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The spin dynamics of magnetic metals like Ni, Fe in a nonequilibrium state is analyzed. The characteristic times for relaxation processes

of the electrons, local magnetic moments, the magnetization and the time needed for reorientation of the magnetization are estimated. For
illustration of the general analysis, results are presented for the magnetic response to hot electrons using magneto-optics.
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Se analiza la dindmica de los espines en metales magnéticos como Ni, Fe en un estado de no esquilibrio. Se estiman los tiempos caracteristicos
para procesos de relajacion de los electrones, momentos magnéticos locales, la magnetizacion y el tiempo necesario para la reorientacion
de la magnetizacién. Para ilustrar el andlisis general, se presentan los resultados para la respuesta magnética a electrones calientes usando

magneto-optica.

Descriptores: Dindmica de los espines; electrones calientes

PACS: 42.65 Ky; 75.40.Gb; 78.47 +p

The study of nonequilibrium electronic states, for ex-
ample optically by pump-probe experiments, is of increas-
ing interest [1,2]. For ferromagnetic transition metals like
Ni, Fe etc., the response of magnetism to electronic excita-
tions is important: How quickly do excited electrons ther-
malize 3, 4] and how quickly does magnetism, the magneti-
zation and the direction of the magnetization change? [5, 6]
For itinerant magnetism in transition metals, whose elec-
tronic structure is illustrated in Fig. 1, one expects on gen-
eral physical grounds that the d-electrons and their magneti-
zation respond on the same time scale, and that this response
is material-specific.

The nonequilibrium electrons excited out of the
exchange-split d-states in the Fermi sea will change the mag-
netization, since this depends generally on the electron dis-
tribution and since the effective Hubbard-type Coulomb in-
teraction U/ and the exchange interaction .J is changed in
the nonequilibrium state. The thermalization of the excited
non-thermal d-electrons together with the thermal ones in the
Fermi sea constituting the hot magnetic moments will occur
fairly rapidly of the order of several fs and a time scale much
smaller than ps. Generally, the magnetic electrons have ther-
malized long before all electrons and electrons and lattice are
again in equiblibrium. The time scale for this dynamics fol-
lows of course from the characteristic interactions U and .J
amongst the d-electrons, typically of the order of eV, and the
magnetic moments at neighboring lattice sites. Note, changes
of the magnetization must conserve angular momentum and
this involves transfer of angular momentum between neigh-
boring spins or between spins and electronic orbits (spin-orbit
coupling). Schematically, the magnetic response Lo hot elec-
trons shown in Figs. | and 2 is described by

Mty] = Mny(#), Te(t)] = M[Tu(t)] . (1)
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FIGURE 1. Schematic illustration of the density of states for fer-
romagnetic Ni. including spin-polarized d-states and unpolarized
s-states. Photons excite s- and d-electrons into states above €. No
spin-flips occur. Since states are s-d-hybridized, electric dipole se-
lection rules have to include this. Using the Hubbard Hamiltonian
for the dynamics of the itinerant clectrons, magnetism responds
due to the interplay of the hopping integral ¢;;, the intra-atomic
Coulomb interaction U and the exchange coupling J < U. Note,
for given Jw one gets different number of spin up and down hot
clectrons due to differences in the initial DOS N, (). Furthermore,
the electron distribution {11, (w) 4 1~ (w)} might change in time
somewhat more slowly than {11, (w) — n-s(w)}.

Here, tq refers 1o the initial time at which the perturbation (of
the pump laser. for example) has stopped, n/,(t) refers to the
number of excited d-electrons which have not yet thermalized
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at time 1, and finally 77, (t) is the electron temperature which
is different from To.(ty) = Tawt(to) due to the thermal-
ized hot electrons. Clearly, if the d-electons have thermalized
again the magnetization is approximately given by M (Te).
where T, is the electronic temperature and Ty # Thage In
veneral. T, s the lattice temperature.

Since - and 5. p-clectrons establish a common tempera-
ture T, and since the s. p-clectrons thermalize more slowly
over a time scale of the order of fs to a few hundred fs gener-

ally [3]. we expect the strongest non-equilibrium reduction of

M(T.;) when T,y is maximal. Note, the interplay of clectron-
electron interactions and electron-lattice interaction and dif-
fusion of the hot electrons out of the region where the exci-
tations occur determine at which time ¢ one gets a maximal
temperature 7.

It is important to realize that the hot electrons may cause
disorder of the spin-directions of neighboring atoms on a time
scale of the order of t ~ ./~ as well as a change of the mag-
nitude of the local magnetic moment due to an intra-atomic
redistribution of the d-electron spins on a time scale of the
order of t ~ 7' Generally, flipping locally a spin involves
also a change of the magnitude of the moment [7. 8]. Using
a more phenomenological picture, we may decompose the
nonequilibrium magnetization as

M(t) = MYt + M'(t), (2)

where M"(#) refers to the magnitude of the magnetization
due to thermalized d-electrons at time ¢ and M'(t) to the
spin-polarization of the nonthermal hot electrons. Clearly, the
latter depends on the frequency w ol the light exciting the -
clectrons out of the Fermi sea. Due to density of states effects
and rapid spin-dependent interactions amongst the hot elec-
trons. the magnetization of the nonequilibrium clectrons

M () ~ [nl(t) — 0} (1)] (3)

may cause M"(¢) to be smaller or larger than the ground
state magnetization at equilibrium. n), = n!, refers to the
nonthermal excited d-clectrons with spin a. If for given pho-
ton energy o more majority-spin electrons are excited, then
typically A/"(#) has become smaller than the original thermal
magnetization. Thus, one may expect for ultrashort response
times (probe times in pump and probe experiments) that

M(nh=0,Ta) > M{ni #0.Tu). (4

The changes of the direction of the long-range magneti-
zation occur during much slower times of the order of 100
ps. since the magnetic anisotropy energy is typically much

smaller than the exchange coupling J. Note, in the case of

spin dvnamics of cold spins in a warm lattice one expects a
time scale of the order of 100 ps for the spin relaxation due
to spin-orbit coupling [18]. The cold spins may occur due¢
1o very strong intra-atomic correlations amongst the elctrons
constituting the total spin.

We analyze now in more detail the time scales for the
response of magnetism to nonequilibrium electrons. To treat

the dynamics of itinerant magnetic transition metals within
an electronic theory one may use. for example, the Hubbard
Hamiltonian. Thus, one calculates the number of clectrons at
site ¢ with spin o

i (1) = /u’;‘.\',ﬂ(;'.f)_fﬂ[.;‘.l‘] . (5)

where N,, (2, 1) is the local density of states and f (s, 1) =
[z, Tw) +df,(=.t) the distribution function to be deter-

mined with the help of the Boltzmann equation [ f = (1 +
elea==r)/KT) =11 One gets approximately [3]

ri.l“.w(.?.fT == ,’j‘.f'f?(:—_l)'ﬁff',—, ) [6)

with (neglecting for simplicity density of states effects)

]

To = TOa ’rfr-.‘-’;[ r]] (7)

o
(1)

as relaxation time for the electrons excited by (s — ) above
the Fermi energy =,.. Here, (using for simplicity 7o, > 7o)
(68} i 128 1
T"Zﬁ;\/T: S (8)
X'\/dﬁ e=n VO Wp
11 is the number of electrons per atom and w,, the plasmon fre-
quency [9]. In accordance with Fermi’s golden rule one has
for the spin-dependent lifetime [2, 10]

- Eme B (9)

Evidently, these expressions describe that d-electrons have
smaller lifetimes and therefore thermalize faster than s, p-
clectrons with smaller density of states (DOS) around =,
for example. The d-electron thermalization speeds up as the
DOS available at =, for the relaxing electrons increases [for
Co, Fe: 7 ~ 5 — 10 = 15fs for (¢ — &) — 0] [1,2].
Since Ny (g) /N, (2) varies for Ni, Co, Fe, Cr etc., one expects
corresponding characteristic behavior of 7, or 7 /7, respec-
tively. In the case of rapid spin flips of the hot electrons, one
expects 7 == ;. Note, spin-flip collisions may cause excited
clectrons with spin o to drop into holes in the —a d-band. In
general, if the minority spin density of states N (¢) is larger
than N, (z) around . then

Tl % T

With increasing density of excitations, the lifetime 7 shortens
and then the thermalization will speed up. Also, according to
the Boltzmann equation, 7 shortens as the electronic temper-
ature T, increases

Using these equations and experimental results [2, 3],
one estimates that the excited d-electrons thermalize approx-
imately within a time range of 10-50 fs and establish a tem-
perature T,;. This is in accordance with the strong interaction
[ 7,4 amongst d-electrons which is of the order of a few ¢V.
Also, note Uy > U and J < Uy, for example. Of course,
it may take a time up to a few hundred fs until all s. p-type hot
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electrons have thermalized [3]. Hence, the electron tempera-
wre T.p may increase with time after d-electrons thermalized,
but =, p-electrons continue to thermalize. As time progresses
(t — ps). the electron-lattice interaction described by ge.pn
becomes more active with respect to transferring energy from
the electrons to the lattice and determines the time-dependent
change of the electron temperature. thus, T decreases again.
Approximately, T,y follows from [11]

. OTa
(Irl(]n-!}(T'_l = __ql‘—[]h(]—:’l o I‘lait)
at
w2 / lee N(&)5f, (10)
ar | ° &1
: i T4 ;
Clan (I‘Iuil)( (.)Ir“ = .‘J'v—]:h(ﬂ‘l = Thats) » (1)

where at time t, before the excitation by the laser electron
and lattice temperatures are equal and Ty = Taee = To.
(", = OFE/OT is the electronic specific heat for the nonequi-
librium state [12], Cha is the lattice specific heat and 4 f the
contribution to the electronic distribution function f = fu +
4 f due to the nonthermal excited electrons [13]. Note, the
interplay between distributing the excitation energy (input
energy) over the s, p, d-electrons and the energy transter to
the colder lattice via the electron-lattice coupling ge.p1, de-
termines 1,i(t) and in particular the maximal temperature
T resulting for a given input photon energy. In general,
in transition metals ge.p;, is larger for d-electrons than for
5. p-electrons. As noted already, the temperature T (t) may
continue to increase after most of the d-electrons responsible
for magnetism have thermalized already, since the s, p-type
hot electrons continue to thermalize.

The magnetic response to electronic excitations, in par-
ticular to d-clectron excitations, is of course controlled by
[7 and J. and possibly by spin-orbit coupling V5. Since
Ugg > Ui > Uge, one expects an almost immediate weak-
ening of the magnetization as d-clectrons get excited (opti-
cally without spin flip) out of the exchange-split Fermi-sea
into s, p-type states, see Fig. 1, [14]. As the d-electrons ther-
malize and feel the temperature Ti;(t), one gets on general
erounds

M(Ty) > M(t) = M [Tu(t)] (12)

for the time-dependent response of the magnetization to exci-
tations. Here, M (Ty) is the magnetization at the temperature
Ty = Ty al time to before the excitations have increased
the temperature. M (t) refers to the magnetization during the
time where nonthermal electrons reduce the magnetization.
Of course, as the electrons relevant for magnetism reestab-
lish a temperature T,(1), one expects M(t) — M(Tu).
Obviously, the magnetization will decrease untl LI s
reached and then recover again as 7, (7) decreases again. For
T = T, of course, M — 0 and remains zero until T, be-
comes again smaller than the Curie temperature T... This is
illustrated in Fig. 2.
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FIGURE 2. Illustration of the dynamics in Ni. for example, due o
hot electrons. for a nonequilibrium state. tq is the time when exci-
tation and subsequent relaxation and thermalization of the excited
electrons begins. (a) Time dependence of the electron temperature
T.. controlled by electron-electron and electron-lattice interactions.
T reflects the inter-
play of the energy distribution over the progressively thermalizing
electrons and energy transfer to the lattice. M(t) = M (Te) af-
ter electron thermalization. (b) If Ty > Te. Te being the Curie
temperature, then M — () during the time (t" — t").

First d- and then s-clectrons thermalize.

Using the Hubbard Hamiltonian or equivalently the
Heisenberg Hamiltonian

H =% J8 Bys (13)
i,

where .J is the exchange coupling between neighboring mag-
netic moments ji;, one estimates for the ensemble of local
magnetic moments jr, a thermalization time of the order of

1 1

’2'];:2“’?' (14)

Here, > is the number of nearest neighbors and typically
J ~ 0.1 eV. Thus, for example, the magnetization of Fe
should respond nearly twice as fast as the one of Ni. For Ni
we estimate a response time to electronic excitations of the
order of 100 s or faster, dependent on the number of exci-
tations and the excitation energy range (= — =5 ). Of course,
changes of the magnetization must conserve angular momen-
tum and this may involve not only (transversal) local spin ex-
citations, but also the local intra-atomic-like spin-orbit cou-
pling Vo, (V.. < .J for Ni, Fe) [15]. Note, if the nonequilib-
rium distribution causes also a decrease of p;, then the spin-
relaxation time increases according to Eq. (14). For Ni, for
example, ji; may decrease by about 30% [8].
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Within an electronic theory, the magnetization is approx-
imately given by

M(t) ~ [n4(t) = ny(t)] (15)

with 1, (1) = [deN,(g)fs(e,t) [16]). Clearly, this shows
also that 8 f, (t) and 7, determine the magnetic response to
‘hot” electrons and that the electronic and magnetic response
occur during the same time (f < ps), the magnetic response
being somewhat faster.

Of course, electronic excitations of d-electrons out of the
Fermi-sea affect in general also the magnitude of the mag-
netic moments as is clear from

pi(t) ~ [ (t) = nay (1)) - (16)

Note, however, the intra-atomic correlations amongs the d-
clectrons are of the order of U > .J. Since in transition met-
als like Fe and Ni, the local magnetic moments exist above
the Curie temperature T, one will generally observe a much
weaker change of

u(t) = p[Ta(t)]

due to T,,. Note, for magnetism in Kondo systems the sit-
uation might be different. Then, hot electrons are expected
to destroy the Kondo state if T,y ~ T'. T is the Kondo-
temperature and of the order of the width of the DOS peak
at £

Furthermore, the direction of the magnetization, ﬂZf(f.),
will also change during a characteristic time in response to
a perturbation. Since the direction of the magnetization is
pinned to an easy crystal axis by the magnetic anisotropy en-
erey AF, i, which for transition metals is of the order of
p1eV, one estimates the response time

4 1
- AE&mis

for reorientation transitions of the magnetization. This gives
a response time ¢ ~ 100 ps for reorientations of the mag-
netization, for example at surfaces of films where the tran-
sition M — A may be induced by an increase of the
temperature [17]. Such a situation is illustrated in Fig. 3.
Note, AFE, . involves the spin-orbit or the spin-lattice cou-
pling, respectively. The response of ‘cold” spins in an excited
warmer lattice is also controlled by the spin-lattice coupling
and will occur during similar times t ~ 50-100 ps. This time
has been calculated [18] and is observed [19].

This completes then the general discussion of character-
istic times for the response of magnetism in transition metals

t (L7

1o electronic excitations. One expects that the application of

pump-probe spectroscopy to magneto-optics is particularly
suited for studying the dynamics of magnetism. Therefore,
we analyze in the following in detail the recent magneto-
optical experiments observing the magnetic signal A7_ of
the second-harmonic light (SHG) indicating a response of the
magnetization in Ni to optically excited electrons much faster
than 1 ps [G].

IR
VN TN SN
B e

hot electrons

FIGURE 3. Light-induced magnetic pattern formation due to ex-
citing hot electrons in Ni. for example. If in the irradiated regions
the electronic lemperature rises such that Ty > T'r, then the par-
allel surface magnetization M changes at the temperature Ty to
the perpendicular magnetization M | . The reorientation transition
M) — M isachieved by spin-orbit coupling and thus requires the
time of the order of t,..or ~ AE_! . The cooling from Ty > Tr

ams’

to Tw1 < T implies a further time delay.

The magnetic SH signal is given by
AL =M, iy~ I{=M, 1), (18)

The SHG intensity /(M t) is calculated by I(2w)x|P(2w)|?,
and the polarization is given in terms of the electric
field by Pi(2w) = xijeE;E¢ [20). Since the second-
harmonic generation intensity depends on M and Ta(t),
one has 1(_'\_;;'. T.;) [6]. Expanding the nonlinear susceptibil-
ity \,_,,(.ﬁ) into even and odd terms in A [6, 20], namely
X = Xe + Xo» Xo = X'M., one gets (I x |y|?) neglecting
phase differences [21-23]

Al o 4yex'M. (19)

Here, we assumed the approximation that mainly one tensor
element of \,,; dominates. Similarly, we find for the quantity

Aly = I(M,t)+ I(-M,t) (20)
the result [6]
AL o |xel® + |x'|2 M2 (21)

Here, in general M = M (¢). For thermalized electrons and
spins one may use in the equations for the magnetization
M = M(T.,). Then, for example,

Al ox A(T))M(Ty) . (22)

The equilibrium magnetization for 7" = 71, is approxi-
mated by M (T) = M(Tg)y/1 — (T = Tp). The coefficient
A(Te) includes Fresnel factors and magnetic anisotropy en-
ergy which also depend on T, [besides on T, via M (T ) [6].
Thus, A/_ exhibits more the magnetic dynamics and Al
reflects more directly the electronic temperature 7] [22].
This has been discussed previously by Hohlfeld er al. [6].

We calculate A7 and AJ, using Egs. (18)—(22) and as-
suming for simplicity that the dominant dependence on T, is
due to M (T4). vel(T, M) is expected to depend only weakly
on temperature. The results of our calculations are compared
with experiments on Ni by Hohlfeld et al. [6].
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In Fig. 4 results are shown for the normalized change of

the SHG signals

84(t) = [ALL(t) — Als(to)] /AL (fo), (23)

where f refers to the time at which 7, starts to increase ini-
tially above T}, due to the probe-laser irradiation. Using the
previous formulae, one gets approximately

A_(t) = —[1 = AL_(t)/AI_(to)]
~ — [1 — a-(_t‘_)ru(_fﬂ : (24)
with a(t) = [ve( J/[\t(f(]} \'(to)] and mi(t) =

t)/ M (to). Snmlm Iy. we find for 8., (t)

[xe(®)]* + [X'()* M3 (t)
2 =[] — 25
Xelto) P IRZECT]

Note, neglecting for simplicity the temperature depen-
dence of y. and y', one obtains y.(t) ~ ye(to) and
|. This simplification is made in the calculations
shown in Fig. 4. Previous results for SHG yielded ye ~ xao.
\e and y, can be determined somewhat independently by
changing the polarization of the SHG [25].

a = 1 [22

Fig. 4a shows results for T, (t). Using these results for
To(t)y and M = M (Ty), we get the results for §_ (1) shown
in Fig. 4b. In Fig. 4¢, results for 4, (¢) are shown.

For calculating 7., we use Eq. (10), taking into account
the finite width of the exciting laser pulse [26]. Due to the fi-
nite width of the pump laser pulse, we estimate that Ty (¢)
becomes maximal at £ ~ 200 fs and thus é_ minimal at
this time. For a pump laser pulse of smaller width, of course,
1.(1) becomes maximal at shorter times, possibly { < 100 fs.
Indeed. recent experiments by Hohlfeld et al. indicate such
a behavior [25]. However, note the time at which T, (f) be-
comes maximal is set by the interplay of the heat put into the
clectronic system by the pump laser and the heat loss to the
lattice mediated by the electron-lattice coupling. For a delta-
function like pump we estimate for transition metals times of
the order of ¢ ~ qf' when T, (t) is maximal.

The simple Ihunv using ‘.[ = M f(| and a lempcm[ure
independent r
ment with expcrimenl {Fig. 4). Thc rapid decrease of §_(t)
is due to the decrease of M (t) caused by the increase of T},
due to the hot electrons. After reaching a minimum the quan-
tity _ (1) increases again, since M (t) increases again, see Ty,
and T.; — Tjap. Note, the lattice will be somewhat warmer at
the time ¢ ~ ps than at the time ¢4 and hence 6 _ () and 4, ()
approach a value which is smaller than the one at ty. T (t)
refers to Ni with T 7 ~ 580 K, T (to) = Tate = 350 K
and Tiayy = Ty = 450K at ¢ > 2 ps [6).
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FIGURE 4. lllustration of the short-time behavior of the electronic
temperature in panel (a) and the SHG magnetic contrast signal
0-(t) = (AI_(t) — AI (to))/AI_(to) in panel (b) and of
ar(t) = (AL (t) — Al (to))/AIL(to) in panel (c). For the
clectronic temperature Tei(f) in panel (a) we use results obtained
from Eq. (10). The center of the gaussian pump laser pulse is set
at t = —100 fs. This is indicated in panel (a) by the dash-dotted
line representing the puls shape (in arbitrary units). ¢, refers to the
time before the onset of the pump pulse. The results for the SHG
signal were calculated using Eqs. (24) and (25) and are compared
with experimental data [6]. F refers to the laser fluence normalized
to 6 mJ/em”. M(f) is calculated from M (Ty).

Note, for & ~ 1 in our approximate formulae Eqs. (24)
and (25) only 4 is affected by the temperature dependence
of \" and x.. Interestingly, the calculated values for 6 ;. at the
minimum are too negative suggesting that A7, (¢) and hence
Yel(f) may increase somewhat for increasing temperature
and may not be constant as assumed. One gets for Ni with
TNar (to) =~ 350 K and T ~ 580 K that Tia (¢t > ps) =
450 K. Then we estimate lhal d_(t) is lower by 0. 05 at times
t ~ psandthat 6_ =~ M (tyi,)/M(tg) — 1 = —0.3 at the
minimum. Experimentally one observes d_ ~ 0.02 — 0.03
at £ ~ ps and 4_ =~ (.34 at the minimum. For later
times 7 > f,,;,, when the electronic temperature approaches
the lattice temperature Ty, (Tep — Tiate), the formula
AI_ = M(T,)) describes satisfactorily experiment. Note,
d_ for times f ~ (ps) is somewhat smaller than _(ty) due
to the warming up of the lattice by the hot electrons. Also the
simple theory predicts for longer times correctly [6)

B XeX'

= Vi :
AT, = TP + pan % M




tn

While experiments and theory are in overall fair agree-
ment, one expects on general grounds that 4. (¢) may de-
crease at very short times ¢ <t faster than 0 [M(T)]
calculated using the equilibrium values M (7,;) for the mag-
netization. This 1s expected to result from the fact that at ul-
trashort times the electrons have not yet all thermalized and
that dependent on the photon energy fiw one probes optically
essentially the smaller magnetization MY (#) of the thermal-
ized electrons, see Eq. (2). Of course, o4 (1) — 64 [M (Tw)]
[or increasing times as more and more hot electrons have
thermalized.

Further studies, including the determination of the depen-
dence of the dynamics on light frequency hw, are necessary.
This might reveal interesting band-structure effects for Ni, Fe
and Co, for example [24].

This demonstrates how the dynamics of magnetic transi-
tion metals at nonequilibrium can be studied using nonlinear
SH and magneto-optics. These experiments support the gen-
eral theory for the dynamics of magnetism in transition met-
als discussed by Egs. (1)—(12). One may conclude generally
that ultrashort magnetic response, spin relaxation of transi-
tion metals at nonequilibrium may occur during times of the
order of 10-50 fs and long before lattice and electrons have
reached equilibrium again.

Note, for rare-carth metals in contrast to transition met-
als the f-electrons constituting the spins may be treated as a
separate system coupled to the s, d-electrons which get ex-
cited. Then, exchange .J and spin-orbit interaction V5, are
larger and one may find for nonequilibrium the situation
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Ta # T,(t), where T, refers to the local spins of the rare-
earth atoms, and furthermore that both T,; and T are differ-
ent from 1y, [11].

In conclusion, we have identified characteristic times for
the short-time dynamics of magnetic metals not at equilib-
rium due to hot electrons. At times # > ps, the spin dynam-
ics may occur for “cold spins” in an excited warmer lattice.
Then the spin-lattice coupling will play an important role for
spin relaxation processes occuring on a time scale ol approx-
imately t ~ 100 ps [18].

[t would be interesting to analyze also the dynamics of the
many-body Kondo singlet state and of magnetism in heavy-
Fermion systems. The dynamics of the Kondo state is ex-
pected to be characterized by the time t ~ 1/7., where 7' is
the Kondo temperature. Hot electrons will destroy the singlet
state if T,y > T'.. Similarly, for heavy Fermions the nonequi-
librium hot electrons raising 1. will destroy the resonance-
like DOS peak at =,. and thus typical magnetic effects. Again
changes occur during a time  ~ l'grl, where Ueg is the ef-
fective electron correlation responsible for the narrow band of
width «w and T,,; > w should destroy the heavy-Fermion char-
acteristics. Finally, it would be interesting to study systems
where 1y, controls angular-momentum conservation and thus
the magnetic dynamics.
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