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Subnanosecond magnetization dynamics measured
by the second-harmonic magneto-optic Kerr effect
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We have measured the in-plane magnetization dynamics GF&l films using the surface- and
interface-sensitive second-harmonic magneto-optic Kerr effect. The dynamical magnetization was
measured on patterned \fre,q stripes as a function of an in-plane magnetic field applied parallel

to the anisotropy axis. The excitation sources were 100 ps risetime magnetic field impulses and
steps. The minimum magnetization switching times weB90 ps, and precessional free-induction
decay was observed. The dynamics for both impulse and step excitation are fitted to the Landau—
Lifshitz equation, yielding values for the anisotropy field, gyroscopic splitting factor, and damping.
The local surface precessional frequency and anisotropy are different from the average bulk values,
demonstrating that this technique possesses the necessary sensitivity to detect variations in localized
surface and interface dynamics. £999 American Institute of Physid$0003-695(99)00622-1

Freeman and co-workers have studied magnetization dyto the waveguide directiorz, is perpendicular to the surface.
namics in NiFeg via linear magneto-optics, using the The SHMOKE measurements are performed in the
magneto-optic Kerr effedMOKE).! Freeman’s pump-probe p-transverse geometry using a Ti:sapphire laser and 50 fs
magneto-optic sampling uses a fast rise time magnetic fiel@ptical pulses.

“pump” to excite the magnetization on a picosecond time  Figure 1 showsmpulseresponse for three longitudinal

scale and an ultrashort optical “probe” to sample the mag-(in-plane, parallel to stripe directiprbias fieldsH,. The
netization at an instant of time. measurements were acquired using-25 um diam optical

For this study, we use this technique with second-spot centered on the sample width. The signal was normal-
harmonic(SH) magneto-optics, whereby a sample is illumi- ized to the saturation magnetizatidhs by SHMOKE hys-
nated with light at frequency and generates light atf2 teresis loops acquired before and after measurement. The
SHMOKE offers unique features that complement |inearmagn¢_atization oscillates atafrequer_lcy which increases with
magneto-optical techniques. For thingfie, films, an in-  Pias field. The sample response tinE0%—-90% ranges
tensity contrast of 60% has been demonstrated for SHMOKEOM 372 ps atH,=160A/m (2 Og to 205 ps atH,

in the p-transverse geometRyFurthermore, SHMOKE has = 2:6 KA/m (32 08, consistent with the observed preces-
shown extreme sensitivity thl at surfaces and interfacgs.  Sional frequency. Figure 2 displays tstep response for

We employ lithographically patterned, coplanar three longitudinal bias fields. The magnetization again un-

waveguides, with 0.5 mm center conductor widths, to creatéjergoes damped precessmnall motion, now abqut a nonzero
impulse and step magnetic field excitations for driving theMY’ due to the. nonzero staticl0 ns durq’uoh field H,
magnetization. The impulse fields are created by curren aused by' the field stgp. The'response time decreases and
pulses from an InGaAs photodiode and are nominally 10 requency increases with bias field, from 500 psigt=0 to

A 25 o i 5 5 e and 100 s it <50 0 2 IZ0OAIS 03 s 12 e
half maximum (FWHM). The step fields are created with 9y 9 b

: ffects in NjyFeq films, and that the magnetization response
current steps from a pulse generator and are nominally 20 5171 9 p

Alm (2.5 08, doubled to 400 A/n{5 08, with an electrical ime can be reduced by applying a bias field to increase the

hort placed i diatelv after th le. The step rise ti grecessional frequency.
short placed immediately after tn€ sample. 1he Step rse ime 1,4 54)id lines in Figs. 1 and 2 are fits to solutions of the

s abou':]-lgo s, W]'(tr a 10 ns qgratiog. The lsamplehis Y andau—Lifshitz (LL) equation, which describes preces-
75-nm-thick Ni;Fey film 250 um wide and 4 mm long. The g,y (gyromagnetig effects for thin ferromagnetic films

NigiFe g is deposited in a field, creating a uniaxial anisotropywhere,vI >H, and\ < yuoMs (Ref. 4
H, parallel to the long axis. The film is grown on 1@@n STk oTs T

thick Si to minimize the distance between the sample and )

waveguide, and is placed on the waveguide center conductor, d°¢ 2 d_¢ n 2‘?_E -0 1)
where the in-plane field is nearly uniform, with its long axis dt dt oY i

x parallel to the waveguide. Thedirection is perpendicular

whereu, is the permeability of free spacé,is the in-plane

dpresent address: Seagate Research, PLP-Il Suite 201, 1520 Penn A\,g]ggnetizgtion -angle}; iS. the damping constany; is the gy-
Pittsburgh, PA 15222. romagnetic ratio, andt is the angle-dependent free energy
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Time (ns) FIG. 2. Step magnetization response as a function of time for three different
FIG. 1. Impulse magnetization response as a function of time for thredongitudinal bias fields: 0, 0.8 kA/M10 Og, and 1.2 kA/m(15 Og. Am-
different longitudinal bias fields: 0, 1.3 kA/rfl6 Oe, and 2.6 kA/m(32 plitudes are normalized as in Fig. 1. As expectbt, decreases with in-
Oe). Amplitudes are normalized to the saturation SH intensity as determinedreasingH,, . The solid lines are numerical fits to E(.), while the dashed
by a static hard axis SHMOKE loop. The lines through the data are fits tdines are fits to Eq(5). The top frame shows the measured, transmitted

Eq. (2). The data oscillate aboldl,=0, as is expected for the case of an current waveform used as the drive function for the numerical fits.
impulse excitation.

cally poor. An improved fit can be obtained by fitting the
density, which includes uniaxial anisotropy and Zeemardata(dashed lines in Fig.)2over the same time range with
terms. In the limit of small excitationsH,<H,) and weak

— ’ —\gt/2
damping @ <yuoMy), the LL solution is an exponentially P(D)=[do= ¢’ codwpt)e "], ®)
damped sinusoidDS) where¢' is an additional fitting parameter which allows the
2 2 sinusoidal precessional amplitude to vary independently of
B(t)= toHpuoy Ms[e_)‘it/z sin(w.t)] 2 the equilibrium magnetization angle. While this expression is
wp pr not valid att=0, where¢(t) =0, it is useful at times>1.5 ns

because it significantly reduces the uncertainties in equilib-
rium angle and damping constant. The step precessional fre-
guencies are shown in Fig. 3.

Ideally, ¢o may be obtained by minimizing the free en-
ergy in the presence dfl,, H,, andHy, whereH, repre-
sents the field stefronstant fot>0), andH,, represents the

wherew,, is the precession frequendy, is the pulsed field
duration(FWHM), and\; is the impulse damping parameter.
The frequencies from Ed2) are shown in Fig. 3, and are
well fitted by the Kittel equation for the case of small damp-
ing and impulse excitation

bias field
MoY
fpwﬁ VMg(Hp+Hy). 3 JE
—| =0=Hsin(¢g)—Hy(t)+H,tan ¢y). (6)

We use a fixed value foM =813 kA/m (ugM=1T), 9Pl o °
as measured with a superconducting quantum interference
device magnetometer. The impulse start time is fitted and is H. (e)

b

~200 ps. A fit to Eq.(3) yields H,=896+=48 A/m (11.2 0 5 10 15 20 25 30
+0.6 Oe) andy=25.2-0.3 GHz/T, or gyroscopic splitting 2000 T 1
factorg= yh/2ug=1.84+0.02. We can extradt, from the
sinusoidal amplitude in Eq(2), with the resultH,=73.6
+16 A/m(0.9:-0.20e€). This value is in excellent agree-
ment with the Karlqvist equation prediction for fields above
a current stripé.

For an ideal step excitation &0, the solution to Eq.
(1) in the small-signal, weak-damping limit is also a DS

500LL—— S

B(1)= o[ 1—cog wpt)e ], 4
0 05 1 15 2 25

where ¢ is the equilibrium offset angle, anx; is the step H (kA/m)
. . b
dampmg constant. Frequencies and offset angles are ef‘—(I_G. 3. Precessional frequencies for bulk, and SHMOKE step and impulse

traCFed from the time domain data by fitting _the data in_ Fig-excitations as a function of longitudinal bias field with fits to E@®.and
2 with Eqg. (4), for t>1.5ns. However, the fits are statisti- (7).
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This expression can be used along with the Kittel formula forTABLE I. Step excitation damping constants obtained via numerical inte-

a steﬁ gration of Eq.(1), A5, and via fitting with Eq(5), A ps, as a function of bias
field. The fits to Eq(4) produce damping values similar xq. The impulse
damping)\; was constant at 4 X 100+ 15 MHz.

Mo?Y -

fpmﬁ\/MS[HDSIn((i)O)_FHbcos¢0)+choiz¢O)]v Bias field AJAX T Apg/4X 7
(7) [A/m(09)] (x13 MH2) (£17 MH2)

. , . 0 177 132

to simultaneously fit the bias dependent valueg)gfandf , 80 (1) 167 120

extracted from fitting the data to Eg&t) and (5). In this 160 (2) 142 128

manner, we obtain values fgf H,, andH,. We again use 240 (3) 150 115

M =813 kA/m (uoM=1T). For the data shown in Fig. 2, 400 (5) 146 140

800 (10) 141 109

we obtaing=1.72+0.04, H,=768*=40 A/m (9.6- 0.5 Oe),
andH,=242+20A/m (3.0+0.25 Oe). We note that the fit-
ted values ofy, H,, andH, do not depend on whether Egs.

(4) or (5) is used to fit the data. . ) .
We also fitted the data in Fig. 2 using a full numerical response data cannot be fully explained with a single-mode

solution to Eq.(1) (solid lines in Fig. 2, where we employ LL analysis. Further analytical progress will require a self-

the voltage step measured after waveguide transmission §gnsistent modal analysis which properly accounts for the
the drive function. These fits again yield values éprH,, varying demagnetization energy across the width of the

and\, and separate fits were performed for each bias fieId?ample?

allowing these parameters to vary independently. Again, the N Ed- (7). V(Q)r'] an?Ms ahre completely degenlerate ,';it'
step starting time is fitted at200 ps. The mean parameter ting parameters. Therefore, the data in Fig. 3 could easily be

values for the different bias fields arg=1.89+0.08, fitted to Eq.(7) with Ms=650 kA/m (1oM;=0.8T) a_ndg .
Hy =640+ 48 A/m (8+ 0.8 Oe), H,=216+8 A/m (2.7 0.3 =2.1. In fact, measurements of the sample both by inductive

Oe), in partial agreement with the values obtained from fi-ime-domain measuremen(ig. 3 and ferromagnetic reso-
ting Egs.(6) and (7). nance(FMR), which are sensitive to the bulk value bf;,

TheH, obtained from both LL and DS fits agree and areYi€ld 9=2.1 andMs=813kA/m (uoM=1 7)1 To ex- _
slightly greater than theH, obtained from fitting static Plain the surface behavior probed by SHMOKE, we require
SHMOKE hysteresis loops for these samples, for whigh either a 20% roductlon i g relatlvo to the bulk value, a
—550+=40 A/m (6.9-0.50e). The uniaxial anisotropy, 10% reduction ing, or some combination of the two. Re-
measured using anl—H looper on a co-deposited coupon, gardloss, as shown in Fig. 3, the surfaco precessional fre-
was 320 A/m(4 Od. This result implies that there is addi- dUENCIes are slower than those observed in the bulk.

tional anisotropyHg which arises from shape effects, ap- A possible_ cause of a 20% reductionit, at the _surface
proximated byH~1.15M .6/w, where is the film thick- could be heating due to the intense laser beam incident on
S . S ’

ness andw is the sample width.The fitted values of the the sample. However, the equilibrium temperature of the film

damping constants, [Eq. (5)] and\ ps are shown in Table 1. Would hfzve to be~410°C to reduceMs by 20% for

For the impulse measurements,is constant as a function of '\,“81':619' Previous annealing studies 9f smﬂar@lﬁqg .
Hy, at 4 X 100+ 15 MHz, \J4 is also generally con- films Wlthl§HMOKE shoyved changes with annealing in air
stant withH,,, but it increases at the lowebk, . \pg/d is at 100 °C,” changes which are not observeo here. Forther
smaller thar, by ~30%, and is comparable 19, at least measurements are neoded to quantify this difference in sur-
for large Hy . face and bulk frequencies.

The impulse results in Fig. 1 are well fitted by the stan-

dard LL analysis, and the impulse and step results are gen-
erally in good agreement. However, the step case is more
complicated. A close inspection of the data in Fig. 2 revealsiy. r. Freeman, A. Y. Elezzabi, and J. A. H. Stotz, J. Appl. PBs4516
that the solid curves slightly overshoot the first peak and2(1997). ' '
undershoot subsequent peaks, while the dashed curves morat':"égri“g;%f(dl-ggg- Rogers, T. J. Silva, and Y. K. Kim, Appl. Phys.
olosely reproduce the ob.served behavior. meg with (E}] 3J. Reif, ‘J. C. Zink, C. M. Schneider, and J. Kirschner, Phys. Rev. G@&tt.
improves the value of chi-squared for the fit by 30%, reduces 2g7g(1991.
Aps by 30% and¢’ by nearly 50%, compared witkh, at “D. O. Smith, J. Appl. Phy29, 264 (1958.
1200 A/m(15 08 bias. Although Eq(4) is an approximate 5C. Kittel, Introduction to Solid State Physi¢sViley, New York, 1986.

Iuti he LL S he fi E is indisti ish 8H. N. Bertram, Theory of Magnetic Recordin¢Cambridge University
solution to the LL equation, the fit to qﬁl_) is indistinguish- Press, Cambridge, 1994
able from the numerical fit, where E(#) is derived assum-  7T.J. Silva, C. S. Lee, T. M. Crawford, and C. T. Rogers, J. Appl. Pliys.
ing a perfect step function, and the numerical fit employs theapreSS- _
measured step waveform with nonzero risetime and timing Ti;é;rfg‘; J. F. Smyth, S. Schultz, and D. R. Fredkin, Phys. ReM, B
jitter. Therofore, the phenomenological ioclus_ion of the extrasg . sandler, H. N. Bertram, T. J. Silva, and T. M. Crawford, J. Appl.
parameter in Eq(5) allows an improved fit which cannot be  phys.85, 5080(1999.
obtained by including risetime and jitter effects. Because thé’T. J. Silva and T. M. Crawford, IEEE Trans. Mags6, 671(1999.
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