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I want to calculate

<O> = Z Omn p)(lil)

mn

where [Boyd’s Eq. (3.6.7), p. 135]

D =n?Y Y expl-i(w, + )X

vopq
[ogm = P i E@ )N E@,)] (68 = pi 111 E@ )[Ry -E@,)]
[(a)nm —a)q - a)p) - i}/nm ][(a)vm - wp ) - i7wn ] [(a’nm - wq - d)p) - i}’nm ][(a),,v —ﬂ)p ) i l'}’m,]
Then
<O> =y 3 exp[~i(@ , + o, )t]x

vam  pq
{ Omn [pl(lgl)l - p\('g) ][p'nv 'E(a)q )] [,'l v 'E(a)p )] Omn [pgg) - p)(l?l) ][unv 'E(wp )] [ll vm 'E(wq )] }

[(a)nm - a)q - wp ) - i7nm ][(a)vm - a)p ) - i}/vm ] [(wnm - mq - wp ) - i}/nm ][(wnv - wp ) - i},nv]
Using p,(d?) = poOo » I get the following four terms

(0) =h2y Y exp[-i(@, + @, )]x py

vam  pq
OOn [pnv 'E(a)q )] [ll v0 'E(a)p )] _ Omn [l‘l no 'E(a)q )] [H Om 'E(wp )]
[(a)nO -y, ‘a’p)‘f}’;lo][(w\vo _wp)—iy\»o] [(a)nm —@y, _wp)—i}/mn][(a)Om —wp)—i}’Om]
0mn [”nO 'E(a)p )] ["l Om 'E(wq )] Omo [l»l ov .E(d)p )] [ll vin 'E(a)q )]

+
[(a)nm —, _wp)_i}/nm][(wno ‘”’p)'ii’no] [(wOIn —@y _a)p)_i}/Om][(wOV _a)p)_i}/()v]

In the following, I keep only the second and third (most resonant) terms and exchange (p,q) by (g,p) in the
third term to obtain

o [p'nO 'E(a)t )] [”l Om .E(ﬂ) )]
0 =1 72p, Y Y expl-i(@, +@, )] x—— 1 — Py
< )RESONANT 0 ol P q @, — 0,-0, Y= i¥m ]

1 1
+
[(a)Om _wp)_i}/Om] [(a)nO _wq)—i}/no]

Assuming that y,,,, =¥,0 +7om» We have

01 [pnO -E((l) )] [u0m 'E(w )]
0 =—hp, 3 Y expl-i(w, +o,)]x i — 1 S
< >RESONANT ’ yam pq ? ! [(a)Om -0, )= Y om ][(wnO —04)— I}’nO]

Finally, the substitution @, — —@, gives the same result as Eqs. (4) and (5) of our PRL

Omn [ll no 'E(wq )] [ll Om 'E* (w 4 )]
0 =p Y Y expli(@, —,)]x : .
< >RESONANT ’ vam  pq ? ! [(Em + IhyOm - ha)p ][(En —ih Vo — h(l)q ]



This term can be written as

<0> RESONANT n% O %

+0 .E*
J exp(ia),t)x ['J'OTH (wl)]
e [(E, +ihl, [2-ho|]

where I use the fact that y,,, = (T, +T,,)/2 [Boyd’s (3.3.25)].

0

i

The integrals satisfy causality in that, for <0, (0> ESONANT

while, for £> 0, the poles associated with E,, and E, give

o)

+o0
[ exp—(iw,t)x

—00

[0 -E(@5)]

[(E, —ilT, [2—ha,

4750, 1oy B (E,y | h+iT,, [ 2)][1 0 E(E, | h+iT, 1 2)Ixexpli(E,, — E, )t/ h]xexp[- (T, +T,)t/ 2]

nm

which — 0 when ¢ — +o

Now, I want to calculate the dipole moment

<l»1> = Z Ronn Pr(uzn)

mn
where the second-order density matrix is

PD — 323 S exp[—i(w + Q)t]x

hm

v Qo
oS = A1, E@E( @] [P = pi 1 -E@)IIE,, ()]
[(a)nm -0 Q) - i}/nm ][(a) vm Q) - iyvm ] [(a)nm -Q- m) - i}/nm ][(mnv - a)) ™ i7nv]

Here Q and o are the frequencies associated with the vibrational and electromagnetic field and Eoc Q is

the time-dependent electron-phonon coupling. Then

<u> =hY S exp[-i(w +Q)t]x

vam Q.o

o [0S = P11y E@IE (] o[£ = oS0 11y -E(@)]IE,,,, ()]
[(a)nm -0 '_Q) = i}/nm ][(wvm o Q) I iyvm ] [(a)nm -Q- w) - i}/nm ][(a)nv - Cl)) - i}/nv ]

Using p,(r,?) = poOyo, 1 get the following four terms

]da)z}



(W=peh? X Y expl-i(Q+w)]x

vam Q.0
Hon [l‘l’nv 'E(a))] [EVO (Q)] _ o [pnO 'E(a))][EOm (Q)]
[(mno —0- Q) - i}'n() ][(a)vo - Q) - i}/vO ] [(mnm -0 - Q) - i}/nm ][(0)0»1 - Q) = i70m ]
_ R [p'nO 'E(a))] [EOm (Q)] + R0 [uOv 'E(w)][Evm (Q)]

[(wnm _Q_a))_i}/nm][(wno —a))_i}/no] [(a)Om —Q—w)_imm][(a’o\v _a))_i}/O\']

The most resonant term is the fourth term

— -2 i B0 (D[R o, -E(@)]
<H>RESONANT - pOh Z Z exp[ ’(Q+a))t]x [(w0m _Q_w)_i}/OW][(wOv _w)_i}/Ov]

vm Qo

which has the expected pole structure of the Raman tensor.







