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PeXxXnmMmbl TennonepeHoca

Length dependence of heat conductivity*
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*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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OcobeHHOCTH OannucTn4yecKkoro
TenrnonepeHoca B 0eCKOHEYHbIX KpucTanmnax
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[lpoxoxaeHue BONTHOBLIX NaKeTOB
yepe3 uHtepcdenc
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MoTtusauusa (rhobanbHas)

 TennoBoe conpoTuBreHne nHTepdgenca
(conpotmeneHue Kanunubl)

« Tennosble Anoabl (Benm4ymHa TENNOBOro NOTOKa
3aBUCUT OT 3HaKa rpagueHTa TemnepaTypbl)

* KunHeTnyeckaqa teopua bonsumaHa - cBd3b
J>OHOHOB U BOJIHOBbLIX NAKETOB

« KBaHTOBasi MexaHMKa — COOTHOLLUEHUS
HeonpeaeneHHOCTU, KapnyCcKyIsipHO-BOTHOBOW
ayanuam
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MoTtusauuma (noKkanbHas)

* Pa3BuTtne nogxoaa SHEPreTn4eckon AMHaMuKn
(Krivtsov, ZAMM, 2022) ana HeogHopoaHbIX cpen

* KWccnepgoBaHue BAUAHMS yNpyroro OCHOBaHUA
(MOAONOXKN) HA NPOXOXOEeHWE BOSMH Yepes
NHTEpdenc
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Ucnonb3lyemaa mopenb

YpaBHeEHUA ANHAMUKN
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HayanbHble ycnosua: “BonHOBbIE NaKeTbl”

[lepemelyeHunsa
—_ 32 21 . _ ol h
u, = Upexp ~5 (n — no)~ | sin(kyn), s, "A"%L uﬁgﬁ
CkopocTtu I

. ( )82 2) [ 281 :
vy, = =Upexp -5 (n—np) || Qcos(kin) — T(n — np) sin(kn)

Yacto untnpyemas cratba - P.K. Schelling, S.R. Phillpot, P. Keblinski, Phonon wave-packet dynamics at
semiconductor interfaces by molecular-dynamics simulation. Appl. Phys. Lett., 80(14), 2484-2486 (2002)
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3ameyaHue 0 Ha4YaibHbIX YCNOBUAX

wem pelueHne ypaBHEHUN ANMHAMUKU LEMOYKN B BUOE

u, = A(Bna, Bt)sin(kin — Q1), |8l < 1.

[logcTaHOBKa B ypaBHEHUA AMHAMUKU Npu ManoMm beta noaet
Qz _ d] 46‘1 ) kl

sin =0 04 _, 04
mp;  m 2 opt _glaﬁx’

[TpnbnumxeHHoe pelueHue (“BOSTHOBOM MakeT”)

u, ~ A(B(na — g,t)) sin(k;n — Qt), =l
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BbluncneHune KoappuumeHTa npoxoKaeHusn

KoadpPpumumeHT npoxorkgeHmna — OTHOLLEHMNE SHEeprm npollegllero
BOJIHOBOIO NakeTa/BOSHbI K 9Heprun nagaroulero nakera (BOSHbl)

[1Ba noaxoAaa:
1. Metoa “Tpex BOSH”
2. OHepreTnyeckasa anHamuka (Krivtsov, ZAMM, 2023)
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Mopxop 1. Metop “tpex BonH”

Muwem pelieHne ypaBHeHUN OANHAMUKU B BUOE

A;ei(ﬂr_k'”} + AREi(QHkl”}, n< 0, I
U, = mgQZ = d_f + 465 Sill2 —f,
Agpei(@-kan) >0 2

CBA3b MeXay amnnuTygamm HaxoauTCs U3 ypaBHEeHWUA Ans
nHTEepdeunca
muii-1 = cr2(uo — u-1) + c1(u—2 —u—1) — dyu—1,

myity = c12(u—y — up) + c2(uy — ug) — douy.

L. Rayleigh, Theory of Sound, McMillan, London, 1894
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Moaxon 1. Meton “tpex BonH”

OnpepneneHue K-Ta NpoxoxaeHus (ana nonybeckoOHEYHbIX BOSH)

A 2
-7 R=1—7 wemp 7 _ MmgalAr|
I

T )
m1g1|A;?

KoaddULIMEHT NPOXOXOEHUS

T — 16Q°mimag1 2>

2
4Q%(m1 g1 + maga)* + ﬂz((ml - m)Q* +d; - dl)
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NMoaxoA 2. JHepreTUyecKaa AUHaMMKa

Received: 26 October 2021 Revised: 28 February 2022 Accepted: 3 March 2022

AHarnorus mexagy pacnpoctpaHeHmem oo
9Heprmm 1 NepeHocomMm Macchl

Anton M. Krivtsov'?

Higher School of Theoretical Mechanics,
Peter the Great St. Petersburg Polytechnic
University, Saint Petersburg, Russia
~ ~
HEPInN4 MacCCa, lNMOTOK MMMVYITbC st o Pl i Mectanic
, Engineering of Russian Academy of
Sciences, Saint Petersburg, Russia

Correspondence
Anton M. Krivisov, Higher School of

Theoretical Mechanics, Peter the Great St.

Petershurg Polytechnic University,
Polytechnicheskaya, 29, Saint Petersburg
195251, Russia.

YpaBHeHus 6anaHca Ans noToka SR

Funding information
Russian Science Foundation,

aHanor banaHca uMmnyrnbeca

th.}:czdj h=§ Un_l_%-l-Un_% F,a,

nez’

Dynamics of matter and energy

We propose and examine a potential analogy between mass transfer (in space)
and energy transfer (in solids). We adapt classical equations of matter dynam-
ics to describe the dynamics of energy transfer. Such fundamental quantities as
the effective mass, momentum, moment of inertia and other guantities typical
for bodies of matter are introduced for “bodies” of energy. Along with this, two
new concepts of “carrier” and “phantom” are proposed. A carrier is a medium
which enables energy transfer. A phantom is a virtual body of matter having its
mass distribution equivalent to the energy distribution in the carrier. Using an
inhomogeneous chain of particles as a sample system, we show that the phan-
tom motion satisfies the Newton's second law of dynamics. For certain systems,
we derive constitutive equations for the net force, which results in a closed sys-
tem of dynamics equations. We further show that with the relevant properties of
the chain it is possible to obtain the dynamics equation for the phantom motion
in a gravitational field. We use similar methods to study energy dispersion. To
analyze phantom evolution, we introduce the velocities of phantom transfer and
dispersion. We show that, depending on the ratio of these velocities, the phantom
can behave either as a wave or as a particle.

Furthermore, we discuss potential application of energy dynamics to other
branches of physics, such as quantum mechanics, electrodynamics and general
relativity. We introduce the idea that a body of matter itself can be a phantom in
some other carrier, which is a different entity than matter. Possible associations of
the phantom/carrier model with current models of physical space are discussed.
Based on the presented concept, we propose plausible qualitative answers to sev-
eral open questions in modern physics.
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NMopxopA 2. DHepreTUyecKaa gUHaMMUKaA

YpaBHeHus 6banaHca ansi noToka (aHanor banaHca
NMMynbca)

* - 1 def M def
h=EIC=¢3‘ h:EZ(Un+%+Un E)Fnan Xe = & M=EEn§n

nes

[Mpumep 1. OgHopoaHas ueno4ka

- B

h=0 X.=Xc+ UL.

[Mpumep 2. Llenoyka ¢ meaneHHO MeHsLWencs

XECTKOCTbH

def a2

X. = w(x,), w(x,) = >
e

C’(x,),
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[Moaxop 2. DHepreTUyecKaa AMHaAMUKA

banaHc noToka

YpaBHeHMEe He 3aMKHYTO

[1lpaBas YacTb onpeaenaeTca ABMKXeHUeM nHTepdenca
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[Moaxop 2. DHepreTUyecKaa AMHaAMUKA

[ononHuTtenbHble ypaBHEHUSA (DanaHca aHeprun)

Ey=h_y/a,  éo= (h% _ h_%) /a,

[lononHuTenbHble ypaBHEHUSA (OMHAMUKa MHTepdenca)

/ “U%dt — (U(jvg)lgc — / ug’l}gdt —
0 0

— _L/ Uo (F; —F 1 —dzﬂo) dt,
msa Jo 2 2

FE 1 = F§ == (mz’t}g + dg’u()) (mgi}(} + dgﬂg — QF%) .
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NMopxoA 2. DJHepreTUuyecKaa gUHaMMKa

[MpegnonoxeHne o NPoxoasLliemM nakeTe

u, = B(fna, ft)sin(kon—Qt), n >0, |B]K1.

CBouncTBa rapMoOHNYECKMNX BOSH / MakeToB

| 1
ey ~ EmZQZBz(ﬁna, Bt), h,. L~ Emzﬂzgng(,Bna, [t),

1 1 1
U> ~ 532([)’!1&, Bt), Vi~ EBZ(ﬁmI, BHO?,  upliyq ~ EBZ(,Bna, Bt) cos k.
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NMopxoA 2. DJHepreTUuyecKaa gUHaMMKa

laMeHeHne noToka npu oTpakeHuu

oo
h(oo) — h(0) = Fdt,
/ A D \
h(o0) & Ea(00)g2(Q) — E1(00)g1(Q)
h(0) ~ Eg1(Q) / Fdt ~ G(§) Ex(o0)
O | i ()
1 /2¢; +ds dy do
KoapULUMEHT NPOXOXOEHUS () ()

_ 281(Q)
21(Q) + g2(Q) — G(Q)
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CpaBHeHMe ABYX NOAXO40B

MeTtog “Tpex BonH"

T — 16Q°mimag1 2>

2
4Q%(m1 g1 + maga)* + ﬂz((?ﬂl - m)Q* +d, - dl)

QHepreTnyeckas AMHamMuKa

_ 281(Q)
21(Q) + g2(Q) — G(Q)

G = a2 (2!?11 —mg)()g — C1M Q2 B ﬁ N l 2(?1 +d2 B QQ d] B dg
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CpaBHeHMe ABYX NOAXO40B

- [lBa noaxoga gatoT popmManbHO pasnnyHble BblpaXXeHusa ans
Koa(ppumumeHTa NpoxXoxaeHns

« [Insa Bcex pacCMOTPEHHbIX Criydasix pe3ynbTaTbl, NOMy4YeHHble
OBYMSI METOAAaMK, coBnagatoT

« MeTopa sHepreTM4eckom AMHAMUKN AAeT aCMMNTOTUYECKM
TOYHOE peLleHne B npeaene (3 — 0).
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KayecTtBeHHbIN aHa/IM3 YaCTOTHOM 3aBUCUMOCTU

Case 1. Equal minimal frequencies:
dy _ d>
n n2
Case 2. Intersecting or nested spectra with
[ d] d2 dcy + d] dcr + dg
— F ] F s
n 5] n o
d] d2 dcy + d] dcy + dg
— ¥ ] = s C1 * 2.
- my ntp mi na
Case 3. Equal maximal frequencies and equal stiffnesses:
d1 d2 4(31 + dl 4(32 + dz
— F —, = ) Cp = €.
my mp m m;
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AKycTun4yeckasa npo3payHoCTb

XIIl Bcepoccuickmii cbesg no TEOPETUHECKON U NPUKIagHON MexaHuke >»> 21-25 aBrycta 2023 >> CaHkT-lNeTepbypr

24



ycnoBua NPoO3pPavyYHOCTU

KoadodpumumneHT oTpaxxeHus

>
407 (mygy - Maga)” +a? ((my — m2)Q? + do — dy)

R=1-T = 5 5 -
402 (m1g1 + maga)” +a? ((my — m2)Q* +dy — dy)

3 paBeHCTBa egmnHuULEe KoadhdPuumMeHTa NpoxXoXxXaeHus:

mig1(Q) = mga(Q),  (my —m)Q* +dy, —d; = 0.

YacTtoTta npo3payHOCTU:
02 — di — dy

t

H —mg.
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ycnosua NpPo3pavyYHOCTU

Cnydaun 1. PaBHble 4aCcTOTbl OTCEYKU U UMMNeaaHChI

QQ o QQ o dl o d2 L
=y = — = —, micy = Maco.
Ty mso

Cny4an 2. PaBHbI€ XECTKOCTU
dy — do

ml—mQ’

Q=] =

C1 — C2 = C,

dy — mqd
0< o2t M2
4e(my — mo)
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AKycTUUYecKaa Npo3payvyHOCTb. PaBHble YaCcTOTbl OTCEYKU U
MMneAaHchbl

1 17*:?_1—-.-.-__:. - ~
A g 2\/(1 — QQ) (,},3* _ 92)
08 | r= - - -
Varx — QQ + \/(1 - Qg) (f}(f* o QZ)
_ d -
06 r}(**:E:_l:F_z}l
mo dz C1
0.4 F
0.2 F : NpeaenbHas KpuBas:
; | | | . 2Vl -2
J1_02
0 025 05 075 1 1+v1-10

QQ
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AKycTHU4YecKana Npo3payvyHocCTb. PaBHble }KeCTKOCTH

Tl

; N
0.8 Y
\
\.\
0.6 |
0.4
0.2
O | ] | i ] i 1

0 025 05 075 1 0 025 05 075 _1
95 0

Figure 6. Frequency dependence of the transmission coeflicient 7' for ﬁ? = 0.1 (left) and ﬁ? = 0.5 (right). In both plots results for m /m> equal to
1.1 (solid line), 2 (dashed line), 4 (dash-dotted line), and 8 (dash-double dotted line) are shown. The vertical dotted line corresponds to = €.
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AKyCTUYeCKaa NPo3pavYHOCTb. PaBHble XeCTKOCTU
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TouHoe “npospayHoe” pelwieHUue

Ha yacTtoTe npo3payHOCTM YpaBHEHUSA OBUXKEHUSA COCTAaBHOW
LIEMOYKN MMEIOT TOYHOE peLLEHME:

HH — Afel(ﬂrf_k;ﬂ)

dy —dj

m; —my

Q; =

t

.2 ke mod) —myd
sin” — =
2 dc(m; — m»y)
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TennoBblie anoAabl

(coaBTopbI - C.B. AMutpues n A.M. KpuBuoB)
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[TlocTaHOBKa 3a4a4u

« PaccmaTpuBaeTca nHTepgenc AByx Leno4vek
Ha ynpyrom ocHoBaHuu

« B oaHoun 3 uenoyek 3apgaetcs
pacnpegerneHne 3Hepry no BOSTHOBbLIM
yucnam

e Bbluucngercsa tennoBouv NOTOK

 OnpepensieTcs ANOAHbIN KO PULINEHT

r”lg - '121

£ = .
J1o + Joq

n=1
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dopmyna ana anoaHoro KoadduumneHTa

* [nogHbIN KOIPDULINEHT:

"!..‘-:"TILEI.I s al ;
J[ﬂ' - jf{j;} [E(fj]] o E(fjﬂ)] df? , \/’mh‘z —d,
- THLiTE "-"J'[:‘”} - 2511'('-!'4111 J .J'_

- "-ﬂ'ruetxr 1 - - s
[0 Te(R2) [E(q1) + E(g2)) dS2 T

3aecb 1.(f2)— KOIdDULUMEHT NMPOXOXKOAEHUS,
E(q) — pacnpeneneHne aHeprum no annMHam BOJIH

* [lpumep. KycoyHo-nocToAHHOE pacnpeneneHne sHeprum

EI-.- |":-E'| EQ*T s — ES _Ef
| E5+EE-

E(q) =
ES: qﬂ* c::‘ IQI i ﬁ_f
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UpeanbHbiK Tennoson gunoa (MmakcumanbHbin 3P deKT)

 (Cwucrtema CTaHOBUTCS nagearibHbiMm TernJiosbiMm ANMO040M
(nponyCKaeT TEenJio TOJIbKO B OAHY CTOpOHy) Npun yCJioB1Nn

H[:q:] = (), I"'?'If_-' = {ﬁ":&{!!miu}; ".-':E{Ignmx)) y

£ = l {:'b '-”m:m

/ T () E(q1(£2))d$2 # 0,

-”'mitu
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AnoaHbin apdeKT

 OTCcyTCTBYEeT B JIMHENHbIX CUCTEMAX, HaXOOALWMNXCA B
paBHOBeCUM (eCnn pacnpeneneHne aHeprmm paBHOMEPHOE UIn
COOTBETCTBYET CTaTUCTUKE bo3e-ONnHLWITENHA)

 MoxeT HabnaaTbLCA B IMHEUHbIX CUCTEMaX NMPU
HepaBHOBECHOM pacnpenerieHun aHeprum

« MakcumaneH, ecnv BomHbl, COOTBETCTBYHOLLME MOMNOCe
NPOMNyCKaHSA, UMEKT HYNEBYIO 3HEPTUIO ANA OAHON U3 Leno4vek

XIIl Bcepoccuickmii cbesg no TEOPETUHECKON U NPUKIagHON MexaHuke >»> 21-25 aBrycta 2023 >> CaHkT-lNeTepbypr

36



CTtatbM no Teme gokKnaaa

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 Polvtechnical 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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OTKpbITble BONPOCHI

O6006LWeHNne Ha MHOTOMEPHbLIN CryYan

“TyHHenupoBaHue” — aHanormsa ¢ KBaHTOBOW MEXaHMKOW

JNlokanusauna Ha nHtepdence

TennoBoe paBHOBECKE ABYX LIENOYEK C pa3HbiMM TEeMNepaTypamu

XIIl Bcepoccuickmii cbesg no TEOPETUHECKON U NPUKIagHON MexaHuke >»> 21-25 aBrycta 2023 >> CaHkT-lNeTepbypr



AKycTHUUYecKana Npo3payvyHocCTb. PaBHble }KeCTKOCTH

Mpoweawunn naker

MNapaowmin naker
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Pe3kun nepexon (M3meHeHUe KeCTKOCTH)
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“He ouyeHb pe3kumn” nepexopn
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Kak nHrepnpetupoBaTb pa3geneHue BO3MyLLEHUA Ha ABE YacTU C TOUKU 3peHUA SHEePreTUYeCcKom
ANHaMUKK (aHanormm mexkay maccoi n sHeprueu)?



AKycTHUUYecKana Npo3payvyHocCTb. PaBHble }KeCTKOCTH
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