHbIM Habopom
CaMbIX COBPEMEHHbIX MeTOA0B UCCef0BaHMA Mopdoiormu,
HaHOMEXaHMYECKMX, /TEKTPUYECKUX U MAarHUTHbIX CBOMCTB 06pasLia,
BK/ItOMaA MeTobl NPbIXXKOBOW MUKpockonuu (HybriD Mode™)

® NHTennektyanbHas cuctema ScanTronic™ obecneunBaeT
onTUManbHyto ansa nonydeHnsa s-SNOM KOHTPaACTOB HAaCTPOMKY
perKnma B3aumoaencTema 3oH4a U obpasua

Penved (a) m p-CEOM amnautyaa (b) pewetku Si/SiO, HanoeHHble Ha penbed N306paXKeHNs KOHTPACTOB OTPAXKEHUSA NPU
55 °C (a) n npu 67 °C (b), A= 10.6 mkm. O6pasew, npeacTasieH
prof. Liu (Stony Brook University, New York, USA)

www.ntmdt-si.com Y3Hatb bosibule www.ntmdt-tips.com
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NTEGRA Marlin

Hoseuwasa cuctema ACM-PamaH-CMUN
ANnAa buonormueckux nccnepoBaHuii

® BbICOKOCKOPOCTHAA CKaHMPYIOLWAA MUKPOCKOMUSA MOHHOM
NpPoOBOAMMOCTH

® BecKoHTaKTHoe Mcc/eoBaHMe KUBbIX KIETOK B eCTeCTBEHHOM
dusmnonormyeckoi cpeae

® 3amepeHne MexaHU4YeCKMX CBOMCTB B LUMPOKOM AMana3oHe KeCcTKocTel

e Patch-clamp n3mepeHuna c HaHOMETPOBOW NOKanM3aumen

[ KOM6MHaLI,V|ﬂ C oNTU4YeCKNMUN MeToAnKamu MpoeKT peannsyeTca Npu coaencTBum
®doHpa copeincTBIA NHHOBALMAM

CMWM-n3obpaxeHune ACM-n3obparkeHne Yactuy, CMWM-n3o6paxeHune CMMUM kapTta moayna
XMBOTO HelpoHa n3 puHoBMpYyCa KNeTok KapuuHombl PC3 YMPYrocTu }X1BOro
rMNNOKamna mbliln npeacTaTenbHOM Kenesbl ¢dunbpobnacta.

yenoBeka E=2 Pa..3,4 MPa

[anarkectbl HAy4YHbIX cTaTen

Tip-Enhanced Raman Confocal Raman Scanning Near-Field
Spectroscopy Microscopy Optical Microscopy

KoHTaKTb! HEHEL

LeHTpanbHbIM oduc: 4460, r. MockBa, . 3eneHorpaa, CAENAHO B PocCuM
npoesn 4922, a. 4 ctp. 3, 3 aTax V‘ ~ MOCKOBCKVIFI
TenedoH: + 7 (499) 110-2050 w? SKCMOPTHbIV LLEHTP

E-mail: info@ntmdt-si.ru
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UHV-cryo-STM, 5K, 107 'm6ap

Ipodunomerp moaean 130 http:/prof130.ru
Mamepenue Ra, Rz u emé 28 napamerpoB 11epoxoBaToCTH
nuanasoH 1o Ra 0,012 — 50 mxm, uyBcrBUTEnsHOCTH 0,001 MKM
JuinHa Tpaccsl 10 40 MM, 1-14 knace no 'OCT 2789
T'ocpeectp Ne33319-13, mexxnioBepouHbIi HHTEPBAT 2 rofa
nena 354 000p., ckuzky, mocraBka 20 pad.aHei, ¢ 00ydeHHeM

STM/AFM in-situ nox MarHeTpoHamMu

MUN3T

MuKkpocKkon CKAaHNPYIOLHIT 30HA0BbII
«CMM-2000»

atomHoe paspemenne B STM u AFM, nemnpu-
XOTJIMBOCTh K BUOpaMsAM W BIIQKHOCTH, BBICO-
Kasg HaJeKHOCTh, MPUMEHUMOCTD Ul y4eOHOM
cOopku/pa3zbopkn B BVY3-ax, Tounocts 1 HM
BBIXOZAa HA Ty JK€ TOYKY IIpu OOpaTHOH
yCTaHOBKE 00paslia Mociie €ro CHATHS, PEKHMBI
CHATHSI DJIEKTPOIPOBOJHOCTH, ITOTECHIMAJIOB,
EéMKOCTH, JIEKTpO- W (OTO- JIOMUHECICHIUH,
(hOTOUYBCTBUTEIBHOCTH, 3J1.IUIOTHOCTH, TPEHHS,
aAre3uy,  YOPYrocTH,  TEIUIONPOBOIHOCTH,
BSI3KOCTH, HAMarHWYEHHOCTH, YyBCTBHUTEIIb-
HOCTHU C KOAPLUTHUBHOM CHJIOW, HACBILIEHHEM U
OCTaTOYHBIM IIOJIEM IO I€30- M MAarHUTHBIM
o0pasmaM u T.J., MOPOIOTHICCKH, (PpaKTaIb-
Hblil, Oypre-aHAIN3BI U aHAJIW3 IEPOXOBATOCTH,
peryiIupoBKa Temmeparypbl obpasuma or -40°C
710 +150°C (onuus +800°C), croumocts 590 000p.,
CKUJIKH OT KOJMYECTBA, CPOK MmocTaBku 10 mqHeH,
Kypcel oOydenws, cepBuc 10 mer.

Marunerpon MAI'-2000
¢ OJIOKOM YTIpaBJICHHS

Mepsi [TPO-10
T'ocpeectp Ne66933-17

AFM c mammHoit pazpeiBa  Ra oT SuM 10 80MKM

Kourtyporpad mogenu 220
VI3mepeHust JUInH, yrioB, paJjiycoB, IMaMeTPOB U IaroB
Juana3oH 220MM (omuus 1000mm), 4yBCTBUTENBHOCTE 0,1 MKM
norpemmocts man 0,2%, yrios 0,1°, paguycos 0,1%
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We theoretically study the non-equilibrium dynamics of the order parameter of a superconducting ring quenched through its transition
temperature in the presence of a circularly polarized electromagnetic radiation. Numerical simulations based on spectral decomposition
of the time-dependent Ginzburg-Landau equation, reveal that the circularly polarized electromagnetic radiation strongly promotes the
generation of current-carrying states with current directions controlled by the helicity of the radiation field.

Introduction

The Kibble-Zurek Mechanism (KZM) [1-3] explains
the spontaneous generation of topological defects of
the order parameter when a system is subjected to a
rapid thermal quench through a phase transition critical
temperature.  In the case of superconductors KZM
leads to the spontaneous formation of Abrikosov vorti-
ces [4]. Recently on-demand optical generation of sin-
gle vortices has been demonstrated [5]. It is based on a
fast quench following the absorption of a tightly fo-
cused laser pulse that locally heats the superconductor
above its critical temperature. The experiment revealed
ex nihilo creation of a single vortex pinned at the cen-
ter of the hot spot with its counterpart opposite flux
trapped tens of micrometers away at the superconduc-
tor boundaries.

Moreover, in experiments [6] it was experimentally
demonstrated that illumination of the toroidal atomic
Bose-Einstein condensate, an artificial superfluid sys-
tem, by the twisted light carrying a non-zero angular
momentum produces d.c. persistent supercurrents. Sim-
ilar light-stimulated persistent currents were recently
predicted in conventional superconductors [7]. A theo-
retical description of the inverse Faraday effect (IFE) in
superconductors in [7] is based on the time-dependent
Ginzburg-Landau equations (TDGL) with a complex
relaxation constant I'. The imaginary part of I" arises
from the electron-hole asymmetry.

We have performed the simulations based on TDGL to
show that the KZM in the presence of illumination of
the ring with a circularly polarized electromagnetic
radiation favors the generation of current-carrying

states through IFE with a current directions controlled
by the helicity of the radiation.

Fig. 1. Scheme of the thin superconducting ring on a substrate

under the circularly polarized laser beam excitation

We consider the situation when the ring is heated by a
laser pulse up to the temperature Ty, above its critical
temperature T, and then starts to cool down rapidly to
the substrate temperature Ty < T. Introducing 6T =
(Theat — To) /T, we can model the evolution of the ring
temperature as T (t) = Ty + 8T T exp(-t/ty), where tq is
the quenching time. We assume that the width and
thickness of the ring are smaller than the zero-
temperature superconducting coherence length £(0) and
provide below the results for the ring with a radius
R=9.45 & (0).

As a time unit the characteristic relaxation time
tp = wwh/ [8(T — To)] is used and the dimensionless
complex relaxation constant I'= (1+0.2i). To address
the problem of fluctuation-driven nucleation and dy-
namics of the condensate we solve the stochastic time-
dependent Ginzburg-Landau equation of motion, that
includes the Langevin term. The electric field for a
circularly polarized radiation (o, right, o_ left polariza-
tions) is Eq. (1, t) = E¢ (£sin (k.r — ot) , cos (k.r — ot) ,
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0). We use the dimensionless quench time g = to/Ta,
frequency ®;, = ® 15, and the field amplitude x =
Egmcg tA/(<D0\/s_0). In our calculations we were inter-
ested in how the probabilities to find the final states ¥,
with n#0 vary in the presence of the circularly polar-
ized radiation. To find the probabilities of these current
carrying states we performed the averaging over 500
realizations of cooling cycles for different durations t
of the circularly polarized radiation. The results were
obtained at t = 200, i.e. when the system reached a sta-
tionary regime. Calculations show that only the low
harmonics with ; 6 |1|are excited. We may see that in
the region, where the role of the circular polar-sized

radiation is important, the positive helicity promotes
the n = —1 state realization while it is n = +1 state,
which is promoted for the negative helicity. Note that,
for n = |1] the ratio of the probabilities of the states n =
+1 realization can exceed the order of magnitude. In
conclusion, we have demonstrated that combining the
KZM with the IFE induced by a circular polarized ra-
diation, we may effectively discriminate between the
states with different current polarities. Our findings
open a way to the all-optical generation of the current
states in mesoscopic superconducting systems. For
more details concerning the presented results see ref.

8].

Fig. 2. Probability of a final stationary state W, as a function of the normalized amplitude k /w._ for w. = 1.0, 8T = 2 and 1q = 1. The up-

per figures show the case of left circular polarization -, the lower ones show the case of right circular polarization o.. The data are cal-

culated for 1 = 25 (red), T = 50 (green), T = 75 (blue) and 1 = 100 (magenta). Note the differences in the ordinates scales
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We consider the potential for extending photon counting to the mid- and far-infrared range of frequencies using principles of SNSPD.
While outstanding performance in near-IR range (1.5 um, 200 THz) is now realized in commercially available SNSPDs, and single-
photon counting down to 10 um (30 THz) has already been demonstrated, there is still an unexplored potential of SNSPDs for counting
photons of far-infrared range of frequencies. We discuss physical and technical limitations which emerge on this way, as well as possi-
ble solutions for those. In particular, we analyze the expected performance of wide-strip SSPD, with the yield that it should be capable

for detecting single THz range photons under realistic conditions.

Introduction

Counting photons of THz range is a challenging task.
To resolve it, various approaches was applied, includ-
ing detectors based on quantum dots [1,2], double
quantum wells [3,4], superconducting transition edge
sensors [5,6]. Despite successful demonstrations, all
these detectors are far from being implemented in prac-
tice, because they are either based on technologies
which are not used in practical devices yet or needs
specific conditions of operation, such as ultra-low tem-
perature or strong magnetic field.

At the same time, there is an approach based on Super-
conducting  Nanowire  Single-Photon  Detectors
(SNSPD), which are now devices of choice in near-IR
range (1.5 pm or 200 THz). Detection of single pho-
tons with the wavelength up to 10 um (frequency down
to 30 THz) has already been demonstrated [7]. SNSPD
are relatively simple in fabrication and operation. Be-
sides this, they are intrinsically fast and has extremely
low false counts, which make use of them meaningful
not only in quantum optics applications, but also in
sensing weak classical signals with ultimate sensitivity
and high dynamic range. All these makes attractive a
perspective of extending the technics of SNSPD into
THz range.

In this talk, we consider ultimate performance of
SNSPD for detection of single THz photons, which
follows from physical principles of their operation.
We focus on SNSPD based micron-wide strips, and
present estimate of detectable energy of a single
photon.

Principles of SNSPD operation

Fig. 1. The distribution of density of bias supercurrent in a wide
strip, crowded out of the hot spot in a simplified case of hot
spot with fully suppressed order parameter inside it and a
sharp edge. jqu is first exceeded at two opposite points (black)
at the edge

Briefly, an absorbed photon creates cloud of excess
quasiparticles near the point of absorption, which sup-
press superconducting order parameter. The area with
excess quasiparticles and suppressed order parameter is
called a hot spot. To observe the appearance of the hot
spot, the film is biased by a DC supercurrent. Its densi-
ty is redistributed near the hot spot, as sche-matically
represented on Fig 1. If maximum supercurrent density
exceeds at some point the local critical value, which is
the depairing current density, a pair of vortices is nu-
cleated, or a single vortex enters from the edge of the
film if the hot spot is formed close to the edge. The
vortices are moved across the film by Lorenz force
acting from the supercurrent and leave trace with ex-
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cess quasiparticles and suppressed order parameter.
The trace is the route for next vortices to come. After
several events of vortex crosses, the trace is heated up
above the critical temperature, i.e., the resistive belt
appears across the whole width of the film. It then
grows further being heated up by the bias current,
which results in the observable pulse of voltage in the
bias circuit. (All the ingredients of detection processes
were realized and collected together in the series of
works by Vodolazov et al. [8-12]).

In case of wide strip, much wider than the hot spot di-
ameter, the critical current density is exceeded if the
density far from the hot spot is 0.5 of the depairing
current density (for a case of the hot spot with fully
suppressed order parameter and sharp edge) or 0.7
(more realistic hot spot with gaussian profile of excess
quasiparticle density, order parameter falls down to
zero at its center). For a narrow strip, with the width
comparable with the hot spot diameter -- which is set
by the diffusion length +/Dz, with  the relevant inelas-
tic time and D the diffusion coefficient, - the redistribu-
tion of supercurrent is restricted by edges of the strip,
and the depairing current density is exceeded at smaller
densities of the bias current. More, if the width is
smaller than the diffusion length, the area of the hot
spot is restricted by the edges and the suppression of
the order parameter goes more efficiently. This sug-
gests that narrow strips are preferable for detection of
low energy photons. An additional argument for nar-
row strips is that it is technologically a hard task to
fabricate films which are perfect enough to support
bias current of 0.5 of the depairing current or higher.
(In particular because of this, the detection by wide
films was demonstrated 15 years after the demonstra-
tion of the first SNSPD).

However, there is an important drawback for narrow
strips: the depairing current and hence the bias current
falls proportionally to the width of the strip. Besides
this, it falls proportionally to the inverse of the sheet
resistance, and to the critical temperature in the power
of 3/2. Increase of sheet resistance and decrease of crit-
ical temperature is crucial for detection of THz pho-
tons, so the current available for biasing the strip falls
rapidly. The duration of the voltage pulse of SNSPD is
of the range of several ns or even smaller, so in practice
it is almost impossible to work with bias current below
1 pA even with the use of cryogenic amplifiers. One of
the suggested solutions for this is to use on-chip ampli-
fication with a nano-cryotron (nTron) [13].

Here, we suggest an alternative approach based on mi-
cron-wide strip SSPD, or SMSPD, which was demon-
strated recently in near-IR range [14]. Besides the abil-
ity to work with large bias current, strip with the width
of several or tens of microns are easier to match with
THz radiation. This is essentially important in the
range of tens of THz, where efficient antennas are
problematic.

Conclusions

In summary, we analyzed the prospects of SMSPDs for
detection of THz-range photons, basing on physical
principles of their operation. We derived a simple con-
dition of efficient photo-counting in a wide current-
biased film and conclude that high-resistance films of
low-T¢ materials should satisfy it. We notice that the
condition is rather necessary than enough one, but hope
that it gives a guideline for further investigations.
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We study the influence of the interlayer electron-electron interaction on the temperature dependence of the superfluid density in the two-
dimensional electron gas (2DEG) proximity coupled to a conventional superconductor. Using the mean-field approximation for the inter-
layer interaction we demonstrate that the spin-triplet interlayer pairing results in the appearance of the odd-frequency component of the
pairing correlations in 2DEG and also gives rise to an additional exchange splitting. Both these factors are responsible for the reentrant
behavior of the superfluid density in the low-temperature regime. Our results suggest that the interlayer pairing provides a possible

mechanism for the reentrance of the induced diamagnetism in the normal metal — superconductor heterostructures.

Introduction

It has been experimentally established that the screening
properties of the superconducting (S) cylinders coated
by non-superconducting (N) noble metals such as Au or
Ag at ultra-low temperatures drastically deviate from the
predictions of the microscopic theory of the supercon-
ducting proximity effect [1,2]. In particular, such struc-
tures can exhibit the reentrant diamagnetism — the ap-
pearance of the paramagnetic response on top of the
Meissner screening. Since then, a number of theoretical
explanations of this phenomenon has been given. One of
them is associated with the presence of repulsive elec-
tron-electron interaction in the normal metal described
by the sign change in the coupling constant of the elec-
tron-electron interaction [3]. In this scenario the S/N
interface features localized quasiparticle states which are
responsible for the reentrant diamagnetism.

In the present work we investigate the influence of the
interlayer electron-electron interaction [4-6] on the
screening properties of the S/N structures. For simplici-
ty, we consider a two-dimensional electron gas (2DEQG)
proximity coupled to a thick superconducting film. Our
analysis is based on the tunneling Hamiltonian formal-
ism and the interlayer electron-electron interaction is
treated within the mean-field approximation. We re-
strict ourselves to the calculations of the superfluid
density in 2DEG which determines the contribution of
this layer to the screening properties of the whole sam-
ple. Our results address the low-temperature regime
and, thus, we neglect the self-consistency effects for
the superconducting order parameter in the S layer and
the interlayer gap function.

Model and results

The expression for the Hamiltonian of the supercon-
ductor reads:

Hy =
[ B[ 0E@) W0 + AW 0w (x) +
ROW, W @] M

Here ‘P;r (¥,) is the fermionic creation (annihilation)
operator in the S layer, x = (r, 7), T is the imaginary
time variable in the Matsubara technique, @ = T, | de-
notes spin degrees of freedom (summation over repeat-
ed spin indices is implied), &,(r) is the kinetic energy
operator. Hamiltonian of 2DEG has the following
form:

H, = [d?R al(X)&,(R)a,(X) , )

where aZ (ag) is the fermionic creation (annihilation)
operator in 2DEG, X = (R, 1), &,(R) is the kinetic en-
ergy operator in 2DEG. Two subsystems are coupled
by the tunneling Hamiltonian

H, =
J ?RWIOtR)a,(X) + al Ot (RPX)] , ()

and a nonlocal interaction between the electrons in
different layers is described by the term

Hne = U0/2) | € RWF (X)L (0¥ (X)

where U, denotes the coupling strength and ¥, (X) =
Y,(R,z = 0,7). This interaction is treated within the

mean-field approach

Bine(®)ap = — (2) (@ OW (X)), (5)
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Using the following definitions for the Matsubara
Green functions in 2DEG

én(X1'Xz) = (Tr[a(XﬂdT(Xz)]) ’

where (...) is the thermodynamic average, d(X) =
[aT(X),al(X), aI(X),aI(X)]T, and T, is the time-
ordering operator, we derive the Gor’kov equations in
the 2DEG. In the Matsubara frequency — coordinate
representation they read

[iwn + fzfn(R) - i(wn)]c\;{n(R' R, wn) =6(R—R"), @)

Here w, = 2nT(n + 1/2) is the Matsubara frequency,
T is temperature, and » is an integer. It is instructive to
consider the structure of the self-energy in the Nambu-

spin space
5 <§11 §12)’ (89)
2:21 2:22
2A:n = |t|zgs + tfs(iﬁy)zzrnt - tfszint(i(fy) +
gsBincAl, (8b)
EA:12 =

_tzfs(i&y) - tgs(Z?nt + Zint) + fs/A\int(iay)/A\Tiwnt ’ (80)

S12(wn) = —Ef1(~wp). £1(@n) = —£1,(~wy), and
g(w,) = - g(-w,) and f(w,) = f(-»,) are normal and
anomalous quasiclassical Green’s functions of the iso-
lated S layer.

One can see from Eqs. (8) that possible manifestations
of the interlayer electron-electron interaction strongly
depend on its spin structure. In particular, the spin-
singlet interaction leads to the increase in the induced
superconducting gap in the quasiparticle energy spec-
trum of 2DEG and do not influence the even in fre-
quency dependence of the induced superconducting
correlations. The case of triplet interlayer pairing is
qualitatively different. Indeed, substituting

Eint = dtéz(i&y) )
into Egs. (8) we get that 2DEG features an additional
spin splitting and the superconducting correlations in
2DEG acquire an odd-frequency component.

For the calculations of the Cooper pair density in
2DEG we derive the Eilenberger equations for quasi-
classical Green functions in 2DEG

liw, ¥, gl — 1,59 + g¥t, =0 ,

and then compute ny =T ¥, Tr [ fo(wy) fnJr (wn)] .

The results are shown in Fig. 1. One can see that in the
low-temperature regime the superfluid density exhibits
the reentrant behavior. We also see several dips on
ny(T) curves for rather large d; values. We associate the
appearance of these features with the spin splitting of
the peaks in the electronic density of states in 2DEG.

Fig. 1. Plots of the superfluid density versus temperature for
several sets of the model parameters (¥, d,). Here £ denotes
the tunneling rate, d; is the amplitude of the interlayer spin-
triplet pairing, T is the critical temperature of the S layer. The

quantities £ and d? are taken in T, units
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We investigate resonance phenomena in a system of nanomagnet coupled to the Josephson junction under external periodic drive. The
additional resonances manifests itself on the dependence of the maximum amplitude of mangetic moment component oscillations as a
function of voltage of the Josepson junction under the influence of external periodic drive.

Introduction

The physics of the JJ+nanomagnet system has recently
received considerable attention both theoretically and
experimentally. An interesting phenomenon, which is
widely studied in this context, is the magnetization
reversal of the nanomagnet by an external signal
through the JJ [1-6]. Another interesting result is a
peculiar manifestation of the Kapitsa pendulum
properties in such system. In a pendulum with a
vibrating suspension point, an external sinusoidal force
can invert the stability position of the pendulum if the
vibrations of the suspension point oscillate at a high
frequency. In this case, an unstable fixed point can
become dynamically stable. In refs. [7,8], the authors
present the Kapitsa pendulum as a mechanical analogy
for the JJ coupled to the magnetic subsystem (in
particular, the ferromagnetic barrier in the junction or
nanomagnet), and demonstrate a reorientation of the
easy axis of the magnetic moment of such subsystem.

Model and Methods

We consider the Josephson junction of length 1 coupled
to the nanomagnet with magnetization M=(M,, M,,
M,), located at a distance ry = ae, from the center of
the junction (see Fig. 1).

The dynamics of the magnetic moment components of
the nanomagnet can be described by the Landau-
Lifshiz-Hilbert equation (LLG), in dimensionless
quantities given by:

Fig. 1. Schematic diagram of the considered system with the

system geometry

dm, Op

& @ o) (e amamy)
—h,(am,m, + m,) + ah,(m3 + m2)]

dm 0

Y F —

it YD) [hz(mx amymz)

—h(am,m, + m,) + ah,(m? + m2)]

dm, g

dr (1+a?)D [hx(my ~ am,m,)

—hy(am,m, + m,) + ah,(m2 + m2)]

h,=0
h, =m,
h, = h, — ekm,

h,=c¢ "

A
sin (V‘r —km, + —sin(.(h’)) +V+ cos(ﬂr)]
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Fig. 2. Maximum amplitude of oscillations m,™

as a function of voltage at the frequency of external signal Q=0.8, A=0,1,

a =0.001, G =3, k =0.01 and wr = 0.5. The dashed line indicates the value of ferromagnetic frequency

where a is the Hilbert damping parameter, m=M;/M;
are the normalized components of the magnetic
moment, M; is the saturation magnetization, h; are the
effective field components normalized to Hr = wg/y, y
is the gyromagnetic ratio, op is the frequency of
ferromagnetic =~ resonance  normalized to  the
characteristic frequency ®.~=2eRI./h, 1. is the critical
current of the JJ, R is the resistance of the JJ, T = tw, is
the normalized time, D = 1 +(wrack/(1+0?))(m? +
myz), e =Gk, G = ¢g/K,,v is the ratio of the Josephson
to magnetic energy, &=®yl./2n is the Josephson
energy, @ is the flux quantum, v is the volume of the
nanomagnet, K,, - constant of magnetic anisotropy and
k=Qn/®)ugMgl/aVIZ+a? is the coupling
between the JJ and the nanomagnet. The JJ voltage V is
normalized to V., = h o./2e, A=V,/V, is the normalized
amplitude of the external radiation, Q=owgr/®, is the
normalized frequency of the external radiation, . is the
McCumber-Stuart parameter.

We solve this nonlinear stiff system of equations using
the Gauss-Legendre scheme. The initial conditions are
assumed to be my, = 0, my = 1 and m, = 0, voltage and
phase are equal zero.

Discussion

External periodic signal through the Josephson junction
excite the precession of the magnetic moment of the
nanomagnet, which leads to the ferromagnetic
resonance when the precession frequency becomes
equal to the eigenfrequency or of the magnetic system.
To describe the resonance, we calculated the maximum
amplitude of oscillations of the magnetic moment
component in the time domain for each given V or wg.

Figure 2 shows the calculated maximum amplitude of

X

oscillations m,™ as a function of at voltage the
frequency of external signal Q, o = 0.5, a = 0.001 and
different A=0,1. A main ferromagnetic resonance peak
is observed at the frequency corresponding to the
ferromagnetic frequency o = 0.5 and has an
asymmetric shape. The additional resonance manifests
itself at V=0.3 under the influence of external periodic

drive.
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Motivated by the interplay of Bethe Ansatz integrability and localization, we consider a time-reversal symmetry breaking deformation of
a Richardson model of superconductivity, known as a Russian Doll Model (RDM) by implementing diagonal on-site disorder. The locali-
zation and ergodicity-breaking properties of a single-particle spectrum are analyzed within a large-energy renormalization group (RG)
over the momentum-space spectrum. Based on the above RG, we derive an effective Hamiltonian of the model, discover a fractal phase
of non-ergodic delocalized states, with the fractal dimension different from the one of a paradigmatic Rosenzweig-Porter model, and
explain it both in terms of the developed RG equations and matrix-inversion trick.

Introduction

The Richardson model (RM) of superconductivity [1]
is a suitable toy model with finite number of degrees of
freedom, allowing one to capture the key properties of
superconducting state in a relatively simple manner.
This model, given by on-site diagonal potential &, on N
sites and all-to-all constant coupling j,,,, ~ 1/N,

H= Zn EqNy + Zm,njmn(cfl—cm + h.c. +nnnn)r (1)

with n,, = ¢;'c,, and ¢; (¢,) being fermionic creation
(annihilation) operators, is known to be Bethe-Ansatz
(BA) integrable, where BA equations coincide with the
ones of a twisted SU(2) Gaudin model [2]. The locali-
zation properties of the Richardson model in a single-
particle spectrum with the diagonal on-site disorder has
been considered in [3], where it was shown that all
(except one) eigenstates are localized for any coupling
constant j,, < N71 (jn > N71). The delocalization
of the only level appears at the same coupling j,,, =
N~1, when the superconducting gap in the many-body
sector starts to be extensive. Though all (except one)
eigenstates are localized for any coupling, the corre-
sponding level statistics shows level repulsion
for j,n, > N™1, which is comparable with the one in
the random matrix theory of Gaussian ensembles [4].

Main results

Here we go beyond the Richardson model and consider
its integrable deformation, namely, Russian Doll model

(RDM) [5], involving the time-reversal symmetry
(TRS) breaking. Like in RM, RDM has all-to-all con-
stant coupling j,,, = (cos @ + isin@ sgn(m —n))/N,
but now it has both a symmetric real and an antisym-
metric imaginary terms in (1), see Fig. 1. Motivated by
the interplay of BA integrability, localization, and level
repulsion in the Richardson model, we consider RDM
with diagonal disorder and generalize it in terms of the
scaling of the coupling constant (sirynilarly to fully-
correlated cases in [6-9]), |jyn| ~ N2 by the analogy
with the Rosenzweig-Porter (RP) model [10].

Fig. 1. Sketch of the Russian doll model, Different colors of
vertices stand for the disorder potential ¢,,, while the coloring of
the edges from the topmost vertex demonstrate different phas-
es of hopping terms with the same amplitude: red color stands
for e'?, blue - for e~ and black dashed line corresponds to the

real hopping 1
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This Rosenzweig-Porter model is known to host an
entire phase of non-ergodic eigenstates in the
range 1 <y < 2, squeezed between the ergodic (y <
1) and Anderson localized (y > 2) phases [10]. Such a
phase is characterized by the only energy scale I, large
compared to the level spacing § ~ Egy /N and small
compared to the bandwidth Egy,. This energy scale,
given by the standard Fermi's Golden rule formula,

[ =2n/(h Esw) Zmljmnl® ~ 8 NP, ()
determines a eigenstate fractal dimensionD = 2 —y.

For the Richardson model, the standard Fermi's Golden
rule result fails to describe the localization properties
correctly due to the presence of the strong correlations
between the couplings of different sites. The localiza-
tion, which survives for any coupling strength even
beyond the convergence of the locator expansion in the
Richardson model [3] (and some other long-range fully
correlated models), can be understood via a so-called
matrix-inversion trick [6,7] or develop a strong-
disorder spatial renormalization group [8, 9].

Similarly, for RDM, these correlations are present,
however numerically we show that the increasing cou-
pling does lead to the delocalization of most of the ei-
genstates, see Fig. 2, and, thus, all the above analytical
methods [6 - 9] working only in the localized phase are
not applicable as well as the standard Fermi's Golden
rule approximation (2). To overcome this, here we de-
velop another analytical method [11] to describe locali-
zation and ergodicity-breaking properties of RDM. We
base our approach on the renormalization group (RG),
similar in spirit to the one used for disorder-free RDM
for y = 2 [5], but generalize it to the momentum space.
By going back to the coordinate basis, we derive the
effective Hamiltonian with the significantly reduced
correlations, which is already tractable with the Fermi's
Golden rule approximation (2).

Using combination of the effective Hamiltonian and
the Fermi's Golden rule, we have found that single-
particle eigenstates in the disordered RDM demonstrate
fractal properties emerging in the same Anderson local-
ization point y = 2 as the ones in the Rosenzweig-
Porter model. However, the non-ergodic phase pro-
longs to smaller values of y until y = 0 and the corre-
sponding fractal dimension D, which we exactly de-
termine analytically, deviates from the one in the
Rosenzweig-Porter and equalsto D = 1 — y/2.

A. S. G. and I. M. K thank IIP, Natal, where the project
has been initiated during the program "Random geome-

tries and multifractality in condensed matter..." for
hospitality. I. M. K. acknowledges the support by Rus-
sian Science Foundation (Grant No. 21-12-00409).

Fig. 2. The fractal dimension D, versus y in RDM model for
50 % mid-spectrum eigenstates, and 6=0.25. The symbols
correspond to D,, extracted from the inverse participation ratio
(e) and from the points corresponding to the first «; (m), and
zeroth 2—a, (A) moments of P(a) ~ NS@-1 with a =
—In|yY(x)|?/In N. The black dashed line shows the analytical
prediction. The symmetry f(a) = f(2 — a) + (a« — 1) [12] used
for 2 — a, works only for the delocalized phases, y < 2. The
data is extrapolated from N = 2° — 2'* with 1000 disorder real-

izations for each
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In this study, we consider voltage biased Josephson junction coupled to nanomagnet. We investigate the period doubling bifurcation
due to interplay between superconducting phase and magnetization in Josephson junction. We use the variation of Josephson to mag-
netic energy ratio as our control parameter. Several precession motions are observed, such as chaos, bistabiity, and multiperiodic or-

bits, in the ferromagnetic resonance region.

Introduction

Molecular nanomagnets [1-3] are good candidates for
qubit realization, due to their long magnetization rela-
tion time [4—6]. Hybrid structures, such as the nano-
magnet coupled to Josephson junction (NM-JJ), are
also important contenders for the development of
spintronic devices [7, 8]. The magnetic nanoparticle
can be described by the Landau-Lifshitz-Gilbert equa-
tion [9], while, the Josephson junction, can be de-
scribed by the resistively and capacitively shunted Jo-
sephson junction (RCSJ) model [10]. We investigate
the magnetization bifurcations and chaos which appear
in this system due to interplay of superconductivity and
magnetism, and calculate the bifurcation diagrams.

Model

We consider voltage biased Josephson junction with
length / coupled to a nonomagnet with magnetic mo-
ment M = (Mx; My, M:) located at distance rm = aex
from the center of the junction as shown in Fig.1a.

Fig. 1. Schematic diagram of the system of JJ-NM with the
system geometry [10]

The total system of Landau-Lifshitz-Gilbert-Josephson
equations to be used in our numerical studies in nor-
malized units is given by [8, 11]:

D 2 () famn +n, )]
d:? “a ?;2) L1 (m, = amm. )+ ch, (4. )]
e DL () )]
D=1+§12J:70;;k(mi +m?),

(1)

where hy, h, are the components of the effective fieldin
the y- and z-direction respectively (here h,=0). The
effective field components are given by:

h,=m,

dm,
dt
where Q; is the Josephson frequency normalized to the

h, =1sin(Q,t —km_)+Q,],(2)

h,=h, Tk

characteristic frequency of JJ, e=Gk, where £ play the role
of the coupling in the proposed system [7,11],
G=Ey/(K,,V) is the ratio between Josephson energy (E;)
and anisotropic energy, K, is an anisotropic constant, V
is the volume of ferromagnetic F layer, o is a phenome-
nological damping constant, m; = MyM, for i = x, y, z,
M, = |[M]||, and Qg is the ferromagnetic resonance (FMR)
frequency normalized to the characteristic frequency of
JJ. Here, we consider Qr =1, k= 0.05, and o = 0.1. We
have chosen the Josephson to magnetic energy ratio G
and the Josephson frequency €2 as control parameters.

We investigate %, ,, and 4. ,, as functions of G and €,
and create 2-D maps, which are demonstrated in Fig.
2(a and b). Fig. 2(a) shows that the average of 4, has a
non-zero values only at G < 20z and around the FMR
condition (Q,~ Qp), while the average of 4, smoothly
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increasing with the increasing in G and Q; (see
Fig.2(b)). We note that the condition #4,_,, = 0 indicates
the complete reorientation of the magnetic moment,
while the negative values of 4, indicates the re
versal of the easy axis [11, 12]. The reorientation fea-
tures at €, >> Q. have been investigated in Refs. [10].
Here, we investigate the regions of the non-zero values
of h,,, which appear at small Q, (Q; < 2). The sys-
tem in this region is influenced by the irregular oscilla-
tions of 4,(¢), which can be a cause of a chaotic dy-
namic of the nanomagnet [11].

Fig. 2. (a) The average value of hy-ay, (b) the aver- age

value of hz-av as functions of G and Qu

Changes of the oscillatory behaviors according to the
increases of Q, can be seen in Fig.3. By increasing Q,
the motion orbit is shrinked. In addition to this, the
Poincar’e sections for Q, = 1 shows that by increasing G,
a transition from P2 to P4 motion (see Fig.2 (a) and
(b)) take place. However, an inverse transition occurs
where P4 to P2 motion occurs (see Fig.2 (¢) and (d)).

Fig. 3. The effect of QJ on orbits of the motion of the magneti-
zation (blue curves) and corresponding Poincar’e sections (red
dots) at different values of G at QJ = 1: (a) for G = 7, and (b)
for G = 8. The same for (c), and (d) but for QJ=1.5

Figure. 4 represent that the motion of the magnetization
at G=10 is chaotic. Each time the magnetization passes

through a region, its trajectory is changing, opening up
new loops on the Bloch sphere (See Fig.3(b-¢)).

Fig. 4. Shows the trajectory of motion in 3D and 2D plan, indi-
cating the chaotic feature of the system at G=10 and Q,=17 . (a)
represent the initial starting point. (b) Bloch sphere for the

magnetization. (c-d) represent the 2D zy-, xy- and zx- planes

In summary, we show the transformations between
different types of motions of the system and the magneti-
zation may exhibit chaotic, and multiperiodic orbits mo-
tion depending of the Josephson junction parameters.
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Using the non-stationary Bogoliubov-de Gennes theory, we discuss the coherent dynamics of the superconducting gap in a uniform and
varying in time exchange field in the presence of spin-orbit coupling. It was shown that in such a system the time evolution of the gap is
provoked by a Landau-Zener tunneling between the spin subbands in the spectrum of the superconductor. Corresponding redistribution
of the quasiparticle states leads to a smooth dynamics while interference effects provide fast gap oscillations.

Introduction

The non-stationary effects in superconductors related
to the coherent dynamic pairing of Cooper pairs have
been studied for a long time. Such effects lead to the
dynamics of superconducting gap potential, which can
be excited, for example, either by a rapid changing of a
pairing constant [1] or by an external electromagnetic
field [2]. The purpose of this work is to consider the
non-equilibrium effects in a superconductor in a non-
stationary exchange field h(t). It is known that in the
equilibrium case there is a critical field he=A/N2 at
which superconductivity is suppressed and the phase
transition to the normal state occurs. We want to show
how the adiabatic evolution of quasi-particle states in
the spectrum leads to an increase in the critical field
and the appearance of interference effects, which result
in the oscillatory gap dynamics.

Fig. 1. Schematic quasiparticle spectrum for h(t)>A. The
dashed lines show a small splitting near the intersection points
€=(h>-A%)" due to weak RSOI. White/black circles correspond
to empty/filled states, and blue/red circles correspond to redis-

tributed states

Model and equations

We consider a singlet superconductor in the presence
of a homogeneous time-dependent exchange field h(t)
and Rashba spin-orbit coupling (RSOC). The dynamics
of this system is governed by a time-dependent BdG
equation

tha¥,/at = H(tY, (f1)
H =1,8(¢,00 + A[n X k]o) — 1,®h(t)0 + 7,Q0,4

where & is a free particle spectrum measured from
Fermi level, o is a Pauli matrix vector, T is Pauli matrix
in electron-hole space, A is a strength of RSOC, n || h is
a vector defining the RSOC and A is a pairing poten-
tial. Note that the spin-orbit interaction term is intro-
duced here to provide the splitting of the quasiparticle
spectral branches needed to give a nontrivial gap dy-
namics in accordance with previous considerations of
an interaction of the spin dynamics and the Higgs
modes [3]. Assuming an adiabatic evolution of the ei-
genstates we use a time eikonal approach
W)=, exp(-ih™'S4(t)) from which an adiabatic spec-
trum Eq(t)=0S,/0t is obtained. It consists of four
branches with indices 6={1-, 1+, |-, |+} schematically
shown in Fig (1). We assume that RSOC effect is
small Akg<<h and it leads in small distortion of the
spectrum. The pairing potential satisfies the self-
consistency equation which can be written as follows

A =Npcs/8Tk ¥l (z1 + i1,) @i, ¥, (f2)

where vectors Wy represent a superposition of all states
with dynamical phase:

o1
Y =2n Cn,k(t)l’ul?,n =2n Wn k (t)elh Sn(t)wlg,n
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Here n is the number of the spectral branch and coeffi-
cients wy are weights indicating the filling of states,
which are determined by an initial condition. For ex-
ample, branches E1_and E|. do not intersect when the
exchange field h(t) changes and their weights are
wi={1, 0} correspondingly. The intersection of the
other branches E1. and E|. can be considered as se-
quential intersections of all states with fixed & in time,
which can be described using the solution of Landau-
Zener problem [4]. The latter assumes that there is
some probability of tunneling between two states with
different energy and therefore we have a redistribution
of wy for these two states. Since the adiabaticity is vio-

lated only at the intersection points &=(h” - A%)"?

we
can use the following approximation: the weight w(t)
for the branch {Ef, E|.} instantly changes from the
initial wi(t=-00)={0,1} before transition to wi(o0)={p"?,
(l-p)l/ Z}Wk (-o0) after the transition with the amplitudes
p"?and (1-p)"2 For the sake of simplicity, we assume
that h(t)=vt with v=const, and the coefficient p derived
from the Landau-Zener problem and can be expressed

as p=1-exp(-2mA\’k*/v).
Discussion

Self-consistency equation contains two types of terms
proportional to ~|C(t)]* and ~C,, (t)Cy(t). The first type
terms are the leading ones and describe the redistribu-
tion of the occupancy of different crossing energy
branches. The terms of the second type are small in
parameter Akp and correspond to the interference ef-
fects. If we take into account only the higher-order
terms describing the redistribution of the states without
interference effects, the equation (f2) will be reduced to
the following form

4 =AY O (h +VRE = 27) /0P (f3)

where p is the Landau-Zener parameter and Ay=
2hwpexp(-1/Agcsv(0)) is the equilibrium gap value in
the absence of the exchange field and RSOC. An ex-
ample of the dependence of the gap on the exchange
field (f3) is shown in Fig. 2.
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The process of synchronization of the magnetization precession and Josephson oscillations in the ®, junction in the ferromagnetic

resonance region in the presence of external electromagnetic radiation is investigated. Its manifestation in the dynamics of the magneti-

zation of the ferromagnetic layer and in the current-voltage characteristics of the junction. is demonstrated. We clarify the role of spin-

orbit coupling in the appearance of nonlinear features in the 1V-characteristic of the (po junction.

Introduction

The Josephson ¢, junctions with the current-phase
relation 7 =] sin(¢p—¢,), where the phase shift is
proportional to the magnetic moment of ferromagnetic
layer determined by the parameter of spin-orbit
interaction, demonstrate a number of unique features
important for superconducting spintronics and modern
informational technologies [1-6]. Such current-phase
relation allows one to manipulate the internal magnetic
moment using the Josephson current and the reverse
phenomenon leads to the appearance of the DC
component of superconducting current [7,8].

The IV characteristics and magnetization dynamics of
the ¢, Josephson junction under an external
electromagnetic radiation were studied in Ref.[9]. The
bias current dependence of maximal magnetization
component my'®* taken at each value of bias current
manifests two phenomena, such as ferromagnetic
resonance (FMR) and locking of the magnetization
precession to the oscillations of the external field
through the locking to the Josephson oscillations. The

locking is manifested as a step in my'%*

dependence
and its maximum shows the FMR. The nonlinearity in
the IV-curve and additional Shapiro step (SS) in
junctions with a strong spin-orbit interaction (SOC)
was demonstrated. The states with NDR result in an
additional step with corresponding oscillations having
the same frequency as the oscillations at the first step,
but a different amplitude and different dependence on

the radiation frequency [9].

Model

The full Landau-Lifshitz-Gilbert-Josephson (LLGIJ)
system of equations for ¢, Josephson junction was

investigated in Ref. [9]. In the case of Gr K 1;m, =
1, and neglecting quadratic terms m, and m,, the
LLGJ system of equations can be rewritten as:

dm Wp .
dtx =T [-m, + Grsin(p —rm,)],
dm w
y F
—dt = 1 + az (mx - O(my),
av 1 . .
E:F[I+Aslant_V_sln((p_rmy) (1)
c
dm,
+r—dt 1,
do
R 4
dt

Using the fourth-order Runge-Kutta method, we solve
this system of equations and find m,(t), m,(t), and
V (t) as a functions of the bias current. After averaging
procedure we find the IV-characteristics at fixed
system parameters [10].

Results and discussion

Here we present results following from the system (1)
in compare with the results of full LLGJ, presented in
Ref.[9]. An increase in the spin-orbit coupling at small
G and a, when the nonlinearity in LLGJ is getting
stronger, leads to its manifestation in the IV-
characteristics. It has a pronounced effect on the shape
of the IV curve in the resonance region, represented as
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the deviation of the IV curve from its linear behavior
and in the appearance of the resonance branch as
shown in Fig. 1(a).

In the case of approximated LLGJ, the situation is
different. The state with negative differential resistance
(NDR) does not appear for all values of the spin-orbit
coupling 7, as shown in Fig. 1(b).

Fig. 1. The enlarged parts of [V-characteristics in the reso-
nance region at G = 0.01,a = 0.01 and different r . (a) Re-
sults for full system of LLGJ equations; (b) Results for ap-
proximated system (1)

Effect of the external electromagnetic radiation on the
bias current dependence of my'** presented in Fig.2
for both cases. In the case of the full LLGJ, the
maximum of the resonance peak appears at a lower
value mJ** than that in the case of the approximated

one as shown in Fig. 2(a) and Fig. 2(b).

Also, the maximum of the resonance peak is shifted to
a higher value of the bias current in the case of the
approximated system of equations.

With an increase in the SOC in the interval 0.4 < r <
0.7, the state with a NDR starts to play an essential
role. It is reflected by an appearance of the second step
in my***(I) dependence that corresponds to the locking
of magnetization precession at higher value of mJ'**.
So, two locking steps with the different maximal
magnetization amplitude appear. This situation is
demonstrated in Fig.2(a) by curves with r = 0.5 and

r=0.6.

The disappearance of the second my'** locking step is
seen in Fig 2(b). This is due to the disappearance of the
NDR part of the IV curves corresponded to the
approximated LLGJ system of equations. Another
specific feature of the approximated system is an
appearance of mJ'®* locking step at strong spin-orbit
coupling (r > 0.6) as it also demonstrated by Fig.

2(b).

Fig. 2. mJ'*(I) dependence in the resonance region at
G = 0.0, = 0.01,A = 0.1,wgz = 0.485 and different r. The
numbers indicate the r value for each curve; (a) Results for full
system of LLGJ equations; (b) Results for approximated sys-
tem (1)
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Novel mechanisms of photon-magnon
coupling in hybrid superconducting systems
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Magnons, i.e., spin waves in magnets, are promising candidates for energy-efficient classical and quantum data processing. In this talk,
| discuss systems of interacting superconductors and ferromagnets, where magnon spectra are controllable by radiation through the
non-linear optical response of superconductors. Moreover, they provide the possibility to control the mass and velocity of magnons with

the help of light which provides a plethora of new functionalities.

The rising field of quantum magnonics employs spin
waves-or magnons to store and process classical and
quantum information. To test and manipulate quantum
states of magnons the strong interaction between
photons and magnons is of the high importance.
Nowadays, it is achieved by increasing the size of the
ferromagnet in the mm-size cavities which prevents
scalability and integration. Besides that, the known
linear Zeeman type light-spin interaction is not capable
to control the spectrum of magnons by tuning the
radiation intensity. To control the propagation of
magnons with the help of light at the nanoscale it is
desirable to suggest novel physical principles of the
photon-magnon interaction which would provide non-
linear terms by the amplitude of the electromagnetic
field.

Fig. 1. Schematic plot of the FMR experiment in superconduc-
tor/ferromagnet /superconductor structure with precessing
magnetization M(t), external field Ho and circulating eddy cur-

rents jmei“’tgenerating the time-dependent magnetic field Hoe'™

The possibility to achieve this goal comes from the
recent observation of the large magnon gap in super-
conductor/ferromagnet/superconductor multilayer sys-
tems [1,2,3] using setups like the one shown in Fig.1.
This appears as a huge shift of ferromagnetic resonance
(FMR) frequency Q in the superconducting state as

shown schematically in Fig.2. This shift has been en-
igmatic because it appears spontaneously, in the ab-
sence of any sizable magnetic anisotropy and external
field. Although its physical mechanism has been com-
pletely unclear, this remarkable property has been al-
ready used experimentally to achieve the highest FMR
frequency among in-plane magnetized ferromagnetic
systems [3], ultra-strong photon-magnon coupling [4]
in coplanar resonators.

Fig. 2. Schematic plot of the FMR frequency Q in SFS struc-
ture as function of the external magnetic field HO, where My is

the magnetization

In the present talk I will describe the possible origin
of the observed spontanecous FMR frequency shift
which explains many of the experimentally observed
features. The FMR shift or, in other words, the spon-
taneous magnon mass is determined by the order
parameter amplitude which in turn can be effectively
controlled by the external electromagnetic radiation.
This feature enables great variety of new functionali-
ties based on the resulting non-linear magnon-
photon interaction. For example, the light-controlled
magnon transistor and other possible setups will be
discussed in the talk.
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We study the features of the superconductivity nucleation in superconductors with modulated disorder. Within the Ginzburg-Landau
theory with nonuniform diffusion coefficient, we demonstrate that upon the decrease in the external magnetic field the emerging local-
ized superconducting state can possess a nonzero vorticity. Characteristic temperature range for which such vortex phase transitions
occur strongly depends on the spatial scale of the variations in disorder characteristics. This effect should manifest itself in the appear-
ance of kinks on the phase diagram magnetic field — temperature determined near the onset of the superconducting transition.

Introduction

The influence of the disorder on the superconductivity
nucleation is an important problem for all possible ap-
plications of superconducting materials. Such problem
has been mainly studied for uncorrelated disorder while
the case of superconductors with inhomogeneous dis-
order characteristics usually receives less attention.
Note that such inhomogeneities are inevitably present
in real materials due to fluctuations in the impurity
concentration during the sample fabrication. On the
other hand, spatially modulated impurity concentration
can be created artificially by means of the ion implan-
tation.

In the present work we investigate the features of the
superconductivity nucleation in superconductors with
spatially modulated impurity concentration described
by inhomogeneous diffusion coefficient D(r). For sim-
plicity, we calculate the phase diagrams magnetic field
H — temperature T for superconducting nuclei localized
at isolated inhomogeneities described by several de-
terministic D(r) profiles. It is remarkable, that although
the considered problem is qualitatively different from
the superconductivity nucleation at columnar defects
[1,2], here we observe similar effects, namely the phase
transitions between localized superconducting states
with different orbital momentum.

Model

Our analysis is based on the linearized Ginzburg-
Landau (GL) equation with a nonuniform diffusion
coefficient

(%) IDOY(r) = E¥Y(r) , (1)

where TT = (iV — 2mA/¢,), A is the vector potential,
¢, = mhc/|e| is the magnetic flux quantum, 7,y de-
notes the superconducting critical temperature at zero
magnetic field, and W(r) is the superconducting order
parameter. We use the following profiles of the diffu-
sion coefficient

D(T') = Dy — (DO - Dm)@(lc - T) ’ (2a)
D(x) = D,
—(Do — D) [O(x + 1/2) — O(x — 1./2) ]. (2b)

Here /. denotes the size of a region with a suppressed
diffusion coefficient. Two-dimensional profile (2a)
describes a cylindrically shaped region with the in-
creased impurity concentration. In the case of the one-
dimensional profile (2a) the region with the suppressed
diffusion coefficient is a layer of the thickness /..

The phase transition line 7. (H) is determined by the
lowest eigenvalue of the problem (1)

Eq(H) =1-T.(H)/T - 3)

We calculate the lowest eigenvalue of the problem (1)
using the exact numerical solution of the linearized GL
equation, the perturbation theory, and the variational
method

By = (o) min POLOEOMIORE g
where f{r) and &r) are the absolute value and the phase
of the superconducting order parameter W(r) = f{r)e'®",
and v(r) = [VAr) + 2nA/].
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Results

For the radial profile of the diffusion coefficient (2a)
we choose the radial gauge for the vector potential 4 =
[H,r]/2 and seek the solution for Eq. (1) in the form

W(r) = emeof, (), ®)

where 7 is the vorticity. We find the following correc-
tions to the lowest eigenvalues derived by treating the
modulation of the diffusion coefficient within the first-
order perturbation theory and in the limit [. /Ly < 1

Ey,(n = 0) — h ~ 5Dh3/8Dyb? , (62)
Ey(n=—1) — h ~ 6Dh?/2D,b . (6b)

Here h = H2mé2 /g, 2 = mhDy/8T,y, 6D = —(Dy —

D), b =&2/12, and Ly = \/¢po/2mH is the magnetic
length.

Typical phase transition lines for the radial profile of
the diffusion coefficient (2a) are shown in Fig. 1. One
can see the appearance of the tricritical point on the
phase diagram magnetic field - temperature. For tem-
peratures larger than the temperature of the tricritical
point the emerging superconducting state possesses a
nonzero winding number while the state with zero vor-
ticity appears for lower temperatures.

Fig. 1. Typical phase transition lines for the radial profile of the
diffusion coefficient (2a). Hereafter, H, = ¢,/2n&Z2. Solid lines
show the results of the exact numerical solution while dashed

lines correspond to the results of the variational approach

For the one-dimensional profile of the diffusion coeffi-
cient (2b) we choose the following gauge for the vector
potential A = YHx and seek the solution of Eq. (1) in
the form

Y(r) = eikyyeikzszy,kz(x) . @)

Typical phase transition lines and &, values correspond-
ing to a maximal critical temperature are presented in
Figs. 2(a) and 2(b), respectively. In the vicinity of T,
the states with k, and -k, are degenerate and the super-
conductivity nucleates in the form of a vortex chain
localized in the regions with the suppressed diffusion
coefficient. At some temperature T, < T, the first-
order phase transition takes place into the state with
k, = 0.

Fig. 2. Typical phase transition lines (a) and k, values (b) cor-
responding to a maximal critical temperature. Here The states
with k, and -k, are degenerate. Sum of these solutions repre-
sents a chain of vortices localized in the region with the sup-

pressed diffusion coefficient
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B pabote akcnepuMeHTanbHO UcCCrnefoBaHo BnusiHe Gecrnopsigka Ha CBEPXNPOBOASLLUME CBOWCTBA TOHKOMMEHOYHbIX HAHOCTPYKTYP
YBaCuO BO BHeLLHMX MarHWTHbIX nonsx. becnopsagok cosgaBancs ¢ NOMOLLbI0 06y4YeHUst MOHaMK KCeHoHa. MiccnenosaHus BKoYanm
B ceba TpaHCMOPTHbIE N3MepeHns y3kux MocTukoB Ha ocHoBe BTCI nneHok YBaCuO (TonwmHa 50 HM) B CUMbHBIX MarHUTHBIX MOMAX
(mo 12 T). Takum obpasom, Ansi o6pasLOB C pa3HON CTENEHbIO HEYNOPSA0YEHHOCTH UCCNeaoBaHbl NHKSA da3oBoro nepexoda Hex(T), a
Takke NuHNa Heobpatumoctn Hi(T). SKCneprMeHTanbLHO n3y4YeHa 3aBUCUMOCTU CpeadHeln AnvHbl cBo6oAHOro npobera n KpUTUYeckomn
TemnepaTtypbl OT KOHLEHTpauun AedeKToB, CO3AaHHbIX MOHHbIM 06nyyYeHnem. OBHapyXeHHbIe B M3MEPEHUAX AaHHbIe ONucaHbl C Mno-
MOLLbIO (POPMYI, NONYYEHHbIX B paMKax U3BECTHbIX MoAeneln, Takux Kak Teopus [MH3Oypra-lNlaHgay, Teopus Jpyae n ypaBHeHus [opb-

KoBa.

XopoIo HM3BECTHO, YTO BHEUIHEE MATHUTHOE moie /1
MOXeET IIPOHMUKATh B cBepXnpoBogHuku Il pona B Bune
Buxpei [1]. B uneanusupoBaHHOM cilydae MacCHUBHOIO
CBEpPXIIPOBOIHNKA 0e3 1eeKToB, pemieTka BHUXpEH
CTPOTO YHOPSIOUEHa M HMMEET I'eKCaroHaJbHYI CHM-
metrputo. Ilepuon pemerku 3aBucut ot H. Ilpu mpe-
BBIIICHUH MO [ KPUTUYECKOTO 3Ha4eHus 1., mioT-
HOCTh BHXpEH CTaHOBHTCS HACTOJBKO BEJHKA, YTO IIe-
pHOJ, PEHIETKH OKa3bIBAETCS MOPSAAKA pa3Mepa BHXPA.
Buxpu compukacaroTcsi CBOUMHU HOPMAaIbHBIMH CEPJA-
LIEBUHAMH, U TPOUCXOJUT (Da30BbIH MEpexoJi BTOPOTO
poJia B HOopMallbHOE cocTosiHMe. Kpurnueckoe 3Haue-
Hue H,,, Ha3bIBaeMOE BTOPBIM KPUTUYECKUM IIOJIEM,
3aBUCHUT OT TeMIeparypbl. BOIM3u KpuTHUECKOi TeM-
nepatypsl 7., JaHHAs 3aBUCUMOCTb JIMHEIHA:

Hy, =®,(1-T/T,)/ 27& (1)

rae @, — KBaHT MarHUTHOTO TIOTOKa, &) — CBEPXIIPOBO-
Jsuiasi JyinHa korepeHTHocTd npu T = (. 3aBUCHUMOCTb
H.,(T) onpenenser nuHuio (Ha3oBoro mnepexojia B HOP-
MaJBHOE COCTOSHHE MACCHBHOTO CBEpPXIIPOBOJHHUKA
6e3 nedekroB. PeanpHble ke 00pa3Ipl IMEIOT KOHEU-
HbI€ pa3Mephl, MOATOMY HOPMAJIBHOE COCTOSHUE B
CBEPXIPOBOIHHUKE OCTUTACTCS MPH OOJBIIEM 3HAYE-
HUM BHEIIHETO TOJS, CBSI3aHHOTO ¢ 00pa3oBaHHEM 3a-
poaplielt BOMU3U rpanuil. bomee Toro, peanbHbIe 00-
pasisl Beerga HEOMHOPOIHBI. Tak, NMpU yBEIHYCHHUU
monst H, nedekThl MOTYT NMPUBOJUTH K KOHKYPCHIIHU
MEXIy Pa3IMYHBIMH BHAAMH 33apPOXKICHHUSI CBEPXIIPO-
BoauMoOCTH. B pesynbrare, nmuHHsA (a30BOrO mepexojna
OKa3bIBACTCs HENMHEHHOM BONM3n T, (CM., Hampumep,
[2]). ITockonpKy B peanbHOM 3KCIIEPUMEHTE CBEPXIPO-

BOJISIIIIMH NTEpexo0]] UMEET KOHEUHYIO IHPHHY, KOTOpast
BO3pacTacT C yBEIMYEHHEM [{, BO3HHKAeT BOIPOC O
BBIOOpE ypOBHS R = const, N1 KOTOPOTO OIPEAEIATh
Ty WIN HHYIO THHUIO (ha30Boro nepexona. O4eBUIHO,
YTO YPOBEHb MOXKET 3aBHCETh OT CTEIIEHH Oecropsika.
B Hacrosmieit paboTe MBI MPOBENH SKCIEPHUMEHTANb-
HOE HCCIEJOBAaHWE JaHHOTO BOINPOCA NPHUMEHHUTEIHHO
k ToHKMM IuieHKamM BTCII YBaCuO, o0my4eHHBIX
Ppa3HBIMH J103aMH HOHOB KCEHOHA.

B pabote MBI Hcclaen0BaN y3KHE MOCTHKH, CHOPMHU-
pOBaHHbBIE HA OCHOBE TOHKOW AMUTAKCUAJIbHOW TUICHKU
YBCO (tommuna 50 HM), BEIpalieHHONW Ha TOIJIOKKE
u3 Al,O;. VcxoaHbie MOCTHKH 00JIAIaITH CIICTYFOIAMU
napaMmerpamu: mupuna 50 MM, iauHa 250 MKM, KpH-
tuaeckas temrmeparypa 7T,y = 89 K, xpuruueckas miot-
HOCTB TOKa /. = 4*10° A/em” pu T'= 77 K. B mpouecce
WCCJICTIOBAHMSI, MOCTUKU IOJBEPraIiCh MOHHOMY 00-
nydennio (nonbl Xe') ¢ pasHoOil 1030#. MakcHMab-
Hasl HAKOIUJICHHAs [103a COCTaBuja np = 7.3*10'" cm™.
ConpotuBienne odpasiia B MPOBEACHHBIX HCCIEI0BA-
HUSX W3MEPSIIOCh CTAaHAApPTHBIM YETHIPEX30HIOBBIM
MeTosIoM. TpaHcmopTHbIN Tok cocTaBimsl 10 MkA. Pe-
3UCTHBHBIE W3MEPEHHS TPOBOJWIUCH TPH pPa3BepTKe
MarHuTHOro noiig 10 12 T B uHTepBasie temmnepaTryp ot
100 K u Hmxe.

B wurore B pabore sKCIEpUMEHTAILHO M3y4YEHBI 3aBH-
CHMOCTH HOPMaJIbHOTO COINPOTHBIIEHHS oOpa3ua Ry =
R(100 K) m xpuTHUecKoil TemIepaTrypsl OT KOHIICH-
Tpauu Ae(EeKTOB, CO3IAHHBIX MOHHBIM OOJydeHHEM.
Hcnons3ys teopuro pyne, a Takxke ypaBHeHHs ['opb-

KOBa, UBMEPCHHBIC JAHHBIC MTO3BOJIMJIIA U3YYUTH 3aBU-
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CUMOCTh CpeJHEel UIMHBI CBOOOaHOrO mpobera ¢ ot
JI03bI MOHHOTO 00OnyueHus. Takum oOpazom, I Mak-
CHMAaJabHOW JO3BI Np = 7.3%10'% cm? MBI TIOJTY IHITH
onenky: £ = 10 um. B Bumy Toro, 4uto &, 1uig JaHHOTO
MaTepuana 0e3 OOJIydeHHsI COCTaBIsICT 2 HM, o0Opasern
CIpaBeNIUBO PacCMATPUBATH B paMKaxX YHCTOTO Mpe-
nena (€>>¢&y) i Kak10i U3 BEIOPaHHBIX 103 Mp. JTO
03HAYACT, YTO IMOCIC Ka)XJIOr0 aKkTa MOHHOTO 00Jyde-
HUS CpPeIHss JITHHA KOTEPEHTHOCTH B 00pasie ocTaBa-
Jlachb HEU3MEHHOM:

& (np)=inv. @)

O6cynnMm nanee pel3ynbTaThl, MOMYYCHHBIC NPU pEe3H-
CTHBHBIX HCCIEJOBAaHHUAX BO BHEIIHEM MAarHUTHOM
mosie. CoryiacHO TpeacKa3aHusiM paboThl [2], A BbI-
COKUX ypOoBHEH R — Ry MBI 0XHMJaJ1 BOZHHUKHOBEHUE
HEITMHEHHBIX MCKAXKEHUH Ha JHMHUAX (a3oBOTO Iepe-
xoxa BOmM3u 7,) IpU MOCTETIEHHOM YBEIHUEHHH JI03bI
HOHHOTO 0oOnydeHHs. OnucaHue 3THX JUHUHA U pas-
HBIX YpOBHEH OBLIO NMPOHM3BENCHO B paMKax MOIU(H-
uupoBaHHOM Teopun I'mH3Oypra-Jlangay. Oxazanoch,
YTO HCKaKCHHS HambOoJiee SBHO MPOSBISIOTCS MpH R
— 0, xorna muaus H(T) cOOTBETCTBYET JMHHUU HEOO-
patumoctu  H,;,(T), CBsI3aHHOH C BXOIOM/BBIXOJOM
BuXpeil. [ BBICOKHX ke YpOBHEH OXHITAaeMBIi 3¢-
(exT okazancst cnabo BBIpaXEHHBIM. TeM HE MeHee,
JUIsl TAKUX COIPOTHBICHUN MBI OOHAPYXMUJIM HEKOTO-
pble Opyrue HEOOBIYHBIE OCOOEHHOCTH Ha JHMHUSIX
H(T). Ins obmyueHHoro oOpasma 3aBHCUMOCTH R(H)
CTaHOBATCS KBa3WJIMHEIHBIMH, MpPUYEM KBa3UIapa-
JIETBHBIMU TSI Pa3HBIX TeMIepaTyp. DTO MPUBOAUT K
TOMY, YTO JUIA pasHbIX R — nmuHuu H(T) moutn He Me-
HSIOT CBOETO HAKJIOHA, YTO CYIIECTBEHHO OTIMYAETCS
OT ciydasi, Koraa oOpasell He IojBepraics ooiyde-
Huto. s kaxkmowr Temmepatypsl 7, mepexoxm R(H)
MOJKHO YCJIOBHO pa3JeNuTh Ha JBe 001acTé — 06JIacTh
HHU3KUX CONPOTHUBIICHUH, KOTJ]a B 00pa3er] BXOIAT BHX-
PH, KOTOpBIE YYacTBYIOT B JHMCCHIAIMU TIPH NPOTEKa-
HUHM TPAHCIIOPTHOTO TOKAa M OOJNACTh BBICOKHX COIPO-
TUBJICHUH, KorJa oOpasel] HaxXxOIUTCS IpeuMylle-
CTBEHHO B HOPMAaJBHOM COCTOSIHHM, W JIUIIb JIOKAJIb-
HBIE 00JTACTH MOTYT Y4acTBOBATh B O€3IUCCUIIATHBHOM
NpoTeKaHuu Toka. ['paHunia R = const MeXIy 3THMHU
obnactssmMu onpenesnsier mnoie H., npu gaHHOHN Temie-
parype 7. [/laHHas rpaHulia MOXET WU3MEHATHCA IPHU
obiyyennu obpasua. I[lostomy HeoOxommum Kpurepuit
Ha BBIOOpP R, KOTOPBIH MO3BOJISIET ONPEENSITh 3aBUCH-
MocTh H ,(T) nnsi cBEpXIpPOBOJHHUKA C Pa3sHOM cTere-
HbIO 00sy4enus. [ ncxomHoro obpasua (6e3 obmy-
YEeHUsI) KPUTEpPUH OOBIYHO COOTBETCTBYET BBIOOPY R

KaK MaKCHMaJbHOE 3HAYCHHE CONPOTHUBIICHUS B 00Ja-
ctu, Tae R ~ H.

Puc. 1. 3aBucumocTtb HaknoHa dH/dT ot 6GespasmepHOro

ypoBHSA R/Ry (3Ha4YeHus1 403 NpeACTaBneHbl Ha BCTaBKeE)

B Hammx 3KCHEPUMEHTaX 3TO COOTBETCTBYET YPOBHIO
R = 0.4Ry. Onpenenum KpUTepuil IJsl KaXXJI0M U3 BbI-
OpaHHBIX 703 np. Ha puc. 1 mpencraBieHa 3aBHCH-
MocTh HaklioHa dH/dT ot ©e3pa3MepHOro pe3uCTHBHO-
ro ypoBHS R/Ry Hnsl pasHBIX np. 3aMETHM, YTO IJIS
R<0.4Ry, 3aBucumocts dH/dT OT ypOBHS CTaHOBHTCS
KBa3HIIOCTOSTHHON sl 060l np. U3 dopmynsr (1)
CIIeAyeT, 4YT0 ) MOXET OBITh AKCIHCPUMCHTAIBHO
ompezeneHa w3 3aBucumoctu H.p(7T), kKak BeTUYMHA
00paTHO MPOMOPIMOHAIbHAS KOPHIO MPOU3BEICHHIO
dH/dT u T,y. Kpurnueckas temneparypa 7,y HOHMXKA-
eTcs NPH YBEJIWYECHUH I03Bl. DTO O3HAYaeT, YTO I
BBITIONTHEHUST POPMYJIIBI (2) TP MOCTETICHHOM YBEIH-
YCHUU Np, HAKIOH dH/dT nomxen Bo3pacrath. Cuemo-
BaTENIFHO, /I KOPPEKTHOTO U3BIeUeHUs H ., U3 IKCIIe-
PUMEHTANBHBIX KpUBBIX R(H), HEOOXOAMMO TIOBHIIIATh
R npu yeemuueHwn np. Tak, Hampumep, AT MaKCH-
MaJIbHOM MTO3BI np = 7.3%10"? CM'2, 3TOT YpOBEHB JOJ-
JKeH OBITh BbIOpaH BONMM3M OHceTa. TakuMm oOpa3om,
MBI BELSICHWJIM — HECMOTPS Ha TO, YTO IPH OOIyYCHHUU
oOpasel npubImxKaeTcss K TPA3HOMY Ipeaeny, BUXpe-
Bast 00macTh (00JIaCTh HU3KUX COMPOTHBIICHWH) pac-
MIUPSETCS BILIOTH 0 R = Ry!

UccnenoBaHusi HacTosilled paGoThl BBINOJHEHHI B
paMkax roczaganusa UOM PAH. B pabore ncmons3o-
BaHo oOopyzmoBanme LKII «®m3mka m TEeXHONOTHSA
MHKPO- ¥ HAHOCTPYKTYP».
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SkcnepumeHTanbHo uccnegosanmck R(T) 3aBMCUMOCTM TOHKMX CBEPXNPOBOASALLMX MIEHOK aniOMUHMSA Ha PasfnyHbIX MOAJOXKaX U
N3roTOBMEHHbIX Pa3NUYHON MeToAUKON. Be3oTHocuTenbHO kK Mopdonoruu, 6bin 0BHapyKeH 3aMeTHBIN POCT KPUTUYECKOWN TemnepaTypbl
CBEPXMPOBOAALLErO nepexoda C yMeHbLUEHVEM TOMWMHbLI MNeHKN. PDEKT NHTePnpeTUpyeTCs Kak NpPosBieHne KBaHTOBOrO pa3mep-

Horo adpdekTa.

BBepeHune

Vxe B caMbIX paHHUX paboTax IO HCCIIETOBAHUIO
TPAHCHOPTHBIX XapaKTEPUCTUK TOHKUX IJICHOK KJac-
CHYECKHX CBEPXIPOBOJHHUKOB OBUIO OOHApPYKEHO, YTO
KPUTHYECKHE MapaMeTpbl TaKWX HU3KOPa3MEPHBIX
00BEKTOB MOTYT OTJIMYAThCS OT COOTBETCTBYIOLIMX
BEJIMYMH MacCHBHOTO 00pasiia u3 Toro ke Metama [1].
[Tpudem B psise MaTepuanoB ¢ yMCHBIIEHHEM TOJIIH-
HBI IUIEHKW HaOmojaercs ymenbHenue T, (Hampumep,
B HHOOWH [2]), a B IPYTHUX — YBENWYCHUE (HAIIpUMeEp, B
amromuHuN [3,4]). HecMoTpst Ha moctaTo4HO OOIIHp-
HBIN 3KCIIEPUMEHTAJBHBII MaTepuan ¥ u300mIne Teo-
PETHYECKHX MOJIeNIeH, 10 HACTOSIIEr0 BPEMEHH B
HayYHOM COOOIIECTBE HET €MHOTO MHEHUS Ha IPHUPO-
Iy 9Toro siBineHus. OJHUM U3 «OOBSCHEHUIT», T0Jr0oe
BpeMsl CUMTABLIMXCS IPABWIBHBIM, SBISETCS YTBEp-
xnenne B. JI. ['ma3Oypra [5] o HEymOBIETBOPHUTEINb-
HOM KaudecTBE HCCIIEeIyeMBIX KBa3HIBYMEPHBIX CBEpX-
poBOAHUKOB. Hanndane HenzOeXHBIX Ae(eKTOB B pe-
AIBHBIX TOHKOIUICHOYHBIX 00paslax MpUBOIHUT K (op-
MHPOBAHMIO CJIOKHOM CHCTEMBI CIIa0OCBSA3aHHBIX 3€-
PEeH, U, KaK CIIeJICTBUE - K PAANKAIEHOMY OTKJIOHEHUIO
IapaMeTpoB CBEPXIPOBOJHHKA OT CBOMX «MAacCHB-
HBIX» 3HAUYeHHH. A BOT €CIM HM3TOTOBHUTH KBa3WABY-
MEpPHBIH MOHOKPHCTAJIT UAEHTUYHON TONIIUHEL, TO €T0
KpUTHYECKas TeMIepaTypa JOJKHA COOTBETCTBOBATbH
Ta0ynHPOBAaHHBIM 3HAYECHUSM U1 CBEPIPOBOIAHHUKOB
MaKpOCKOMUYECKUX pa3MepoB [5]. C yueTom TOro, 4To
pedb UAET O XapaKTepHbIX ToimuHax ~10 HM, moyHO-

LIEHHAas SKCIIepUMEHTaNbHas MPOBEpKa CIIPABEECIUBO-
CTH yTBepKIeHHs [5] mpencraBisieTcss mpoOieMaTHd-
Ho. llenpio HacTosmed pabOThHI ABISETCA JKCIEPH-
MEHTAJbHOE MHCCIICJIOBAaHUE TEMIIEpPaTyphl CBEPXIpPO-
BOJALIETO MEPEX0Aa B TOHKHX IJIEHKaxX allOMHHHS Ha
MpeaMeT NMPHUCYTCBUA (WIM OTCYTCTBHUS) YHUBEpPCANb-
HOM 3aBUCUMOCTH KPUTHYECKOW TEMIIEpaTypbl OT TOJI-

IIMHBI 0€30THOCUTEIHHO K MOP(OIOruu odpasiia.

O6pas3ubl U MeToAMKa IKCNepumMeHTa

IInenku amromMuHus ¢ TomuHou ot 5 HM 1o 100 HM Ha
Pa3IMYHBIX MOAJO0XKKAaX OBLIM M3TOTOBJIEHBI Kak '"Tpa-
JULIHAOHHBIM" METOZOM 3JIEKTPOHHO-JIy4EBOTO HCIIa-
panenst B Bakyyme ~10” mMBap, Tak u - 3JeKTPOHHO-
JydeBOM smHuTakcuen. AHannu3 oOpas3loB MpH MOMO-
I TPOCBEYHMBAIOIIEH 3JIEKTPOHHOW MHUKPOCKOIIHH
BBICOKOTO DPa3pelieHHs MO3BOJIMI YCTaHOBUTH, UYTO
CpeIHHH pa3Mep T'paHyJl U TpaHUIa pazjiesia MeTajl-
MTO/ITIOKKA PAaJUKaIbHBIM 00pa30M 3aBUCST OT METO-
ma  ¢opmupoBanus wieHkH (Puc.l). Bee oOpasmsr
(dbopManbHO SABISIOTCS MOJUKpUcTauiamu. OIHAKO
TEPMHUYECKH HAIBUICHHBIE CTPYKTYPHl B IUIOCKOCTH
IUICHKH MMEIOT pa3Mep I'paHyJl, CPAaBHUMBIH C TOJ-
muHO# TuieHku (Puc. l1a), B To BpeMs Kak 3MHUTaKCH-
anpHble — cymecTBeHHo Oonbiie (Puc. 1c). 'pannna
paszena MepBBIX COAEPKHUT aMOpP(QHBIH HPOMEXKY-
TouHBIN cnoit (Puc. 1b), B To BpeMs Kak SMUTaKCHAb-
HBIE€ XapaKTePU3YIOTCS aTOMAapHO TJIaJKUM NEPEX0I0M
(Puc. 1d).
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Puc. 1. MukpodoTorpacdun nneHok antoMuUHWUS, MonyYeHHble
MeTOAO0M NPOCBEYMBAIOLLEN INEKTPOHHON MUKPOCKOMNWM BbICO-
KOro paspelueHus. (a-b) - Tepmuyecku HanbineHHble Ha GaAs;
(c-d) - anuTtakcmanbHble Ha candwupe Al,O3;. Ha naHenu (c)
cTpenkamu 0603HaYeHbl rpaHuLbl KpUCTannuta C xapaktep-

HbIM pa3amepom 110 HM

PesynbTathbl

OkcnepuMeHTansHoe uccienoBanne R(T) 3aBucumo-
CTell MPOBOIWIIOCH B YETHIPEXKOHTAKTHOW KOHPUTYpa-
iy, Bcee mccnenoBanHbIe 00pa3ibl IPOJEMOHCTPHPO-
Banu pocratouHo peskue R(T) 3aBucumoctn ¢ mmpu-
voit mepexoma AT <10 mK (Puc. 2), yto roBOpHT O
BBICOKOW OJHOPOJHOCTU Marepuaina. be3oTHocuTeabHO
K METO/1y M3TOTOBJICHUSI M MaTepHAITy IIOJUI0KKH, IIPO-
CIIe)KMBACTCSl YETKas 3aKOHOMEPHOCTHb: YEM TOHBIIE
IUICHKA, TEM BBIIIC TEMIIEpaTypa CBEPXIPOBOJISILETO
nepexona (Puc. 3). M3 cka3aHHOrO MOXXHO CenaTh
BEIBOJI, YTO HAONIONACTCS MCTHHHBIA pa3MEpHBIA 3¢-
(eKT, KOTOPBIII MHTEPNPETHUPYETCS HAMH KaK IPOSB-
JIeHHEe KBAaHTOBOTO pa3MepHOro addexTa [6].

Puc. 2. 3aBucmocTb conpoTuenenusi (Om) oT TemnepaTtypbl

(K) antoM1HMEBOW NMEHKN C TONLMUHOM 25 HM

Puc. 3. 3aBucMocTb KpuTudeckoit Temnepatypbl T nneHku
anooMyHMSA OT ee TomnwuHbl. CMMBOMbI COOTBETCTBYIOT pas-
NNYHBIM MEeTOAaM HaHECEHWA NMEHKN 1 MaTepuany NOAMOXKM.
LLTpnxoBaHHasa NMHUSI COOTBETCTBYET KPUTUHECKOW Temnepa-

Type maccuBHoro antomuHusa Tq(maccms)=1,19 K

BnaropgapHocTH

HccnenoBanue ocymiecTBieHo B paMkax [Iporpammbl
¢byHIamMeHTaNsHBIX uecnenosanuit HUY BIID.

I