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1 Single harmonic Oscillator

The hamiltonian operator is
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where @ and p are the position and the momentum operator. These operators satisfies the following

commutation relation:
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Then we introduce the creation- and anihiration- operator (b and b) as follows
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The commutation relation of bt and b
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lead to the orignal commutation relation of @ and p as
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and the hamiltonian becomes
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2 Coupled Harmonic Oscillator

The hamiltonian operator is
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where 1 and ps are the position and the momentum operator. These operators satisfies the following
commutation relation:
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Then, we introduce the creation- and anihiration- operator (I;Z and I;V) as follows
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where v, and w? are eigenvectors and eigenvalues of rescaled force constant as
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The commutation relation of IA)IT, and b,
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lead to the orignal commutation relation of 4; and ps as
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and the hamiltonian becomes
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3 Periodic Coupled Harmonic Oscillator
The hamiltonian operator is
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where s and prs, are the position and the momentum operator. These operators satisfies the
following commutation relation:
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The Fourier-transformed operators are defined as follows:
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where N¢ is the number of cells within the Born—von Karman boundary condition. They also satisfy
the commutation relation.
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The hamiltonian becomes
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With the same discussion in the previous section, we obtain the following results:
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4 Electron-phonon vertex

Electron-nuclear Hamiltonian in 2nd quantization representation
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where RTsa is the position operator of nuclear as
RTsa = R%Sa + ’&Tsou (30)

RY.,,, is equiribrium position.
We expand V (r; {RTs,}) arround RY.,, and obtain
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The first term is the interaction between electron and fixed nuclear, and the second term is the
electron-phonon interaction H.,. By expanding 1, with Bloch orbitals ¢,k
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If we use Vkg alternative to V', we obtain the screened electron-phonon vertex. The screened defor-
mation potential > . €4 =TIV (r; {R})/ORY.,,, is obtained as a biproduct of DFPT calculation.
This deformation potential has lattice periodicity as
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5 Density functional perturbation theory for lattice

Force constant
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Dynamical materix

~ — § iq-T
Cqsas’o/ = C(OsaTs’a’e a
T

; P Ec 0%V (r; {R%}) V(i {R%}) N~ igr_Op(r)
_ iqT (Y ~C 3 7— 3 iqT _YFP\")
;e (8RO 6ROT/5/Q /d Tp( )aRO aR%‘g/m) - /d "TORY., aRO Ze 6ROTS’(1/

Osa Osa T
(38)
Monochromatic perturbation
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Each component has lattice periodicity
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Deformation potential is computed as follows:
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