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& SMPIRET (external probe) SRiEIREIZIREEE (WU/ZH—IMHENETF), BEMERS
HEEEFARMKE, RATERBIETFEHXR v (REBE p(w).

hwgy = ngy € N
electron AR outgoing probe

neutron

'y

x-ray
visible light
infrared light k (

q+G

incoming probe ;( ...................

CONSERVATION OF ENERGY:

E(K) = B(k) = = > fwg,Angy

ENERGY DISPERSION:

1 Phonon: E(k) = hw, (k) )

0 Photon: E(k) = hclk|/n T, T CONSERVATION OF MOMENTUM:

0 Particle: E(k) = hz}\k; hwqy = an’ €N Ik — k= " hqAng, + hG
Ang, =n ,ql, — Ny @

- EFEH v () SREVEFRRTEE.
< SEMERIATES, Bl Ang, =0, MAZNEFEEX:

Vvok-e - o
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1Briiesch, P. (1986). “Phonons: Theory and Experiments 1" Springer Berlin Heidelberg.
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EFHRNEERE A

& RFRFIRE, KBS AL TILH:

PROBE EXPERIMENTAL TECHNIQUE
(Far-)Infrared Light Infrared Spectroscopy

Electromagnetic Visible Light Raman Spectroscopy (Optical Phonon)
Waye Visible Light Brillouin Spectroscopy (Acoustic Phonon)
X-ray inelastic x-ray scattering

Neutron Inelastic neutron scattering

Electron Inelastic electron tunnelling spectroscopy

R - FRMRE RABRHIKEER.
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EFHRUELESEA

METHOD ABBREVIATION MEASUREMENT OF MAIN INFORMATION
Far-infrared & FIR the intens!ty of transmittled or !nfrared dielectric Properties of
. reflected light as a function of insulators and semiconductors;
infrared spectroscopy IR .

frequency optical phonons at q = 0
Raman spectroscopy R the |nt(=7n5|ty of scattered light as Opnc.al phonons at q = 0,

a function of frequency Polaritons

- Acoustic modes at small wave
Brillouin spectroscopy B as for Raman spectroscopy
vectors q

Diffusive x-ray the |r;ten5|.ty offscattered X-rays Limited information about
scattering E5 8 IS @ (S phonon dispersion

transfer
Inelastic neutron INS the intensity 0; scat.teredf Phonon dispersions, density of
scattering neutrons as a function of energy states (DOS)

and momentum transfer

) the velocity and attenuation of Sound velocities,

Ultrasonic methods us ] . .

ultrasonic pulses phonon-phonon interaction
Inelastic electron current voltage characteristics of Vibrati | ) £ thi

IETS metal-insulator-metal tunneling IeEiens PRpEiEs e dii

tunneling spectroscopy

junctions

films and adsorbates

R - EFRNSSBHE RS °

2Briiesch, P. (1986). “Phonons: Theory and Experiments 1" Springer Berlin Heidelberg.
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FFRMFE

& Z‘EE@BEE?&EHF%&'&?&%&H Wy (REFFERHNERE) kK (RRindE) —MEFH
BEE -

Rayleigh

Stokes Anti-Stokes

.
>

WL — Wqu wr wr + wWqy w

- AFEETHRERS CGRFIES) . IRt (RRHE. REERE) insE.

& HrESERT AR AT SR AR R 3R B L BB

I, wp, —wo 14 hwo
— exp | —— (2)
I, wr, + wo kBT
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X SHERARSR B

# X SHEREK A\ ~ 0.1 — 10nm, BEEEIEX E=he/A ~ 10%eV3 | BREH o~ 1nm
0 BEBESETIE: FIIkE. DHEEBESE—HENX
X ETHE (~26meV) 5 X §i%&i8%E 5 1MER, EMEUHE X SHEEMENTL.
w AANA E ~ B, B K|~ k|, ZEAEFHEIEE, RIBESENETE
E = hek|/n=Twx

Sl < (nAFHE) ()
q| = sin

*E?Eg@) B X HENHFEFEET A 20, TABE—FR5] wp ~ q =R, ATEEIREH
AETEH

3he & 1240eV - nm
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4Briiesch, P. (1986). “Phonons: Theory and Experiments 1" Springer Berlin Heidelberg.
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R8Nk, ik

& EREARLFHIEEE, LLINFT IS (A ~ 400—700 nm). EEZEL4 (Infrared) (A ~ 700 nm —1 mm)

O EEEFIE: REENE q ~ 0 MEEMKIEKET
O A SAFXEFHGTANSEE (Raman Scattering) , SEFXEFEEMHFTRAREMES (Bri-

louin Scattering)

JUP NP S NP NP virtual
A A __ virtual NN SNy __ virtual feve|
level level
L hw;
w, 0
hw; hws hw; hus
— = 2 n=2 n=2 n=2
n=1 n=1 n=1 n=1
Eshw, Thwn thu
n=0 n=0 n=0 —n=0
Infrared Rayleigh Scattering Stokes Scattering Anti-Stokes Scattering

- 45 mFES . HRRHUBIETERR IS TEE.
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HEINBG . HS S MIINRYE

& RFMREFEFLEFREFTERHS, BRKEFER wa— 0, TNFRFHEE E= vy,

2nwy, wa = vg|q| _ E —-E

la| = sind T~ 5 (4)
|al
O mEHNSHNHNEESEENENAR, XENFEAZHMIBAN, M2EEHBAREENRE
EKEET.
& FHSBHEMAFIEFLAERERR, BELHMERABRLA

wo ~ 1013 Hz, wa ~ 101 Hz (5)

& KIFAZXBHILES (BRAREE o) Bt SHsnus T HE R THS R,

& LISMMLZLISNEER R B MBRIREEF T A TFHARESR, R EMNMSHIRIFBEERAR
FTREZ AXI NG SRR . LI5MRY — A E R REHIEALFEE wro.

& ARRBRENFIR L, DIMRUIR S BESIEEEA T . BHREHEK.
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046 Pl I | |
T 1 T
= hwto i [ e
3 0aal H ! ! :
N ! i I
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042t H :
!
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.040} ! | -
I ! | &k IN 100 DIRECTION
i
|
'
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' |
i 1°° 1 |
il |
036 |- H | 1
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- ). 1 ! I |
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— Hopfield £ 1965 4 7 A 8 #ETIE MR BT EYMAR. [Phys. Rev. Lett, 15, 964 (1965)]

S3Ki8 2024 FEHMRYIRSRE, “IRGHZEE A TS MALTIAL 3RS S HEEE ML TR
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https://doi.org/10.1103/PhysRevLett.15.964 

LiF B9ZL5MNR L%

ﬁ;gﬁﬁgta%ﬁ, EMEREF TO EX GBS MFERRTRE, LO EX WAL

®

WAVE NUMBER IN CM™! WAVE NUMBER IN cM™!
1000 800 675 500 400 307 250 200 1000 "800 675 500 400 ©307, 250 200
10 1.0 ¢ o T
T =
" TR, ;}ﬁ I
Qo8 x\(& . u 08 o |
£ z o0 P -POLARIZATION
§ l < +X S -POLARIZATION
% 06 ._.,‘jo.a T
2 o P POLARIZATION | L MINIMUM |
= X S POLARIZATION | & /AT 15,234
Yos I wo.4 1
g £ |
4 | j I
u w
02 x0.2 t
H MINIMUM |
I AT 14,95 H
o
10 125 148 20 25 328 40 50 %6 125 14.8 20 25 32.6 40 50
WAVELENGTH IN MICRONS WAVELENGTH IN M1CRONS :

— LiIFERER LTSN R ST [Phys. Rev. 130, 2193 (1963)]. LiF # TO/LO %4 Bl wro = 407cm !
#wo=675ecm™ !, HE LiF 2EEXE Ag #EL.

5Briiesch, P. (1986). “Phonons: Theory and Experiments 1" Springer Berlin Heidelberg.

ElR4IR, HaiE 2025 4 6 H30 B


https://journals.aps.org/pr/pdf/10.1103/PhysRev.130.2193

© I3t Fast

ElR4IR, HaiE 2025 4 6 H30 B



JEsE TR

& HPTRE (~ 10meV) SRERFER—BR, KK \ SREEH « EE—2R

AA) = \/% ~ 9.04/+/E(meV) (6)

U BEBFUEEFE: RIIHEE. HERBESE—HENK

® RFEAYE, FEFREX REFZALEWHEIER hFEEE, TUURAREN#ERL: L
TERTHHEEEX (B, Cd. Gd) ..

ENERGY (meV) TEMPERATURE (K) WAVELENGTH (A) VELOCITY (m/s)

Cold Neutron 0.1-10 1.2-120 28.6-2.86 138-1383
Thermal Neutron 5-100 58-1160 4.04-0.90 978-4374
Hot Neutron 100-500 1160-5802 0.90-0.40 4374-9780
M, v? h2k? 27 , - o7

=5~ A—T. T ~E/kp; M, =1.675x10"""kg;

R - #Rg SN hFREMERK.
X HEERSE, SEXER TFR REHE. BRPFR.-
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SEF s SETURE

(%}

% | ONE-PHOTON PROCESS:

8 [

5 | E — E= thoug
2 | K -—k=q+G

wy(q) = wr(atG)

E' — E (neutron energy gain)

- PTHABREESRAKENKREXFZTEE. TBNEEES (KEML) RERTSHFTHMERE, RE
HAF-ERENES (LaEL) NEHEFFIRERMR. ¥TEEHLERE RETEENBENAT (B
#). (Ashcroft/Mermin Book, Chap. 24)
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& & (Au) BupmRzm (moir), REA

v(THz)
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—EF, AERF=XEFIRIEN.
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- ISR F A MRRI205 K T8 (Au) MISHIRIIEE [Phys Rev. B8, 3403 (1073)].
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https://journals.aps.org/prb/pdf/10.1103/PhysRevB.8.3493

=HAFIE{ (Triple-axis Spectrometer)

— e h RO S IRIG E— IS R R E. RSB RS (Monochromater System, M), #@&&
(Sample Table, S) FNAEEHTE (Analyzer, A). 7

7Briiesch, P. (1986). “Phonons: Theory and Experiments 1" Springer Berlin Heidelberg.
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JESE A TR BRI

% JESAEE FREZFIL (/nelastic electron tunneling spectroscopy, IETS) 2FIBAH#EE BREFEA

MEIRHE S E
Electron
Energy

elastic

N
N hwo

E%=—eV

Tunneling
Layer

L,

B - ANEBZERTRE (tunneling) SREE, JRERFHMEMTRETRE. °

I

8Briiesch, P. (1986). “Phonons: Theory and Experiments 1" Springer Berlin Heidelberg.
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JESE A TR BRI

& 1R¥E Briesch 5, B3 MERLF SRkAIER TR :

T
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(=)

! H
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(S48
T
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<
|
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|
:
3
L1
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0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Voltage V' [arb. unit] Voltage V [arb. unit] Voltage V [arb. unit]

— MR T AMEIN T BRI, RUIERREE [ V ik balZkaskigm. °
& I— V B —M =M

| T T 1 27. 2 T
e DE=2; Eh_ o @ [pe@—2)tot2
av (er — 1)2 av2 ~ kT (v —1)3

9Briiesch, P. (1986). “Phonons: Theory and Experiments 1" Springer Berlin Heidelberg.
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IETS SEI&

OH
Al-Pb  |AL,0, CLEAN STHETCH
42K Lo
t
1
av?
| 1 3 'Y L
0 o1 02 03 04 05
V (VOLTS) —=

- 4.2K T Al/Al,03/Pb #EigdEssisms g,

10Byjjesch, P. (1986). “Phonons: Theory and Experiments 1" Springer Berlin Heidelberg.
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IETS 5204

4.2 K
1 >
2 A\/A/ 1
Lied o
L 50 3
>
&
—25 %
I‘ b) g
—7 —— —_— -0 g
C-H C-H c-H
ROCK BEND STRETCH
R B -
(0] 04 0.2 0.3 04 05

veX (voLTs) —=

- Al/Al,03/Pb SRIEEIB L, HPEZEREETANSF. 1

Briiesch, P. (1986). “Phonons: Theory and Experiments 1" Springer Berlin Heidelberg.
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