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Presence of Fermi surface is the base of
solid state science.
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BCS, Kondo, C(S)DW, Plasmon theories are all
assumed, it has been already well established.



How much time necessary

to photo-generate Fermi surface
from true electron vacuum?




Motivation

Rapid relaxation dynamics of optically excited electrons in metallic systems, has
already been widely investigated. In most cases, however, only a few electrons are
excited, while, the main part of electrons is still in the ground state, works as an
infinite heart reservoir, resulting in quite rapid relaxation of newly given energy and
momentum.
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Experiment by V.Zhukov et al, PRB70(2004)233106.



What occurs, if a macroscopic number of electrons are
excited, at once, into a truly vacant conduction band,
without electronic heat reservoir?
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Coulombic inter-electron scatterings
within the conduction band,
being completely elastic,
can give no net energy relaxation.
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Phonon relaxation, two time regions

avalanching initially, but soon it slows down infinitely,
as approaches Fermi degeneracy,
since only low energy phonons are available.

c.f. Luttinger theorem
PR 118(1960)1417.
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Two pulse excitations of GaAs, InP by visible laser

Time resolved photo-emission spectrum of conduction band electron
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Phonon relaxation, and
photo-generation of
Fermi degenerate phase

Experiment by

Valence Kanasaki and Tanimura

band

Most simple, but ultimate photo-induced phase transition
from true electron vacuum.
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Experimental determination of two time regions

-
A

by Kanasaki

and Tanimura
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Many-electron and acoustic phonon coupled system(= H)

H = H, + H,, Ho = H. + H,, H; = Hg, + Hee,
He = Yk o=ap) (€(K)—W) ajsaks 0<e(k)<B, B=5eV,
ny = 2N) ™! Yk o=ap) At 6Aker Nm=0.001~0.005 p= Chemical potential
Electron-phonon coupling and Hubbard type weak Coulomb repulsion

— + — _ BT
Hp = Zq wqbqbq y Wq = Cs|q|, 0 < wq < wy(= 24meV), ¢; = 30A/(pico. sec.),

Hp = S(2N) /2 Z (bg+tb_g)af_qsake, S=1eV
ak o(=ap)

H.. = Uze( Neo —Ny)(Npgg—ny), U=1eV,



— _+ — —-1/2 ik-¢
Nps =dpsdre dpo = (2N) / 21( € "dk,o

The whole electronic system 1s always in a plan wave state only around the bottom
of the conduction band minimum, with only a low carrier density, well described by
one-boy H,, and effects of H; 1s weak.

Density matrix at a time t p(t)
p(t) = pe(Dpy, pp = e M/keTe T = 0K

Phonon system is always heat reservoir.

<Nggs(t) >= Tr(ngep(t))/ Tr(p(v)), < - >=Tr(-p(t))/ Tr(p(t)),
<nNgs(t) > - ny, independent of time t

The first order effect 1s always absent
< H; >=< Hge >=<Hgp, >=0



I . Statistical relaxation theory,
Electron temperature(z T, (t)) is always well defined.

At each time t, electron temperature T.(t) (, 0 < T.(t) < 200K) is always well
established 1n electronic system, prescribed by one-body H,, due to intra-system
multiple scattering by H,., but gradually decreases, as it releases its energy

to the phonon system through H.,. ~ We can forget about Hee, except Te(t)

He

Density matrix is P(t) = Pe()pp, Pe(t) = e *6Te®

Total energy decrease of electrons, due to temperature decrease
from T, to (T, —AT,), —  Electronic heat capacity (, = C(T,))

d< Hs> "
C(Te) = 3T < H, >= Z (ex — W) < Nig >, N = Ay Ak,
e ko(=a,B)
s e~ (e()—p)/kpTe
Fermi distribution: < Ngg >=

1+e~(e(K)—p)/kgTe ’




where, W(Te) should be determined at given T, from the self-consistent condition

_ ~1
ny=2N)" Y ke=ap) < Nke >
Thus we get

A< Hg(Te) > = C(T,)AT,, C(Te) ¢ Tel,

which is well known to be linear at low temperature ? Luttinger, PR 119(1960)1153.

Total energy increase of phonon system through second order of H
within a time interval At from t.

ep?

Time evolution of p(t+ At) from p(t)

p(t + At) — @~ iAtH pe (t) ppeiAtH

<Hp(t+At) >=Tr (Hpe‘iAthe(t)ppeiAtH) /Tr (pe(t)pp),

At
—iAtH _ ,—iAt(Ho+H;) — o—iAtH . H
e} = e ! (Ho+H;j) — el 0 exp; {—l dt Hi(T)},

0



exp, positive chronologically ordered exponential, from left to right

At

eiAtHoe—iAtH — exp+ {—1[ dt HI(T)}
0

Here, the interaction representation O of an operator O is
6 (At) = e 1AtH, Oe—iAtHO

[ts straight forward expansion is

At At At 1
exp+{—i fo drﬁi(r)}:u(—i) fo dv i (ty) + (—i)? fo dr, fo d 1, (1) i (1)

At T1 T2
+(=i)? f dr, f dx, j d o5 B, (1) B (t) By () + o |
0 0 0

Its complex conjugate



At
elAtH — elAt(H0+Hi) = exp_ {1 dt’ Hi(T,)} el/_\tH()’

0

exp_ negative chronologically ordered exponential from right to left.

At
elAtHe—lAtHO = exp_ {i

dt’ Hi(‘[’)}

0
[ts straight forward expansion 1s

!

At At At
exp._ {1] dt’ ﬁi(‘t')} =1+ (i) [ dv, H;(*')) + (i)zf dt’lj d ', H;(t;,)H;(t'1)
0 0 0 0

At T T _ N _
+(i)3f dT’1f dT'zf dt'3H;(t3)H; (T )H;(T') + .o ’
0 0 0

Thus

At At

p(t+ At = e”o exp, {—i dt ﬁi(T)} pe(Dppexp_ {i dt’ ﬁi(t’)} elttto,

0 0



Non zero second order term at phonon vacuum, p, at T, (= 0K)

At =~ At I I7 ]
Tr (Hp fO dty Hep (T1)Pe (t)pp fg dty Hep (T 1))
Tr(pe(H)pp)

< Hp(t+At) > =

) fth' ftdr Tr(ﬁep(rfl)Hpﬁep(rl)pe(t)pp):At jtd Tr(Hep (Y)Hp Hep (0)pe (H)pp)
T Tr(pe()pp) Tr(pe(Dpy)

—At

At — oo, long time limit

> Tq So called golden rule




At
f dy e iek-ayt(1—<n
—At

ie(k)yt —iwgY
i, >)e < Ngg > Wge e

= 2mAtwy(1—-< Moo >) < ngg > 6(wg +ek—q) —e(k))

— AtF(Te);
electron Hep
e-h recombination \. —> phonon
by phonon emission hole e
SZ
I'(T.) =2r— 1- _ ) k—q)—e(k
( e) ﬂZN ok o(=ap) wq( < g q,0 >) < Nk & - (wq + e( q) e( ))

Energy conservation

_ oT, __I(T)
CTIAT,| = T(TIAL |5 =~y

Thus, we finally get the equation for electronic system cooling.




At low temperatures (T,) «< T2

Electron-hole pair number around eg P
acoustic phonon mode density g
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While, total energy decrease of electrons, due to temperature decrease from
T. to (T, — AT.), atlow temperatures

[< He(Te) = = He(Te _ ATe) >] X Te2 =2 TelATel

lenergy — eg| X(number of electron, or hole around eg)
kBTe kBTe/eF

Energy
Energy

H(Ty) s

Chemical
potential

(u(Te) - eF)
x —T2




Finally,
1
~x —T3, T, o t 2

T.|AT,| x At T2, e

Slowing down of relaxation speed than exponential decay.
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Power law, half-life can not be defined.
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Iterative theory for real time relaxation dynamic

without electron temperature approximation
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II .Iterative theory for relaxation dynamics
without electron temperature approximation

We now recover the full interactions for multiple scattering.

H; = (Hep + Hee),

p(t) > p.(Vp,, p,=e ", T, =0K

Pe(t) is now non-equilibrium state starting from the photo-excitation.

At

At
p(t+ At) = exp, {—if dt Hi('r)} pe(Dppexp- {1] dt’ ﬁi(r’)}
0 0




Second order time evolution At from the transient state at t

p(t+ At) = p.(Dpy

At At
" f dt, i, (T)pe (D, f dv'; Fgy (')
0 0

At u o N At T B -
_f dtlf dTZ Hep(Tl)Hep(tZ) pe(t)pp o pe(t)ppf dtflf dt’Z Hep(TIZ) Hep(Tfl)
0 0 0 0

At At
n f dty Ao (ty) pe(Dp, f dv'y Floo (')
0 0

At

At T1 _ _ Ti —_ ~
~ [ dn | 46 A r)Ree(T) PPy — 0Py [ AT [ AT Heo(T) Fee(®')
0 0 0

0
What we want know finally 1s the time evolution of electron number ny 4(t + At)

ank_(, (t+At)
At ’

nk,o(t + At) = (nk,()' )



Rate equation for ny ;(t)

Gain of ny 4(t) proportional to (1-< ny, >), loss proportional to <n,, >.

any . ) )
l;t( ) = (I=<my(1) >)(T pk(t) + F;;a,k(t))_< N6 (t) > (Tepk(B) + Lee (D)
\ Topk = TSN X < Nyiq6 > 8(e(K) + wg — e(k + q))

/ |k, 0'>

ehilk = = nSZN~ z (1-<nyyq6 >) 8(e(k + q) + wq — e(k))

T = 2mUAN"- Z (1 <Ny _g >)2 <My, g >< My _g > 8(e(k) + e(k’) —e(k—k") —e(k’ + k"))
Kk’ k" 4 ’

Feek = ZnUZN‘ZZ <Myt _g > Z (I-< o >) A=< np_r _; >)8(e(k + k") + e(k’ —K") —e(k) —e(k'))
k.’ 4 kﬂ £ !

Iterative theory for dynamics

Mg (t+ AE) = Ny (1) + A{(1-< My (£) >) (Tep k(D) + Tt () =< My (1) > (T 1 (B) + Tegpe ()}

Ny (E+ 2At) = Mo (t+ A + A{(1-< myg(t + AL) >) (T (t+ AD + T o (t 4+ AD) =< my o (t+ AL) > (T o (t+ AL) + T (E+ AD)}
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Occupation around Eg

l Er = 0.1233eV

pico sec.
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Residual photo-excitation energy(= AE,) at final stage

AE, « (Akg)?

Energy
Energy

Bkp oo [t BAKp - ||— ..................... s BRg
Fermi Fermi
level level




Final stage of phonon relaxation
Transition rate (=), I < (Akp)*

Electron — hole number « AKg
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Finally

1
8 oc (Akp)3,  Akpoctz

(AKp)? o At(Akg)?,

Slowing down of relaxation speed than exponential decay.
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Relaxation dynamics of residual excitation energy AE,, Theory

Two time regions

lual energy AE, (eV)
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Experimental determination of two time regions
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by Kanasaki
and Tanimura
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Avalanching speed rapidly increases as
electron density (, kr) increases.

Available phonon energy w
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How much time necessary

to photo-generate Fermi surface
from true electron vacuum?

Never terminates.
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Initial stage Coulombic elastic scattering

ny < 1073, rarethan e-ph
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Decay channels

. Radiative recombination of e-h pair,

10~° sec

. Momentum, charge and spin fluctuations

give no energy dissipation

. Auger recombination of e-h pair

with no energy dissipation,

-12
1 0 SCC Conduction
band

Inter-band Coulomb scattering,
similarly to the intra-band one,

gives no dissipation. Valence
band




Importance of thermodynamic boundary condition

Sample holder

Uncontrolled boundary condition gives
uncontrolled experimental results.




Plasmon

is the coulombic anti-bound state between electron-hole, above the
well-established Fermi distribution.

| ? Electron-hole pair
= excitation

Energy

Plasmon

A\ 4

P. Anderson, Phys. Rev. 112(1958)1900.



