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Simultaneous Measurement of Surface and Bulk
Vector Magnetization Dynamics in Thin Ni—Fe Films

Matthew R. Pufall and Thomas J. SilMdember, IEEE

Abstract—The dynamics of the surface and “bulk” magnetiza- proven to be an effective tool for the time-domain measurement
tion vectors of a Ni-Fe thin film were measured using the time-re- of magnetization dynamics [6]. In addition, it can be used to
solved second harmonic and linear magnetooptical Kerr effects. measure surface and bulk dynamics [7]. The linear magneto-

Films of 50, 250, and 400 nm thickness were measured. The mag-__.. o
netization dynamics of the surface and “bulk” in response to a optical Kerr effect (MOKE) probes the magnetization over more

pulsed torque field were effectively the same for all thicknesses, in- than an optical skin depttéd;, ~ 20 nm for Ni-Fe), and as
dicating that any induced eddy currents do not appreciably screen such at least partially probes the bulk magnetization vector [8].
the interior of the film from the incident magnetic field at these  The second-harmonic variant (SH-MOKE), on the other hand,
thicknesses. The magnetization angle also showed both a large, faStmeasures only the magnetization of the first few atomic layers
(<1 ns) initial response to an applied field pulse, and then a slower . . .

away from the surface (the surface is where inversion symmetry

(>>10-100 ns) “viscous” creep toward its dc value. Possible mech-¢ .
anisms for these observations are discussed. is broken, and so two-photon processes are permitted) [9]. To

Index Terms—Bulk magnetization, eddy currents, magneti- fully understand Iarge_-an_gle magnetizatiop dypam.ics, one must
zation dynamics, magnetooptical Kerr effect, nickel—iron films, Measure the magnetization vector—both its direction and mag-
surface magnetization. nitude—rather than simply one component, to discriminate be-
tween changes due to inhomogeneous modes (spin waves), and
coherent rotations ot/ [9]. MOKE and SH-MOKE in prin-
ciple have sensitivity to both in-plane componentgbfand so

S DATAratesincrease in modern magnetic storage devicage well-suited to study the vector magnetodynamics of these

the writing and reading processes are beginning to requirgn-film systems.
the movement of magnetization vectors at speeds at which prePrevious measurements have compared surface and bulk
cessional dynamics become important [1]. With this progregssponses. Silvat al.compared SH-MOKE temporal response
toward precessional processes in commercial applications, newthe inductive signal generated by the magnetization in
strategies to optimize magnetic switching can be introduce@ésponse to pulsed-field excitation [10]. These measurements
For example, fast reversal of a magnetic entity can be achievgtbwed a difference between the two signals in a 75 nm Ni-Fe
by using “coherent control” of precessional motion—that iilm. Though an interesting comparison, the two techniques
using multiple pulses with particular direction and phase to appiyeasure markedly different magnetizations: SH-MOKE is a
torques to start and stop magnetization motion—rather thanlpgal probe of the surface magnetization, while the inductive
domainformation or@omainwallmotion[Z]. Large-angle motioBignal is an average response due the entire sample’s magneti-
of the magnetization/ at these speeds is damped [denoted phgation dynamics. As a consequence, the measurement was less
nomenologically byw, the Landau—Lifshitz—Gilbert dampinga probe of surface and bulk than a probe of local and average
parameter (LLG)], and can also involve spin wave generatiomagnetizations.
In addition, eddy currents are increasingly induced at higher
frequencies in a conducting medium. Eddy currents are believed
to cause precessional damping and flux attenuation in the bulk Il. METHOD
of the film [3]—[5]. Finally, due tq theirdiffe_ring symmetries,theA. Magnetooptical Geometry
surface and bulk of the material have different local magnetic
anisotropies, differences that may affect the temporal response of schematic of the system is shown in Fig. 1. In magneto-
the total system. optical measurements, the plane formed by the incident and

Current theoretical predictions of the relative sizes of theseflected beams (the plane of incidence) defines the sample co-
effects are, however, quite model and parameter dependent. @dinate system. For the optical beams, electric field vectors
rect measurements of the temporal dynamics of the magnetipatarized in this plane are calleg™polarized, and those polar-
tion vector of both the surface and the bulk during large-angleed perpendicular to its"-polarized. The sample’s magnetiza-
magnetization motion will help to develop a more adequate utien vector is typically defined relative to this plane and the plane
derstanding of these effects. The magnetooptical Kerr effect fgishe sample surface. The componentfIying in the plane

of the sample, and in the plane of incidence is called the longitu-
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sample _2asy axis direction C. Bulk Magnetization Measurements Using Linear MOKE

Hhis The linear magnetooptical Kerr effect describes the change in

the intensity and polarization state of an optical beam reflected
from a magnetic sample. Itis based on the same physical effects
as the Faraday effect (circular birefringence and dichroism), but
in the reflected beam. Due to the presence of the magnetization,
4 the usual Fresnel reflection coefficients become a reflection ma-
b trix with off-diagonal elements [11]. Because of the finite skin
depth of light, the reflected beam carries information not only

Fig.1. System schematic, showing magnetooptical coordinate system, san@iftut the magnetization of the sample’s surface, but also about
orientation, and coplanar waveguide structure to deliver high-speed magnetie magnetization of the material located roughly one optical

field pulses. The center conductor width~&l50 gm. skin depth beneath the surface.

There are three basic Kerr effects, named for the component
component of\] is small (afew percent of the in—pla[zﬁ) and of the magnetization to which they are sensitive: the transverse,
is not measured. longitudinal, and polar Kerr effects. These effects are functions

of the input polarization and angle of incidence, and in prin-

B. Surface Magnetization Measurements Using SH-MOKE ciple allow measurement of the full magnetization vector [8].

The basic physics of SH-MOKE has been discussed in det‘gnetransverse MOKE is analogous to the transverse SH-MOKE

elsewhere [12], [13]. Second-harmonic generation, the com Ignal described previously: a change in the transverse magneti-

i £ w0 “fund tal” ohot int hot f twice th Stion produces a change in intensity of an initighpolarized
hation ot two “fundamental” photons Into a photon ortwice ght beam. Similarly, a change in the longitudinal component

energy, occurs in me@a n V,Vh'Ch the.normal modes. 9f OSCHF the magnetization produces a change in the reflected polar-
lation are not harmonic, that is, when linear superposition is na, ellipticity and rotation angles.

longer valid. Stimulation by a harmonic wave then excites oscil- To measure the magnetization vector, one could simply mea-

!at|ons_ that can mix harmonic modes. For crystal strL_Jctures Wgnre the intensity and polarization state of the reflected beam, as
mvers!on symmetry, the no.rm.al ryodes are .harmomc to ;ecqg%one in SH-MOKE. However, unlike SH-MOKE, both the po-
order in the incident electric field for electric dipole excita- |3rization changes and the fractional changes in the total inten-
tions, so second harmonics can be generated only at surfaﬁg}ﬁare quite small, typically=10~3 to 10~* for a full switch of
where this symmetry is broken. This is the origin of the surfagge magnetization direction. Consequently, the transverse mea-
sensitivity of SH-MOKE. Even in polycrystalline materials suckyrement is sensitive to small fluctuations in intensity. In the
as the Ni—Fe alloy thin films studied here, the vast majority gfresent system, these fluctuations turned out to be comparable
the second-harmonic light is produced at the surfaces of the fitiithe signal size itself.
[14], [15]. Since high intensities are required to generate a de-One can circumvent this by rotating the input polarization
tectable amount of second harmonic light (the intensity of thaightly from the purelyp-direction. The transverse Kerr effect
SH light produced scales as the square of the incident intensityen induces a change in the polarization of the reflected beam,
I2 .1.a0) @n ultrafast pulsed laser is used, since these have eather than simply an intensity change. This change in polariza-
tremely high peak powers, but deliver relatively low total energyon is an odd function of the input polarization angle. In con-
to the sample, minimizing the thermal load. The brief duratidimast, the change in polarization due to the longitudinal Kerr ef-
of the laser pulses also permit time-resolved measurementsfect is anevenfunction of the input polarization angle. So, by
The intensity and polarization of the second harmonic are alg@king two measurements, one on either side-pblarization,
a strong function of the magnetization vector of the interfagd taking the sum and difference of the two signals, one can
[12], [16]. Whenp-polarized light is incident on a magnetizedsolate the transverse and longitudinal Kerr effects from each
interface, the intensity of the second harmonic light is propopther, thereby permitting a measurement of the in-plane mag-
tional to the transverse component of the magnetization, and fifdization vector.
polarization angle and ellipticity of the SH light is proportional
to the longitudinal component 6. In our geometry, the easy p_ Stroboscopic Technique
axis of the sample is roughly aligned with the longitudinal direc-
tion, and the hard axis roughly parallel to the transverse direc-Most high-speed magnetooptical measurements employ
tion. The two magnetooptical effects are used to simultaneouslystroboscopic technique to achieve fast time resolution. A

measure the in-p|ane magnetization vector at the surface. “one-shot” method is not feaSible, since the ||ght intensities
required to get minimal signal to noise would damage or
destroy the sample. In a stroboscopic measurement, the system
1SH-MOKE is, in fact, insensitive to the polar component'df, whereas 1S PUt in @ well-defined initial state, set in motion with an
linear MOKE is, in principle, sensitive to it, in a way similar to the longitudina@pplied stimulus, and its state sampled an interval of time
component. The MOKE signal from a Landau-Lifshitz—Gilbert model of Pr9ater. The system is then reset to its initial state, again set in
cessional response af to an in-plane field pulse, was calculated to see if it . . . . .
otion, and sampled at a slightly different interval of time

would prove a problem, by using magnetooptical Fresnel reflection coefficiertd >Ny h o
[11]. The expected polar signal is at most a few percent of the in-plane signd@ter. Consequently, probabilistically evolving characteristics
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1.0 50 m fim:- bulk/ o o f 1 50 am fim- surf%ce _."“_. As sh_own in Fig. 1, the sample is mpunted on a coplanar
g . %jc’g o™ waveguide. A voltage pulse propagating down the center
051 o/ ¥ S0 1 ofotdY  fogan ] conductor produces a current in the conductor and a magnetic
WO e IS0V A AT N - i old i
0.0{ 8% . e { % ¥ 78 | field around it. The field is largely parallel to the plane of the
05 /_7 52440 A | /' ] sample over the center of the waveguide. At the edges of the
B | £,0.06+2 deg o HeTsoa, waveguide, the perpendicular field becomes comparable in size
0] M 2 pere-come | it g1+3deg to the in-plane field, but the small perpendicular susceptibility
‘ . e of Ni-Fe thin films (/50th of the in-plane susceptibility)

1.04 250 nm film- bulk . /I} a7 Sng [250 nm film- s:gq Tanganny]

“ makes this field a small perturbation on the dynamics. The
s ! waveguide is shorted to ground at its end. When the voltage
BooeasPoa, ] pulse hits the short, it is both reflected back along the wave-

guide, and inverted in sign. This effectively doubles the field

0.54

y-4 [

mo.o. 3:@03*3’3'86&? f Ogﬁgog:e vy °Z /Oﬁ\j
{

/s

M/M

-0.51 e ,.}__,x.,./:/' H, 2346 040 Am ] 7 ‘;/ 1 6200 at t_he ;ample. The system in this configuratipn was c_apable of
1.0 "% wrange"y  gz2+1deg | RIZmeiae Koe3 de ] delivering ~1.5-kA/m (18 Oe) field pulses, with rise times of
V = g
1.0_400 nm film- bulk -.._/ =Y _400 nm film- sugace “"“"_' ] 150 ps.
i './'-. p/o% 4 In the measurement, the optical pulse is focused onto the
0.54 Q&ﬁﬁf sosie f A 1 sample using a microscope objective, at an angle-4%5° to
0.04 \ZP .t _/ 858000800 | the surface normal. The reflected light (containing both the fun-
_/ damental and SH wavelengths) is collected by another objec-
051 _,../ 1 / 1 tive, and passes through a photo-elastic modulator and linear
H =400+40 A/m o H =392+32 A/m i X ) o
-1.0 g g~10+2deg | Wasmmwnmt £13+1 deg polarizer that together with a lock-in amplifier act as an ac el-
20001000 O 1000 2000 -2000-1000 © 1000 2000 lipticity Qetector. A.dichroic mirror is used to di.vert the funda-
Applied field (A/m) Applied field (A/m) mental light to the linear MOKE detector (described below), and

pass the second harmonic light to a photon counting photo-mul-
Fig. 2. Measured surface and bulk vector, dc hysteresis loops, for 50-, 25tiplier tube (PMT). The PMT is connected to a coincident de-
and 400-nm-thick films. Fitted values for the anisotropy field and angle are taction system that is synchronized to the 1-MHz laser repeti-
given on the plots. tion rate. The photon counting system is necessary because the

second harmonic yield is quite small. The detection method is
will be measured only in an average way. In magnetodynamicidscribed in greater detail elsewhere [9].
measurements this means, for example, that occasional domaifhe photoelastic modulator modulates both the second-har-
formation could manifest itself as a decrease in the magnitust®nic and the fundamental light. Separate lock-in amplifiers
of the measured magnetization. Magnetization motion prare used to detect the ellipticities of each. The linear photode-
ceeding probabilistically via multiple trajectories could alstector is a biased photodiode connected to a Schottky diode. This
result in such a measured decrease. We apply a bias field alarag used because the “closed” setting of the electrooptic pulse
the easy axis both to stabilize the magnetization (to inhitpicker leaked a small amount of light f200th of each optical
domain formation), and to define a single ambient state pwlse). Since the small leakage was multiplied by 81, this proved
which the magnetization will return. The dc hysteresis loofde be a significant source of error on the linear signal (since the
taken (Fig. 2) show that the bias field is effective: Barkhausé&H signal scales a&, the small leakage was insignificant). By
jumps, which would be evidence for domain wall motion, argetting the Schottky diode bias level so that only the 1-MHz
not visible, and the zero-field state is single-valued. Indeed, walses exceed the Schottky turn-on voltage, signals due to the
find that the magnetization rotates coherently while the field isaking “blocked” pulses are not detected.
swept along the hard axis direction.

The MOKE/SH-MOKE instrumentis basedonaTi: sapphirg. Calibration

laser that delivers an 82-MHz optical pulse train with an average
power of 1 W. This pulse rate is downsampled to 1 MHz using To determine both the MOKE and SH-MOKE signals, three
an electrooptic modulator and countdown electronics, enablimgasurements were made with identical magnetic conditions,
the use of commercially available pulse generators and coinlist with different input polarizations. The measurement at pure
dent detection electronics with 1-MHz repetition rates. The ex-polarization gives the SH-MOKE response at the second har-
citation and detection electronics are synchronized to the laseonic wavelength~400 nm), and information about the lon-
pulse rate by diverting a small fraction of the optical beam togitudinal component o due to the linear MOKE at the fun-
trigger photodiode, producing a pulse that is electronically ddamental wavelengtf~800) nm. The two measurements on
layed by~1 us via coaxial delay line, so that the trigger pulseach side ofi-polarization return the transverse and longitudinal
is roughly coincident with the arrival of the next laser pulse. Anear MOKE signals. (Since the entire stroboscopic measure-
computer-controlled electronic delay controls the exact arrivalent technique presumes repeatability, this is essentially simul-
time of this trigger pulse to the field pulse excitation electronici&aneous measurement.)
and so controls the relative arrival of the magnetic excitation andThe calibration procedure is similar for both MOKE and
optical pulses at the sample. In this way, the system providebl-MOKE [9]. At each angle, a hard-axis hysteresis loop is
temporal resolution, with a jitter-limited sensitivity ef50 ps. measured, with field applied by a pair of Helmholtz cails,
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and a time-resolved trace also taken. A stabilizing bias field 80 40'0 nm' film 655 ' B bulk

of 120 A/m (1.5 Oe) was applied along the easy axis for all 604 T | —o— surface
the loops and time traces. For the linear MOKE signal, the 4] 53°7 & % .
transverse and longitudinal hysteresis loop signals are formec 54 ] o '@\ ]
from the dn_‘fere_:nce and sum of the Ioops swept at _the blasecA 0-‘;‘::2>°‘°'°””‘?w!nﬂ; .‘-ﬁf"“ki PENS
input polarizations, due to the opposite symmetries of the P go T ]
transverse and longitudinal MOKE with input polarization, & 250 nmfim . 67

as described in Section 1I-C. The SH-MOKE loops are fit =

directly. These hysteresis loops are fit to a function that uses ¢ © 01 ]
Stoner—Wohlfarth coherent rotation model for the angléif % 20+ Y i
This results in a lookup table, relating the transverse or longitu- £ 0 ’ “zi:ll'g\? , zif“:i-i:?’&i:ii’
dinal signal to the magnetization component in that direction. 8050 Am film™ TR Sgee .
When combined, the two signals give both the magnitude anc 604~ T Tes R B T
direction of the magnetization in the film plane. 40 ]
20 % 1

ll. RESULTS AND DISCUSSION 5‘-“:{?"3’5"’%7?@ f::}@:“" G

A. DC Hysteresis Loops 8 7 6 5 4 3 2 1 0

time (ns)

Films of three different thicknesses (50, 250, and 400 nm)
were studied in detail. These were made by sputter depasi. 3. Surface and bulk temporal response to hard axis magnetic field pulse,
tion in a dc magnetic field, to give them a uniaxial in-plané" 50-, 250-, and 400-nm-thick Ni-Fe films. Dashed lines indicate “peak”

. - ] . . . . aximum) and “saturation” (equilibrium) angles reachedMyin response
anisotropy. The films were first measured in an induction-fielfd i, fieiq pulse.

(B—H) looper. They showed the expected uniaxial behavior,

with an anisotropy field, ~ 360 A/m, and a coercivity time were determined when calibrating the time respojig.
of ~80-160 A/m. The vector dc hysteresis loops were thgf,s found to be effectively constant with time, indicating that
measured in the MOKE/SH-MOKE system. These are showgither domains were formed, nor were appreciable numbers
in Fig. 2. Both the surface and bulk hard axis (transversgj short-wavelength spin waves generated during the rotation
loops look similar to those measured with the-H looper. process.
Within the signal-to-noise level of the measurement, the 100pSThese time traces have several features of note. First, up to
show no discontinuous Barkhausen jumps that would indicaigs thickest film measured (400 nm thickness), the surface and
the existence of domains. Since the incident beam is focusgdk responses are quite similar. Both the rise time of the sur-
to a~5-10 um spot, nucleation, and movement of domaingce and bulk curves and the temporal undulations follow each
larger than this would appear as discontinuous large-anglher closely for all film thicknesses. Indeed, for all film thick-
switching events; domains smaller than this size would cauggsses the initial rise times of the pulses are not appreciably dif-
a smaller change, or a drop in overall signal amplitude. Thgrent, within the temporal jitter-noise levet0 ps rms) of the
fitted anisotropy field strengtliH;) and axis direction(e;) experiment.
are shown for each set of loops, and are consistent with those\jthough the initial rates of response of the magnetization
obtained from theB—H loops. vectors in each of the films are similar, the “peak” (the max-
The surface (SH-MOKE) and bulk (MOKE) loops are quantiynym angle attained) and “saturation” (the angle reached just
tatively similar. Both the anisotropy strength and the anisotrop\sore termination of the pulse) angles of the magnetization vec-
axis direction are equal, within the uncertainty of the fit, for ally,s are not. These angles are indicated on the plots. Both the
film thicknesses. The 400 nm sample happened to be mounfeik and saturation angles increase for decreasing film thick-
slightly askew. This is reflected in the fitted anisotropy anglgsess. This was an unexpected result, since the films were all sub-
for both the surface and the bulk measurements. The resylls; 1o magnetic field pulses of identical strength and have sim-
indicate that the surface of the film does not have an effégsr anisotropy fields and dc hysteresis loops. Consequently, one
tive anisotropy that is grossly different from the effective bullyoy|d expect near-identical rotations. Explanations for the dif-
anisotropy. ferences in the magnetization rotation angles will be discussed

in the next section.
B. Surface and Bulk Temporal Responses to Fast Field Pulses

Fig. 3 presents the motion of the magnetization vector in r§ The Effect of Demagnetization Fields, and "Viscous

sponse to a-1450 A/m (18 Oe) magnetic field pulse directe emporal Response

along the hard axis (as shown in Fig. 1). For each film thick- Two effects contributed to the dependence of magnetization
ness, the angle of both the surface and ik relative to the rotation angle on film thickness. The first effect is the genera-
plane of incidence (the longitudinal direction) are shown asti@n of time-dependent demagnetizing fields within the sample.
function of time. Because both components of the in-plane mdgee to the nonuniformity of the field from the waveguide, only
netization vector were measured, both the angle and the thle magnetization over the center conductor rotates appreciably.
ative magnitude of the magnetization vector as a function ®his inhomogeneity in the magnetization motion produces
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demagnetizing fields. These fields impede the rotatiorbf 90 ]—o—1nspuise ]
and are larger for thicker films. Unlike the dc hysteresis loops, I?&,"is":'j‘; A A A MAAAMMAA,A\A‘
the field pulse for the time-resolved measurement is applied to 80 ” begﬂ?‘éﬁﬁ%‘%‘ c ]
a~450-550.m wide region over the waveguide. The coplanar @ 70+ e ]
waveguide fields can be calculated, to first order, using the % 604 ]
Karlgvist equations for the fields of a semi-infinite pole head @ 50.] ]
[17]. These equations apply also to a dc current in a finite-width S 15 )
current sheet. The calculated field profiles are sharp, slightly % 40 .
wider than the center conductor width at a height of 100 % 304 ]
above the waveguide. & ol 1 ° /-\. ]
To measure the demagnetizing effects, a dc current was run £ MR R

through the waveguide center conductor and the magnetization 101 E%”gw””}\c/nyngnnﬂp)j\ o Duund%\n f\ﬁﬂi}!
& 1% o =}

response measured as a function of current strength. The slope 0 5%
of the hard-axis magnetization response with current gives an

. ; -10 — —
effective “current susceptibility” of the film. This susceptibility 0 20 40 60 80 100

was measured as a function of position across the waveguide.
The expected saturation response was determined by fitting the

susceptibility as a function of position to an analytical modﬂig. 4. Angular rotation of the magnetization vector in 400-nm-thick Ni—-Fe
ilm in response to hard axis field pulses of several durations. Note slow increase

(the solution to Laplace’s equation with appropriate boundagyangie for longer pulses. Pulse amplitude~i8600 A/m and easy axis bias
conditions, assuming linear magnetic media and subject tdieg is 120 A/m.

potential distribution at the waveguide identical to that used to

derive the Karlgvist equation). From this, one can determine thjse, the magnetization angle takes many nanoseconds to relax
effective magnetic field as a function of position [17]. One findg, its initial value, while for the 1 ns pulse, the magnetization
that the effective susceptibility is indeed less than that obtaingdior returns to its initial state almost immediately. From
in a uniform applied field due to the induced demagnetizingese results, we can say that the incomplete rotation observed
f|eId§. o ] ] ] for the 2 ns pulses (as compared to the measured dc rotation
This demagnetization field will affect the final angle 5 es) in the surface/bulk measurements is due to a slow
reached by the magnetization only if the applied field pulsgscous relaxation of the magnetization vector not accounted
is insufficient to saturate the film. However, we determineg,, by the simple, damped LLG precessional dynamics of a
that the pulses applied to the thick films should still be mor§ng|e magnetic domain that have been previously observed
than sufficient to saturate the films, even with the induce&, time-resolved methods, and that given long enough pulse
demagnetization fields. An applied dc current of 1 A in thgations; the system would indeed approach the measured dc
waveguide was sufficient to fully rotaté/ for the thickest |, as [13].
film. The 40 V voltage pulse will induce a 1.8 A current, 1,,qh this response can be broadly described as “viscous,”
(determined from the characteristic impedadenf the wave- e nderlying mechanism (i.e., what is inducing the viscosity),
guide, tested with 20-GHz instrumentation). Consequently, the ot known. Phenomenologically, corrugation of the energy
magnetization should still rotate to near saturation during th¢tace traversed bM with many small local minima would
2 ns pulse, assuming thaf rotates into an equilibrium state 55ximate this response. In such a system, the magnetization
after precessional oscillations decay. would need the aid of thermal excitations to move the magneti-
Though the magnetization angles in Fig. 3 appear to haygijon out of each local minimum toward its eventual saturation
reached equilibrium by the end of the pulse, measuremegi§ e The behavior is not likely due to eddy currents, for the
using longer duration pulses were made to see if the magngffie constants50-100 ns) of the relaxation are far too long.
zation would continue to relax to a larger angléhe temporal A thermally assisted relaxation mechanism should have a strong
response of the angle 81 to pulses of several widths are showryenendence on applied field. Measurements were made of the
in Fig. 4. Note that for short times<(0 ns), highly damped (g|axation rate as a function of pulse amplitude. The slow re-
precessional ringing occurs, as in the previous measuremen{3ation portion of the curves were fit to a function of the form
while for times longer than this, the magnetization angle slow% — Aexp(—t/B). The final equilibrium anglé. was calcu-
increases in a “viscous” manner out to 100 ns. Note, al§gieq ysing the effective field (including demagnetization fields)
that the viscous component also manifests itself as a delaygg ihe Stoner—Wohlifarth model. The decay consiasttowed
restoration of}/ upon termination of the pulse: For the 60 n§,q clear trend with pulse height, though was smallest for the
largest pulse size. The amplitude of the slow response, on
lihe other hand, increased monotonically with decreasing pulse

2These measurements were made in a linear MOKE system based on a pulsed ) .
laser diode, because the applied field pulse in the SH-MOKE system had a m@kaplitude. The long times of the relaxation made an accurate

imum duration of only 2 ns. The measurement method used was similar to tidtermination of the viscous time scale difficult. Nevertheless,

of the linear arm of the MOKE/SH-MOKE system. Since the wavelength of the lusivel t that the ti d that ted
laser diode (820 nm) was near that of the Ti: sapphire fundamental wavelen§fff ¢@1 CONclusively assert that the imes exceed that expecte

(800 nm), the optical skin depths of the two beams are comparable. or conventional LLG.

time (ns)
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D. Comparison of Temporal Responses With a Simple Eddy , . | " ' ' ' ' -
Current Model ' g

In a conductor, a changing magnetic flux will induce edd
currents. These currents act to oppose the change in flux. Fc  ¢.75 4 i
magnetic thin film, the changing flux is dominated by the mo
tion of the magnetization itself, sindd, > H..:. Furthermore,
only the motion ofM inthe ﬂlm plane induces appreciable cur- _ ¢, ~150 ps risetime pulse
rents, since any motion a¥/ out of the plane will produce a < 50 - 4
demagnetization field equal and oppositeg..,, making the
total flux changeB,e.p, = 11o{Mperp +Haemag) = 0. The mag-

nitude of the eddy currents will increase with film thickness du
. . . . Square-step responses:
to the increasing cross-sectional area and decreasing electr 55 _ —0— 50 nm thickness | -
resistance. -0 250 nm
: . . . : - 400 M

In a simple model for eddy current induction, one in whict ; e 1000 M
the magnetization is a linear function the local applied figld % - 1500 nm
i.e.,B = 1H, the fields induced by eddy currents should scree  ¢.00 % , , . : : : : .
the external field from the center of the magnetic material, tt 0 250 500 750 1000
screening field increasing with depth into the sample. The ra time (ps)

of screening depends on the permeability and the resistivity ot _ o _ _ _

the material, and the thickness of the sample. These induced 5,%9.._5. Magnetooptical response of thin fllmg of several thl_cknesses, including
\ . . eddy current effects, to an ideal step function external field. The 1000 and

rents eventu"fllly decay due_to th_e sample s_elec_trlcal resistanG®n nm curves are essentially the same. A 150 ps rise-time curve (the rise

but serve to increase the rise time of the field in the center whe of the pulse generator used) is shown for comparison.

the film. Consequently, if ferromagnetic exchange is ignored,

the surface of the film should show a larger initial magnetiz

tion rotation than the bulk of the film, with the bulk lagging th

surface slightly. Assuming that the lochl is a linear function surfape, the dlfference will be slightly less. .
0 : ! ) This small difference should nonetheless be observable via
of the effective fieldH, and using Ohm’s law, one can derive

e . o . our method, and is clearlyotseen in the time traces. This sug-
a diffusion equation for the magnetic field in the magnetic m%) X Iyo g

recessional, precluding an instantaneous response at the film

terial [4]. In a thin-film geometry subject an instantaneous st ests that eddy currents are not significantly affecting the dy-
. ' ) 9 y subj . ; amics of the magnetization vector for these film thicknesses,
field pulse, the field at the surface is constrained td#e Ini-

. L L L ) atleast notin the manner predicted by the linear medium theory.
tially, the magnetic field within the film is zero, and mcreasean the other hand, the precessional dynamics of the thicker
progressively with time tdd. '

: _ o films are quite different than the thinner films, exhibiting in-
It is clear from the time traces shown in F|g 3 that the bul&easing damping' ||ke|y due to eddy current effects. Work to

magnetization, insofar as it is probed by linear MOKE, does ngfeasure thicker Ni—Fe films with similar dc magnetic proper-
initially lag the surface magnetization motion, and also reachgss is currently under way.

the same ultimate rotation angle at the top of the pulse. The
linear MOKE signal does not measure the entirety of the thin
film, however, but measures the magnetization only in the range
only slightly larger than the optical skin depth from the surface.

The skin depth for Ni-Fe is typically in the range of 7-20 nm, The time traces show that the thicker films exhibit less preces-
and depends on deposition conditions. To calculate the MOKfg 4 ringing than the 50 nm film. This increased damping may
signal from the calculated magnetization profile, the depth- apg que to increased eddy currentinduction. However, the incom-
time-dependent magnetization distribution was spatially avgjjete rotation observed in the thicker films, and the subsequent
aged, and weighted by an exponential with a decay length-Qfscous” relaxation observed for very long & 40 ns) field
the optical skin depth. pulses isotlikely due to eddy current induction, since the time
The results of this calculation are shown in Fig. 5. For a thitobnstants for the relaxation are quite lorglQ0 ns). These long
film (thickness less than 50 nm), the rise time of this averagelaxation times suggest that thermal relaxations of metastable
signal is quite fast, so both the surface (which in this model $ates of the magnetization are involved in this slow rotation.
already atH,) and bulk move together, to the resolution of ouHowever, no specific mechanism is apparent at this time, and
measurement¢50 ps). Such a sample should act as a control the effect warrants further study to understand the possible ram-
check the overall magnetooptical method. For thicker films, thfications for high-speed data storage applications.
depth-weighted average begins to rise more slowly with time, The magnetization vector of both the surface (to within 1 nm)
so that the 250 nm film should lag behind the 50 nm film, witland the bulk (to within 30 nm) of the thin films studied had
alag of~15% at 75 ps. Similarly, the bulk of a 400 nm fild nearly identical temporal responses to high speed (150 ps rise
should lag the surfackl by 10% at 300—400 ps. Since the actuaime) field pulses. This would not occur if the induced eddy cur-
pulse has finite bandwidthi ;. ~ 150 ps) and the dynamics arerents were causing gradients in the magnetization with depth, on

IV. CONCLUSION
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the scale of depth sensitivity of the linear MOKE (there could, [5]
however, be magnetization gradients on scales longer than the
opﬁcalskhldepﬂo.ThelnosthkdyreasonfortMSisthaIthe[m
film is not truly a linear medium, but is rather a highly corre-
lated one, due to exchange coupling. The skin eﬁectrequke%n
that the local magnetization responds only to the local applied
field. In an exchange coupled film, this is not the case, because
the local magnetization is also affected by the dynamics of thel®l
surrounding magnetization, because of the exchange interac-
tion. Consequently, the surface of the film is not free to move [9]
independently of the underlying layers and so cannot generate
eddy currents to screen the applied field from the interior. Inqq
stead, the induced currents appear to affect both the surface
and “bulk” equally. The linear medium model [that is, assuming
B(r) = u(r)H(r)] may not be appropriate for describing the 1]
high-speed response of films of moderate thickness with appre-
ciable exchange strengths. [12]

[13]
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