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NndpPy3noHHbIN N BanancTuyeckmnia
DEXMMbI TEN/IOMPOBOAHOCTH



HAHO
Mpobnema: oxnaxaeHue mMmuKkpenpoLeccopos

Semiconductor
device
fabrication

Transistor ! 10 pm — 1971
6 um — 1974

DenSity | 3 |.1rr? - 1977
MTr/mm?2 10 "

80 nm-—1
130 nm— 2

32 nm — 2009
22 nm — 201:
14 nm — 2014
1 - k . . : - . 10 nm — 2016

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 7nm =2018

5nm— 2020

HVM Waf er Start Date 3 nm — 2022

https://spectrum.ieee.org/nanoclast/semiconductors/processors/intel-now-packs-100-million-transistors-in-each-square-millimeter



3aKOH Pypbe

* 3aKOH Pypbe
q= —K VT

* CBA3b KO3DPMLMEHT TENNONPOBOAHOCTU C ANNHOM cBOHBOAHOTO
npobera ¢oHoHOB A ([1], [2])

K~ vA

* PaboTtaeT Ha MaKpoypoBHe B maTepunanax c gedbektamu (anmMHa
cBobogHoro npobera MHOro meHblle AAnHbI 06pa3La)

[1] R.E. Peierls, Quantum theory of solids (Oxford University Press, 1965)
[2] J.M. Ziman, Electrons and Phonons. The theory of transport phenomena in solids. (Oxford University Press, 1960)



PeXXnmMbl pacnpocTpaHeHnAa Tenna

* AnpPy3noHHDbIN
* BoinonHaeTcA 3aKOH dypbe

Stefano Lepri Editor

e K-T TENNONPOBOAHOCTN — KOHCTAHTA MaTepUnad Thermal
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Heat Transfer

* 3akoH Pypbe HE BbinoJiHsAETCS

@_ Springer

* 9OPEKTUBHbIN K-T TENONPOBOAHOCTU
nponopunoHaseH pasmepy obpasua (K ~ L)



bannucrtmyeckoe pacnpocrpaHeHue Tenaa 8 HAHONPOBOIOKAX

(T.-K. Hsiao et al. Observation of room-temperature ballistic thermal conduction persisting over 8.3
micron in SiGe nanowires. Nature Nanotech. 2013)
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JKCNepUMEHTbI MO HEeCTaUMOHAPHOMY PACnNPOCTPAHEHUIO TENNA Ha
HaHoypoBHe. MeTog Transient Thermal Grating™®

* Ha noBepxHOCTU maTepuana reHepupyeTcs
CUHYcOMAaNbHOE pacnpeaeneHme HayabHOM
TemnepaTypbl C MOMOLLbIO ABYX y4Yein nasepa

* Tennosoe pacwmMpeHne NpuUBoOAMUT K UCKPUBAEHULO

NOBEPXHOCTU .
= A : ' 21 g
E 0.81 ."-.I“:\-.N g / g
~ Ny 2 ’ — tasum
* B nonukpuctannmyeckom rpadute npu T ~ 100K A AR\ Sl B ad T
£ o06] |\ \\ § / "
aMNANTYAQ CUHYCOUAA/IbHOTO NOAA TeMMepaTypbl £ \ \ '\_\\ 000~
3aTyXaeT HEMOHOTOHHO g 041 1\ 'xx ‘\-\ Wavevector {2/ wmi
5 02 \ VNN \“x_x
m Il'u\ I"H \“-\\ \ H-\'""'--.__
: g \ e
[lapameTpbl 3KCNepuMeHTa: § 0 N e
* [lepuog cmHyca ~10 um, " s | | | 1 |
« Temnepatypa doHa ~100 K, A
* [antenbHoctb umnynbca ~60 ps S. Huberman et al. Science, 2019

* J.A. Rogers, A.A. Maznev, M.J. Banet, K.A. Nelson, Optical generation and characterization of acoustic waves in thin films:
fundamentals and applications. Annu. Rev. Mater. Sci. (2000).

*S. Huberman, R.A. Duncan, K.Chen, B. Song, V. Chiloyan, Z. Ding, A.A. Mazney, G. Chen, K.A. Nelson, Observation of second sound
in graphite at temperatures above 100 K, Science, (2019)
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CTaumoHapHasn 3aa4a Ten/iIonpoBOAHOCTH

* KOHEeYHbIN Kpuctann

 TemnepaTypa Ha ABYX NPOTUBOMNONOMKHbIX FPaHULILAX
noaAep*KMBaAEeTCs 3a CYET TEPMOCTATOB

* Nccnepyetca 3aBUCUMOCTb KO3dPULMEHTA
TeN/10NpoBOAHOCTU OT AJIMHbLI 06pa3La

* [locTaHOBKa Mcno/sb3oBanach B paboTax Jlebosuua,
HakasaBsbl, [1xapa, CaBuHa, [eHaenbmaHa, Jlenpuy,
Nlneun, Nonutn n gp.

1 2 P N1 N

FiG. 1. Typical behavior of 7).

Rieder, Z., Lebowitz, J.L., Lieb, E. J.
Math. Phys., 1967

Hala ocobeHHOCTb — pelleHmne HecTauMoHapHbIX 3a4a4
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PaboTtbl A.M. KpnBLLOB3

JOKAAILDBI AKAAEMHH HAYK, 2014, mom 458, Ne 3, ¢. 279—281

MEXAHHWKA

VIK 539.3, 539.4

KOJIEBAHUA DHEPTUI
B OTHOMEPHOM KPUCTAJLJIE

©2014r. A. M. Kpusuos

[MpencrasieHo akagemukom H.dP. Mopososeim 03.03.2014 1.

IMoctynuno 07.04.2014 .
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HOKTAIBI AKAILEMHH HAVK, 2015, mom 464, Ne 2, c. 162—166

MEXAHUWKA

VIK 539.3: 539.4

PACITPOCTPAHEHUE TEILIA
B BECKOHEYHOM OJHOMEPHOM TAPMOHHNYECKOM KPUCTAJIVIE

© 20151. A. M. Kpusnos

[MpeactasaeHo akazeMukom PAH H.MD. Mopo3oBbim 24.11.2014 1.
[Moctynuno 01.12.2014 1.

B paboTe mojyueHa 3aMKHyTas cucTeMa AudQepeHINATEHO-Pa3HOCTHBIX YpaBHEHMI, OMKCBIBAIOLIASI
TeMJIOBbIe MPOLECCH B ONHOMEPHOM FAPMOHHMUYECKOM KpUcTalle. PellieH1e CUCTeMBI 1aeT ypaBHEH e CBs-
31 TEIUIOBOIO MOTOKA M TeMIlepaTyphbl, OT/IMualolleecs oT 3akoHa Dypbe. [TocTpoeHo o6LLee aHATUTHYEe-
CKO€ pelleHue MOIyYeHHOro An(hepeHLNaTbHOIO YPaBHEHUS, AHATUTHUECKHE BbIBOIbLI TOATBEPKIEHBI
KOMIIBIOTEPHBIM MOIEAMPOBAHUEM.

T+;T: C2T"

T,y = To(x), T|r=0 = 0.

3aaa4a: 0606uWeHMe Ha cayd4al MHOTOMEPHDIX C/TIOXKHbIX pPeLleToK

11
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[locTaHOBKaA 3a4a4M

* Mopgenb — 6ecKoHeuYHbIn/NnonybecKkoHe4YHbIN,
naeanbHbIA KpUCTaN /o/../ .P./ .../
a,
. ®/,/0/, ©

* B3aumoaencTBMA MeXKay YacTULLaMMU:
X a_
oa/. e O
® @

* /INHENHble (B aHaNUTUKe)
* He/JIMHeWHble (B YNCNEHHbIX 3KCNEPUMEHTAX)

* HayanbHble ycaoBUA Cy4aHblie, COOTBETCTBYIOT
Haya/IbHOMY MOJI0 TEMNEPaTypPbI

* OCHOBHbIe uccaeayemble BeANYNUHbI — KUHETUYECKUE
TemnepaTypbl

kBT(x)=M%<v(x)v(x)T>M% o kBE:i:,/Méﬂ,@@wj)

13



JInHenHble 3pPeKTbl



HavyanbHble ycnoBua. “He3aBUCKMMOCTbL MOTOKA U
TemnepaTypbl

* Mone Temnepartypsbl, Hy/1IeBble MNOTOKMU

¢ CKOpOCTI/I YaCTUNU — HEKOPPE/TNPOBAHHDbIE cnyqaf/’lele Be/IM4NHbI C HY/1EBbIM
MaTOXKNOaHUNEM

* [lepemeLlleHna YacTuL, — HyNeBble

* [lone Temneparypbl, HEHyneBble NOTOKU

* CKOpPOCTU N NepemMeLLLEeHUSA BbIYMCIAOTCA KaK B Cynepno3mumm BoSH CO
cny4anHbIMM dasamu

N/2—1 -
2qmn
u, = by, cos(mn) + Z b, cos ( fﬂf + w,t + c‘iq)
g=1

Korznikova E.A., Kuzkin V.A., Krivtsov A.M., Xiong D., Gani V.A., Kudreyko A.A., Dmitriev S.V., Equilibration of
sinusoidal modulation of temperature in linear and nonlinear chains // Phys. Rev. E 102, 062148 (2020)

15



[@apPMOHUYECKNN KPUCTaNN

 KOMMNOHEHTblI BEKTOPOB NepemelLeHnn YacTml, popmupyroT ctonbeu, u ° O ° O ® O
/o [afp | @

b l-|aCTl/1LI,bI COE,EI,MHEHbI C I'IpOM3BOJ'IbeIM YANC/IOM COCE,EI,EI\;I I'IpV)KMHKaMM
* Cwuna, gencTBYOLLLAA Ha KaXKAyHo YacTuuy, npeactaBaseTca B Buae
{0/ ,/®/, @
® ®
X a_
L@/, ®
@ @ ®

JIMHEMHOMN KOMBUHaUMM nepemeLlleHnii Apyrmux 4actuy,
* YpaBHEHUA ABUKEHMA ANA YACTUL, SNE€MEHTAPHON AYENKM X:

Mi(x) =Y Cou(x+a,). Co=C],

3necb M — maTpuua macc, € — matpuubl, onpeaensaemblie XKeCTKOCTAMMU
cBA3en
* HayvanbHble ycnoBus:

u(x) =0, wv(x)=1wvp(x)

* Ha4vanbHble CROPOCTU — HEKOppennpoBaHHbIe cnyqaf/'lele Be/IMYUHDbI C
Hy/1eBblM MaT. OXXKUOJaHUEM

16



KnHeTnyecKkas Temnepartypa 1 TemnepaTtypHas maTpuLa

* TemnepaTypHaa MaTpuLa AYENKHU X:
kpT(x) = M%<v(x)v(x)T>M% & kgl = 1/ﬂf[iﬂfj<vivj>

* KUHeTn4yecKaa temneparTypa

T(x) = %trT(x)

* B cnyyae paBHopacnpeaeneHua T — WapoBas

17



BbiBoa, dpopMy/ibl ANA TeEMNEepaTypHON MaTpULLb

4 N
e Equations of

motion

¢ |nitial conditions
IIncKpeTHoe
% npeobpa3oBaHue

dypbe )

OcpegHeHne
no
peanns3aumam
e Particle velocities
(exact)

/

e Temperature
matrix T(x,t)
(exact)

- 1Ba macwTaba
BPEMEHMU

- KOHTH Hyann3auuna

-

e TemnepaTtypHas
maTpuua T(x,t)
(npnbanKeHHO)

* Krivtsov A.M. Heat transfer in infinite harmonic one dimensional crystals. Doklady Physics, 2015, Vol. 60, No. 9, pp.

407-411

* Kuzkin V.A. Unsteady ballistic heat transport in harmonic crystals with polyatomic unit cell. Continuum Mech.

Thermodyn. 2019

18




HecTaupoHapHbIi 6annnctTuyeckuii TennonepeHoc
B rapMOHUYECKUX KPUCTaNNaX

JBonoumMA TemnepaTypHoro npodunsa T,(x) onucbisaetca popmynon

| N
l : :

N\
\

TenaoBble BOJ/IHbI

dopmyna npumeHnUma

* 1D, 2D, 3D pelweTKu

* ayenKa umeet N dcteneHen csoboapbl

* NPOWU3BOJIbHbIE IMHENHbIE B3aUMOOENCTBUS

Kuzkin V.A. Unsteady ballistic heat transport in harmonic crystals with polyatomic unit cell. Continuum Mech.
Thermodyn. 2019



HecTaupoHapHbIi 6annnctTuyeckuii TennonepeHoc
B rapMOHUYECKUX KPUCTaNNaX

i - 1 | _
Ts ~ /PTSP*Tdk,. {Ts}i; = E{P*T (To(x + vyt) + To(x — vyt)) P}j;0;
k

Tg - Haya/IbHOEe pacnpeaeneHne TemnepaTypHOM MmaTpuubl
W; - BeTKa ANCNEPCUOHHOIO COOTHOLLEHMUS

Vg,i - FpynnoBaA CKOPOCTb

P - nonapusaumoHHasa maTpuua

Kuzkin V.A. Unsteady ballistic heat transport in harmonic crystals with polyatomic unit cell. Continuum Mech.

Thermodyn. 2019
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OcobeHHOCTU BannnucTuyeckoro TennonepeHoca B
H6eCcKOHEeYHbIX KpucTannax

[a PMOHUNYECKaA TeOpUnA npeacKa3sbiBaeT.

Chapter 24 m)
Discrete Thermomechanics: From ek ke
Thermal Echo to Ballistic Resonance
v' KOHeyHas cKopocTb GPOHTA (A Review)
Ekaterina A. Podolskaya, Anton M. Krivtsov, and Vitaly A. Kuzkin
v' HecKkonbKo Temnepatyp M oois
0.015
v' AHM30TPONUA B “U30TPONHBLIX MaTepunanax”
0.01 1001
T .
v MNepeHoc Tensa “oT XonogHoro K ropayemy” 0.005
x/a 0 0.005
v Kone6aTeanoe 3dTyXaHUEe TemMmnepaTypbobl -100

-50

100 100



HecKonbKo TemnepaTtyp

1
ro NN @A N NN
o9 - g & Co Co Coo
0.8 TemnepaTtypbl nogpeLeTokK
HE paBHbI
0.7
To4YKM — pe3ynbTaTbl MOAENNPOBAHUS
JINHUK - aHANNTUKA
0.6
MNapameTpbl:
0.5 m>=2m, 1= C BpeMS - SO0 Tumin

YKCITIO peanu3anuii - 104

22



KoHeyHaa cKopocTb GPOHTa

PpOHT pacnpocTpaHAeTca C
MaKCMMa/IbHOW FPyNnoBOWM
CKOPOCTbIO

23



AHUN30TPONUA pacnpocTpaHeHus Tenna

100 peanunsauymi

10 peannzauum

v/a - Va 0.018
100 - 100 0.016 y
0.025 0.014
50 50
0.02 0.012
0.01
0 0.015 0 0,003
-50 0.01 -50 0.006
0.004
0.005
-100 -100 0.002
0 0
-100  -50 0 50 100 ,./, 100  -50 0 50 100 ./, x
Va 1000 peanunsaumnm ors Y/ 10 000 0016 H
100 - ‘ d4ya/ibHOe pacnpejgeneHumne
100
0.014 0.014 )
Temnepartypobl:
0.012
50 0.012 50
0.01 0.01
Tl 532 + y2 < R2
1 i 7
0 0.008 0 0.008 T{J ( z, y) — , , ,
0.006 0.006 0, r+uy > R~
-50 -50
0.004 0.004
100 0.002 400 0.002

0 0
-100 -50 0 50 100 y/g -100 -50 0 50 100 x/a 24



[lepeHoc Tenna “oT xono4HOro K ropayemy”

Vva Acoustic <10° 3)/q Optical x107°
5
100 100 ropadymne TO4Ku
4
0 . 0015
) 0.015
1
-100 0.01 0.01
0
100 0 100 100 /g —
x/a m— .005
01
0.015 x/a 0 0.005
0.01 14
0.005
100 -50 0
v -100
100
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BKknaabl NpoonbHbIX U nonepeyHblX KosebaHuit

maximum

0.015 .
0.01
0.005 .
0.

100

100
y/a -100  -100 x/a
in-plane

minimum

ya

50 100

0
100~ _4gp Y

out-of-plane

Panchenko A.Yu., Kuzkin V.A., Berinskii I.E. Unsteady ballistic heat transport in two-dimensional

harmonic graphene lattice // J. Phys.: Cond. Matter, 34, 165402 (2022)
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HemoHOTOHHOE 3aTyXxaHne CMHYCOUAaNbHOro TemnepaTypHOro
nonA B rpadeHe (nonepeyHbie KonebaHus)

0.5

0.4

0.3

0.2 '- Kpecso

3nr3ar

0.1

-0.1

Ha4yanbHOe pacnpegeneHue:

Ty ="To(z,y)E, To(x,y) = Ty+AT sin 2%

Uccnepgyemana senmymHa:

2
/ / (x,y) sin dedy

Slololerk

1) HemoHOTOHHOE 3aTyxaHue
2) AcmmntoTtuka 1/t, a HE et
3) AHM30TPONMA

27



HemMoHOTOHHOE 3aTyXaHMe CUHYCOUAANbHOIO TEMNEPATYPHOrO
nona B rpadpeHe (KonebaHUA B NJIOCKOCTH)

isotropy anisotropy
E —
0.5 0.25
0.2
vt 0.15]
Ac,t 0.1
0.3
A AT L 0.05}
AT 0!
0.2 |
-0.05;
01 -0.1j
0
0 1 2 3 4 5 i B 7 8 9 10 i1 12
k
Red —zigzag L

Blue — armchair

Panchenko A.Yu., Kuzkin V.A., Berinskii |.E. Unsteady ballistic heat transport in two-dimensional
harmonic graphene lattice // J. Phys.: Cond. Matter, 34, 165402 (2022) 28



HennHenHble apdeKThl



OcobeHHOCTU BannnucTuyeckoro TennonepeHoca B
HeCcKOHeYHbIX KpucTannax

fapMOHMYecKana Teopua nNpencKkasbiBaeT:

v" KoHeyHasa ckopocTb GpoHTa

v' HecKosibKo Temneparyp

v' KonebatenbHoe 3aTyxaHune TemnepaTypbl

v TepeHoc Tenna “oT XoN0AHOro K ropayemy”

30



Heckonbko Temnepatyp B UK peweTke JleHHapaa-/»XoHca

Masble BpemeHa Bonbline BpemeHa

Tm T T—'.'U Y
To

0.9+

15 45 75 105 135 165 195 225 255
t/Te

Ha “manbix” BpemeHax pabotaeT AMHEeNHaA Teopus

Kuzkin V.A., Liazhkov S.D. Equilibration of kinetic temperatures in face-centered cubic

lattices // Phys. Rev. E 102, 042219 (2020) -



HeckonbKko Temnepatyp B LUK peweTKe JleHHapaa-/»XoHCa

MacwTtabrupoBaHne BPEMEHMN:
Iy — Tn — T[Iq}“;/fa]

kn T kn o\ 2 kT >
% B4 1496(20) —0.469( 20
T4 £ . £ £

BblpaBHMBaHMeE TeMnepaTyp Npu pasHou
CTENEeHU HEIMHEMHOCTU MPOUCXOAUT
noaobHbIMm 0b6pasom.

0.2}
0.15}
011 %

0.05¢

Tf L

FIG. 8. Equilibration of kinetic temperatures in the Lennard-
Jones crystal at different temperatures Ty [vg/vy; = 0.25 (black
circles), vg/vg = 0.5 (blue crosses), vo/vy = 0.75 (dark green as-
terisks). and vg/vy; = 1 (red circles)]. The dashed line shows the
equilibrium value, as predicted by the harmonic approximation (15).

Kuzkin V.A., Liazhkov S.D. Equilibration of kinetic temperatures in face-centered cubic 37

lattices // Phys. Rev. E 102, 042219 (2020)



TennonpoBOAHOCTb B LLEMOYKE Mass-in-mass

YpaBHeHMA AUHAMUKU
myity j = c1(uy jo1 — 2uyj + Uy j—1) + ca(uaj — uy,j)
+ Bluz; —uy ;) + Bl jpr — uy ;)
+ (uy g —up ;)]s

’ 3
mality ; = co(uy,; — up j) + ,B(Hljj —u2,;),

0 o 2mx
T (x)=1,+ AT sin 7

HavanbHble ycnosusa

Uy, j = Uz j = 0,

. i 0 . i 0
uy,j = pl,j-w’ABTj' /H?.]._ i ; = pg__j.‘#ABTj /Hi‘g.

HavyanbHble TemnepaTypbl NOAPELIETOK PaBHbI

Liazhkov S.D., Kuzkin V.A., Unsteady two-temperature heat transport in mass-in-mass 23
chains // Phys. Rev. E, 105, 054145 (2022)



KonebaHua TemnepaTtyp B LLernoYke mass-in-mass

TemnepaTtypa LLeNnoYKu

TemnepaTypbl NOAPELIETOK B HEJIMHEMHOM
C/y4Yae coBepllatoT KonebaHun

TemnepaTypa NPUKPENIEHHbIX Macc

0.5

FIG. 7. The amplitudes Ay (a) and Az, (b) of sinusoidal tempera-
ture profiles in the weakly anharmonic case for y = 2. The analytical
solution [Eq. (26), solid line] and numerical simulation results for
B = 0.05 (blue circles), B = 0.1 (red asterisks) are shown.
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HeckoibKO TeMnepaTyp B LenoYke mass-in-mass

0.6 . . . .

0.5 / TemnepaTypa LEeNnoYKH |
i TemnepaTypbl NO4PeELLETOK B npouecce

Temnepatypa NpMKpPenIeHHbIX Macc TeN/10NPOBOAHOCTUN OTINYALOTCA, XOTA
M3HAYa/IbHO OHW PaBHbI!

AQQ_AH

AZQ

All

Pa3sHuUa TemnepaTtyp

o) 5 10 15 20 25
Ust
L

FIG. 8. The amplitudes A;; (blue line) and Ay, (black line) of
sinusoidal temperature profiles and their difference (red line) in case

of strong anharmonicity (B = 2)fory = 2. .
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HeckoibKO TeMnepaTyp B LenoYke mass-in-mass

0.6
0.5+
‘F& 0.
éﬂ. < 0 Pa3sHuua TemnepaTtyp Tem 6onblie, 4em
—><: ' CU/IbHEee OT/IMYAKTCA MacChbl
a3
= 0.
0.1

lg 3

FIG. 11. Dependence of the maximum difference of tempera-
tures on the nonlinearity coefficient for y = 2 (blue circles) and y =
0.1 (black squares). Dashed horizontal lines correspond to maximum
difference in the harmonic case B = 0.
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HennHenHble apPeKTbI.
bannncrtnyeckasa TepmoynpyrocTtb



[MocTtaHoBKa 3aaa4u (microlevel)

* Lleno4yKka Pepmun-lacTa-Ynama:

muv, = c(Upa1 — 2Uy + Up_1) + u—-((unH — -un)g — (g — un_l)zj,

nonlinearity

* HayanbHble yCNoBuUA

. 2k 2mn
Uy = [J U, = A,Fn\/ B (TD -+ AT sin ITn ) . <ﬁ.":'n.> — D._ <"}g> =3
m N

Or any other function
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[lepexon K KOHTUHYaNbHOMY Npeaeny

* OcpegHeHUe No peanmnsaumam -
Uy = (Up ) + Up
d Pa3,£|,eneHme TenaA0BblX U mMeXaHN4YeCKUX
ABUXKEHUU
d KOHTVIHyaﬂVBaLI,MFI MeXaHUNKA Tenno

* BbiBOA, onpeaenAatowmx COOTHOLEHNM

* TennonpoBOAHOCTb ONUCbIBAETCA
rapMoHUYeCcKoUu Teopuen

A.M. Krivtsov, V.A. Kuzkin, Discrete and continuum thermomechanics. In: Encyclopedy of continuum mechanics
39



YpaBHeHUA Bannmctnyeckom Tepmoynpyroctu

* [lnHamMmunKa
b= v (-u.” — ﬁT'*)

s BbiBOAATCA U3

- YPaBHEHUN
* bannncTtnyecknmn tenaonepeHoc OMHAMMKMN peLLeTKu

l 2‘}1'
T(z,t)= fm To(x + v, (p)t)dp.

* HayanbHble ycnoBuA

u=20, v=0
* Mepmnoanyeckme rpaHNYHbIE YCA0BUS
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KonebaHua TemnepaTtypol

PeweHue (Kpusuos, 2015)

AT T ="T,+ A(t) sin(Ax), A(t) = AT Jy(wt)
0.75
0.5
005 | : Pe3ynbTaThl:
I, o 1) KonebaHuna TemnepaTtypbl
oL \AA A -i 2) TapmoHUYeckan Teopus paboTaeT B
: | ; cnaboHenMHeMHOM ciyyae
-0.25 | U "
y wt
_0.5 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
0 25 50 75 100

Analytical solution (line) and numerical results (points) for
aa/c =-0.25 (red), aa/c = -1 (blue)
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Bannuctuyeckuii pesoHaHc: Teopus

[InHamumnyeckmne ypaBHeHUA:

i = v:u" — M2 BAT Jy(wt) cos(Ax)

Periodic “external force” with frequency equal to
the 15t eigenfrequency

PeweHwne:

Poct amnantygbl 6e3 BHewHero Bo3aencrsma!
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Bannnctnyecknin pesoHaHc: YNCNeHHble pesyibTaTbl

AMNANUTYAQ MeXaHUYeCcKnx konebaHum MexaHu4yeckasa sHeprma
A2 8 ¢ 75 r

I ] E I
BAT 6 | IRRRN ra

- )
8* | \*\,\(’

s
f |

50

’
0) ~e
B 4 e i 1 ~ . -
LT ¥ Fm . il s i p - C—
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_2 - m ¢ ¥ N & b 7 g ¥ s 7 e ’
W 1 ] W m M Ly T I! - -~
T ] 1 o L A -t
| 1 H ol S ! ! m T J m T 18 H 25 L -
"'" ] i Yy 3 n 1 1 i I" l.).'—,
4 5 iy Y (11 0y i Ll I o ! - o
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Poct amnantygbl 6e3 BHewHero Bo3aencrsma!
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AMPLITUDE

PHYSICAL REVIEW E 101, 042209 (2020)

Ballistic resonance and thermalization in the Fermi-Pasta-Ulam-Tsingou chain at finite temperature

Vitaly A. Kuzkin® and Anton M. Krivt
Institute for Problems i hanical Engir 1int Petersburg 8, Russia
and Peter the Great Saint Petersburg Polytechnical U sity, Saint Petersburg 195251, Russia

® (Received 6 December 20 ccepted 19 February : published 16 April 2020)

THERMALIZATION

BALLISTIC RESONANCE



NHTepdencHble 3PeKThbl.
OTpakeHue Ten/10BbIX BOJIH



* YpaBHEeHUA ANHAMUKU

iy = wf (Unt1 — 2Uy + Uy_1),

o0 —_ 2
iy = ws(u; — ug),
cBoboAHbIE KOHLbI

.o _ 2
liy—1 = Wz (Uy_2 — Uy_1). 70
Cepreii JIsKKkOB
* HayanbHble ycnoBuA
kgTy
0 _ 0 _ Bin
u, =0, v, =
n n pn m )
L1 == 25
L, =50
(pn> =0, (pnpm> = Onm ?
0 L,a (L,+1Ia
Liazhkov S.D. Unsteady heat transport in an instantly heated semi-infinite free 16

end Hooke chain // CMAT 35(2) 413-430 (2023)



KOHTUHYa/IbHOE BblparKeHNEe ANA KNHETUYECKOM
TemnepaTypbl

[lone TemnepaTypbl:
T(x,t) = TF + T3

BbicTpbIl Npouecc (BbIpaBHMBAHUE KUHETUYECKOM N MOTEHLMANbHON SHEPTUi):

T0
€2 ]0 (4(‘)6 t)-

TF(x,t) = »

MepaneHHbI npouecc (bannnctnyeckoe pacnpocTpaHeHume Tenna):
T

1
TS(x,t) = Ej T°(]x + vyt cos 8])dO
0

rae v, — CKOPOCTb 3BYKa.

Liazhkov S.D. Unsteady heat transport in an instantly heated semi-infinite free
end Hooke chain // CMAT 35(2) 413-430 (2023)
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[pAMoyroabHoe Tena0Boe BO3MYLLEHME, He KacatoLleecs

rPaHULbl

[o oTpaxeHus Tennosoii onwbl (L, = 25, L, = 50):

T
Continuum
= === Discrete

o Numerical

-100 50 50 100

0
&

BeckoHeuHas uenouyka (f = 20)

0.5

047

Continuum
- === Discrete
O Numerical

80

Nony6eckoHeuHas uenouka (& = 20)

Liazhkov S.D. Unsteady heat transport in an instantly heated semi-infinite free

end Hooke chain // CMAT 35(2) 413-430 (2023)



CKayeK Ha rpaHuue

0.25

0.2

0.15¢

0.05¢

0 et '
-200 -100

[lepnoanyecKana uenoyka

Continuum
= === Discrete
©  Numerical

100 200

0
/7

CBoboaHan Lenoyka

0.3+
0.25

0.2

tt~ 0.15

0.1|;

0.05

Continuum
- === Discrete
©  Numerical

0.3

50 100

Liazhkov S.D. Unsteady heat transport in an instantly heated semi-infinite free
end Hooke chain // CMAT 35(2) 413-430 (2023)

150
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TemnepaTtypa Ha cBOH6OAHOM rpaHULLE LLEeNOYKH

—

t=L,+L,
5 :
Continuum
= === Discrete
" .
04 I Numerical !
0.3
<
By KOHTUHYyanbHoe
0.2 peweHne Ha
rpaHuULLEe Ha
paboTaet
0.1

80 100 120
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NHTepdencHble 3PeKThbl.
AKyCTUYecKas Npo3payHOCTb



[TpoxoXxAeHNe BOTHOBbIX MAKETOB YEPE3 rPaHULLY

1 e =017083 T=0.85021 ¢ =1 m =1 c,=5 m =1 2, AEMAAQG
| | f | | |

0.8 I' _
: : i ! _

o ﬂ%‘*' _
: 3 :

-02 I~ ]

v l(a Q)

-04 ]

-06 [~ ]

-1000 -800 -600 600 800 1000
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AKYCTMYeCKaa Npo3payvyHOCTb

dy — dy

m1—m25

Ycnosue NPoO3payHOCTU 02 — 02 —

Mpowegwuii naker

Mapgarowmii naker

-300 -250 -200 -150 -100 -50 0 50

Kuzkin V.A. Acoustic transparency of the chain-chain interface // Phys. Rev. E, 107, 065004 (2023)



NHTepdencHble 3PPEKTbI.
Tennosble aAnoabl



Tennosoun amnona. NMNoctaHOBKA 3aaa4n

PaccmatpuBaeTca MHTepdpenc AByx LenoYvek Ha
YNPYyrom OCHOBaHMUM

B ogHOI 13 LenoYek 3aJaeTca pacnpeneneHue
SHEePruun No BOJIHOBbIM YMCAAM

BbiuncnaeTcsa TennoBomn NoToK

Onpepensaetca AMoaHbIN KO3OOULNEHT

Dmitriev S.V., Kuzkin V.A., Krivtsov A.M. Nonequilibrium thermal rectification at the junction of harmonic
chains // Phys. Rev. E [submitted]
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dopmyna Ana AMoaAHOro KoadpPULUMEeHTa

e JInoaHbIN KO3IPPULMNEHT:

‘-”mrlx.-' 1 - 1 ny
[0 Te(92) [E(q1) — E(q2)] dS2 ) e I
£ = S S — . .y - q;(4 2 arcsin 4 [ — - J
.{umm ‘ff'{”} [h{"hj + h{n‘jj)] df? \/ 1k

e 3pecb 1.(12)- KO3APPULUMEHT NPOXOKAEHUS,
* E(q) — pacnpeaeneHue sHeprum No AsAMHamM BOJH

[Tpomep. Kyco4YHO-NOCTOAHHOE pacnpeaeneHne sHepruu

—
|

"~ E+E

| Er, |q| < q.. _ E;—E
E(q) =

Ee, q. <|q| <m,

Dmitriev S.V., Kuzkin V.A., Krivtsov A.M. Nonequilibrium thermal rectification at the junction of harmonic
chains // Phys. Rev. E [submitted]
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MpeanbHbI TENN0BOU Anoa (MakCcMmanbHbIM 3 HEKT)

CucTtemMa CTaHOBUTCS UAeanbHbIM TENJIOBbIM AMOA0M (NponycKkaeT
TENJ1I0 TO/IbKO B OAHY CTOPOHY) NPU YCNOBUM

.!'l".:(ll'” “. H"U"fff = {"rf'_"'{!‘:'}lt]ill}:.f.llrf{!‘:‘:.lt]il."{;l) '

€= I ﬂt} .L.rlmm

/ To(2)E(q1(82))d$2 # 0,
S

"-Illlllill

Dmitriev S.V., Kuzkin V.A., Krivtsov A.M. Nonequilibrium thermal rectification at the junction of harmonic
chains // Phys. Rev. E [submitted]

58



NpeanbHbiM Tennoson amnoa. NMpumepbl

* ToNbKO AZIMHHbIE BOJIHbI

1_ fila), | < 4., *
B(q) = c=1 & o>l
0, q, <|q| <,

w; = wj(q.).

* ToONbKO KOPOTKME BOJIHbLI

0, |g| < q., max
fﬂ:{{;} — -.-‘ 1 { ::' LL:]- < 'uLl:IEr

fs(a), q. <lq| <,

Dmitriev S.V., Kuzkin V.A., Krivtsov A.M. Nonequilibrium thermal rectification at the junction of harmonic
chains // Phys. Rev. E [submitted]



OnoaHbIN SPPeKT

OTCyTCTBYeT B IMHEUHbIX CUCTeMaX, HAXOAALLLUMXCA B PaBHOBECUMU

(ecnn pacnpeaeneHmne sHEPTrMmM PaBHOMEPHOE UM COOTBETCTBYET
CTaTUCTUKe Bbo3e-dnHWwTenHa)

MoxeT HabntoaaTbcA B IMHEMHbIX cMcTemax Npu HepaBHOBECHOM
pacnpeaeneHnmn sHeprum

MaKcumaneH, ecaim BoJHbl, COOTBETCTBYHOLLME MOJI0CE NPONYCKaHUA,
MMEOT HY/IeBYIO SHEPrnio A8 04HOM U3 Lienoyek

Dmitriev S.V., Kuzkin V.A., Krivtsov A.M. Nonequilibrium thermal rectification at the junction of harmonic
chains // Phys. Rev. E [submitted]
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OTKpbITble Bonpocbl/npobaembl

* OnpeaeneHne TemnepaTtypbl

° Orlpe,u,eneHme rPaHny NpMMeHMMOCTU KOHTUHYa/1IbHOIO ONMCaHUA 6annncTuyeckomn
TENTONPOBOAHOCTU

* OnucaHWe BANAHUNA HenaeanbHocTel (aedpeKToB, M30TONHOrO COCTaBa M T4,.)

* OnucaHue nepexoga oT 6aNNNUCTUYECKOrO peXkMma TeNI0NPOBOAHOCTU K ANddY3MOHHOMY
* OnucaHWe nepexoga MexaHU4YecKkom sHepPrumn B TENJIOBYHO

* YyeT 3N1eKTPOHHOM NoACUCTEMDI

* [MocTaHOBKa peasibHbIX 3KCMNEPUMEHTOB (HecTauMoHapHas NOCTaHOBKA)
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[y6ankaumm rpynnsl A.M. KpusuoBsa

& @ C @& tmspbsturu  Mpoekt "Tepmokpuctann” — Department of Theoretical and... i £ g R =2 ®* M o ©

Cratba  ACL O6cyxpgeHue Uutate [lpaeute Wctopua 53¢ Ewéw Mowuck

\V [TpoekT "TepMoKpUCTAIII" [rpaeim]

(nepeHanpaBsneHo ¢ «TC»)

3arnaeHas cTpanuua TM > MpoekT "Tepmokpuctann"

Kak k Ham noctynutb? .
lMpoekm nocesiweH MnocmpoeHuro aHanumu4eckux modenel

KoHTaKTbl
Mopran coobluiecTsa HepasHOBECHbIX MENI08bIX MPOUECCO8 8 C8EPXYUCMbIX
TekyLuye coBbITHS Kpucmannax. fsnsaetca pa3sutuem npoekta "Kpucrann" Ha
Ceexye nNpaBku cny4ai HepaBHOBECHbIX TEMOBbIX MPOLECCOB.
CnyyaiiHas cTaTbs [ ] il ‘ ‘
Crpaska CopepxaHue [y6pats] ‘ |
MHCTpYMeHTbI 1 Tybnmkaumm
Ccbinku ciopa 2 [lononHutenbHble nybdnukauum TEPMAMBALIA
CBsi3aHHble NpaBKy 3 loToBsiwmecs nyénukauum
3arpysuthb harin 4 BuprtyanbHas natopartopus ‘
gneuCTpanubu 5 My6nukauvn 8 CMU |
epcua Ansa nevyatun
ﬂOZTORHHaﬂ ccbinka B CipalnLL ”
CBeneHmst 7 BbicTynnexus BAMIMCTUYECKNI PESOHAHC
0 CTpaHuue 8 WHocTpaHHble HayYHble rpynbl
Ha apyrux ssbikax 9 [ivnnomHble paGoTl Bannuctudeckuin pesoHaHc 1 Tepmanuaaums 8 OrY uenoyke &1
English 10 BHyTpeHHMe cCbinkn
Monenutbes 11 BHelHWe cChinkn
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& Kuzkin O6cyxaenne Hactpoitkm Cnucok Habniogenns Bknag Bbiitu

&
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JlononHUTENbHbIE CAanabl
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MHorotemnepaTypHble MOAENN

* YnapHble BO/IHbI (3en1baoBuy, XonmaH,

Xysep, PopToB 1 aAp.)

 JlasepHOe BO34eincTBUE Ha TBepAable
Tena (benses, MHpenues, NeTpos,
dopToB 1 Ap.)

* bBannncruyecKkoe pacnpocTtpaHeHue
Tenna B TBepAbixX Tenax (Kato, Jou,
2001; Dhar, Lebowitz, 2012; Xiong,
2013 n ap.

 HepaBHOBeCHbIE TeYEHUA ra3oB
(Apuctos, KyctoBa u ap.)

components in stationary shock

AHncmnmos, Xaxoscknn, opToB,
[Mncema XKOTO, 1997

T n
60+
2
504
x
404
304
201
104 n
] N\

0

FIG. 1. Spatial profiles of the mean-square fluctuations of the longitudinal (n) and transverse (7) velocity
waves. Upstream velocities are: curve /) |V,|=2.48 and curve 2)

|V,|=4.95.



CTaTbu No Teme AOKNaaa

PHYSICAL REVIEW E 107, 065004 (2023)

Acoustic transparency of the chain-chain interface Nonequilibrium thermal rectification at the junction of harmonic chains
Vitaly A. Kuzkin Sergey V. Dmitriev!:2,* Vitaly A. Kuzkin34,t and Anton M. Krivtsov4:3%
Institute for Problems in Mechanical Engineering RAS, Saint Petersburg, Russia ! Institute of Molecule and Crystal Physics, Ufa Federal Research Centre of RAS, Ufa 450054, Russia
and Peter the Great Saint Petersburg Polytechnical University, Saint Petersburg, Russia *Ufa State Petroleum Technological University, Ufa {50062, Russia

3 Institute for Problems in Mechanical Engineering RAS, Saint Petersburg 199178, Russia

. . 4 Peter the Great Saint Petersburg Polytechnic University, Saint Petersburg 195251, Russia
M (Received 23 February 2023; accepted 30 May 2023; published 28 June 2023)

A thermal diode or rectifier is a system that transmits heat/energy in one direction better than in

We study propagation of wave packets through the interface between two dissimilar harmonic chains with the opposite direction. We investigate the influence of distribution of energy among wavenumbers
on-site potentials (e.g., chains lying on elastic foundations). An expression for the transmission coefficient, on the diode effect for the junction of two dissimilar harmonic chains. An analytical expression for
relating energies of the incident and transmitted wave packets is derived using two different approaches. Without the diode coefficient, characterizing difference between heat fluxes through the junction in opposite

directions, is derived. It is shown that the coefficient depends on the energy transmission coefficient
and the distribution of energy among wavenumbers. For an equilibrium energy distribution, the
diode effect is absent, while for non-equilibrium energy distributions the diode effect is observed

elastic foundation, the transmission coefficient monotonically decreases with increasing wave frequency. We
show that by adding elastic foundations, one can qualitatively change this dependence and make it nonmonotonic

or even increasing. Moreover, in some cases, the interface is totally transparent (the transmission coefficient is even though the system is harmonic. We show that the diode effect can be maximized by varying

equal to unity at some frequency) if at least one of the chains has the elastic foundation. Presented results the energy distribution and relative position of spectra. Conditions are formulated under which

may serve for manipulation of the transmission coefficient and corresponding interfacial thermal resistance in the system acts as an ideal thermal rectifier, i.e. transmits heat only in one direction. The results

low-dimensional nanosystems. obtained m'v] important for understanding of the heat transfer in heterogeneous low-dimensional
nanomaterials.

DOI: 10.1103/PhysRevE.107.065004 PACS numbers: 05.45.Yv, 63.20.-c

Keywords: harmonic chain, thermal equilibrium, non-equilibrium state, junction, thermal diode effect, ther-
mal rectifier

tm.spbstu.ru/TC
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[Tpumep: ABYMepHana TpeyroabHas peweTka JleHHapaa-dxKoHca

Lrom., - Tyy AMNNUTyaa HadvanbHbIX CKopocTen (No
1, =T, OTHOLLEHMIO K CKOPOCTU Auccoumnauum):
08 I * 0.05 (To4kn)
* 0.25 (nyHKTMP)
* 0.5 (WTPUX-NYHKTMP)
0.6 {
|
04 Ya (NMHEenHasa moaernb)
02 |
0 | | | | J
0 2 4 6 8 t 10

Hanunumne HennHenHocTun npmnBoAUT K BblpaBHUBAHUKO KMHETUYECKNX 3Hepr|/||7|,
COOTBETCTBYHOLWUNX PA3HbIM CTEMNEHAM cBoOOApbI.
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OTan4yma ot runepboanyeckom Tena1onpPoBoOAHOCTH

* YpaBHeHUA MakKcBenna-KatraHeo-BepHoTTa:

| K., T
h4 —h=——T y A e
T T T T

* PeweHne B cQ1lydae KOCMHyconaa/zibHoro Ha4a/ZibHoro soamyLw,eHumA [1]

dathk® > 1:

!
) — » " 37 . * k.t sk ey _  _ dathk?—1 * | o -
I'(t,x)=06Te 2 (cosw ITI—A s w*t)coskx + 1 of = Wl A — k= peva

e OTAnyuma:
* He onucbIBaeT pacnpocTpaHeHue Tensa B JIMHENHbIX N c1abo HeNIMHENHbIX UenoyKkax [2,3]
d ,£I,aeT SKCNnoHeHuuaabHOE 3aTyxaHme, B YANC/IEHHOM :—)KcnepmmeHTe — CTerneHHoe 3aTyxaHme

* HeT 3aBMCMMOCTM OT 3aKOHa B3anmoaencTama (AmMcnepCcMoHHOro cooTHoLeHua). ns pasHbix
LLenoYeK 3aKOH M3MEHeHMA TemnepaTypbl byaeT ogMHaKoBbIM (He cornacyeTcs ¢
pe3yabTataMmu MoaennpoBaHus)

[1] A.A. Sokolov, A.M. Krivtsov, W.H. Miiller, E.N. Vilchevskaya, Physical Review E, 99, 042107 (2019)
[2] O.V. Gendelman, A.V. Savin, Physical Review E, 81, 020103R (2010)
[3] A.M. Kpusuos, [loknaabl akagemmun Hayk. 2015, Tom 464, N2, c. 162-166



AHanuTnyeckoe peweHme (banmMcTMYecKkMm pe3oHaHc)

BAT 2 BAT 3
MepemeLyeHus u(.’r, t) = —'T wt.Jq (wt) COS()\:I.‘-). U~ — ;’T\/ﬁcos (wt — Tﬂ) cos(Ax).
£ = &2 (TR (wt) + JQ(wt)) 9
MexaHuuyeckas , ( ! E ~ ;&wt.
SHeprua £ = Zp’vﬁﬁQATQ.
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CpaBHeHue popmyn ansa T(x,t)
TowangopmynaanaTxt)  [MoubveewssngopwymaamTt) |

T=Tr+Ts T=Tr+Ts
Tr(x) =/ / ZPlTﬁwP;Te‘“‘l‘kz)‘("‘”dkldkz, Ts(x) =/ [ ZPlT'sP';Tei(kl_kQ)'(x_y)dklde Tr ~ / PTFP*Tdk, Ts =~ /PTSP*Tdk,
ky Jko y k1 Jka y k k
1., ~ 1
{T}?}z‘j = §{P1TT0(}’)P2}«J [cos((w;(ky) + Wj(k2))t) + (1 = ;) cos((w;(ky) — wj(k2))t)] y | {Tr}ij = §{P*TT0(X)P}z‘j [cos((w; + wj)t) + (1 = &;;) cos((w; — wy)t)],
1., . 1, . :
{Ts}iy = §{P1TT0(Y)P2}U6?U cos ((w; (ki) — w;(ka))t). {Ts}i; = Z{P T (To(x + vit) + To(x — vit)) P}j;0;;.
CVIMMeTpVI‘-IHa MO OTHOLWEHUIO K BpemeHun CMMMETpW—IHa MO OTHOLWEHUIO K BpeMeHU
beckoHeyHas CKOPOCTb pacCnpoCTpaHeHnA CUrHana Tennosowu CI)pOHT pacnpoCTpaHAEeTCA C

MaKCMMaJIbHOWM FPynnoBOMN CKOPOCTbIO

MeaneHHo cunTaeTca (ABOMHOW MHTErpan u cymma) BbicTpo cumTaeTca (oAnH UHTerpan)
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CuHycouaanbHOe pacnpeaeneHne TemnepaTypbl

* HayanbHoe pacnpeneneHne Temnepartypbi:

2
T)(x) = (Tb—FATblH%) E, r=X-e

e AMNAUTYAA TenaoBoro npoduna:

1 2 [* 2
A—NtrA—L/O T(x t)&in%dﬁ?

* opmyna Ans amnaAnTyabl:

2mvlt
Z/ (cos; (2w,t) + cos 7 )dk.

Pa3Hbieé XapaKTepHblie BpeMeHa
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CBA3b MUKPO- M MaKpOMapamMeTpPOB

* MexaHn4yeckme napameTpbl

p=—, E = ca, Ve = @
a m

* TennoBble NapameTpbl

&]CB

CV:kB, [)7:

ac?

A.M. Krivtsov From nonlinear oscillations to equation of state in simple discrete systems // CSF, 2003
A.M. KpusLos, B.A. Ky3bKnH MonyyeHmne ypaBHEHUI COCTOAHUA UAEaNbHbIX KPUCTaNN0B NPOCTON CTPYKTYpbI // MTT,
2011



