RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 58, NUMBER 10 1 SEPTEMBER 1998-II

Ultrafast spin dynamics in nickel

W. Hubner
Institut de Physique et Chimie des Materiaux de Strasbourg, Unite Mixte 380046, CNRS-ULP-EHICS, 23 rue du Loess,
67037 Strasbourg Cedex, France
and Max-Planck-Institut iuMikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

G. P. Zhan§
Max-Planck-Institut fu Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany
(Received 1 April 1998

The spin dynamics in Ni is studied by an exact diagonalization method on the ultrafast time scale. It is
shown that the femtosecond relaxation of the magneto-optical response results from exchange interaction and
spin-orbit coupling. Each of the two mechanisms affects the relaxation process differently. We find that the
intrinsic spin dynamics occurs during about 10 fs while extrinsic effects such as laser-pulse duration and
spectral width can slow down the observed dynamics considerably. Thus, our theory indicates that there is still
room to accelerate the spin dynamics in experimei®6163-182¢08)51034-X]

The potential application of ferromagnetic materials on  For the theoretical description of ultrafast nonequilibrium
ultrafast time scale is attractive for information storage, es<harge and spin dynamics, one can either rely on the Baym-
pecially in magneto-optical recording. Both experimentally Kadanoff-Keldysh Green’s-function approdair employing
and theoretically the ultrashort time behavior of spin dynam-an exact diagonalization framework. In this paper, we prefer
ics in transition metals is a new and challenging area. Vaterthe later method, which does not involve perturbation theory.
laus et al! studied the spin dynamics in ferromagnetic Gd. Thus it is more suitable to optical excitations away from
Employing spin- and time-resolved photoemission Withequil_ibrium, especia_llly in the presence of strong electron cor-
60-ps probe pulses they found a spin-lattice relaxa@irR) ~ relations. Our Hamiltonian reads
of 100=80 ps. Using femtosecond optical and magneto-

optical pump-probe techniques, Beaurepageal® have H= 2 Uigjy o™ ko”CiT cf ,CheCl g

studied the relaxation processes of electrons and spins in LiklLool ot e T 7

ferromagnetic Ni. They reported that the magnetization of a

22-nm-thick film drops rapidly during the first picosecond + 2 E(K)n,(K)+Hgo, D
v,0,K

and reaches its minimum after 2 ps. Recently, by time-
H 3
resolved second harmonic generati§iiG), Hohlfeldet al. whereU;; i, 1,7 koIS the on-site electron interaction, which

found that even when g!egtrons and Iattipe have not reachergays an important role in ferromagnetism and can be de-
a common thermal equilibrium, the classida(T) curve can  geribed in full generality by three parameters: Coulomb re-
be r_epr_oduged for delay times longer than the electron therpulsionu, exchange interactiod, and exchange anisotropy
mal|zat|on time qf about 280 _fs. O_n_the other hand, the trana 3. The generic values for NiUy=12 eV, J;=0.99 eV,
sient magnetization reaches its minimayb0 fs before elec- gn(g (AJ),=0.12 eV] are obtained by fitting the spectro-
tron thermalization. Both groups used polycrystalline Ni bUtscopic data; for the details see Ref'cgf (c;,) are the usual
different pulse durations: 60 fRef. 2 vs 150 fs? Recently  creation(annihilation operators in the orbitdl with spin o
even faster spin decays have been obsetved. (0=11). £,(K) represents the spin-independent band struc-
A present, not even the mechanism for this ultrafast spinure of a Ni monolayer. To get it, we need six parametins
relaxation is known. Moreover, it is of great importance todetails, see Ref.)9n,,(K) is the particle number operator of
know whether these results already reflect the intrinsic spiand v in K space.Hgq is the spin-orbit coupling®!! A
relaxation time scale or not. Theoretically, even 8iatic = Hamiltonian of this kind is general enough to address the
ferromagnetism in transition metals has been a challengingpin dynamics on the ultrafast time scale as it contains the
topic as the electron correlation is very strong in thesenecessary ingredients. However it is not possible to solve it
systems. The theoretical treatment of the spilynamicsis ~ without approximatiort? For eachK point, the dimension of
limited. On the longer time scales, SLR has been studiethe two-hole basis for nickel is 66, where six orbitals per
previously® and the theory yielded a relaxation time of 48 psspin are taken into account, namely five 8rbitals and one
for Gd, in good agreement with the above-mentionedds orbital. We solve the 66-state problem analytically for
experiment. On this time scale, the main contributions re- each atom. This solution is embedded in the crystal field
sults from anisotropic phonon-magnon interaction. To ourgiven by the band structure including the translational vari-
knowledge, so far no theoretical study has been performednce. This amounts to a crystal field theory, where the em-
about the spin dynamics of transition metals onfdratosec- bedding is of single electron nature. Thus it can be solved
ond time scale, which is apparently needed. without too much numerical problems. Although we did not
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map it to the impurity problem, we believe that our treatment 6.00

@  [=J3A0]]

is similar to aK-dependent self-energy correction as per- 400
formed in the dynamical mean-field theory. Once we con- s, exchange interaction
. . L . . >3 2.00 1
struct the Hamiltonian within the above basis, we can diag- =
onalize it directly(for more details see Ref).8 0.00
Before we go further, it is worth checking whether our 15.0 b - -

Hamiltonian reasonably describes transition metals such as 100t (b) —
nickel. Once the spin-orbit coupling is switched df§%,S,} S, 50

x .

are good quantum numbers. First, in the absence of the ex-
plicit electron interaction =J=AJ=0), the band struc-
ture £,(K) is well reproduced with six fitting parameters
(given in Ref. 9. Second, the atomic symmetry is well pre-
served, yielding the correct degeneracies. Third, with non-
zero Coulomb interactiokl and exchange interactiah) the
ground state is ferromagnetfitwhich is consistent with the
ferromagnetism of the Ni thin film. However, fdd=J=0,
the ground state is a singlet. It is interesting to note that the 20.0 |
ferromagnetism exclusively results from the Coulomb and ¥ 10,0
exchange interactions. This is a nontrivial result. -
The parameters affecting femtosecond spin dynamics fall 0.0 0 5 10 15 20
in two classes: intrinsiématerial specificand extrinsic(ex- Time (fs)
periment specific Intrinsic parameters aréi) Coulomb in-
teractionU, (i) exchange interactiody (iii ) exchange anisot- FIG. 1. Effect of exchange interactiah( J=J,/10 andJ,) on
ropy AJ, (iv) spin-orbit coupling(SOQ \, and (v) band §pin [(a? and (b).] and chargg dynamicc) and (d)]. Exchange
structure€,(K). Extrinsic parameters includévi) the pho-  interaction dominates the spin decay.
ton frequencies for the pump and probe pul$es) different
optical techniques such as pump-probe spectroscopy of réxels and thus reveal the intrinsic charge and spin responses.
flectivity and magneto-optics, SHG, or two-photon photo-in Figs. 1b) and Xd), |x{}(w,t)|and|x{Y(,t)|are shown,
emission(TPPB, (viii) flux of the pulseix) laser spectral which represent the spin and charge dynamics, respectively,
width, and(x) optical pulse duration. For a given sample, 35 measured by typical pump-probe experiments2 eV
one can vary these external parameters to actively tune thesreafter. The relaxation time is determined by looking at the
spin dynamics rather than to only passively observe it. In thigjrst clear minimun® of |X(x1y)(w.t)|and IxY(w,t)]. First,
paper we focus on the effects 6f), (iv), (v), and (ix). _ the figure shows that charge and spin dynamics occur on a
Experimentally when the system is pumped, the excitedien_femtosecond time scalewhich is much shorter than
state distribution is formed. We populate the states accordingyat in existing experiments. The second important result is
to a (_Saussmn distribution with widtW, which mimics the 4t the spin dynamics lags behind the charge dynamics by 1
experimental pump pulse. The center of the populated statgsg \yhich is an appreciable effect on a time scale of 3 fs and
is around 2 eV above the ground state. The initial excitedy accordance with the recent measurement of the spin-
state will evolve in time with a phase factor according 10 gependent lifetimé This result is very important for possible
Schralinger's equation. _ _ applications in magnetic storage technology, as it guarantees
For the charge and spin dynamics, the response functiong nonequilibrium spin memory time. We note in passing that
fco the probe pulsr-_z are different. It is noted that this responsg; o stage of our calculation did we have to invoke the
is weak and thus is calculated by linear-response theory. Theqion of either electron or spin temperature. Particularly the
diagonal elementy!;)| of the optical susceptibility mainly concept of spin temperature is questionable not only due to
reflects the contribution from the Charge dynamics Whl'e'[he nonequi"brium, but also due to the absence of well-
|X5<§/)| mostly reflects the contribution from the spin dynam- defined quasiparticle statistics for the spins.
ics. With the help of those two functions, we are able to In order to pinpoint the origin of the spin dynamics, we
address the different characters of the charge and spin dyirst vary the exchange interaction while the Coulomb inter-
namics separately. Once the eigenstates are knbx\g?ﬂ actionU=Uy is fixed. For reduced=Jy/10[Figs. 1a) and
and|x\)| are calculated from the usual Lindhard functin  1(c)], one can see a more clearly different behavior between
where the only exception is that the population of the eigenspin and charge dynamics. Figure@land Xb) show that
states is time dependent and complesth absolute values the exchange interaction affects not only the main peaks of
and phases The details of it are beyond the scope of the|X§<§,)(w,t)|, but also its subsequent decay: with the decrease
present paper and will be given elsewh¥te. of J from Jg to Jo/10, therelaxation time for the spin dy-
In the following we monitor both charge and spin dynam-namics increases from 3.4 to 5.6 (Ref. 1§ while the
ics on the fs time scale and investigate the influence of difcharge dynamics is virtually unaffected by the variation) of
ferent intrinsic and extrinsic parameters. We start with thgsee Figs. (c) and Xd)]. Thus with decreasing, the spin
generic set of parameterbly, Jo, and (AJ)y for Ni. The  dynamics begins later and lags more and more behind the
Gaussian widtiW of the initial excited state is taken as broad charge dynamics.
as 20 eV in order to maximize the number of available chan- Our calculations show that the relaxation time can be
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FIG. 2. Effect of spin-orbit coupling. on spin dynamics. The = TS~
solid curve is foin=0.07 eV while the dashed curve is for-1 eV. Nt Mooy
SOC may speed up the spin dynamics only in heavy elements. 0.0 0 1'0 20 40 6'0 8'0 100

: . Time (fs)
changed by tuning the exchange strength. Physically ferro-

magnetism mainly results from the exchange interaction, but FIG. 3. Effect of hopping integral ofa) spin and(b) charge

it has been unknown how the exchange interaction affectdynamics. The pulse width effect is also shown. Nanostructuring
the spin dynamics on the ultrafast time scale. Here we clearlnd selective population of resonances slow down the spin and
see that it accelerates the relaxation: since in the ferromagharge dynamics.

netic system the energy scales roughlyJashe relaxation ) . o )

time scales a I/ Without SOC, the total spin is a good VerY important impact on th_e relaxation time of spin dynam-

quantum number, yet the spin dynamics exclusively resulticS: Which deserves a detailed study.

from the loss of the quantum coherence due to the dephasirwi For the investigation of the effect of the laser spectral

of the initial excited state. The information of this dephasing .dth (an _extrinsic pafa”.‘etb.r we choose two different
. . () 1) . widths of initial state distribution, namelyV=20 eV [full
is contained in|x,,'(w,t)|and | x;;'(w,1)|, due to the time

luti £ th | i ¢ the i (iurves in Figs. & and 4b)] and 0.2 eV (long dashed
evolution of the complex population of the eigenstates, an urves, keeping the other parameters at their generic values

thg dephasi_ng occurs on different time scales for charge an,go, Jo, (Ad)o, Ay, and\,. With the decrease of the width,
spin dynamics. _ o _ _ the relaxation time is prolonged greatly. From Figa)4one

When the spin-orbit coupling is turned on to its generic may notice that folWW=20 eV, the decay of the spin dynam-
valueh=0.07 eV, the spin relaxation time is determined byics is around 3.4 fs; fow=0.2 eV, it prolongs to 14 fs. The
both A and J. To see the effect of SOC on the relaxation pulse-width dependent relaxation is also obvious for the
process more clearly, we sét=AJ=0 and chose.=0.07, charge dynamic$see Fig. 4b)]. For W=20 eV, it decays
1.0 eV. Figure 2 shows that the relaxation time decreases if around 2 fs; forw=0.2 eV, it lasts up to 13 fs. For real
is larger while the main peak of the spectrum becomes narmapplications, the persistence of the slower decay of the spin
rower. Thus for some noble metals or rare earths with aynamics compared to the charge dynamics is important as it
much larger SOC than that in Ni, optical alignment couldsets the magnetic memory time. Thus one can change extrin-
generate an ultrafast spin dynamics in TPPE even from norsic parameters to influence the spin dynamics even if one
magnetic metal’’ does not change material parameters.

Next we study how band structure changes spin and In conclusion, starting from a many-body Hamiltonian,
charge dynamics to demonstrate its material sensitivity. Wave studied the spin dynamics on the femtosecond scale as a
change the band structure multiplying all the hopping intefunction of intrinsic and extrinsic parameters. Our calcula-
grals by a factor of 0.1. A smaller hopping integral corre-tion suggests that the high-speed limit of intrinsic spin dy-
sponds to a more atomlike material. Figurédg)3and 3b)

show the spin and charge dynamics, respectively. Comparing 15.0 @ :

Figs. Xb) and Xd) with the solid curves in Figs. (3 asla . — W20 oV
and 3b), one may note that upon decreasing the hopping = 100 \\pulse width ]
integral from A, and Ay/10, the recurrent features in both ¥ 5.0

X3 (w,1)] and|x(w,t)| are more obvious and the relax- -

ation time for the spin dynamics increases up to more than 0.0

20 fs for Ay/10 (note the different abscissa scaleShus a 30.0

small hopping integral as appearing in nanostructured thin

films, islands, clusters, or some impurities in the material, — 200}

slows down the spin dynamics. This means that, e.g., :XN 10.0

oxides!® exhibiting both dispersive bands and nondispersive =

gap states, might be an ideal playground to tune the dynami- 0.0 0

cal time scale at will. Besides, the reduction of the pulse
width from 20 to 0.2 eV further prolongs the decay time to
100 fs[long dashed curves in Figs(e§ and 3b)], which FIG. 4. Effect of laser pulse widt/ on (a) spin and(b) charge
then should be easily accessible by standard experimentaynamics forw=20 and 0.2 eV. Monochromatic laser pulses slow
techniques. So the laser widtspectral and temporahas a  down the dynamics.

Time (fs)
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namics is about tens of femtoseconds, which is not yet extion (=1 ps, due to electron-photon couplingd) SLR
hausted by experiments. This ultrafast dynamics results froni=100 ps due to SOC plus anisotropic crystal-field fluctua-
the exchange interaction and SOC and does not involve thgons).

lattice® It is very different from SLR in Ref. 1. The SLR

time in Ni is about 304 ps as calculated from a formalism One of us(W.H.) gratefully acknowledges the hospitality
similar to that applied to Gd befofeyhich can be compared of the IPCMS of Strasbourg, where a major part of this work
with the experimental value of 400 ps in fiThus, in total has been performed, and stimulating discussions with E.
one has to distinguish four different relaxation proces&®s: Beaurepaire, J.-Y. Bigot, D. C. Langreth, J.-C. Merle, and P.
electronic equilibration(1 fs, due to electron-electron inter- Nordlander. This work has been supported by IPCMS Stras-
action); (b) electron-spin relaxatiofa few fs due to ex- bourg and the TMR on NOMOKEERB-FMRX-CT 96-
change interaction or SQC(c) electron-lattice thermaliza- 0015.
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