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Magnetization Reversal in Ultrashort Magnetic Field Pulses
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Strong in-plane magnetic field pulses of 2—4.4 ps duration are used to study magnetization
reversal in perpendicularly magnetized /o films. Ring domains, reminiscent of the field contour
during exposure, are observed later with Kerr microscopy. Their radii represent switching fields
which are in quantitative agreement with the coherent rotation model. The observation of intrinsic
transition broadening is attributed to the existence of static and dynamic fluctuations of the magnetic
anisotropy. [S0031-9007(98)07344-X]

PACS numbers: 75.70.Cn, 75.10.—b, 75.40.—s

Magnetization reversal is governed by the sum of in-conventional magnetic writing experiments where a field is
ternal and external field contributions and thermal fluc-applied parallel to the anisotropy field axis and the length
tuations [1,2]. A stable state is characterized by an energgf a magnetic field pulse is much longer than. This
minimum and reversal requires overcoming a barfiégr  novel magnetic switching experiment also differs from fer-
between adjacent minima by applying an external magromagnetic resonance (FMR) measurements where a small
netic field. At nonzero temperatufg thermal fluctuations rf excitation causes coherent precession of the magnetic
help to overcom@ E, and thus magnetization reversal be-moments around a constant effective field composed of in-
comes temperature assisted [1,2]. Street and Wooley [3grnal and external field contributions [10]. Because FMR
have postulated a characteristic “wait time”according is a stationary process it does not yield any information
to 1/7 = foexp(—AE/kT) to account for the statistical about the contribution of thermal activation and its variable
nature of the reversal. Herg = 1/7 is an attempt fre- impact on the magnetic reversal process for different exci-
quency which is of the order dfo°-10'? s™! [1,4,5] and  tation times. The realization of extremely short magnetic
depends in a nontrivial fashion on variables like anisotropyfield pulses in the laboratory frame, sufficiently strong to
constant, magnetization, and damping [2—4]. In a simpleswitch the magnetization of ferromagnetic materials with
approach it may be viewed as being connected to the chalarge anisotropy fields, seems unfeasible. Earlier attempts
acteristic time needed for energy exchange between lattide produce such fields have resulted in pulses of 50 ps du-
and spin, i.e., the spin lattice relaxation timg [6]. Re-  ration, but with small peak amplitudes of about 10 Oe [11].
cent experiments indicate valuesmf = 4 X 107° s for ~ Stronger fields of up to approximately 2 kOe, but of fairly
small ferromagnetic particles [7,8] and = 1 X 107° s long duration of 640 ps were reached in Ref. [12]. Re-
for particulate magnetic recording media [9]. For magneticcently, Siegmanet al. [13] have demonstrated the possi-
excitations occurring on time scales much shorter than bility of using the finely focused 46.6 GeV electron beam
thermal activation ceases to exist, thus the motion of thén the Final Focus Test Beam (FFTB) section of the Stan-
magnetization vector should simply follow the Landau-ford Linear Accelerator Center as a magnetic field source
Lifshitz (LL) equation. The present paper discusses arfor pulses as short as 2—6 ps and field amplitudes up to sev-
experiment allowing a systematic study of magnetizatioreral tesla. They already reported on magnetization reversal
reversal at time scales belomyi. In the described experi- on picosecond time scales; however, their initial pioneer-
ment we apply a short but strong magnetic field pulse (inng experiment suffered from rather large uncertainties in
fact, the field pulse is shorter than the time scale giverthe beam parameters rendering a quantitative analysis im-
by the precessional frequency of the magnetic sample) ipossible. We have repeated this experiment and are now
the hard plane of perpendicularly magnetized ferromagable to give a rigorous test of the Stoner-Wohlfarth model
netic films, and the evolving magnetization patterns aret picosecond time scales by varying two crucial parame-
inspected weeks later with a Kerr microscope. In thisters: pulse duration and strength of the anisotropy field.
particular geometry the resulting initial reversal occursA quantitative comparison of the observed switching radii
by precession of the magnetization while the field pulsewnith a LL based calculation shows that the coherent ro-
is present. The magnetization subsequently, on a mudation model applies even for continuous highly exchange
longer time scale, relaxes into the easy magnetization dieoupled ferromagnetic films. Of particular interest is the
rection given by the magnetic anisotropy. In this regardsharpness of the transition region between up and down
the present experiment is fundamentally different frommagnetized domains: its width cannot be explained in this
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model, and we postulate that the observed broadening maxamined in a Kerr microscope [15]. Some samples were

be related to anisotropy fluctuations. This intrinsic broad-additionally investigated with magnetic force microscopy

ening effect poses a fundamental limitation to high datg MFM). Figure 1a shows a Kerr micrograph of a pattern

rate magnetic recording. written with a single 2 ps pulse into a et multilayer
The polycrystalline thin film samples are-beam sample with(Hx).;; = 31.9 kOe that had been premagne-

evaporated0 X [Cox A/Pt12 A]lmultilayers ¢ = 4.4,  tized along the-z axis. Figure 1b shows a corresponding

4.7, 6.9, 8.9, and 9.2 A) grown at 200 °C onto (111)

textured, 200 A thick Pt buffer layers deposited at 400

onto SiN, coated Si(100) substrates. Furthermore, we a)

include three CgPt, alloy samples with thicknesses of

80, 125, and 160 A, grown at 22@ by coevaporation

onto Pt seeded fused silica substrates, as reported earli¢

[13]. All samples were capped with 20 A of Pt at ambient

temperature for corrosion protection. The samples were

characterized with Rutherford backscattering spectrometry

and x-ray diffraction (XRD). XRD revealed strong (111)

texturing. The average® — 20 XRD) grain size was

15 nm. Magnetic properties were established prior to

the experiments by using vibrating sample and torque

magnetometries as well as magneto-optic Kerr effect mea:

surements. Most relevant in conjunction with the present b

discussion is the effective magnetic anisotropy field

(Hg)etr = Hy — 47 M, which may be viewed as the field

needed to saturate the sample in the hard plai#y ).

was determined within=10% accuracy and ranged from b)

16 to 32 kOe. Coercive fields ranged between 1.3 and +M

3.5 kOe, ensuring that a written domain pattern can still

be measured weeks after field exposure. 0
The experiments were performed at the focal point of

the FFTB section of the Stanford Linear Accelerator as -M

described before [13]. The premagnetized samples wer¢

stepped through the beam pipe synchronous to the 1 H.

repetition rate of the 46.6 GeV electron beam. Each C)

sample was exposed 15 times at different locations allow-

ing us to investigate the influence of pulse length and num-

ber of repetitions on samples with identical anisotropy.

Before each run the length of the beam pulse was se:

lected and itsx and y dimensions were determined at

the sample location [14]. The number of electrons per

bunch was recorded on a shot to shot basis using two tor

roids in the beam line. The Gaussian half-widths of the

electron beam in the andy directions were determined

to beo, =38 £ 04 um ando, = 0.8 £ 0.2 um, re-

spectively. The number of electrons per bunch @as =

0.2) X 10°. The temporal pulse lengths in the three ex-

periments were 2, 3, and 4.4 ps. They were calibrated

with a rather large error of about 15% by recording the ) ) o .

synchrotron radiation in the north arc leading to the Stan- 30 20 -10 0 10 20 30

ford Large Detector. The magnetic field produced by the ] :

electron beam moving essentially at the speed of light is Distance (micron)

computed from the current densjtyx, y, ) = n(x,y,t)ec  FIG. 1. (a) Domain pattern written into a @t multilayer

by simply applying Ampére’s law. Here(x,y,r) is the  with (Hg).; of 31.9 kOe. The field pulse lasted for 2 ps.

number of electrons at a given position and time, detertb) Line scan along the direction through the center of the

mined by the three dimensional Gaussian beam. Larg@oma'”' (c) Calculation of the domain pattern for the sample

. of (a) using the LL equation (details see text). The border lines
fields up to 20 T are reached close to the surface of thﬁetween the up and down domains represent lines of constant

beam. Weeks after exposure the samples were retrievegagnetic field. At = 0 this field amounts to 28.8 kOe for the
from the FFTB, and the magnetic domain patterns wer@uter transition and 69.8 kOe for the inner transition.
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line scan along the direction atx = 0. Clearly five re- The experimental results agree well with the calculated
gions can be distinguished. Region | far away from thevalues within the error bars which are mainly due to un-
center is still magnetized along its original direction rep-certainties in the pulse length. Figure 2b displays the ex-
resented by a white contrast and the vaMen the line  perimental and theoretical switching radii plotted versus
scan. The dark ring of region Il represents an area wherpulse length at fixedHg).sr = 16.5 kOe. Both the first
the magnetization has switched at a corresponding max{between regions | and Il) and the second (between re-
mum magnetic field at = 0 of 26.1 kOe and is now point- gions Il and Ill) switches are included. Again good agree-
ing along the+z direction. In region Ill, even closer to ment is found. Figure 3 summarizes measurements from
the core of the electron beam the magnetic field pulse wadifferent experiments using different pulse lengths, beam
strong enoughH(r = 0) = 62.1 kOeg] to cause a second shapes, and thin film samples, including alloys. Plotted
reversal of the magnetization direction. This region is fol-is the ratio of experimental and calculated switching radii.
lowed by an area with zero net magnetization—regiorFor all experiments the agreement is found to be better
IV—and correspondingly the contrast appears grey in thé¢han 16% with the exception of the sample with the large
image. Region V represents the actual area of impact adnisotropy field of 32 kOe, where the discrepancy amounts
the electron beam. The 46.6 GeV beam has evaporatéd 40%. The agreement is in all cases within the experi-
the surface material and caused a crater of several micromsental error. In the line scan in Fig. 1b one observes
depth. Region IV has been demagnetized. MFM meathat the transition between the two states of magnetization
surements in this region indicate the presence of magnetis not sharp. One might think that the spreading of the
domains with an average size 83-0.5 um. The do- domains over5 um in the transition region between
mains are not resolved in the shown Kerr micrograph, andegions | and Il can be explained by a nonuniform magne-
thus zero net magnetization is recorded. What is the caugiation direction. If the magnetization direction in indi-
of the domain formation? Heating the sample above itwvidual cells deviates statistically from the normal direction
Curie temperature of about 500 K may cause demagnetby a few degrees, the starting condition for spin rotation in
zation. Less than 1% of the beam energy is dumped into

the material and a cylindrical heat wave is formed around

the path of the electron beam. Based on a simple heat B ———
transport calculation we conclude that the Curie tempera- _ _a) ®  Experiment | 15
ture cannot be reached at the borderline of region IV. How- g O Theory
ever, it is known that the electron beam can carry a halo of g 25t ] =
particles at very low particle density, below the detection g —E—« 30 e
limit of the FFTB wire scanners, which can easily account an [ Tﬁ
for overheating. To investigate this problem we have— £ 15 ) T
in a separate experiment—exposed the same sample to § )
a beam with the same number of electrons and the same » "@5“"@_\—5—4 ——
pulse length, but with a different shape in they plane. 5l o0 oo
This beam was known to have a larger background level 15 20 25 30 35
of particles. In this test exposure the size of region IV etfective anisotropy (kOc)
increased to the extent that region Il almost completely b. L S S
vanished. 7 30p ) ®  Experiment | J

A simple micromagnetic model based on the LL equa- = | "?" E © Theoy ||
tion is used to understand the switching behavior in regions 3
Il and Ill. Here a first term describes the precession of the E 20 '_g_' 7
magnetization in the magnetic field, and a second term de- 2
scribes the rotation of the magnetization into the direction 2 0k . |
of the field due to energy dissipation [16]. The total mag- g o 35—
netic field is the sum of the effective anisotropy field and «
the beam field. Both exchange and dipolar interactions are ob—e
neglected. We will see that even this simplified model can 1 2 3 4 5 6
explain the basics of the switching process. The sample Pulse length 6, (ps)

is subdivided into a square mesh, each cell having the|g 5 (a) Measured (full circles) and calculated (open
same perpendicular magnetization before a Gaussian beajfcles) switching radius in the direction and atx = 0 as

pulse as generated by the electron beam is applied. Fig-function of the strength of the anisotropy field. The lower
ure 1c shows the calculated switching pattern for the filmflata points present data on the second switching closer to the
of Fig. 1a reproducing the observed gross features. Fi egion of impact. The axis to the right gives the corresponding

> . lculated and d switchi agnetic field strength at= 0. (b) Measured (full circles)
ure 2 summarizes calculated and measured switching radiy,q' ca|culated (open circles) switching radius in hairection

for the set of multilayers at 2 ps pulse length. In Fig. 2aand atx = 0 as a function of the pulse duration for a sample
we plot switching radii versus the effective anisotropy.with (Hx).ss of 16.5 kOe.
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FIG. 3. Ratio of measured to calculated switching radius forF!G. 4. Measured (full circles) and calculated (open circles)

all samples and all pulse durations. The broken line indicate§tio of the width of the transition region to the transition radius
the Stoner-Wohifarth value of 1. versus the tilt angle of the magnetization direction away from

the normal as deduced from the Kerr hysteresis loops.
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