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Femtosecond spin dynamics in the time domain

G. P. Zhang® and W. Hibner?
Max-Planck-Institut fu Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

Recently magnetization dynamics on the time scale of 100 fs has been observed. In this article, we
explain this ultrafast spin dynamics by a microscopic many-body theory. Our theory yields a speed
limit of the order of 10 fs for the spin dynamics in Ni. The fundamental mechanism is the dephasing
of the initial excited states. We investigate the dephasing effects in detail as a function of the number
of electronic states anK points. We also calculate the density of states as a crosscheck of our
theory, where the typical satellite structure of nickel is present. Moreover, the magnetic moment of
the monolayer is found to be 0.88, which is also consistent with the experimental results. Finally,
based on our Hamiltonian, we briefly discuss the origin of ferromagnetism in our model99©
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The phase transition from ferromagnetism to paramag- We begin with a generic Hamiltonian
netism in a typical ferromagnetic system occurs when the

system temperature is heated above the Curie point or com- H= D U riome ot t

pensation point, where “spins flip”. This process is usually kLo’ oo™ lonjo’ 1o ka"'e{ €, ChgCigm

applied in conventional magneto-optical recordings. The

time n_eeded to reverse spins is arpund 100 ps—-10 ns, which + > £ (KN, (K)+Hso, 1)
is basically set by the spin—lattice interaction. An earlier ex- v,o.K

periment did show that, in Gd, the characteristic time for . . . .
establishing a thermal equililbrium between the lattice an(ﬁ':zr;%%iéféx'i';]’”'f‘:jﬁ' g;zr:Z(raaI(iatl)?i)t)r/Otl(l,nttr?rr:gt:);r’avrr\:glt%?scggu-
the spin systems is 1680 ps. The data are explained by a ) : .

two-temperature model for the spin and electron systems. ;nrin:;trgpmzlgqg’C?X(Ccha)nga?;nttﬁéaﬁgﬁg'l aclzrr]gattri]oef;:r?img?e
similar time scale is also observed in NA theory based on tion) opepr);tor.s in tere g;bitalwith spinc (o=1.0). £,(K) is
electron paramagnetic resonance and magnetocrystallir{ﬁe sinale-particle enerav spectrum for baﬁd\}vévtake a
anisotropy yields a spin—lattice relaxation time of 48 ps for g'e-p gy sp

Gd and of 304 ps for Ni.It has remained unclear since the mckel thin film geometry as an example,,(K) s the par-
... ticle number operator in momentum spattsg is the spin

f!rst gxperiment on G.d yvhether this so_—cal'led .CharaCter'St'%rbit coupling. This is a typical many-body particle problem.
“m? IS a re_al upper limit for desmagnetlzatl_on n f_errom_ag-One cannot solve it without simplification. In order to obtain
netic gwaterlals..Be.aurepam arl]. were the f':St to |n\r/]estr|]- a tractable model, we first build a two-hole basis set. In this
gate emagnet|zat.|o_n onas ort tlme. Scalé, much s Qrt%rasis set, for each Ni atom the dimension of the Hilbert space
than the characteristic time scale of spin—lattice interaction.s e The matrix elements of the electron correlation for
Using the pump—probe technique, they observed very shaig, -, 41om can be obtained analytically. For eégioint, we

demagnetization within 1-2 ps, where heating of the spin by, e the electron correlation in the crystal field as given by
the lattice is not yet involved, which indicates that the con-ye pang structure. This treatment of correlations is analo-

cept of spin temperature is not well defined on the ultrafasbOUS to a frequency dependent self-energy correction al-
time scale. This ultrafast demagnetization has motivated furfhough formally avoiding it. With this treatment, we are able
ther experimentdf as well as theoretical studié§.Scholl ¢, exactly diagonalize the Hamiltonian for eakhpoint ex-

et al? showed that there are two different mechanisms forplicitly. In order to characterize the spin dynamics, we cal-
spin relaxation taking place on the two different time scaleg;jjate the magneto-optical Kerr effe@MOKE) character-
(<1 and several hundred pdHohlfeld et al® demonstrated ized by the off-diagonal susceptibilityf(ly)(w,t)L wheret is

that the classicall(T) curve could be reproduced for delay the delay time between the pump and probe beamsugisd
times longer than the thermalization time of the electron subthe prope frequency.

system alone but shorter than the electron—lattice relaxation our previous resulf€ showed that the speed limit of
time. This indicates that demagnetization on the femtosecongtrafast spin dynamics is around 10 fs for a thin Ni film.

time scale is purely electronic. Recently Aeschlimatral’  Both material specific and experiment specific parameters
found that the spin-resolved inelastic lifetime is around 10 fsaffect the final resulté® The exchange interaction and spin—
and is different for the majority and minority spins. In the orbit coupling influence the spin dynamics differently. We
following we will use Ni as an example to study the spin demonstrated that the fundamental mechanism responsible

dynamics on the femtosecond time scale. for the spin dynamics is the dephasing among the initial
excited states. The number of states that are involved be-

3Electronic mail: zhang@mpi-halle.mpg.de comes very critical to the final observation of spin dynamics.

YElectronic mail: huebner@mpi-halle.de It is well established that the loss of coherence among the
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FIG. 1. Dephasing effect of ultrafast spin dynamics as a function of theel(Ei_Ej)tm:eIAijt/ﬁ' On a small time scal¢small t), the
number ofK pointsM. As the number oK points increases, the coherence states which have dominant contributions to the spin dynam-
is gradually lost. The speed limit for the spin dynamics is around 10 fs. Herdcs gre those which have big energy differenmﬁsbetween
wlis 2 ev. them. Even with a small number & points, the relevant
states are already present. That is why there is no significant
difference between small and large number&gfoints. On
states is stronger if the number of states participating in thg long time scalélarget), on the other hand, a small; also
relaxation process is larger. Here we examine these effectgntributes greatly to the final results. In the case of a small
by calculating| xiy)| as a function of time for a different  number ofk points, a large number of states with Sma||
number ofK points. are absent. Thus the difference is rather conspicuous between
The initial state is prepared 2 eV above the ground statesmall and large numbers &f points on a longer time scale.
with a Gaussian broadening of 0.2 eV, which mimics a typi-  Next we would like to check whether our Hamiltonian
cal pump pulse width. We then probe the response after gan describe the essential properties of Ni. Ni is a typical
delay timet. The probe frequency is 2 eV. Figure 1 shows ferromagnetic material. The exchange interaction is very im-
the results of our calculation. In Fig(d, the number oK portant. The density of staté®OS) exhibits a satellite struc-
pointsM is 4. Within 80 fs, one can observe several quasiptuyre. In Fig. 2, we show the DOS for Ni. One can see that the
eriodic oscillations of|x{})|. The amplitude of the peak satellite structure appears above 10 eV for a generic set of
around 60 fs is roughly equal to that at 10 fs. This means thasarameters of nickel, which is consistent with the satellite
the coherence is largely kept among the initial states. In Figstructure found at 6 eV in Ni photoemission experiménts.
1(b), we increase the number &f points to 25.|)(§§,)| de- is important to note that this satellite structure results from
creases within the first 10 fs, but comes back with almost th&oulomb interaction and exchange interaction. In noble met-
same amplitude at about 18 fs. Evertat30fs, the ampli-  als, an independent electron model accounts for the DOS
tude of the dominant peak exceeds half of the maximum ofvell. But in transition metals, the inclusion of Coulomb and
I)(,%,)I. Within 80 fs, five clear oscillations can be identified. exchange interactions is definitely necessary as one can again
Around 70 fs a large oscillation can be seen. All of thesesee here. Because of this, theoretical treatments of transition
results reflect the fact that the coherence is still well premetals are very difficult and are often limited. The beauty of
served. If we increasil to 64, one can again see five clear our formalism is that we can reproduce even these essential
oscillations, but their amplitudes slowly decrease with time properties visible in excited-state experiments such as pho-
which indicates that the coherence is gradually lost. Thigoemission.
trend continues ad/ is further increased to 8fsee Fig. In the following, we will show that by starting from a
1(d)]: the loss of coherence is enhanced, but several smajalanced band structure we are able to obtain a ferromag-
oscillations are still visible. When we incredgeto 100[Fig.  netic ground state. It has been well established that a prereq-
1(e)], the major change seen from Figgdit-1(e) is on a uisite to acquire a ferromagnetic ground state is a nonzero
longer time scale. In Fig. () small humps have almost Coulomb interactiorlJ and exchange interactioh We can
identical amplitudes while the amplitudes for the smallsimply check this by setting botd andJ to zero. By doing
humps are different in Fig.(&). The result becomes conver- so, we find that the ground state is a singlet, i.e., a paramag-
gent wherM is larger than 900. In Fig.(), a pure decay of netic state, which contradicts the ferromagnetic nature of Ni.
|X§ly)| with time can be seen, from this we estimate a spinOnce we use the generic setsldfandJ of Ni, we obtain a
relaxation time of around 10 fs. A detailed survey of Figs.triplet as its ground state, from which we find a magnetic
1(b)-1(f) reveals that, on a short time scd10 f9), the  moment of the monolayer, 0.88 (ug is the Bohr magne-
basic features de§§)| are rather similar. The big difference ton). This magnetic moment is larger than that in the bulk
occurs on a longer time scale. This is understandable sinamaterial, which is consistent with the experimental
what is observed physically is essentially proportional toobservatiort?> Moreover, we are able to pinpoint some basic
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features that actually show how Coulomb interaction andf K points has a great impact on the long time tail,(aﬁﬁ,)l.
exchange interaction bring about the ferromagnetic state. W&n a short time scale, the basic features are similar. We
find that for our model it is in general not true that any carefully checked whether our Hamiltonian describes the fer-
nonzero Coulomb interaction or exchange interaction wouldomagnetic Ni film reasonably well. First of all, we correctly
result in a ferromagnetic phase. Actually there is a thresholdeproduced the satellite structure of the DOS, which is an
which the Coulomb interaction or exchange interaction hagxcited-state many-body feature. The ground state is ferro-
to overcome before either leads to a ferromagnetic phasenagnetic with a magnetic moment of 088. We also
The threshold is different fo andJ due to their different briefly investigated the origin of the ferromagnetic phase. It
natures. To investigate the origin of ferromagnetism quantiwas found that nonzero Coulomb interaction and exchange
tatively, we first setl andAJ equal to zero and examine the interaction are crucial to the ferromagnetic state. But their
sole effect ofU while keeping the hopping integrals as they respective roles are different. Numerical results showed that
are in order to get a correct band structure for Ni. We foundhere are different threshold values, andJ;, for U andJ

that all the phases are ferromagnetidJifis larger than the to lead to a ferromagnetic phase.

thresholdU.=1.09eV. We also examine howinfluences

the ferromagnetic phase. Analogously we set the other inter—;ﬁ- \éatherlllauLS’ ;- Beutler, and ';-V'\\//'eigg- Phhyz-t Rs;]’- Légr 3314(1?1’21)6
action parameter) andAJ, equal to zero. It is found that (1'99%.0 + L. Baumgarten, and W. Eberhardt, Phys. Rev. L&t

the ground state of the system becomes ferromagneliesif 3w Hiibner and K. H. Bennemann, Phys. Rev58 3422(1996.

larger than.=0.29 eV. “W. Hubner (unpublisheg this number was also given in Ref. 7.

In conclusion, starting from a generic Hamiltonian, we SE. Beaurepaire, J.-C. Merle, A. Daunois, and J. Y. Bigot, Phys. Rev. Lett.
calculated the ultrafast spin_dynamics ir_] f?rr_omagnetic Ni. ltGj.ES’HA;ZhSh%%?gE?.Matthias, R. Knorren, and K. H. Bennemann, Phys. Rev.
was found that the theoretical speed limit is around 10 fs. Lett, 78 4861(1997; 79, 960(1997.

The decay of the optical response is due to the dephasingw. Hygner ang g E- %Eang. ?hm Fr%]E\’(jiaB gre'\jz-(m ress
among the |n|t|§1l states. This can be shown py changing th%\l\lllv.. ::sgﬁlli’n?gnn. M 'Baua(ler;?’s..Paw?ik', W.gWéber, R;.pBurgiermeister, D.
number ofK points. For a small number & points, such as
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