PHONONS

The wave nature of light is the same as that which makes sound echo.
- Richard P. Feynman




THIS LECTURE

* Harmonic approximation

* Vibrational dynamics, periodicity, phonons

 Simple model example

e Abinitio results for bulk phonons

e Abinitio results for surface phonons and inelastic HAS




HARMONIC APPROXIMATION
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® For small displacements (TSETmelt), Ey (14,75, ...) is in harmonic/linear:
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® K, the “spring-constant matrix” can be computed from
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VIBRATIONAL DYNAMICS .oleole
e Vibrational modes: zle (&
= Mﬂ%} . =
~ %, Ky - 67 = —M w7 2 :42/_1»
XK 677](") = M,a)gv) - Sﬁ(v) (eigenvalue problem) - e e
® Translational symmetry: 2

- Each atom at location 7, = R, + i
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- 87; = 675 = e'TRE, (like Bloch’s Theorem: envelope X “polarization”)

® Reduced problem:
- Yim Prm(q) - 81(11/61) — an(zvq) i T(qu)
- Dynamical matrix D,,,,,(q) = Zﬁ e~ ldR K% ..G.m (eigenvalue problem)

- Phonon modes: Frequencies w4, displacements/polarization 8,?{‘1)




VIBRATIONAL DYNAMICS: 1D EXAMPLE
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VIBRATIONAL DYNAMICS: 1D EXAMPLE
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VIBRATIONAL DYNAMICS: 1D EXAMPLE
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VIBRATIONAL DYNAMICS: 1D EXAMPLE

Ry

A
7

R

k1 kz kl kz k1
000000000000, 4+000000% 300000000008 - 000000400000
R .

Toeiq(R—Rl) Tleiq(R_Rl) TOeLqR TlelqR Toeiq(R+R1) Tleiq(R+R1)
ma = F:

-m(,UZTO — kl (Tl _ TO) == kZ (TO ol Tle_iqu)
-mw?t, =k, (Toe‘qu - T1) — k1 (1 — 7p)



VIBRATIONAL DYNAMICS: 1D EXAMPLE
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VIBRATIONAL DYNAMICS: 1D EXAMPLE




VIBRATIONAL DYNAMICS: 1D EXAMPLE

® Results periodicin q ...

o because e'R1, D(q) are periodic
® Relevant range is [-0.5 0.5]

o “Brillouin zone”
® Two “bands” ( , )

o because two degrees of freedom

° is =linear, w = c g
o Corresponds to acoustic waves
° has non-zero w

o Corresponds to optical activity
® Displacements longitudinal
o1 LA and 1 LO mode

D(@)€ = mw?€ = w = \/eig (D(q))/m

Frequency




PHONON MODES |

BCC Nb:

- 1 atom/cell = acoustic modes only
-3 D of F / unit cell = 3 bands

- 1 longitudinal (LA) and 2 transverse (TA) bands
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PHONON MODES I: BULK PHONONS

Sj: Arias, Payne,joannoioulols
; DOI: 10.1103//PhysReyB.45

- 2 atoms/cell = A and O modes
-6 D of F / unit cell = 6 bands
- 1 LA and 2 TA bands
-1 LO and 2 TO bands
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PHONON MODES II: QUANTIZED SURFACE PHONONS
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Kelley, Sundararaman, Arias DOI: 10.48550/arXiv.2306.01892
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