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® WimEEHNIEIRFRIREZHE:

N p?  p3 1 1 1 .
K+ —Ki2 + —K(zo — 21)? 16
tho2 2M+2M+2 1"'2 2+2 (CEQ Il) ( )
& HASBEETAT IS B
1 (2 —1] [=
Vi =K 17
(21, 22) = 3 [z 2] 1 o L?] (17)

v IIEREERE A, FEERER U, #18 D= UTAU B—/ "3 fRERK.

1 o F o) [ F] [
Vo) = 5K ]| 5 2 {o 3] Z o2 [m] "
3 2 | L2 2
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& FHImEER IR FHIR B E -

Flghor = ;’XJ+2;+%KZ%+%KI§+%K@2%1)2 (16)
Q1= g[h + z2] I = ?[Pl + p2] (19)
Q2= ?[ml — 2] Iy = g[pl - p2]
M= (16) AKX A E H2
Hahoo = {ﬁ+ iKQ%} + [er ~K- QQ} (20)

e N (0)RMBAMMIIERTFZM, Q1 7 Q2 RFTIBHIIENAAR (Normal Coordinate) g
EFBWELER, Q1 RBRIRERRIEE, Q: NREXEH (BRULARE).

2024 £ 4 A8 H



® BERRBRETEE-—NEFHRS, MEMARTFHSSHIE.

AL AL

Asymmetric Stretching Symmetric Stretching Bending
Mode Mode Mode

- H:0 S FHLHEERX TREE.

w WFERKNMRIAELR S F, BIEEREEA SN-6, N ARFHE.
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2R S HAERERIGEHER L EHBEIENE T/
FHIHKR,
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Ny 1 2 82 2 2 e e — e o
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IR T IOMRR KA. & =0+ Dha

MAILERTRREE THURET IEHE .
VIR TR I = AR

1. ReEE T (BT 1RSI FSRHME)
n SHPREE 2. 56 REH
Sl A 3. HEAREANO - FLR o
) E, =20
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® —HETFIERT (Quantum Harmonic Oscillator) WM ZER &
2
. P 1
Hano = 5 — + Emwzxz
o BFERTHREE
E,=[n+ é]fw, (neN) = Ey= %M

HISBEE Eo BDAZSEE (zero-point energy) .
o BFHERFHAERES |
1 mw 1/4 mwz? mw
vn(@ = 7 {ﬁ} exp {_Th} Ha ( o )
Hh Hy(z) 2 n REXREHR?: Ho(z) =1, Hi(z) = 2z
w BFEIRTFHESKEREASHS:

Ihttps://en.wikipedia.org/wiki/Quantum_harmonic_oscillator

nttps://en.wikipedia.org/wiki/Hermite_polynomials

91 == lmwx? — n=2 — n=5
— n=0 —— n=3 n=6

— p=1 — n=4— n=7

Energy [hw]

x [arb. unit]

- BFIBIRTHIBAEMLE, W
Bn=027KiKkEE.
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https://en.wikipedia.org/wiki/Quantum_harmonic_oscillator
https://en.wikipedia.org/wiki/Hermite_polynomials

1/2
po(z) = [Yo(x)]? = [ﬂ%} exp [f’"“’Tﬂ -  FWHM :2\/21n24/%

~2.355

Energy [hw]
Energy [Aw]

x [arb. unit] x [arb. unit]

- ETIBIRTHERE (BEXE), MR n=03 n="7 WESY. WESH (REMEFER).
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& ARG )
Q=muz = Woki (1)
M= (3) &M,

- 1
Haho = 5 [

Ef—HIE P Q SHMBEM (FEEXER) of # b

h w 7
Q:\/;[Hb*] b=\/%[Q+;H]

17 + w? Q?] (2)

, (3)
H:iq/%[bT—b] b*=\/%[Q—£H]
He, WEFMBEEFHEMSXER: bl =1
= BFERFHRZWMESA LT 0 b Mk
Haho = [b7b+ %]m (4)
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R TR A BRI N0, TR T0:

a:}%w
2

XANEFONET RRE. S BT 280 TR, mitikahit
TRE, BERE TN A, EhEFERT, el
WRIRBIE . RemE UM E AR e = TR T X
T MIRTHIP KR R

B BT AR R AR TR B AT R AT AE AR, SR A T B 1

R TE K], 81 5 I AR € TR 2 B SR AT BARL 1 RIS AE R S R AT EEARAT]
HPFE R RE R (B, WRER S MEFRE FAASERE . )




WA, —HEF| 7 RIEAAKS, inl DLERE R =
Wo B—PRIIEANR, NN —MERF TR, WERERELIE
IEAAR AR ERBIR T RS, HEgEAMHERE TR,
Fr At &+ J1 ARG w N 2 s Ra) LA s T
FEHR BN B 55 28 AN AL

MEFHEZERIMEE, RIEFE FEEESIEIHE SR T

ReEae=E T, ﬁ/\%d]ﬂ%ﬁﬁéiﬁ%ﬁd\$u haoy, RN
FF (Phonon) . XMkl s FELREENS L.

FELMERT, BEREEESYN, ETERBLETX
NHIR, ﬁ’ﬁﬁ%’?éﬁéﬁiﬂi 2 R T IR 148230 75 2\
BREIM R, HMEE 2R agoR2IEHE, &1

H@HRARRLE R, ARNSEAIRENREM &1
HHIRLRE -




B A 3] N\ S A AT A I LA M A LT
R — — TR TR K FE, ﬁ‘ﬁﬂizﬂﬂﬁfiﬂi‘%T ElEl’f%

RAEEEETHHRR. X

PIER ) — KFFE, ABAIBRRIE TR (Elementary

excitation)

T R R AL

425



& NBFNFENULE RERFEFEHNEHERIMESRETLHN, BMRIEXEEN
BNBAL gy WRRAFETF (Phonon) . 4

= HEMRPRKXLTEHEFHHN ne HIRET = ETFERHRAUESRFHEERER wev R

B BFREEE ng, MEMETF. EEMETHRERETLN.
o —RMERME—MET, BERRE 3 X N x EFSHT. BFSHEEEAN, BEMU hwg
N, #i&iE, HtE 3 x N. x N, HEF. HETZIEER.
N = EFSEFHEEER SEFSHMNT (BF
wey = AT (41) WATF) HEMERR, AFMEFATE. A5F
’ v—3x N, AMEE, BATUER. HiERTiEMN T
B &P IE.

& SINBEFHRE, MTERAEERNETHEFREHRT—RRIRINE— KK, EATF
1ERH ng MEEA hwe KIBEEFAR, MENREURHESHEFHEHRBEFSE. 5l
ANEFHBEES ML EEE SRR H RIS RFEEE B F USSR, MAERESBEIRHERH
ERER, FTIAE A EREER .

ETFHRAR 1932 ff—ﬂi FEIBEER Igor Tamm $2HKY, Phonon KIFFRIAIFE A
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EFS V.S HESEK

Ideal Gas Phonon Gas
C . A vessel with im- A crystal, which is the medium
ontainer penetrable walls that sustains the phonons
Relation between en-
E = p*/2m w.(q)

ergy and momentum

. . Phonons collide with each
.. Molecules collide with each .
Collisions - other, with surface of crys-
other and with walls of vessel L -
tal, and with impurities

Energy conserva-
nergy L Yes Yes

tion in collisions

Yes, except at surfaces and

- in collision with impurities.

(Crystal) momentum con Yes, except at walls P
servation in collisions T < ©p so that umklapp
process are frozen out.

Number conserva-

Lo L Yes No
tion in collisions

- EFSMEESERITL.
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® E)%Eﬁﬁ?fgﬁ]% (crystal momentum) : hq. BERGHIRESR, HHEFE (EF—MIEEX
G):

hq1 + haz = hqs + G (42)

= EFHIREHERRE "HEXL" MHE ELRFEFHREEEHRIRAEE!

We emphasize, however, that the crystal momentum of a phonon is NOT, in general,
accompanied by any real momentum of the inonic system. “Crystal momentum” is simply
a name for h times the phonon wave vector. The name is intended to suggest that hk
frequently plays a role quite similar to that of a momentum...

Since a crystal possesses translational symmetry, it is not surprising that there should be
a conservation law rather like momentum conservation; but because this symmetry is only
that of a Bravais lattice (as opposed to the full translational symmetry of the empty space),
it is not surprising that the conservation law is weaker than momentum conservation.

—Ashcroft/Mermin Book, Chap. 24
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AT HHE

® EFEHERANE SRR TFHNERDE, 2014 E4RRHETRFBENS ©
T =31 W Meugs x v/ Mot (43)
L s

Hep, L EAR3TERAKAN, s FRARITRAEM EF KA.
v G- MEXKETFHANESN

Loy = —ih)y €¥y, X €sq (44)
S

HA, €50 BEETHIRILKE (polarizaton vector),
w BB AENREA

- 1 1
7= | g g e (43)
qu

B T=0K MEFANEBARS, EHEATSAHNE (zer0-point angular momentum) .

Shttp://staff.ustc.edu.cn/~zqj/posts/Angular-Momentun-in-Solids/
SNiu et al., “Angular Momentum of Phonons and the Einstein—de Haas Effect”, Physa Rev: tstt., 112, 085503 (20143
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http://staff.ustc.edu.cn/~zqj/posts/Angular-Momentum-in-Solids/
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.112.085503

THR. SR, BT

® EFE—FTH%E (elementary excitation), EMH % (collective excitation) B FE 4RI F (quasi-
particle) .

=R ERTFRIEEER 1930 FRBMMEREE, AT MEXRFX AR, T IERET/LFHEE,
#HEF () HE. g2, HUUMEET () NFLEREER. BEERER (k) $hE. gEFE.

-—Q - ea. g"

real P"‘H"lc qu.a.m Pur‘hda

real herse quasi horse

B - TS TEE: ED.

& RESYERTHRSMANT : 2= (hole). MALF (polaron). EIAXF (Cooper pair). B
F (Magnon). #F (exciton). Hr#&BAF (skyrmion). B EKF (Majorana fermion) ..

"https://en.wikipedia.org/wiki/Quasiparticle
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https://en.wikipedia.org/wiki/Quasiparticle

TR GHERF)
BTN M RT R 1 RS, B RR—

M MEAF R BTHNES, ENREAHAERRE AT
HHERZE.

TCBURAE— A B R I 218 R G R AL AR T B A SR Y
HRLT R R, TLEURA 2 BRI R, 7T AE SIS B
o i E TR

SEIS: s RS ST, BrillouinBig), Raman#iss
it B iR (Green®EL, FeynmanE&FIDyson 5 E)

ToEUK: OBUKRERE; QW ERNZTTAIE; GRUTHIE
= e AR B E R LUK .




- LiF fXiR{LTF (large polaron) W TFEEN -
[Sio et al. PRL 122, 246403 (2019)]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.246403

TR 73R

RAREUR (22 9BoseR! ):

(1) & -5 7 E1EH 5 1 EEIR3h--F F(phonon);

)& MEM B 1) B - B e fH BAE A 51 R B ek -- iR+
(magnon);

R &EFETFSMHEEHIIENSFE TREAERY--FE T
¥t (plasmaron);

(At TFFCFEEE F#E — R Bt (polariton)
MANBUR (2 AFermif):

DIEEEBEFTHEEHRE T, ZRHRASF R FEUE R T, H
A 3Um &1 K (quasi-electron);

Q)& T e B B FE T AR B 3 W 5 B ki — i
BN B BRI AR AL T (polaron);

R)FRIEF BT, B+ (electron-hole pair)




- 75 TR A A . cooperXy =4

A model of Cooper pair attraction

© 6 € 0 € ¢ ¢ ¢ ¢ ¢ © € © ¢ € © ¢ ¢

©cooo e ®fpog SR e e R
Lattice of superconducting material Lattice of superconducting material

¢ € € 0 € ¢ ¢ & ¢ ¢ & €6 6 € ¢ 6 ¢ ¢

A passing electron attracts the Another electron passing in the

lattice, causing a slight ripple opposite direction is attracted to that
toward its path. displacement.

The theory describes superconductivity as a microscopic effect caused
by a condensation of pairs of electrons into a boson-like state.
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B 153.7 W =4t A G2 MR B Q=0 T B I PR
w(q) = w, — AQ°
KL, P IRBISEEN:

1\

v 1 |
f(w)= 4”2W(%—w)12’0)<%
=0,0> w,

2. HEP3.11 —48 K Fm=5X1.67 X 1024g, M/m=4, =1.5X N/m,K :
(1 )%%L’?BZ a)gax’a)rcn)in ,%%YBZ a)rﬁax

(2)FH B 75 1 RE B2 /b H TR

(3)7E 300K )~ 15 7 524

(4)5 oo, KX L L RGI I A AE AT A I B





