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Ultrafast nonequilibrium spin dynamics in a ferromagnetic thin film
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An ultrafast time-resolved magneto-optical pump probe is applied to study spin-relaxation processes in a
ferromagnetic CoRtalloy film. Following spin-selective photoexcitation with circularly polarized femtosecond
pulses, transient Kerr ellipticity tracks the evolution of the nonequilibrium spin system. We isolate two distinct
processes: a subpicosecond component due to the relaxation of coherently spin polarized electrons, and a
slower component~10 pse¢ associated with the evolution of the thermalized spin distribution and the
photoinduced transient magnetizatip80163-18208)50702-3

Fast processes associated with changes in the magneMO recording application$. Two distinct timescales are
properties of ferromagnetic media are of both fundamentalound to characterize the spin dynamics. On a subpicosecond
and applied interest. Experimentally, transient magneticimescale we measure the relaxation of hot, nonthermal spin
fields have been applied to switch the magnetization by subpolarized(i.e., spin coherentelectrons. The second, slower
nanosecond current pulses in ferromagnetic médiimthis  process involves the equilibration of a thermalized gas of
case macroscopic constraints on the magnetization vectdwarm” (disordereglspins and the associated transient mag-
dominate its dynamicgédemagnetization and anisotropy en- netization on a timescale of 10 psec.
ergies. In another limit, photoexcitation of a magnetic me-  Either the polar Kerr rotatiody or the ellipticity ex can
dium can create hot, nonequilibrium electrons and spins, sbe measured to characterize thin MO films with perpendicu-
that the magnetic response is modulated at a microscopiar magnetization. Both are related to the off-diagonal com-
level (exchange energy Quite recently, efforts have ponent of the conductivity tensar,,= oy, +i0opy, SO that
emerged that apply ultrafast time-resolved optical techniqueg, =< C,0,,— C10,y,, While o,y in turn is proportional to
to magnetic metals. Vaterlaust al®> used time-resolved magnetization and the net spin polarization of the medium.
spin-polarized photoemission to estimate a spin-lattice relaxFor our pump-probe experiments the measurement of tran-
ation time for Gd to ber~100 psec, near their experimental sient Kerr ellipticity yields a simpler scheme and a superior
resolution. Beaurepairet al® studied the relaxation pro- detection sensitivity. The experiment employed second har-
cesses of electrons and their spins in Ni on a picoseconghonic generation from a mode-locked Ti:sapphire laser pro-
timescale and interpreted their results in terms of an effectivelucing approximately 150 fsec pulses at a repetition rate of
temperature model for the coupled spin-electron-lattice sysf6 MHz at a wavelength ok=435 nm, chosen to ensure
tem. These experiments are an extension from the study @xcitation conditions such thaiw=~2.85 eV>A,.,, the
hot electron dynamics in nonmagnetic metals where an imelectron exchange energy in CgRuarter waveplates con-
pulse of photoexcitation displaces electrons from equilibtrolled the circular polarization for pum@d5 mW) and probe
rium, and their subsequent relaxation is studied stroboscop(0.5 mW) beams, focused to a 1Q0m spot on the sample,
cally with time-delayed probe pulses. In this manner,for studying pump induced changes in the reflectivity under
information about electron-electron  scattering  andthe four RCP/LCP pump-probe combinations. The measured
thermalizatiorf, electron-phonon interactiohand hot elec- changes in the probe reflectance yielded the transient Kerr
tron transport has been obtained, typically on simple metalsllipticity (TEK) from Aex=(AR/R) cp— (AR/R)gcp. A
(e.g., Ag, Al, Au. resonant detector with frequency down-conversion lock-in

In the work reported here, we obtain considerable additechniqué allowed us to reach near shot-noise-limit to mea-
tional insight to the microscopic spin dynamics by ultrafastsure photoinduced changes via TKE for rf amplitude modu-
optical approach by setting up selectivelyspin-polarized lated pump beam.
photoexcited gas of electrons in a ferromagnetic metal film The 20 nm thick CoRtcrystalline film was grown by
on a timescale of 10" sec. The film possesses perpendicu-molecular beam epitaxy on a transparent, amorphous sub-
lar magnetic anisotropy which facilitates such spin specificstrate(ZrO,/glass.® The film shows perpendicular magnetic
excitation, applied at a modest level 10*® photoelectrons — anisotropy with a large Kerr rotatiof® ,~0.1°), exhibiting
per cn?) so that the system overall is weakly perturbed. Thenearly 100% remanence with a coercivit=1.6 kOe and
transient magneto-opticéO) response is then recorded via saturation fieldH ~3.5 kOe (inset of Fig. 4. For the thin
the Kerr ellipticity. As a model system we use the GoPt epilayer, the fsec photopumping produces a spatially homo-
alloy which has been introduced as a candidate material fogeneous excitation across the film. Figur@)lshows the
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optically induced transient reflectanc®R(t)/R in the four  contribution reflects the evolution of theermalized(disor-
pump/probe circular polarizations at room temperature in amlered spin population expressed asex,=[A ek (t) rcppump
external field ofH=4 kOe (i.e., well into saturation As a  +Aex(t) cppumd/2. The difference trace in Fig. 2 yields a
check, reversal of the field produces a wholly symmetric setlirect access to th@onthermal i.e., coherent spins from
of traces with the LCP/RCP senses reversed. The transieQ ex) nont=[ A €k (t) rcppump A €k (1) Lcppumd/2. Due to the
reflectance shows features on a shoertl pse¢ timescale preferential excitation of majority or minority spins by a cir-
which are associated with hot electron/spin phenomena. Theular polarized pump via an electric dipole transition, we
slower variations include a large contribution from lattice create at=0 an initial distribution of hofi.e., nonthermal-
heating (via the photoelastic effegtfollowing the energy ized electrons with finite net spin polarization. The differ-
transfer from the hot electrons into the lattice, which resultsence trace 4 ex)nontn in Fig. 2 is proportional to this polar-
in a transient strain in the Coffilm. Such “picosecond ization. The energetic spins thermalize by spin-dependent
ultrasonic” effects in normal metals have been studied byelectron-electron scattering processes, a feature that has not,
Chuet al? and feature a characteristic oscillation due to mul-to our knowledge, been previously directly measured in a
tiple reflections of the traveling strain pulse from film/air and magnetic metal. From the data of Fig. 2, the decay time of
film/substrate interfaces. Two cycles of such oscillations canhe nonthermal spin distribution can be obtainggk=600 fs.
be seen in Fig. B (the periodicity is related to the ultra- On the other hand, the risetime of the pump polarization
sound velocity in CoRj. While the thermoelastic contribu- independent trace in the figure correlates with the increase in
tion can dominate the photomodulated reflectance for thirthe effective spin temperature of a thermalized spin distribu-
metal films, it is insensitive to circular polarization of the tion: 7y~ of 1.6 ps. This value is distinctly longer than the
probe beam and to an external magnetic figldsuming a (spin-independentelectron thermalization time,~ 700 fs
negligible magnetostrictiorand is easily subtracted out from which we obtain from the *“conventional” transient reflec-
the data. However, it provides a useful measure of the latticeance data. The subsequent decay\ef(t), after the hot
heating and cooling rates of the CgHitm. electrons have transferred their energy to the lattice, is domi-
The bottom traces of Fig.(f) show how TKE is obtained nated by the heat transport to the substrate with a decay time
from the differential reflectivities for opposite circularly po- of approximately 180 pse¢This process controls the speed
larized probes (at fixed pump polarization Aex of conventional “thermomagnetic” writing in MO record-
=(AR/R) cp— (AR/R)rcp This gives us direct access to ing). Nonetheless, we can extract important information
the spin and magnetization dynamics. The gpim, circular  about the spin and transient magnetization relaxation pro-
polarization independentontribution can also be obtained cesses, as discussed below. Figure 3 shows the behavior of
from the data asARy/Ry=[(AR/R) cpt (AR/R)gcpl/2.
Analysis shows that the thermoelastically dominant signal 400 T T T T
reaches maximum in approximatety-6 psec, indicative of 350
the energy transfer rate from the electrons to the lattice
(electron-phonon interactiopn We also identified a faster,
purely electronic optical responge~700 fseg which corre-
sponds to the initial thermalization time for the hot electron
bath® Details of the spin independent hot electron dynamics 1.50
in CoPt and related alloys will be described elsewhere. 1.00
The measured TKE is distinctly dependent on the sense of
circular polarization of the pump and also influenced by a
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magnetic field. The pump polarization dependence is illus- = (D2-D1)i2
trated in the upper traces of Fig. (@t H=2.5 kOsg. For 080 e e
further identification of the spin dynamics, it is useful to take 0 2 4 6 8 10 12 14 16 18
both theaverageand thedifferencein the Kerr ellipticity for Time (psec)

the RC.P and I.‘CP pump_excnatlons, as shown by th? lower FIG. 2. Dependence of the transient Kerr sighal (t) on pump circu-
traces in the figure. We Interpret the§e t.WO _Cont”buuons afr polarization(upper tracesand the contributions by thermalizédon-
follows. The averagdi.e., pump polarization independent equilibrium) and nonthermal spingower traces
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the thermal and nonthermal components of the TKE for ascattering ratg8=G../Cs is proportional to the strength of
range of magnetic fields. While the nonthermal component ishe electron-spin coupling, witls as the heat capacity of
independent of the field, there is a finite field imprint on thethe spin reservoifthe electronic heat capacity is denoted by
thermalized component. Co).

The physical processes in the data of Figs. 2 and 3 repre- For perturbative  effective  temperature changes
sent complex time-dependent behavior within a nonequilib{AT,,AT,<T,, the ambient temperatureC,, C,, and G,
rium system composed of three coupled degrees of freedorare approximated as constants and the differential equations
spin, electron, and lattice. Following the impulse of photo-are linear. Simultaneous solutions yield the following time
excitation which creates a nonthermal electron and spin disdependences for the evolution of the nonthermal and ther-
tribution, the electron/spin components thermalize throughmalized spins, respectively:
spin-conservindat a rate~ 1/(7y,) €] and spin-flip scattering
processes, respectively. Energy transfer to the lattice is domi- N H(t)exp( —t/ ), (2a)
nated by the electron-phonon interacti@i a rate~1/7),
which acquires a subsequent transient temperature increase.
In our case, probably not atypical of ferromagnetic metals,

the timescales for these processes span a sufficient rangeﬁlﬂere H(t) is a generalized response functiom,=1/(a
that simplifications can be made in a rate equation approach B), =1 a—BCJIC)=1a-Ge/C), and 7o

to model the nonequilibrium system. Guided by insight from _ U(B+ BCICY) = 1/(Goef Cot o/ Co). From the data of

the measurements, we distinguish between a short time “Tfigs 2 and &) we have already identified, ~ 600 fsec as
. h™

gime (<1 pse¢ where all the excitation remains in the spin . A i
and electronic degrees of freedom, and a longer timescafge decay time of the nonthermal spin distribution. The de

(>1 pse¢ where the electron system has thermalized withc®Y I8 .unsurprisingly. il_mependent of the ex'FernaI magnetic
the lattice(via electron-phonon interactiprand the excited ];I'gladt,irggefgrtrt]ﬁelatr)gﬁdlBItliifhgttifrcrggl?zggesrgi(isz?gt.ri-gnttaion
spins and their associated magnetization relax by interactin : P P ; '
with this reservoir, as measured By, (t). €., 0f (T~ Te), is measured agy,~1.6 psec from Fig. ®).

In the short time regime, defined as°<t<ry, the From 1fe= 1/my,— 17y, we obtain for the electron-spin re-

following rate equations are adapted to describe the evoldfaxat'on time 7es~1 ps. The corr%'lsgondmi% Vallie for the
tion of the nonthermal spin populatidd, interacting with electron-spin coupling i€Ses~5x10"" Wm = K™, mea-
the coupled electron and the thermalized spin distribution sured as an average over a fairly wide energy ra(ﬁgﬁ./)'.
We assume that the latter two can be assigned an effectivehe simple mo_del thus reflects_ an expen_mental ab'“ty. to
temperaturel . and T, respectively: create a short lived coherent spin polarization in the excited

states of a ferromagnetic metal. We estimate that the maxi-

(Te—TgxH()[1—exp(—t/ ) Jexp —t/1eg), (2b)

INg/dt=—aN— BN (19 mum effective spin temperature reached upon spin thermal-
s s s ization is about 50° above the ambient. This compares with
. o 10
CT/t=Go(To—T)+aN., 1b the Curie temperature of Coftf T,~500° K:
sTs edTe=To)+aNs (1b) On a longer timescalé>1 pseg, the data of Fig. @)
CodTo/dt=—God To—To)+ BNq, (10 does not readily lend itself for a simple rate equation analy-

sis. This is partly due to the fact that the slow rate of heat
The quantityaN, describes the heating of the spin gas by thetransport from the film to the substrate dominates the mea-
nonthermalized hot spins a@N, represents the direct cou- sured A ey(t) and leads to ambiguous fits to experiment
pling of the nonthermal spins and electrons. Under our weakom a solution to the coupled differential equations in terms
excitation conditions and to keep the problem tractable, thef effective temperatureBy(t), Te(t), andT,(t) (of the lat-
effective temperature concept is a not unreasonable first ajice). The data does contain a fast compon@tgcay con-
proximation, given the main thrust of our effort, namely to stant ~6 pseg, which reflects the impact of the electron
identify fast spin-dependent processes. The spin dependeanergy relaxation by phonon emission on the coupled spin-
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three distinct contributions{l) a transient associated with
electron-phonon interaction of approximately 6 psec duration
(as already mentiongd(2) a distinctly magnetic field depen-
dent contribution, an¢B) the long tail due to heat conduction
into the substrate of the fully equilibriated spin/electron/
lattice system(as also mentiongd The second contribution
is quite intriguing and we conjecture that it represents a tran-
sient magnetization effecA M (t) ~ AP(t), arising from the
interaction of the thermalized spins locally with the ferro-
magnetic background(M/M ¢ <1). The differential trace in
Fig. 4 isolates this contribution. A possible view emerges
from the analog to the magnetic polaron concept in semicon-
ductors where a localized magnetic impurity exchange inter-
acts with band electrons to form a collective local magnetic
entity! In the present instance, the photoexciigdough
itinerand spins might assume the role of such impurity mo-
ments, assuming that their density and spin diffusion rates
are low enough to validate the polaron model. In zero field,
the thermalized spins define local axes of the polaron and the
FIG. 4. Normalized transient Kerr signal I /ei) at H=4 koe  contribution toAMis minimum[in fact, theH=0 Oe trace
(closed squargsandH =0 (closed triangles and their differencécrosses  in Fig. 4 can be fitted with two time constants corresponding
The inset shows the static Kerr loop for the Cofim. to processes1) and (3) defined abovk The decay of
AM(H) yields a time constant of,,~20 psec, associated

electron-phonon system. Beyond this expected time signé’l’ith the relaxation of this photoinduced m_agn.etizgtion. On
ture, we now focus on the magnetic field dependent feature&?€ other hand, algrude egtlmate f?/g the spin diffusion length

It is important to note that at least two distinct contribu- 9iVes 8s=(2DT2)"*~[2(vE7/3)To]™* (Ref. 12, whereve
tions to the transient Kerr effect can be expected du@)to is the Fermi VeIOCity,T is the Drude-like electron Scattering
changes in théspin-dependeitelectron occupancy factors (7~10"*° sed, and T,~20 psec is the effective spin/
in the excited and groundoint density of states, andb) ~ Magnetization dephasing. We obtaiig~1000 A which is
changes in the local magnetization induced by the photoexarger than the estimated average separation of the photoex-
cited nonequilibrium spins interacting with the ferromagneticcited spins under our injection conditions. Hence the polaron
background_ This can be seen, for examp|e, by Writing thd)iCthe of isolated local clusters, is probably too simplistic,
Kerr conductivity asry,~(s,)Po, where(s,) is proportional ~ though possibly useful in capturing the physical idea of
to the net joint spin polarization in the ground and excitedPhotoinduced transient magnetization. _
states,(s,)~ (NgiNe; — Ny Ne;)/ (Ngi Ne, + Ny N, ), While Py In summary, we have e_r_np_loyed a tlme-res_olved op'FlcaI
. : grel olmelrrt ol ey gy el ; technique to track nonequilibrium spin dynamics following
's proportional to the magnetizatiod (through the spin- fsec photoexcitation. We have identified distinct processes in
orbit coupling; henceA oy /oy, ~A(S,)/(S,)+APy/Py. It P : P

s reasonable 1o assume that prooesslominates the probe [ BTN 8 JHe A RS 2L e B, e and
response in the measurement dfek) onin ON the subpsec pin p g9as,

timescale where photoelectrons are distributed over a Widguggested that the thermalized spins contribute to a transient

energy range. We now suggest that an additional finite COI_‘Emagnetlzatmn effect. These types of experiments can be ex-

tribution due to a transient magnetization component, can b en(fjed dto othe: hog]ogen((jeous aTd T)eterogfer;goui n:jatelrlals
extracted from the data such as in Figb)3 once the elec- ofrf ur: ament? sltu ty’ an dca_n asoh_ehuselu tl'n tl € e‘T"gtn
trons and spins have thermalized to n&ar. This is illus- '([)h ast motlalgne o€ f? roglc evices which selectively explol
trated in Fig. 4 which plota e, (t,H)/e(H)on a semiloga- € spin degree ot ireedom.
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