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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 CoyPt 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]
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Magnetization reversal is governed by the sum of in
ternal and external field contributions and thermal fluc
tuations [1,2]. A stable state is characterized by an ener
minimum and reversal requires overcoming a barrierDE
between adjacent minima by applying an external ma
netic field. At nonzero temperatureT , thermal fluctuations
help to overcomeDE, and thus magnetization reversal be
comes temperature assisted [1,2]. Street and Wooley
have postulated a characteristic “wait time”t according
to 1yt  f0 exps2DEykT d to account for the statistical
nature of the reversal. Heref0  1yt0 is an attempt fre-
quency which is of the order of109 1012 s21 [1,4,5] and
depends in a nontrivial fashion on variables like anisotrop
constant, magnetization, and damping [2–4]. In a simp
approach it may be viewed as being connected to the ch
acteristic time needed for energy exchange between latt
and spin, i.e., the spin lattice relaxation timetsl [6]. Re-
cent experiments indicate values oft0 > 4 3 1029 s for
small ferromagnetic particles [7,8] andt0 > 1 3 1029 s
for particulate magnetic recording media [9]. For magnet
excitations occurring on time scales much shorter thantsl
thermal activation ceases to exist, thus the motion of t
magnetization vector should simply follow the Landau
Lifshitz (LL) equation. The present paper discusses
experiment allowing a systematic study of magnetizatio
reversal at time scales belowtsl. In the described experi-
ment we apply a short but strong magnetic field pulse (
fact, the field pulse is shorter than the time scale give
by the precessional frequency of the magnetic sample)
the hard plane of perpendicularly magnetized ferroma
netic films, and the evolving magnetization patterns a
inspected weeks later with a Kerr microscope. In th
particular geometry the resulting initial reversal occur
by precession of the magnetization while the field puls
is present. The magnetization subsequently, on a mu
longer time scale, relaxes into the easy magnetization
rection given by the magnetic anisotropy. In this regar
the present experiment is fundamentally different from
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conventional magnetic writing experiments where a field
applied parallel to the anisotropy field axis and the leng
of a magnetic field pulse is much longer thantsl. This
novel magnetic switching experiment also differs from fe
romagnetic resonance (FMR) measurements where a sm
rf excitation causes coherent precession of the magne
moments around a constant effective field composed of
ternal and external field contributions [10]. Because FM
is a stationary process it does not yield any informatio
about the contribution of thermal activation and its variab
impact on the magnetic reversal process for different ex
tation times. The realization of extremely short magne
field pulses in the laboratory frame, sufficiently strong
switch the magnetization of ferromagnetic materials wi
large anisotropy fields, seems unfeasible. Earlier attem
to produce such fields have resulted in pulses of 50 ps
ration, but with small peak amplitudes of about 10 Oe [11
Stronger fields of up to approximately 2 kOe, but of fairl
long duration of 640 ps were reached in Ref. [12]. R
cently, Siegmannet al. [13] have demonstrated the poss
bility of using the finely focused 46.6 GeV electron bea
in the Final Focus Test Beam (FFTB) section of the Sta
ford Linear Accelerator Center as a magnetic field sour
for pulses as short as 2–6 ps and field amplitudes up to s
eral tesla. They already reported on magnetization rever
on picosecond time scales; however, their initial pionee
ing experiment suffered from rather large uncertainties
the beam parameters rendering a quantitative analysis
possible. We have repeated this experiment and are n
able to give a rigorous test of the Stoner-Wohlfarth mod
at picosecond time scales by varying two crucial param
ters: pulse duration and strength of the anisotropy fie
A quantitative comparison of the observed switching rad
with a LL based calculation shows that the coherent r
tation model applies even for continuous highly exchan
coupled ferromagnetic films. Of particular interest is th
sharpness of the transition region between up and do
magnetized domains: its width cannot be explained in th
© 1998 The American Physical Society 3251
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model, and we postulate that the observed broadening m
be related to anisotropy fluctuations. This intrinsic broa
ening effect poses a fundamental limitation to high da
rate magnetic recording.

The polycrystalline thin film samples aree-beam
evaporated10 3 fCo x ÅyPt 12 Åg multilayers (x  4.4,
4.7, 6.9, 8.9, and 9.2 Å) grown at> 200 ±C onto (111)
textured, 200 Å thick Pt buffer layers deposited at 400±C
onto SiNx coated Si(100) substrates. Furthermore, w
include three Co28Pt72 alloy samples with thicknesses o
80, 125, and 160 Å, grown at 220±C by coevaporation
onto Pt seeded fused silica substrates, as reported ea
[13]. All samples were capped with 20 Å of Pt at ambien
temperature for corrosion protection. The samples we
characterized with Rutherford backscattering spectrome
and x-ray diffraction (XRD). XRD revealed strong (111
texturing. The average (Q 2 2Q XRD) grain size was
15 nm. Magnetic properties were established prior
the experiments by using vibrating sample and torq
magnetometries as well as magneto-optic Kerr effect me
surements. Most relevant in conjunction with the prese
discussion is the effective magnetic anisotropy fie
sHK deff  Hk 2 4pMs which may be viewed as the field
needed to saturate the sample in the hard plane.sHK deff
was determined within610% accuracy and ranged from
16 to 32 kOe. Coercive fields ranged between 1.3 a
3.5 kOe, ensuring that a written domain pattern can s
be measured weeks after field exposure.

The experiments were performed at the focal point
the FFTB section of the Stanford Linear Accelerator a
described before [13]. The premagnetized samples w
stepped through the beam pipe synchronous to the 1
repetition rate of the 46.6 GeV electron beam. Ea
sample was exposed 15 times at different locations allo
ing us to investigate the influence of pulse length and nu
ber of repetitions on samples with identical anisotrop
Before each run the length of the beam pulse was
lected and itsx and y dimensions were determined a
the sample location [14]. The number of electrons p
bunch was recorded on a shot to shot basis using two t
roids in the beam line. The Gaussian half-widths of th
electron beam in thex andy directions were determined
to besx  3.8 6 0.4 mm andsy  0.8 6 0.2 mm, re-
spectively. The number of electrons per bunch wass9.6 6

0.2d 3 109. The temporal pulse lengths in the three e
periments were 2, 3, and 4.4 ps. They were calibrat
with a rather large error of about 15% by recording th
synchrotron radiation in the north arc leading to the Sta
ford Large Detector. The magnetic field produced by th
electron beam moving essentially at the speed of light
computed from the current densityjsx, y, td  nsx, y, tdec
by simply applying Ampère’s law. Herensx, y, td is the
number of electrons at a given position and time, dete
mined by the three dimensional Gaussian beam. La
fields up to 20 T are reached close to the surface of t
beam. Weeks after exposure the samples were retrie
from the FFTB, and the magnetic domain patterns we
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examined in a Kerr microscope [15]. Some samples we
additionally investigated with magnetic force microscop
(MFM). Figure 1a shows a Kerr micrograph of a pattern
written with a single 2 ps pulse into a CoyPt multilayer
sample withsHK deff  31.9 kOe that had been premagne-
tized along the2z axis. Figure 1b shows a corresponding

FIG. 1. (a) Domain pattern written into a CoyPt multilayer
with sHK deff of 31.9 kOe. The field pulse lasted for 2 ps.
(b) Line scan along they direction through the center of the
domain. (c) Calculation of the domain pattern for the sampl
of (a) using the LL equation (details see text). The border line
between the up and down domains represent lines of const
magnetic field. Att  0 this field amounts to 28.8 kOe for the
outer transition and 69.8 kOe for the inner transition.



VOLUME 81, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 12 OCTOBER 1998

ed
n-
x-
s

re-
e-
om
m

ed
ii.
ter
e

nts
ri-
es
ion
e

e-
-
n
in

n

r
the

ng

le
line scan along they direction atx  0. Clearly five re-
gions can be distinguished. Region I far away from th
center is still magnetized along its original direction rep
resented by a white contrast and the valueM in the line
scan. The dark ring of region II represents an area wh
the magnetization has switched at a corresponding ma
mum magnetic field att  0 of 26.1 kOe and is now point-
ing along the1z direction. In region III, even closer to
the core of the electron beam the magnetic field pulse w
strong enoughfHst  0d  62.1 kOeg to cause a second
reversal of the magnetization direction. This region is fo
lowed by an area with zero net magnetization—regio
IV—and correspondingly the contrast appears grey in t
image. Region V represents the actual area of impact
the electron beam. The 46.6 GeV beam has evapora
the surface material and caused a crater of several micr
depth. Region IV has been demagnetized. MFM me
surements in this region indicate the presence of magne
domains with an average size of0.3 0.5 mm. The do-
mains are not resolved in the shown Kerr micrograph, a
thus zero net magnetization is recorded. What is the ca
of the domain formation? Heating the sample above
Curie temperature of about 500 K may cause demagn
zation. Less than 1% of the beam energy is dumped in
the material and a cylindrical heat wave is formed arou
the path of the electron beam. Based on a simple h
transport calculation we conclude that the Curie tempe
ture cannot be reached at the borderline of region IV. Ho
ever, it is known that the electron beam can carry a halo
particles at very low particle density, below the detectio
limit of the FFTB wire scanners, which can easily accou
for overheating. To investigate this problem we have—
in a separate experiment—exposed the same sample
a beam with the same number of electrons and the sa
pulse length, but with a different shape in thex-y plane.
This beam was known to have a larger background lev
of particles. In this test exposure the size of region I
increased to the extent that region III almost complete
vanished.

A simple micromagnetic model based on the LL equ
tion is used to understand the switching behavior in regio
II and III. Here a first term describes the precession of t
magnetization in the magnetic field, and a second term
scribes the rotation of the magnetization into the directio
of the field due to energy dissipation [16]. The total ma
netic field is the sum of the effective anisotropy field an
the beam field. Both exchange and dipolar interactions
neglected. We will see that even this simplified model c
explain the basics of the switching process. The sam
is subdivided into a square mesh, each cell having t
same perpendicular magnetization before a Gaussian be
pulse as generated by the electron beam is applied. F
ure 1c shows the calculated switching pattern for the fil
of Fig. 1a reproducing the observed gross features. F
ure 2 summarizes calculated and measured switching ra
for the set of multilayers at 2 ps pulse length. In Fig. 2
we plot switching radii versus the effective anisotrop
e
-

ere
xi-

as

l-
n

he
of
ted
ons
a-
tic

nd
use
its
eti-
to

nd
eat
ra-
w-
of
n

nt

to
me

el
V
ly

a-
ns
he
de-

n
g-
d

are
an
ple
he
am
ig-

m
ig-
dii
a

y.

The experimental results agree well with the calculat
values within the error bars which are mainly due to u
certainties in the pulse length. Figure 2b displays the e
perimental and theoretical switching radii plotted versu
pulse length at fixedsHK deff  16.5 kOe. Both the first
(between regions I and II) and the second (between
gions II and III) switches are included. Again good agre
ment is found. Figure 3 summarizes measurements fr
different experiments using different pulse lengths, bea
shapes, and thin film samples, including alloys. Plott
is the ratio of experimental and calculated switching rad
For all experiments the agreement is found to be bet
than 16% with the exception of the sample with the larg
anisotropy field of 32 kOe, where the discrepancy amou
to 40%. The agreement is in all cases within the expe
mental error. In the line scan in Fig. 1b one observ
that the transition between the two states of magnetizat
is not sharp. One might think that the spreading of th
domains over5 mm in the transition region between
regions I and II can be explained by a nonuniform magn
tization direction. If the magnetization direction in indi
vidual cells deviates statistically from the normal directio
by a few degrees, the starting condition for spin rotation

FIG. 2. (a) Measured (full circles) and calculated (ope
circles) switching radius in they direction and atx  0 as
a function of the strength of the anisotropy field. The lowe
data points present data on the second switching closer to
region of impact. The axis to the right gives the correspondi
magnetic field strength att  0. (b) Measured (full circles)
and calculated (open circles) switching radius in they direction
and atx  0 as a function of the pulse duration for a samp
with sHK deff of 16.5 kOe.
3253



VOLUME 81, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 12 OCTOBER 1998

)
s

t
y

t.
f

n

.

t.

.

.

he
FIG. 3. Ratio of measured to calculated switching radius f
all samples and all pulse durations. The broken line indica
the Stoner-Wohlfarth value of 1.

each cell differs, and a spread over a broad transition
gion can be expected. An average magnetization tilt an
away from the normal direction can be deduced from t
measured ratio between remanent and saturation magn
zation. The transition width can then be calculated, aga
using the LL equation. The results are shown in Fig.
The calculated transitions appear much narrower than
experimentally observed ones. We consider two possi
reasons based on local lattice distortions. Deviations fro
the ideal lattice cause local changes of the electronic ba
structure, which via spin orbit coupling modifies the mag
netic anisotropy of a given material. For example, strain
1% in a Co single crystal may lead to changes in the ma
netic anisotropy energy of up to 60%. Locally lattice stra
can be caused by two mechanisms: (i) Local lattice im
perfections caused by imperfect growth and (ii) at the tim
of the magnetic field excitation the lattice is frozen int
a phonon distorted state. We can use the Debye Wa
factor to approximate the magnitude of the lattice disto
tions caused by temperature to 5%. From our XRD me
surements we conclude that the sum of static and dynam
distortions is of the order of 10%–15%, thus static disto
tions are of the same magnitude or larger than dynam
distortions. Both effects lead to a distribution of initia
states before the magnetic field pulse acts on the sam
and this in turn results in a distribution of small up an
down domains after the field pulse has passed. On a m
longer time scale these domains then relax into doma
of at least the size of the exchange length. This relaxat
process does not affect the written domain pattern, but o
the size of the domains in the transition region.

In conclusion, we have shown that magnetic switchin
in perpendicular magnetized samples at ultrashort tim
scales can be well understood within the simple LL mod
We have shown that the width of the written transition
is not only determined by the quality of the magnet
material, but is ultimately determined by intrinsic physica
properties such as phonons. A phonon driven broaden
of the transition region would hint to the ultimate limit o
transition density for ultrafast magnetic recording.
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FIG. 4. Measured (full circles) and calculated (open circles
ratio of the width of the transition region to the transition radiu
versus the tilt angle of the magnetization direction away from
the normal as deduced from the Kerr hysteresis loops.
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