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Detection of coherent and incoherent spin dynamics during the magnetic
switching process using vector-resolved nonlinear magneto-optics

T. J. Silva,? P. Kabos, and M. R. Pufall
National Institute of Standards and Technology, Boulder, Colorado 80305

(Received 27 March 2002; accepted for publication 29 July 2002

It is usually assumed that magnetic switching proceeds via coherent rotation under conditions of
high symmetry. There is na priori reason to expect an inhomogeneous response when a uniform
magnetic torque is applied to a homogeneous ferromagnet. We test this assumption using vector-
and time-resolved nonlinear magneto-optic measurements on a continuous Ni—Fe film. While
coherent dynamics are observed when the magnetiziti@ninitially oriented along the easy axis

(the preferred axis df1 in the absence of external fieldsve find evidence for inhomogeneous spin
dynamics whemM is initially oriented perpendicular to the easy axis, which suggests the generation
of incoherent spin waves during the magnetic reorientation process. The inhomogeneity is sufficient
to reduce the spatially averaged magnetic moment within the measured area by almost 50%.
[DOI: 10.1063/1.1508163

We describe a measurement technique that relies uponwee determine the appropriate fitting parameters to provide a
nonlinear form of the magneto-optic Kerr effééto detect one-to-one correspondence between the ellipsometric state of
the time-resolved spin dynamics at the surface of a thin ferthe second-harmonic light and the magnetization compo-
romagnetic film. Using this technique, we have successfullynents parallel ¥1,) and perpendicularNl,) to the plane-of-
imaged the dynamics of the surface magnetization vectoincidence.
when subject to a fast magnetic field pulse generated with a  The polarization angle is measured with a photoelastic
microwave waveguide. A particular strength of the vector-modulator and lock-in amplifier. A photon counter is used to
resolved measurement is the ability to verify the homogenemeasure the second harmonic intensity, with typical yields of
ity of the spin dynamics during the switching process. Sur10® photons per second. Integration times of 3—4 h are re-
prisingly, we find that the degree of homogeneity is a strongluired to achieve signal-to-noise ratios fox, and m, of
function of the initial magnetic orientation in a thin metallic 100 and~25, respectively, when acquiring a time trace
film, which suggests that a nonlinear coupling between thvith 100 ps time steps ove 5 nstime interval.
magnetization and spin-wave modes could be a source of 1O determine the dynamic response, the sant@l&0-
difficulty in high-speed switching and the operation of future "M-thick film of Nig,Fe;q sputter deposited on a sapphire
magnetoelectronic devices. substrate 10Qum thick) is subjected to fast magnetic field

Among the numerous methods that exist for the meaPulses, generated by current pulses propagating in an under-

surement of magnetic switching speeds, one of the most usiiNg 450 um wide coplanar waveguide that is separated

ful has been stroboscopic magneto-optical imaging, faciliffom the magnetic film by the sapphire substrate. Thenb

tated by the increased availability of ultrafast lasétghe  laser spotis centered relative to the waveguide width, insur-
second-harmonic magneto-optic Kerr effé8HMOKE) has ing a high degree. of field gn|form|ty at_ the measured region.
been used to measure precessional switching in thin films gfSing the Karlquist equatidnfor the field produced by a

the alloy Permalloy (NjFe;q)." SHMOKE is sensitive to finite-width current sheet, we calculate that the field pulse
the rotation of the magnetization vectdt in Permalloy in magnitude at the sample should vary by less than 1 A/m

response to a slowly swept magnetic fiéllve combine (10°% Oe) over a 25um span near the middle of the wave-

these two capacities of SHMOKE to determine the motion oiguide. Data are obtained with optical sampling methods. The

M in response to a magnetic field pulse. A full description oftIme resolution is “_m'ted to 50 PS by the electronic jitter of
S : . . the pulse generation system, with a commensurate 3 dB
the vector calibration procedure is provided in Ref. 4.

! . . bandwidth of 7 GHz.
Permalloy is an ideal material for these measurements . L
A complete vector description of the magnetization re-

because of its uniaxial anisotropy and low switching fields. . .
o : : . quires measurement of the component perpendicular to the
The uniaxial anisotropy keepd aligned along an in-plane . o
film plane, or M,. However, the precessional motion is

easy axis in the absence of an applied field. Application of g ..\ o listical for the films under study, with an ellipticity

dc magnetic field in a direction orthogonal to the easy axiSy 40 M. /M. ~0.02. Therefore we assumd.~0 for the

or “hard” axis, rotates the magnetization in a Cominuousvectoriazl an):allysis of the data. z

fashion into the field direction. By calibrating the SHMOKE An important feature of such vectorial measurements is
signal in response to a slowly swept magnetic field and fity,e apjlity to determine the coherence of the magnetic re-
ting the data to conventional models of uniaxial anisotropy, sponse. If all the spins that contribute to the magnetic mo-
ment within the measured spot do not precess in phase with
dElectronic mail: silva@boulder.nist.gov each other, there must be a net reduction in the average
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02 L 4 FIG. 2. Time-resolved SHMOKE data for Permalloy with a dc bias field
Hp=320 A/m (4 Oe applied orthogonal to the anisotropy axtsansverse
0 ) 1 ) e L biag and a step pulse of 1.2 kA/ifi5 O€ along the anisotropy axis. The
0 0.5 1 15 2 2.5 3 step pulse duration is 2 ns. A trace of the step wave form is superimposed on
. the data as the dotted curve (@. The sample is identical to that used to
Time (nS) obtain the data in Fig. 2. Both the time trace(a¥ the in-plane angl# and

(b) the magnituden=M/M; are plotted with solid dots#=0 is defined as
FIG. 1. Time-resolved SHMOKE data for Permalloy with a dc bias field the initial orientation ofM in the direction of the applied bias field. Addi-
H,=80 A/m (1 O¢ applied along the anisotropy axis and an orthogonal tional magnitude data are shown for dc bias fields of 480 Abdpen
step pulse of 1.2 kA/nf{15 Og. The voltage wave form of the microwave squaresand 640 A/m(open circles The data fom show a pronounced dip
pulse used to excite the sample is shown as an ins@)irBoth the time  that recovers on a time scale of a few nanoseconds. The depth of the dip is
trace of(a) the in-plane angl® and(b) the magnituden=M/Mg are shown.  extracted by exponential fitting to the data. The datadfare fitted to the
0=0 is the direction of the applied bias field. The field geometry is shownclassical LLG equation of magnetic motion with poor results.
as an inset inlb). The data ford are fitted to the classical LLG equation of
magnetic motion with reasonable results.
uniform over the volume of the illuminated sp@xcept for
2o . L a slight dip att=1.2 ns), even though the magnetization is
moment. It is a fundamental assumption in the derivation of  jer40ing large-angle precessional motion. In this case, fit-
the Landau-Lifshitz—GilbertLLG) torqu%e equation tha¥l g of the data with LLG is reasonably justified and permits
is uniform over the volume to be modele@oherence at the unambiguous extraction of the phenomenological LLG

experimental length scale is crucial to the validity of Usmgdamping parameter=0.016, in agreement with previously
the LLG equations to fit dynamics in ferromagnetic systemsaasured values.
Presumably, LLG could be used to simulate the dynamics at  ap glternative measurement geometry can be achieved
a finer length scale than our measured spot through the use g{, rotating the sample by 90°, so that the magnetic field from
micromagnetic modeling methods-owever, such an indi- the waveguide is oriented along the film's easy axis. The dc
rect extraction of dynamical parameters such as the dampingjas field is then applied along the hard axis to rotate the
constant is no longer trivial and is subject to the details of thenagnetization toward the hard axis. The magnetization is
numerical simulatior® It is therefore imperative that one aligned parallel to the hard axis if the bias field is equabto
ascertain whethel responds uniformly in a given experi- greater thanthe anisotropy field oH,=320 A/m (4 Oe.
mental geometry before one can directly extract the LLGWe applied a hard-axis bias field,, of at leastH,. This
damping parameter from the data using a single-domairevents any possibility that the switching process may pro-
model. ceed via a process of nucleation and growth of domains, a
We first measured the magnetic response of our samplgotoriously irreproducible mechanism for magnetization
to a slowly swept field applied along the hard axis. The relateversaft' We then apply a field pulséf the same magni-
tive magnitude of the magnetizatiom=M/Mg remained tude used to obtain the data in Fig. dlong the easy axis
constant at its saturation valyithin error bars of+7%)  with the resulting response shown in Fig. 2. The magnetiza-
during the field sweep, as expected for coherent rotation ofion response is highly incoherent: the magnitude of the mag-
the magnetization under adiabatic conditions. The dynamigetization is no longer constant during the switching process.
response for this sample, in this particular field geometry, igdnstead,m dips to almost 50% of saturation within 1 ns after
similarly uniform, as shown in Fig. 1. Here, the sample isthe onset of the field pulse. Similar behavior was observed
subjected to a field pulse of 1200 A/h5 O¢ along the hard  when the measurement was repeated at other locations over
axis. The field pulse has an onset time of 150 ps and duratiothe waveguide center conductor. We therefore conclude that
of 2 ns. A dc field of 80 A/m(1 Oe is applied along the easy a single-domain LLG model is not appropriate to character-
axis to provide a preferred direction fbt. By doing so,M ize the average dynamics of the measured volume in this
should return to the same initial direction following termina- configuration.
tion of the field pulse. The magnetic response is spatially = The turbulent magnetic state that reduces the measured
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0.6 . . . . . i =320 A/m (4 Os9. Indeed, the dependence on field ampli-
tude is highly nonlinear, implying that nonlinear spinwave
0.5 * } 1 generation is the reason for the observed reductiom.of
<041 * 3 Micromagnetic simulations for the case of negligible intrin-
E * sic damping have predicted such nonlinear effects when
g 03} 1 large-angle magnetic reorientation is induced with an applied
t
- 02l { | field pulset’
+ + Nonuniformities in the pulse field near the edges of the
0.1} . waveguide could spawn spin waves that propagate toward
0 \ \ , , \ \ the region where the measurements are made. For magneto-
0O 02 04 06 08 1 12 14 static surface wave mod@sin a 50-nm-thick film andk
04 1
=10"cm *, the calculated group velocity isy=1.4
Hp (Alm) X 10* m/s. The requisite time for such a spin wave to propa-

_ o _ _ gate from the edge of the waveguide to the measured spot is
FIG. 3. Maximum reduction im=M/M as a function of pulse amplitude. - o rafore 16 ns, making it unlikely that waves generated at
For the vertical axismy,, is the minimum value ofn during the dynamic h . ' | . h
response to the field pulse. the waveguide edge would contribute to the observed reduc-

tion of m.

. . . . In conclusion, we find that the large-angle dynamic re-
moment is the result of spin—spin relaxation processesyientation of magnetization at precessional time scales can
which give rise to spin-wave modes. The spin Wi‘\l’es IN qU€Syccur coherently or incoherently, depending on the initial
tion must have wave numbers in excess of 80! tore-  grientation of the magnetization relative to the anisotropy
duce the spatially averaged valuerofwithin the measured  axjs. While the fitting of time-resolved magnetodynamic data
spot. Because the applied field pulse is highly uniform ovegyith LG is a common means of analysis for the extraction
the volume of the measured spot and the sample is preparef relevant material parameterd our vector-resolved results
in a coherent initial state, the magnetic response must exhibiiearly show that the actual magnetization dynamics can dif-
uniform precession !mmgdlately after the appl|gat|on of thefer significantly from the coherent response presumed by
pulse. With increasing time, however, the uniform mode| | G, when the dynamics are coherent, fitting of the data
breaks down into nonuniform excitations, characterized byyith LLG is valid. Even when the dynamics are not coher-
wavelengths shorter than the illuminated spot. This results ignt we find that the magnitude &1 is still amenable to
a reduced measurement ai. In turn, these nonuniform gnajysis. This permits the determination of the longitudinal

mk())ldes decag via a variity of possible mecr:janisms. Th‘la Fc)j‘)?elaxation timeT , that describes the decay of incoherent spin
sible  mechanisms for spin-wave ecay include ithi _
magnon-phonatf and magnon-electrdhscattering. The re- wave modes within the sample
covery of m to unity in Fig. 3 occurs with a longitudinal
relaxation time off;=1.1 ns. This is the time scale required | _ .
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