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We have demonstrated recently that ultrafast00 p3s coherent magnetization rotation can be induced by
optical modulation of the exchange coupling in an exchange coupled bildifeg/NiO) with short laser pulses
[Phys. Rev. Lett82, 3705(1999]. In this paper, we acquire further support of the coherent magnetization
model by studying the details of magnetization switching dynamics, including the dependence on the ampli-
tude of exchange bias field. The exchange bias field is subject to large transient modulation by femtosecond
pulsed laser excitation, providing the impulsive force for subsequent magnetization dynamics. Good agreement
is obtained with a simple model of coherent magnetization processes based on the Landau-Lifshitz-Gilbert
equations of motion. We have also measured a strong dependence of the phenomenological damping constant
(@) on the exchange bias in the coupled ferromagnetic/antiferromagnetic spin system.

I. INTRODUCTION rather, this information is deduced from the “after effect”

switching patterns which are seen to agree with a theoretical

The physics of spin dynamics and magnetization reversalescription of the switching dynamie$.In this paper we
processes in magnetic thin films is a contemporary subject dliscuss a very different approach, where the use of ultrashort
a fundamental level and of significant application interest tdaser pulses provide real-time access to magnetization
the magnetic recording industry. Data rates of over 1 GbitBWitching dynamics in the precession-limited coherent rota-

sec(corresponding to less than 1 nsec magnetization revers{Pn regime. _ _
time) are expected within two years for hard disk drive sys- 1h€ approach, reported in Ref. 7, makes use of very high-

tems, based on current extrapolations. There have been seyP€€d photomodulation of the builtimternal effective mag-

eral types of experiments probing the fundamental speeaetiC fi_eld that is prgsentdue to th? exphange coupling within
“fimit” of the dynamic switching in magnetic materials by an antiferromagnetic/ferromagnetic bilayer. We thus replace

the application of fast, pulsed magnetic fields. In a series of. time-varying external magnetic field by a transient internal

recent efforts, such fields are generated by various electronul:eld as a consequence of photoexcitation at the

4 obtoelectroni in hiah d mi rioli gntiferromagnetic/ferromagnetic(AF/FM) interface. The
and optoelectronic means n nigh-speed microstriplin€ and o, yianeous” optical creation of a hot electron/spin gas at

r_elatelt_j4 high-speed microwave ~compatible transmission \ear the heterointerface breaks up the exchange coupling
lines. ™ These time-resolved studies have mainly focused oy, e pilayer, dramatically reducing the exchange bias field.
switching dynamics in the nanosecond regime, althoughrpis event triggers a dynamical response in the system that,
pulse widths as short as,~0.1 nsec have been generated ina5 shown below, leads to coherent rotation of the magnetiza-
exceptional cases. An entirely different approach has beefion vector in the EM layer. In macroscopic terms, the pho-
adapted by Baclet al> who acquire an intense, ultrashort toexcitation creates an induced internal ultrashort pulse mag-
pulse magnetic fieldmy~2-6 psec, up to 20 KQeby fo-  netic fieldH(t) with a sub-psec rise time, inducing changes
cusing a high-energy electron beam to a few square microng the magnetic energy configuration of the system through a
on a magnetic thin film. These authors demonstrated in-planeonequilibrium,microscopicbackdoor, so to speak.

switching of the remanent state of a CoPt multilayer with The model system employed by us is the exchange
perpendicular anisotropy. It was argued that for magneticoupled NiFe/NiO(FM/AF) bilayer, characterized by its dis-
excitation occurring on time scales much shorter than theinct unidirectional magnetic anisotropyutilized in giant
spin-lattice relaxation time g, [on the order of magnetoresistanc€sMR) and magnetic tunneling junction
10 °-10 °sec(Ref. 5], the thermally activated processes (MTJ) sensors.The magnetic characteristics of such FM/AF
are ineffective so that magnetization dynamics should simplgystems generally display the presence of a unidirectional
follow the Landau-GilberLIG) equation of motion. Back exchange bias fieltH., (which rigidly shifts the hysteresis

et al. speculated that the initial reversal occurs by precessiotoop) as well as an increased coercivity {). If the magne-

of magnetizationduring the duration of the ultrashort field tization of the FM layer is initially oriented antiparallel to an
pulse, and the magnetization subsequently relaxes into thexternal(statio applied fieldH 5, the optically induced “un-
easy direction on a much longer time sc&te500 p3g. Their  pinning” of the exchangéd,(t) can be especially effective
advanced experiment is conducted in such a way, howevein providing the driving force for ultrafast switchingota-

that direct dynamical information is very difficult to obtain; tion) of magnetization. In this paper we use time-resolved
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(a) (b) pulses in the blueh(r=2.8eV). The choice for this probe

Ho(® wavelength was made in order to maximize the magneto-
optical Kerr effect(MOKE) signal as well as to reject any
scattered pump light. The longitudinal MOKE instrumenta-
tion employed a polarization-sensitive optical balance bridge
consisting of Wallaston prism and low-noise differential
photodiode paif:**1?

In analog to the steady state case, the time-resolved
MOKE signals in a pump-probe experiment include a con-
tribution from pump-induced changes of the magnetization
in the FM thin film. However, the pump-probe experiments
also contain a generic contribution @ (t) from the creation
of one-electron excitations by the absorption of the pump
photons which leads to changes in the electron/spin distribu-
tion function and impact the optical cross section at the

FIG. 1. (@) Schematic of the concept of optically induced “un- probe transition. Thus two distinct contributions are expected
pinning” of the exchange bias at an FM/AF interface, which trig- {5 the observed transient modulation in Kerr rotation. The

gers a coherent magnetization rotation procéssDefinition of the st contribution is due to the modulation of spin occupancy

coordinate system, used in the calculation of the magnetization dyfactors in the initial and final states of the probe optical tran-
namics;(c) Schematic of the temporal envelope of the time varying

effective exchange bias fieldg(t) sition and the net spin polarization which tracks the relax-
9 BXV- ation of an initially nonthermal distribution of hot electron

techniques to learn more about the dynamics of the pro§pins. Recent studies of such processes in thin FM films have

; . . given information about the dynamics of equilibriation
cesses, with the magnitudty,cy as a variable. amongst the spin, electron, and lattice degrees of

freedom'® The second contribution, which is crucial to the
IIl. EXPERIMENTAL RESULTS results in this paper, reflects the proportionality of the longi-

The samples used in this study were polycrystalline NiFefudinal Kerr effect to the in-plane component of magnetiza-
NiO bilayers grown by dc magnetron sputtering on glasdion- It makes the transient experiment also sensitive to
substrates. The thickness of the permalloyg(R& o) layers ~Photoinduced changes in trdirection of M, e.g., due to
varied in the range of 100-300 A, while the NiO layers werecoherent magnetization rotatidn.
approximately 400 A thick. We studied a number of samples, TWO types of time-resolved MOKE measurement were
with the range of exchange bias fields ranging from 15 tgP€rformed in our experimentsi) complete transient Kerr
100 Oe, determined by the FM layer thickness and interfacByStéresis loops were measured by sweeping the external
microstructure. For comparison purposes, we also performefagnetic fieldH, along either the easy or hard axis while
the transient experiments on single permalloy films of the'ecording the signay (to) at a given fixed temporal deldy
same composition and thickness range, deposited directly di¢lative to the pump and probe pulses. The transient Kerr
ZrO,/glass. The optical transparency of the semi-insulatindlysteresis loops provide a measure of the external magnetic
NiO at wavelengths ranging from the near infrared throughJield dependence of the photoinduced transient modulation of
out the visible(optical gap around 3.8 e\fakes it possible Magnetization at a given time delagi) the transient Kerr
to photoexcite the interface between the ferromagnet and agignal f (t) was measured continuously as a function of the
tiferromagnet directly by directing the excitation through thepump-probe time delay in a fixed magnetic field applied
NiO layer. The optical absorption depth of NiFe is less thamalong either easy or hard axis. In this case, we acquired di-
100 A for the wavelength employed by us for photoexcita-rect time-resolved information about the time evolution of
tion. the magnetization at a given external field. Both types of

Figure Xa) shows the schematic of the experiment ar-measurement are complimentary to each other and, when
rangement, designed for measuring optically induced trancombined, provide a comprehensive view for the dynamical
sients via the longitudinal magneto-optical Kerr effectdescription of the coherent magnetization rotation process.
(MOKE) in a pump-probe configuration. Excitation pulses\We have discussed the transient Kerr loops already
from a modelocked Ti:sapphire las@vith pulse duration of elsewheréand focus here on the temporal dynamics within a
m,=120fsec, photon energy dfr=1.4eV) were directed relatively narrow but representative range of external fields
normal to the sample through the transparent glass substratéere the optically induced effects are most pronounced. In
and the NiO layer and absorbed within the NiFe layer. Pulserough terms, this field range lies in the vicinity bifa~H ey
picking techniques were employed in order to reduce thetH¢, whereH, is the coercive field. Simply put, the static
laser pulse repetition rate to about 2 MHz, thus reducingxternal field is used to bias the NiFe/NiO system near the
average lattice heatinghermal accumulation effectiue to  right-hand lower corner of the steady-state hysteresis loop
the poor thermal conductivity of the glass substrate. The opwhere the abrupt modulation ¢, then has a maximum
tically induced changes in the spin/magnetization of thémpact on magnetization dynamics. In this field range, the
samples were recorded by measuring the time resolved lorgontribution of M(t) to the total measured transient Kerr
gitudinal Kerr rotation(longitudina) of the NiFe layer, de- signalséy(t) dominates over the hot spin occupancy effects.
noted henceforth agy(t), using time delayed weak probe  Figure 2 shows the measured time evolutiordgft) over
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) ) FIG. 3. Results of calculations for the two samples in Fig. 2

FIG. 2. (8) and(c) Time-resolved transient Kerr effegk(t) for  fom the dynamical Landau-Lifshitz-Gilbert equations for applied
two photoexcited NiFe/NiO bilayer samplés,=80 and 15 Oe, fig|ds along the easy axi&) and (c), and along the hard axigh)
re§pectlvely over a range of external flglds applied along the easy,pnq (d). The parameter values used are modulation dept0.6,
axis. (b) and(d) Corresponding hard axis traces. recovery timer,~ 100 psec, and the damping constant0.04 and

0.02, respectively.

a range of applied external field values, emphasizing the con-
tribution due to magnetization dynamics in two photoexcitedé, (t) mentioned above. For example, in full negative satu-
NiFe/NiO bilayer samples, withl,,=80 and 15 Oe, respec- ration where optically induced magnetization rotation/
tively. These samples span a substantial range of exchang@itching is not possible, thé,(t) time traces show a very
bias fields among a set of four samples studied by us, the twehort <1 psec initial hot spin transient and a decay up to
other bilayers having values,,= 100 Oe(the structure sub- several hundred psec, as already shown in Ref. 7, yielding
ject of Ref. 3 andH.,=37 Oe. The external bias is applied information, e.g., about the spin-lattice relaxation. Further-
for both the easy and hard axis directions, respectively. Thenore, as this contribution is independent of the applied field
data exhibit the characteristics feature of damped oscillato first order, it could be subtracted out to enhance the vis-
tions, which emerge from the “hot spin” backgrouridne ibility of small amplitude oscillations such as for the easy
electron occupancy contributipand dominatedy (t) over a  axis case of Fig. @).
finite and specific range of magnetic fields, yielding the In the limit of full saturation, the data of Fig. 2 is very
components of the magnetization vectoM ,(t)/M for the  similar to that obtained on NiFe thin-film control samples,
easy and hard axis cadess defined by the geometry in Figs. forming the basis of analyzing spin relaxation processes
1(c) and 4. The oscillation period as well as the amplitude within a simplified three temperature mod&t! Qualita-
of oscillation is a function of bottH, and H,,; the first  tively, we note that in the easy axis configuration there is
maximum can be reached in about 140 psec for the highdarge energy barrier to be overcome before magnetization
exchange bias sample. The companion figlsig. 3) shows can rotate towards a well-defined second energy minimum
the results of a model calculation for the two samples, defthe two minima directed either parallel or antiparallel to
scribed with detail in Sec. Ill. We defer commentary aboutH,). On the other hand, for the hard axis configuration no
the damping constant and its dependencédgpto this sec-  such energy barrier needs to be overcome. Hence the direc-
tion as well. While the magnetization oscillations are pro-tion of M can rotate towards a favorable new energy mini-
nounced over a specific range of external fields, we did makenum upon the modulation of the exchange coupling over a
measurements over the full field range from negative to posiwider range of field, as discussed below. It is also worth-
tive magnetization saturatiort M for the full set of four  while to note the larger amplitude of the contribution by
samples of differingH.,. This was also helpful in explicitly coherent magnetization rotation @} (t) when the external
measuring the hot spin occupancy factor contribution tdfield is applied along the hard axigs the easy axjs This is
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especially evident in Fig. 2 for the sample with a smallermence. Case 2: The external field is applied parallel to the
exchange bias field15 Og. Consistent results have been exchange biagso thatMIH,, i.e., §=0°). This is a con-
measured in another sample with relative small exchang@guration where maintaining a parallel magnetization re-
bias H.,=370e). In the spirit of the LLG equations ap- mains always energetically favorable, hence no magnetiza-
plied next, these observations are consistent with the ideion switching is possible. These predictions are consistent
that the magnetization vector can be subject to more effeawith our experimental results, including the qualitative shape
tive precessional switching by a torque applied by a pulsedf the transient Kerr hysteresis loopSimilar argument can
field oriented at a large anglg@referably perpendiculato  be also made for the hard axis case, except that now the
the initial direction ofM.> magnetization vector can rotate towards the direction of its
An additional consistency check concerning our basimew in-plane energy minimum upon the modulation of the
premise about photoinduced transient magnetization rotatiorxchange coupling for all directions of the applied field due
launched by exchange bias modulation in the NiFe/NiO bito the lack of energy barrier.
layers, was provided by two types of reference samples. First
of these was a NiFe/NiO bilayer piece from the same wafer, B. Landau-Lifshitz-Gilbert equations
whose exchange bias had been intentionally quenched prior

to the experiment by thermal annealing. The second refer- We now refoc_:us_on the t_emporal details of t_he optlcally_
ence sample was a 100-A-thick NiFe single epitaxial |ayer|nduced magnetization rotation such as shown in the data in

In neither type of reference sample did we observe the dis]—:ig' 2. As already noted, the temporal shape of the photo-

tinct oscillatory time-dependent features of Fig. 2. modulated exchange bias figtt,,(t) consists of a fast initial
rise time, on the scale of about 1 psec, due to the rapid

unpinning of the exchange coupling by optically excited in-
Il. THEORETICAL CONCEPTS AND MODEL terfacial spins. Subsequentli.,(t) returns to its equilib-
A. Energetic considerations rium state, with a time constant approximately given by the
_ o ) _ _spin-lattice relaxation, or spin “cooling” timgFig. 1(b)].
~ One physically intuitive viewpoint about the magnetiza- transient Kerr measurements, performed on quenched NiFe/
tion switching induced by the optical modulation of the ex- i bilayers and NiFe thin films suggest that this time con-
change coupling, or “unpinning” the exchange bias, can besiant is approximately,~ 100 psec for NiFe at room tem-
developed from a simple energetic argument when considefseratyre for our experimental conditions. If the observed
ing the ftotal energy of the exchange coupled bilayeny,agnetization modulation is due to coherent rotation of local

system.” As detailed elsewherethe total energy includes oments defined by each AF grain, the time dependent driv-

three contributions. The first of these is the unidirectionaling term in the relevant dynamical equations of motion is

anisotrqpy energy dye to the exchgnge coupling across tfrovided by H(t). The energy arguments that were
FM/AF interface, while the second is due to the combinedgyetched in the preceding section imply that, given the dis-
uniaxial bulk magnetocrystalline anisotrop, and the  gnhearance of the barrier for magnetization reversal within
uniaxial interfacial anisotrop), of the FM layer. The third {7 hsec, the magnetization will be subject to its switching
contribution is from the Zeeman energy. The magnetization,ards an energetically favorable new direction. For a co-
state of the exchange coupled FM layer is determined by thgq ant rotation process, the actual dynamick¢f) are gov-
energy-minimum configuration of the total energy, which is o by the torque applied by the time-varying total effec-
a function of the magnetization direction, applied field, 46 magnetic field. Coherertmacroscopis magnetization
uniaxal anisotropy, as well as the exchange bias. dynamics are most commonly approached via the LLG equa-
In the transient experiments conducted here, the pumgang of motion, written in the usual case of a time varying

laser pulses create a nonequilibrium condition across th@xternally applied, spatially uniform magnetic field as
FM/AF interface, which modulates the exchange coupling

between the ferromagnetic and antiferromagnetic spins. As (14 42) dm
noted, the process is equivalent to generating a time-varying T ar
exchange bias fieltH(t), sketched schematically in Fig. Y 1)
1(b), whose temporal details determined by the relevant spin

relaxation processes. Two special cases are particularly illus- \ye apply this formalism to study the details of the oscil-

trative. Case 1: _The exte_rnal field is_applied antiparallel tolatory behavior of thed)(t) traces in Figs. @) and (b). We
the exchange bias but with an amplitude smaller tRaR  hsert g total effective field into the LLG equations of the
such that the initial magnetization is set antiparallel to they,

applied field[i.e., #= —180° in the sketch of Fig.(t)]. By

modulating the exchz_inge coupling only, the relative energy Ho(t)=Ha+Hp+ Hy+Hex(1), )
(i.e., the energy barrigifor the two stablgparallel or anti-

paralle) magnetization states is varied, as shown in Ref. avhere the static applied field has the componeHts
for a specific set of real sample parameters. With a sufficient (0,H sinB,H,cospB), a uniaxial anisotropy fieldHy
(transient decrease iH.,, the state for parallel magnetiza- =(0, 0,Hk cosé), and an effective demagnetization field
tion (#=0°) becomes energetically favored over the antiparHp=(—47My, 0, 0) due to the shape anisotropy of the FM
allel (§=180°) configuration. The simple adiabatic energeticthin film. The coordinate system is defined in Figc)1 and
consideration cannot, of course, predict the actual pathway ttwllows that of Ref. 6. The thin film lies iy-z plane and the
magnetization reverséé.g., by coherent magnetization rota- easy axis is taken to be along thelirection, with 6 as the
tion), only that the conditions are appropriate for this to com-angle between the magnetization and easy axis, vithilés

=—(MXHp+ [MX(MXHr)].

o
My
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(b) nant role in determining the dynamics lgf(t) on a picosec-
N S—— ond time scale. The switching process is dominated by the
| ] precessiorii.e., coherent rotatiortriggered by the impulsive
total magnetic field. On the scale o100 psec, the ex-
\ ] change bias field recovers and the coherent rotation is
V damped out through spin-wave generation and coupling to
0 Sfﬁmel‘z(g’seg"“ 2000 the lattice system of bilayer. We return to the subject of

damping shortly.

The results of the LLG model -calculations for
AM,(t)/Mg for the two particular NiFe/NiO samples, with
He,=800e, andH.,=150e H;=9 Oe), respectively,
were already shown in Fig. 3 over a specifically chosen
range of external fields applied along the easy and hard axes,
respectively. The calculations assumed a modulation depth
m=0.6. When compared with the experimental data of Fig.
2, a quite satisfactory fit is obtained for the overall damped
in the typical LLG calculation. The initial direction &l is directed oscillatory behav'or' The Osc'llaj['on period is as Short as 250
along thez axis. M is subject to a damped rotation with a large PS€C for the higher exchange bias sample, for which the best
component and a finitéout-of-plang x component indicated sche- OVerall fitting is obtained by choosing the recovery time for

matically in(a). The transient modulation of trecomponent, mea- exchange. coupling be eqU?' Q=100 psec find damping
sured by experiment, is projected out explicitly (), while the ~ constant in the LLG equations af~0.04, with no other

contour plot for the time evolution d#l in the x-z plane is shown adjustable parameteré/Ve address the values of for the
in (c). other samples in the next sectjoin contrast, the presence
of smaller amplitude oscillations with a considerably longer
applied at an anglg8 with respect to the easy axis. The period (~700—-800 psecin the time traces for the sample
optically induced modulation of the exchange bias fieldwith He,=150e can be readily understood by noting the
which is entered as a time-dependent single exponential drivsmaller dynamical driving force which induces the magneti-
ing term with a modulation deptim [Fig. 1(b)], of the form  zation rotation. For example, for positive applied fields from
about zero to about 30 Oe along the hard axis, the amplitude
HEx(t)={0,OHEX[1—m-eXIO(—t/to)]}- ©) and period of oscillations in the time-resolved Keg(t)
traces continues to increase dramatically in this sample.
The rise time ofHg(t) is approximated as a step function Maximum amplitude is reached &t,= +28.5 Oe, with the
and the relaxation timey~ 100 psec corresponds to the em- magnetization rotation angle corresponding to about 45 de-
pirical spin-lattice relaxation time at the FM/AF interface grees and an oscillation period of nearly 700 psec. This con-
extracted from our experiments, as already described. dition corresponds to a “critical” procession condition when
Figure 4 shows a pictorial view of the typical LLG simu- the external field is applied along the hard axis with an am-
lation of the dynamical magnetization rotation process. Theplitude H, equal to the total effective anisotropy field, while
initial direction of the magnetization vect®f is taken along the magnetic system is subjected to a pulse magnetic field
thezaxis(in the plane of the thin film Following the photo-  applied perpendicular to the hard axis. When the applied
induced change in the exchange bias field at a tim8, M field is increased further, both the amplitude and the period
is subject to a damped rotation with(potentially larg¢ y  of the coherent magnetization rotation decrease. While such
component and a finiteout-of-plang x component indicated behavior is well known in studies of magnetization rotation
schematically in Fig. @). The transient modulation of tte  on a slower time scale in pulsed external fields, its observa-
component is projected out explicitly in the Fighf while  tion here illustrates the consistency of our interpretation that
the contour plot for the time history of the magnetization inthe experimental measurementjf(t) is indeed due to the
the x-z plane is shown in Fig. (4). In our experiments, the optically induced coherent magnetization rotation process.

M, / M

FIG. 4. lllustration of the trajectory of the magnetization vector

longitudinal Kerr effect geometry projects out ta@ompo- ~ We note that a somewhat better fitting with the LLG
nent of the time-dependent magnetization vector, the data imodel to the experiment is obtained in the hard axis case,
Fig. 2 giving a measure afM,(t)/M,. both in terms of matching the oscillation period and the

The “histograph” of Fig. 4 has an intuitive physical in- damping at a given applied magnetic field. This observation
terpretation. Following the fast photoexcitatigwhich re-  might reflect the nature of the numerical approach to solving
leases the exchange pinning figlthe total effective time- the LLG equation. The equation is usually set up for the
varying field begins to rotate the magnetization out of thestudy of magnetization reversal in such a way so as to be
plane. The demagnetization field is initially ineffective in the very sensitive to the initial conditionghe tipping angle for
absence of an out-of-plane component. However, once a fiv), especially when the total time-varying field(t) is
nite M, develops, a demagnetization fiett}, will be gener-  applied antiparallel to the initial magnetization. In our case,
ated in the+x direction so thaM will now precess around we takeH,(t) as being single valued, and hence averaged in
the total effective field, including a finitd, , towards a new terms of ignoring the details of any microstructure at the
equilibrium position. We emphasize that the combined presexchange coupled interface. With this in mind, it is pleasing
ence of the demagnetizing field and the extremely short riseo see how the model supports at least semiquantitatively the
time (10 3sec) of the effective pulse field play the domi- physical picture in which the photoinduced modulation of
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versible magnetization reversal by a single laser pulse.

0 20 40 60 80 100 . .
o magnetic system is dissipated through the exchange coupling
Exchange Bias Field Hex ( Oe ) between ferromagnetic and antiferromagnetic spins. The lat-
FIG. 5. The dependence of damping constardn the magni- ter pr(')V|de. a channel of d|§S|pat|0n into the AF lattice Sys-
. tem via spin-lattice relaxation. Thus the exchange coupling
tude of the exchange coupling. . - . BTN
provides an additional means for magnetic energy dissipation

] o when compared to a ferromagnetic single layer, where the
Hex provides the system the possibility for spontaneous magmain channel of such dissipation is confined to the spin-

netization reversalby a simple energy argumertiut where  |attice relaxation in the ferromagnetic layer. A more detailed
the temporal details of the magnetization dynamics are govreatment of the damping dependence is likely to require
erned by driven equations of motion, with,(t) as the  mjcromagnetic modeling with the inclusion of magnon inter-
time-dependent “power supply.” We note that current mod-mediated scattering processes and consideration of the mi-
els of the exchange bias emphasize thyy is controlled by  crostructural details across the interface, features which are

pronounced effects due to local texture on the “mesoscopicheyond the scope of the present paper but subject to future
grain size scalé® The microstructure at the NiFe/NiO inter- \ork.

face defines a key spatial scale in the present problem, bridg-
ing between the atomic scale associated with the optically
induced spin excitations and the macroscopic magnetization

which is measured vi#@,(t) in our experiments. In summary, we have explored systematically the ul-
trafast, optically modulated magnetization response in a fer-
romagnetic thin film, unidirectionally exchange coupled to
an antiferromagnetic layer. The central theme of this paper
has been to show that optical excitation of hot electrons and
The value for the damping coefficieni, obtained from their spins in the vicinity of the FM/AF interface results in an
the fitting of the Landau-Lifshitz modeling of the experimen- ultrafast “unpinning” of the exchange coupling which leads
tal data is significantly higher for all our NiFe/NiO samplesto coherent magnetization rotation on a picosecond time
than reported for single permalloy filmsr(0.01) 23 Fur-  scale. We have investigated the magnetization dynamics ex-
thermore, the experiment indicates a strong dependenee ofperimentally in some detail and shown how the data can be
on the magnitude of the initial exchange bias. The micro+easonably well matched with the dynamical Landau-
scopic interpretation ofr is complicated by the coupled na- Lifshitz-Gilbert equations. The dependence of the magneti-
ture of the FM/AF bilayer system, which provides an extrazation dynamics on the external magnetic field and exchange
channel for magnetic energy dissipation. From the LLGcoupling strength has been studied systematically, so that a
equation fits, we have extracted the phenomenological dampather complete picture of the phenomenon has been ac-
ing constanta for the set of four exchange bias samples.quired.
Figure 5 shows the dependence @fon the exchange bias The approach described above shows that it is possible to
field, where a nearly linear relationship seems is appdeent study fast magnetization dynamics on a picosecond time
value for NiFe film is added for comparisprRecently, fer-  scale without the need to generate external pulsed magnetic
romagnetic resonancé~MR) experiments have been per- fields. Hence the photoexcitation approach provides a possi-
formed on exchange coupled ferromagnetic thin films, withbility to very high-speed control and coherent switching of
the discovery that their resonance linewidth is significantlymagnetization through microscopic access to spins in any
larger than that in permalloy single lay€rAlthough the suitable exchange coupled system, transcending the limita-
magnetization precession in a FMR experiment representstéons imposed by macroscopic magnetostatic energetics such
very small perturbation of the system, in strong contrast tas domain wall motion. Due to the noninvasive property of
the experiments described here, the trend for an increasdbe optical technique, our experimental method could pro-
damping constantr is nonetheless similar. For a rough vide interesting approaches, for example, to the characteriza-
physical argument, one notes that during the coherent magion of the switching dynamics of the GMR spin valve or
netization rotation, part of the magnetic energy of the ferroimagnetic tunneling junction sensors. Finally, the extension

IV. SUMMARY

C. Damping of magnetization oscillations:
Dependence on exchange bias
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of the experiments to exchange coupled magnetic systen(s-1 p9 regime of magnetization reversal, or whether the
with larger built-in unidirectional fields opens up the possi-microscopics of the magnetic system choose diffe(timte-
bility for inducing full magnetization reversal by single laser dependentenergetic pathways to accomplish the magnetiza-
pulse nonthermally and irreversibly. Such a tantalizing prostion switching. Of course, the stability of such a reversed
pect is illustrated in Fig. 6 which shows the result of a LLG magnetization may also be subject to other energetic consid-

equation simulation for a bilayer witH=250Oe, a value erations on a longer time scale, such as those imposed by
which is accessible within a number of exchange biased hetnagnetic domains.

erostructures. The reversal is predicted to occur in less than
100 psec and drops te-10 psec for very high exchange
bias/coercivity media~1 KOe), according to the model.
This regime may be of corollary interest to data storage ap-
plications as well. On the other hand, it raises the question This research was supported by National Science Founda-
whether the LLG model remains valid in such an ultrafasttion Grant Nos. DMR-970159 and DMR-9871213.
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