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Abstract

Ultrashort magretic field pulses can be generated in the final focus test beam facility at the Stanford Linecar
Accelerator. The 50 GeV electron bunches carrying currents up to 1000 A are squeezed through a focus smaller than
1 um?. The resulting magnetic field lines are equivalent to those of a straight current carrying wire with amplitudes up to
20 T and duration of 2-5 ps. These unique magnetic field pulses have been used to study magnetization reversal in thin
films with in-plane and perpendicular easy magnetization directions. For perpendicular magnetized samples we observe
ring domains with Kerr microscopy, which are reminiscent of the field contour during exposure. Their radii represent
switching fields in quantitative agreement with the coherent rotation model. The broadening of the transition between
oppositely magnetized domains can be attributed to the existence of static and dynamic fluctuations of the maghnetic
anisotropy. For films with an uniaxial anisotropy in the plane of the film we observe that smaller fields are sufficient to
reverse the magnetization, provided the ficld is orthogonal to the magnetization. We show that it is the demagnetizing
field that completes the reversal after the external field ceases to exist. > 1999 Elsevier Science B.V. All rights reserved.

Keywords: Magnetization dynamics, Reversal processes; Magnetic anisotropy; Ultrashort magnetic field pulses

1. Introduction

The magnetization reversal process is essential to
key technologies such as electric transformation or
magnetic recording. The advancement in these
fields motivates research in magnetization reversal
at very short timescales below the nanosecond
level. In high data rate magnetic recording, for
instance, the data rate approaches 60 MB/s and
thus magnetization reversal must take place in

*Corresponding  author. Tel:  + 411-633-2260/65, fax:
+ 411-633-1080.
E-mail address: hesieg@emlab.ethz.ch (H.C. Siegmann)

times approaching 1 ns. In the case of conventional
magnetization reversal as practiced today the re-
versing field is applied antiparallel to the direction
of the average magnetization M. This means that
the torque between the magnetization and the
reversing field is minimal and temperature fluctu-
ations or local deviations from the average magne-
tization direction initiate magnetization reversal.
In general, magnetization reversal is governed by
the sum of internal and external field contribu-
tions and thermal fluctuations (which can be
viewed as a random field acting on the spins) [1,2].
A stable state is characterized by a minimum of
the free energy. Magnetization reversal requires
overcoming a barrier AE between adjacent minima.

0304-8853/99/8 - see front matter © 1999 Elsevier Science B.V. All rights reserved.
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At T = 0 the energy needed has to be supplied by
an external magnetic field. At finite temperature
T, thermal fluctuations help to overcome AE and
thus magnetization reversal becomes temperature
assisted [1,2]. The process is now of statistical
nature if the external field is smaller than the max-
imum field at T = 0. To account for the statistical
process Street and Wooley [3] have postulated
a characteristic ‘wait time’ 1 according to 1/t =
foexp(—AE/kT). Here fy = 1/14 is an attempt fre-
quency which is of the order of 10°~10"% 1/5 [1,4,5]
and depends in a non-trivial fashion on variables
like anisotropy constant, magnetization, and
damping [2-4]. In a simple approach it may be
viewed as being connected to the characteristic
time needed for energy exchange between lattice
and spin, ie. the spin lattice relaxation time
14 [6,7).! Recent experiments indicate values of
To=4x107%s for small ferromagnetic particles
[8,9] and 1o=1x10"° s for particulate magnetic
recording media [10]. Koch and co-workers [11]
recently reported of switching in soft magnetic ma-
terial indicating 7, somewhat below 1 ns. To elim-
inate temperature effects one considers experiments
on time scales much shorter than 1, In this
case lattice and spins are decoupled and thermal
activation ceases to ¢xist. Thus the motion of the
magnetization vector should simply foliow the
Landau-Lifshitz (LL) equation at T =0. In this
case reversal is governed solely by the field contri-
butions. Successful reversal now depends on the
length, strength and the direction of the applied
magnetic field pulse. It was shown recently that
magnetization reversal below the spin lattice relax-
ation time 7, is feasible if the external magnetic
field H., inducing the reversal is applied perpen-
dicular to M [12-14]. In that case, the torque
T=H_ xMis maximum and angular momentum
is directly transferred from the magnetic sample to
the source of the magnetic field, such as the mag-
netic recording head. No fundamental limit seems
to exist for the time of reversal. These non-station-
ary experiments are equivalent to experiments at
T =0 as energy transfer between the spin system

'Values for 7, are found to lie in the 100 ps range.

and the phonon lattice is zero. These novel mag-
netic switching experiment also differ from FMR
measurements where a small (as compared to the
intrinsic fields) RF excitation causes coherent pre-
cession of the magnetic moments around a con-
stant effective field composed of internal and
external field contributions [15]. Because FMR is
a stationary process it does not yield any informa-
tion about the contribution of thermal activation
and its variable impact on the magnetic reversal
process for different excitation times.

In this paper we summarize magnetic switching
experiments performed at times below 7. We re-
port of experiments with both, perpendicular and
in-plane magnetized magnetic films and thus gain
insight on the influence of the angle between the
magnetization M and the applied field pulse H. We
show that the simple model of coherent rotation is
sufficient to describe the basics of the switching
dynamics. However, deviations from the simple
model and their implications for magnetic record-
ing are discussed. We believe that the experiments
described here may lead to new insights in microm-
agnetic theory and eventually will aid ultrafast
magnetic recording at time scales far below 1 ns.
The paper is organized as follows. In Section 2 we
describe the sample properties. In Section 3 we
comment on the production of the strong magnetic
fields on picosecond time scales using the Final
Focus Test Beam facility at the Stanford Linear
Accelerator. We shortly introduce the Landau-Lif-
shitz equation in Section 4. Section 5 summarizes
experiments performed with perpendicularly mag-
netized samples, while Section 6 descirbes the work
with films magnetized in the plane of the film. In
Section 7 we summarize our results and comment
on the implications for magnetic recording.

2. Sample properties

The experiment requires rather thin ferromag-
netic films as the skin depth for the penetration of
H,, into a metal is =300 nm for a rise time of 1 ps.
The thicknesses of the samples fulfill this require-
ment as they range between 20 and 24 nm. For the
experiments using perpendiculary magnetized sam-
ples we use both, Co/Pt multilayers and Co/Pt
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alloy sampies. The polycrystalline thin film samples
are e-beam evaporated 10 x [Co x nm/Pt 1.2 nm]
multilayers (x = (.44, 0.47, 0.69, 0.89 and 0.92 nm)
grown at =200°C onto (11 1) textured, 20 nm
thick Pt buffer layers deposited at 400°C onto SiN,
coated Si(1 00) substrates. Furthermore, we in-
clude a Co,5Pt, alloy sample with thickness of
12.5 nm, grown at 220°C by co-evaporation onto
a 20 nm thick Pt seed layer on a fused silica sub-
strate. All samples were capped with 2 nm of Pt at
ambient temperature for corrosion protection. Be-
sides in situ controlling thicknesses and composi-
tions during growth using quartz microbalance
monitors the samples were characterized with Ru-
therford back scattering spectrometry and X-ray
diffraction {(XRD). XRD reveals strong (1 1 1) tex-
turing. Clear multilayer satellites are visible for the
multilayer samples. XRD rocking curves of Pt and
zero order Co—Pt peaks indicate narrow crystallite
dispersion angles of 8 + 1°. The average (@-2@
XRD) grain size 1s 15 nm. Magnetic properties were
established prior to the experiments by using vibra-
ting sample and torque magnetometry as well as
magneto-optic Kerr effect. Most relevant in con-
junction with the present discussion is the effective
magnetic anisotropy field Hy = Ha — M/
which may be viewed as the field needed to saturate
the sample in the hard plane. H 5y was determined
within £+ 10% accuracy and increases with de-
creasing Co layer thickness. H 4. ranges from 1280
to 2560 kA/m. The alloy sample has an anisotropy
of Haeee = 1760 kA/m. Coercive fields range be-
tween 100 and 280 kA/m, ensuring that a written
domain pattern is stable enough to be read weeks
after field exposure. The film for the experiment
with in-plane magnetized material consists of Co. It
is single crystalline and magnetically uniaxial with
the easy direction of M in-plane. It was DC-mag-
netron sputtered at =40°C with a thickness of
20 nm onte a 10 nm Pt-buffer. The buffer layer was
deposited onto a series of {Fe 0.5 nm/Pt 5 nm}j
layers deposited in turn onto a MgO(1 1 Q) substra-
te at =500°C to ensure pure {1 10) growth [16].
The film was capped with 2 nm Pt for corrosion
protection. The saturation magnetization at room
temperature is M, = 1.7 T. The uniaxial anisotropy
field lying in the plane of the film is H, =
168 kA/m,

3. The magnetic field source

The realization of extremely short magnetic field
pulses far below 1 ns, sufficiently strong to switch
the magnetization of materials with large aniso-
tropies, does not seem feasible at first glance.
Earlier attempts to produce such fields have result-
ed in pulses of 50 ps duration, but with small peak
amplitudes of about 0.8 kA/m [17]. Pioneering re-
search on hard magnetic material and particulate
media in the group of Doyle [18] showed reversal
characteristics with field pulses of 160 kA/m
strength, but at a duration of about 640 ps. Strong
magnetic fields may be produced with dense elec-
tron pulses accelerated to high energies. The rela-
tivistic length contraction leads to short pulses in
the laboratory frame. Extremely high electron
densities are achieved with fully relativistic elec-
trons. At low energies, such electron clouds would
explode due to electrostatic repulsion. The experi-
ments were performed at the focal point of the final
focus test beam (FFTB) facility at the Stanford
Linear Accelerator Center (SLAC). The final focus
test beam is an external electron beam line from the
SLAC linac [19]. It is designed to make use of the
low emittance delivered by the damping rings. The
linac beam, at 46.6 GeV, is directed at near-zero
degrees into a five-stage beam line where a demag-
nification of more than 300 leads to spot sizes as
small as 40 nm in the vertical plane. The beam line
and its systems are designed to test the techniques
needed to deliver beams to the interaction point of
future linear colliders while maintaining the speci-
fications for high luminosity. For our experiments
we use shightly larger beams as described below.
The pre-magnetized samples were mounted on
a motorized x-y-z manipulator, which was stepped
through the beam pipe synchronous to the 1 Hz
repetition rate of the 46.6 GeV electron beam. Each
sample was exposed several times at different loca-
tions allowing to investigate the influence of pulse
length and number of repetitions on samples with
identical anisotropy. Before each run the length of
the beam pulse was selected and its x and y dimen-
sions were determined at the sample location using
the FFTB wire scanners [20]. The number of elec-
trons per bunch was recorded on a shot to shot
basis using two torroids in the beam line. The
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Gaussian half-widths of the electron beam in the
x and y directions were determined to be o, =
3.8 + 04 pum and o, = 0.8 + 0.2 pm, respectively.
The number of electrons per bunch was
(9.1 + 0.2) x 10°. The temporal pulse lengths ¢, in
the experiments were 2, 3 and 4.4 ps. They were
calibrated with an error of about 15% by recording
the synchrotron radiation in the north arc leading
to the Stanford Large Detector [21]. The magnetic
field H..(x, y,t) produced by the electron beam
moving essentially at the speed of light is computed
from the current density j(x, y, ) = n(x, y, t)- ¢ ¢ by
simply applying Ampere’s law. Here n(x, y, t) is the
number of electrons at a given position and time,
determined by the three-dimensional Gaussian
beam. The clectromagnetic fields in the wake of the
electron pulse generate considerable destruction in
the thin film samples. Both the permanent and
transient damage manifest themselves in the evap-
oration of atoms and heating to temperatures
above the Curie-point, but the damage is limited to
distances of a few micron from the center of impact
[12,13]. Every point in the x—y plane perpendicular
to the electron beam receives a magnetic field pulse
of the same duration determined by the choice of g,.
The direction of the magnetic field H_, is, in good
approximation at R > 10 um, perpendicular to the
radius vector R and its strength decreases with 1/R.
Large fields up to 20 T are reached close to the
surface of the beam. Weeks after exposure the sam-
ples were retrieved from the FFTB for further in-
vestigation.

4. The Landau-Lifshitz equation

A simple micromagnetic model can be applied to
understand the switching behavior. The model is
based on the Landau-Lifshitz equation

dM o dM
dr = — [y|(M x H,,)) + E/I_(Mx—c—i—t_)

The first term describes the precession of the
magnetization in the magnetic field, with y being
the gyromagnetic ratio (y = 0.2212 x 10° (m/As)).
The second term describes the rotation of the mag-
netization into the direction of the field due to

energy dissipation and is characterized by the
damping constant . The total magnetic field is the
sum of the beam field, the demagnetizing field, and
the anisotropy field, H,,, = H., + Hp + H,. In the
case of the perpendicularly magnetized samples, the
anisotropy field and the demagnetizing field point
into the same direction and are represented by an
effective anisotropy field H .

For the calculation of images the sample is sub-
divided into a square mesh, each cell having the
same magnetization before the Gaussian beam
pulse generated by the electron beam is applied.
Both exchange and dipolar interactions between
the ceils are neglected. It will be shown, that this
simple model is sufficient to understand the basics
of the switching process.

5. Perpendicularly magnetized samples

In this section we summarize experiments per-
formed with samples that have an easy magneti-
zation direction pointing out of the plane of the film
[12,13]. We apply a short but strong magnetic field
pulse H,, (in fact the field pulse is shorter than the
time scale given by the precessional frequency of
the magnetic sample. H,, lies in the plane of the film
and is perpendicular to the initial magnetization
direction. In this particular geometry reversal oc-
curs by precession of the magnetization vector
while H,, acts. The magnetization precesses below
the plane defined by the film and then, on a much
longer time scale, precesses around H,,. into the
opposite easy magnetization direction. For success-
ful reversal the magnetization must precess by an
angle @ = n/2. This immediately means that damp-
ing effects can be neglected [22]. In this experiment
we provide a rigorous test of the Stoner Wohlfarth
model at picosecond time scales by varying two
crucial parameters: pulse duration and strength of
the anisotropy field. A quantitative comparison of
the observed domain patterns with a LL-based
calculation shows that the coherent rotation model
applies even for continuous highly exchange
coupled ferromagnetic films. Of particular interest
is the sharpness of the transition region between up
and down magnetized domains: its width cannot be
explained in this model, and we postulate that the
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observed broadening may be related to anisotropy
fluctuations. This intrinsic broadening effect poses
a fundamental limitation to high data rate mag-
netic recording.

After exposure the samples were retrieved from
the FFTB and the magnetic domain patterns were
examined in a Kerr microscope [23]. Fig. 1a shows
a Kerr micrograph of a pattern written with a
single 2 ps pulse into a Co/Pt multilayer sample
with Haeer = 2560 kA/m, that had been pre-mag-
netized along the —z-axis. Fig. 1b shows a corre-

X
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|
0 .
|
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230 -10 10 30
) Distance (um)

Fig. 1. {a) Domain pattern written into a Co/Pt multilayer with
Haere 0f 2560 kA/m and with o, = 2 ps. (b) Linescan along the
y=direction through the center of the image.

sponding linescan along the y-direction at x = 0.
Clearly five regions can be distinguished. Region
I far away from the center is still magnetized along
its original direction represented by a white con-
trast and the value — M in the linescan. The dark
ring of region 11 represents an area where the mag-
netization has switched at a corresponding max-
imum magnetic field at H, of 2090 kA/m and is
now pointing along the +: direction (H(r) =
Hy e "/2%) (Fig. 2), In region I11, even closer to the

X 1
{a) y
1 T Vhyt J'VI T T
! [V 7 v !
+ ML | bl [ 1] -
| | i I
I l F I
-M
|
10 30 .
b) Distance (micron)

Fig. 2. (a) Domain pattern written into the same sample as in
Fig. 1. The sample was exposed to two consecutive field pulses
with ¢, = 2 ps. (b} Linescan along the y-direction through the
center of the image.
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core of the electron beam the magnetic field pulse
was strong enough (H, =4970kA/m)} to cause
a second reversal of the magnetization direction
which now points back into the —z-direction.
This region is followed by an area with zero net
magnetization - region 1V - and correspondingly
the contrast appears grey in the image. Region
V represents the actual area of impact of the elec-
tron beam. The 46.6 GeV beam has evaporated the
surface material and caused a crater of several
micron depth. Region IV has been demagnetized.
High-resolution Kerr microscopy in this region
indicates the presence of magnetic domains with
average size of 0.3-0.5 um. The domains are not
resolved in the shown Kerr micrograph and thus
zero net magnetization is recorded. What is the
cause of the domain formation? Heating the
sample above its Curie temperature of about
500 K may cause demagnetization. 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 transport calculation we conclude that the
Curie temperature cannot be reached at the border
line of region IV. However, it is known that the
electron beam can carry a halo of particles at very
low particle density, below the detection limit of
the gamma-ray detectors of the FFTB wire scan-
ners, which can easily account for overheating.
To investigate this problem we have ~ in a separ-
ate experiment - exposed a sample to a beam
with the same number of electrons and the same
pulse length, but with a different shape in the
x-y plane. For this particular exposure we use
6,=351204um and o0,=02+02pum The
number of electrons per bunch was (6 + 0.2) x 10°.
The Kerr micrograph (Fig. 3) shows a pattern
written with a single 3 ps pulse into the Co,5Pt;,
alloy sample with H,. = 1760 kA/m, that had
also been pre-magnetized along the — z-axis. The
beam in this experiment was known to have a lar-
ger background level of particles along the x-direc-
tion. In this test exposure the size of heated area
near the center of impact increased along the x-
direction to the extent that region II vanished
completely along x. For this sample we also in-
clude a high-resolution Kerr micrograph that
reveals the domain structure in the center and also

.&'-r"

Fig. 3. Domain pattern written into a Co,3Pt;; alloy sample
with H s of 1760 kA/m. The field pulse lasted for 3 ps. The inset
shows an enlarged area of the sample. Magnetic domains with
an average size of 0.3-1.0 pm are clearly visible.

in the transition region between regions I and II,
see inset.

A heat wave cannot be responsible for the mul-
tiple switching of regions I1 and III in Fig. 1a. To
confirm this conclusion we have performed mul-
tiple shot experiments. One second elapsed be-
tween shots assuring a stable starting condition for
the second shot. We show in Fig. 2a and the corre-
sponding linescan in Fig. 2b, that the original mag-
netization state is reached as expected, except for
the regions where domains have been formed after
the first exposure.

Fig. 4 shows the calculated switching pattern for
the film of Fig. la reproducing the observed gross
features. We use o, =2 ps, a = 0.1, and Hpe =
2560 kA/m for the calculation. Fig. 5 summarizes
calculated and measured switching radii for the set
of multilayers at 2 ps pulse length. In Fig. 5a we
plot switching radii versus the effective anisotropy.
The experimental results agree well with the cal-
culated values within the error bars which are
mainly due to uncertainties i the pulse length.
Fig. 5b displays the experimental and theoretical
switching radii plotted versus pulse length at fixed
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30 20 -10 0 10 20 30
Distance (micron)

Fig. 4. Calculation of the domain pattern for the sample of 1(a)
using the LL equation.

H e = 1320 kA/m. Both, the first (between regions
I and II) and second (between regions 11 and 1II)
switch are included. Again good agreement is
found. Fig. 6 summarizes measurements from dif-
ferent experiments using different pulse lengths,
beam shapes and thin film samples, including
alloys. The ratio of experimental and calculated
switching radii is plotted. For all experiments the
agreement is found to be better than 16% with the
exception of the sample with the large anisotropy
field of 2560 kA/m, where the discrepancy amounts
to 40%. The agreement is in ail cases within the
¢xperimental error. In the linescan in Fig. Ib one
observes that the transition between the two states
of magnetization is not sharp. One might think,
that the spreading of the domains over 5 pm in the
transition region between regions | and II can be
explained by a non-uniform magnetization direc-
tion. If the magnetization direction in individual
cells deviates statistically from the normal direction
by a few degrees, the starting condition for spin
rotation in each cell differs and a spread over
a broad transition region can be expected. An aver-
age magnetization tilt angle away from the normal
direction can be deduced from the measured ratio

_C?,_

35 e ————————
®  Experiment

41.510°

O Calculation 1

T T

5 - : . . é 1.0-104
200 1600 2000 2400 2800
effective anisotropy (kA/m)
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Switching Radius {um)
>
H[

—_

a

—

T T T ¥ T T T

®  ECxperiment | |
G Calculation

30

/é\ 1
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A Bie el s
2
2 20f + .
=4
ol
£
S0 s, -
E
[40]
0 M 1 M | M 1 i 1 M
! 2 3 4 5 6
(b Pulselength G, (ps)

Fig. 5. (a) Measured (full circles) and calculated {open circles)
switching radius in the y-direction and at x = 0 as a function of
the strength of the anisotropy field for the Co/Pt multilayer
samples. The lower points present data on the second switching
closer to the region of impact. The axis to the right gives the
corresponding magnetic field strength at + = 0. (b) Measured
(fuil circles) and calculated (open circles) switching radius in the
y-direction and at x = 0 as a function of the pulse duration for
a sample with H . of 1320 kA/m.

between remanent and saturation magnetization.
The transition width can then be calculated, again
using the LL equation. The results are shown in
Fig. 7. The calculated transitions appear much nar-
rower than the experimentally observed ones. To
understand this we consider different effects of local
lattice distortions. Deviations from the ideal lattice
cause local changes of the electronic band struc-
ture, which via spin-orbit coupling modifies the
magnetic anisotropy of a given material. For
¢xample strain of 1% in a Co single crystal may
lead to changes in the magnetic anisotropy energy
of up to 60%. Locally lattice strain can be caused
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Fig. 7. Measured (full circles) and calculated {open circles) ratio

of the width of the transition tegion to the transition radius

versus the tilt angle of the magnetization direction away from
the normal as deduced from the Kerr hysteresis loops.

by two mechanisms: (i) Local lattice imperfections
caused by imperfect growth lead to a static vari-
ation of the value of the anisotropy field as a func-
tion of location. The strength of the anisotropy field
may vary from cell to cell, A microscopic distribu-
tion of the strength of the anisotropy fields is not
reflected in our macroscopic determination and
may be responsible for the observed transition

~/o-

widths. (ii) At the time of the magnetic field excita-
tion the lattice is frozen into a phonon distorted
state. This leads to dynamic variations of the value
of the anisotropy field as a function of location and
time. Atomic distances vary locally causing vari-
ations of the anisotropy fields via spin-orbit coup-
ling. The Debye-Waller yields an estimate of 5%
for the lattice distortions caused by temperature.
From our XRD measurements we conclude that
the sum of static and dynamic distortions is of the
order of 10-15%, thus static distortions are of the
same magnitude or larger than dynamic distor-
tions. Both effects lead to a distribution of initial
anisotropies before the magnetic field pulse acts on
the sample and this in turn results in a distribution
of small up and down domains after the field pulse
has passed. On a much longer time scale these
domains then relax iito domains of at least the
size of the exchange length. This relaxation process
does not affect the written domain pattern, but only
the size of the domains in the transition region.

6. In-plane magnetized samples

In the preceeding section we have shown that
ultrafast magnetization reversal utilizing the strong
magnetic field pulses of the FFTB is feasible. How-
ever, the required magnetic field strength exceeds
2000 kA/m. In this section we demonstrate that
considerably weaker field pulses are sufficient for
reversing M. This occurs in thin uniaxial films mag-
netized in the plane. We show that this is due to the
demagnetizing field Hp, brought about by the pre-
cession of M during the field pulse out of the plane
of the film. When the external magnetic field pulse
is terminated, Hy persists, and the precession of
M around Hy, completes the reversal. In this ge-
ometry, magnetization reversal is induced with
magnetic field pulses of a few picoseconds’
duration, but with small field amplitudes of
=350 kA/m. These field amplitudes are well within
reach of conventional thin-film recording heads
[24]. In contrast to conventional reversal and to
the experimenis described above with perpendicu-
lar films. the damping -oefficient x describing the
relaxation of M into the direction of the mag-
nctic field is now the material parameter of crucial
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importance. The full relaxation process has to be
taken into account for the reversal process. As this
takes much longer time compared to the case of
perpendicularly magnetized samples, damping now
starts to play a role. In fact the relaxation process
now reaches timescales comparabile to the spin-lat-
tice relaxation time [6,7].

Again every point in the x-y plane perpendicular
to the electron beam receives a magnetic field pulse
of the same duration determined by the choice of g,.
In this experiment, however, we utilize in-plane
magnetized uniaxial films. Prior to exposure, the
magnetization M of the films is set parallel to the
x-direction. Hence the direction of the magnetic
field H.(x, y) encloses all angles —n <3< +=x
with M.

After exposure the samples are removed from the
beam line. Magn~tic information is again obtained
in a Kerr microscope. Fig. 8a shows the magnetic
pattern generated in the Co film by a single field
pulse of ¢, = 2 ps duration. The initial magnetiz-
ation direction points along — x (white). Black
contrast represents areas that have switched the
magnetization direction from — Mto + M. The
location of impact is at the center of the image,
which we also define as the center of the coordinate
system. The induced magnetization pattern is sym-
metric on changing the sign of x, but asymmetric on
changing the sign of y.

We first concentrate on the line y = 0. On this
line, H., LM and the initial torque 7' = H,, x M i3

maximum. The first reversal is x = 130 uym from
the center, corresponding to a magnetic field of
Hy =356 kA/m. Towards x = 0, i.e. towards larger
field values, inultiple reversals occur at x = 113.3 um
(Ho =409 kA/m), x =97.5um (Hy =475 kA/m),
and x =739 pm (Hy = 627kA/m). On the line
with zero average torque x = 0 no reversal is ob-
served outside the area of beam damage. This
shows the fundamental difference between conven-
tional magnetization reversal with H,, antiparaliel
to M and UF reversal. In the case of UF reversal,
the initial torque T = H,, x M is not equal to zero
and is transferred directly from the magnetic
sample to the source of the magnetic field, such as
the magnetic recording head. No fundamental limit
seems to exist for the time of reversal. On the other
hand, in conventional magnetization reversal the
average torque is equal to zero. In this case, the
angular momentum induced by the reversal process
must be absorbed by the phonon lattice, a process
that is governed by the rate of energy exchange
between the lattice and the magnetic system. Thus,
the spin-lattice relaxation time is the relevant time
scale for reversal [6,7]. The multiple reversals along
y = 0 at larger field values hint at a second require-
ment for UF reversal: at a given pulse length the
magnetic field strength must assume a value in
a rather narrow interval, and the product oH,
becomes important. At this point we also stress the
size of the magnetization pattern. Its diameter
amounts to 230 um, about a factor of 5 larger than

o

5

:i";‘

Fig. 8. (a) Magnetization pattern written into the uniaxial Co film with a single electron pulse with ¢, = 2 ps. The image was measured
with a Kerr microscope, image size 290 um x 290 um. The sample was premagnetized along the — x direction. In the light areas the
magnetization points along the —x direction, in the dark areas it has been reversed to the +x direction. {b) Magnetization pattern
written into the uniaxial Co film with two consecutive electron pulses each with o = 2 ps. Some residual reversed magnetization is
visible {dark areas}. (c) Magnetization pattern written into the uniaxial Co fitm with three consecutive electron pulses each with
o, = 2 ps. The pattern reverts back to that of Fig. 8a.

M
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that observed for the perpendicularly magnetized
samples in Ref. [13]. This indicates that the field
strength which 1s required to reverse the magneti-
zation with the same pulse length ¢, = 2 ps is con-
siderably smaller for in-plane magnetized films,
namely only 356 kA/m.

Fig. 8b shows the same Co film after exposure to
two consecutive pulses separated by 1s. The as-
symetry of the pattern after the first pulse now
becomes more obvious. The second pulse cannot
reverse the whole pattern as in the case of the
perpendicularly magnetized samples. The third
pulse shown in Fig. 8c reverts the pattern to that of
a single pulse.

In order to understand the decrease of the ap-
plied magnetic field H,, capable of reversing M for
in-plane magnetized films consider a simple model.
Let us consider a small, single particle that is sym-
metric in the xy-plane with a uniaxial anisotropy
H, along the x-direction. This particle may have
any shape between a sphere and a thin disk. The
corresponding demagnetizing field Hy, results from
the difference in the demagnetization factor Dy for
M in the xy-plane and D, for M along the z-direc-
tion, Hp = (D, — Dy)M,/u,. Let us assume coher-
ent rotation of M in an external field pulse of
Gaussian shape applied along the y-direction with
an amplitude H, and duration o,. If the particle is
a sphere, D, — D =0 and hence Hp = 0. This
means that for Hy, > H,, precession of M around
H, takes place. For successful reversal the pre-
cession angle @ must exceed n/2, with @ given by
the Larmor frequency. This limits the radius for
successful reversal to R, = 32 pm. If we now fill the
plane with decoupled spheres we obtain a figure-
eight-shaped magnetization pattern according to
R = Ry sin( ), where $is the angle between M and
H. We can now increase D, — Dy from 0 to 1, the
value for a film. The calculation for the magneti-
zation reversal is now performed again using the
Landau-Lifshitz (LL) equation for each individual
particle. We use « as the only parameter to fit the
size of the pattern of Fig. 8a and find « = 0.037.
Fig. 9 shows the results for the Co film alongy = 0.
It is seen that with increasing demagnetization fac-
tor and hence increasing Hyp = M_/u,, the size of
the pattern grows rapidly. Thus the demagnetizing
field plays a crucial role in the reversal process.

L e e . e —

Radius (pm})

60 i

0.0 02 04 06 08 1.0
Demagnetizing Factor

Fig. 9. Caleculated distance of the first reversal along y =0
versus the difference D, — D, of the demagnetization factors for
M perpendicular and parallel to the plane of the film;
a =0.037, 0, =2 ps.

This leads to the following three-step model for
ultrafast reversal. (1; During the field pulse, M pre-
cesses around H,, out of the plane of the film. As
M leaves the plane of the film the effective demag-
netizing field decreases with the angle @ between
M and the surface normal: Hy, = (M,/u,) cos 0. (2)
When H,, ceases to exist, M continues to precess,
but now around Hp + H,. The maximum angle
© assumed by M decides whether the magneti-
zation reverses and whether even multiple reversals
can occur. (3) Eventually M relaxes into one of the
two easy magnetization directions. This final step
can be very slow.

The magnetization patterns thus obtained with
the LL equation for the Co film is shown in Fig.
10b. We see that the size and the overall outer
shape of the pattern is well reproduced by the
calculation. The asymmetry of the pattern when yis
inverted is caused by the direction of the premag-
netization. A further test for the correct choice of
« is the comparison of the experimental location of
the first reversal with the calculated one when the
duration of the field pulse is varied. The results are
shown in Fig. 11, and good agreement is found for
the parameter determined to match the size of the
pattern.

1R -
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%1 00 um

Fig. 10. Magnetization pattern calculated using the Landau-
Lifshitz equation with M, = 17T, H, = 168 kA/m, 5, = 2 ps,
and x = 0.037.

]40 T T ™ T T T * T T T T T T
130 | .
=
g B \ .
=
= 3 ]
o
110} o
]0() 1 L " L i . i | " L L
1.8 22 26 30 34 38 42 46

oy (ps)

Fig. 11. Measured (full circles) and calculated values of the
position of the first reversal along y = (0 versus the length of the
magnetic field pulse &, Fer the calculations we assume
M,=17T and D, — D =1 We use H, =168 kA/m and
z = 0037

We note that the radii of the experimentally
observed inner rings are not exactly reproduced by
the calculations. For example the second reversal
back to the original direction occurs at smaller field
values than expected. The details of the inner struc-
ture of the pattern cannot be calculated with the

_-/13,

simple LL approach uniess one assumes that some
of the material properties vary with time. Suppos-
ing that intrinsic properties such as M, and H, are
constant, one is forced to assume that « is time-
dependent. Two different mechanisms might lead
to a time-dependent effective damping constant
%err. The first one is the excitation of magnons. Ficld
pulses are built with frequencies close to the fre-
quency band of magnons, hence magnon excitation
might be enhanced. This can lead to an increase in
energy dissipation and thus to an increase in 2.
The other mechanism 1s electron—electron scatter-
ing [25]. H M precesses at a different rate in each
location, this scattering will be very strong. again
feading to a larger effective damping constant.

7. Conclusions

Based on experimental advances, magnetization
reversal has seen considerable development in re-
cent years. For instance, it is now possible to ob-
serve the direction of the magnetization in
nanosized single-domain particles [8,9,267. In such
experiments, static magnetic fields are applied for
times typically of the order of | 5. The probability
of reversal of M is then determined as it depends on
the angle at which the external magnetic field is
applied to the particle. The reversal is difficult to
understand in detail because M might assume com-
plex curling and buckling modes depending on
details of the surface and bulk anisotropy of the
grain under investigation. Ultrafast reversal re-
moves this problem as favorable curling and buck-
ling modes need a comparatively long time to
develop and may be neglected. Therefore. putting
nanoparticles on a substrate and applying the
ultrafast pulse is an interesting experiment that
must still be done.

The present experiments would greatly gain in
value by ultrafast observation of M as it precesses
in the various steps of the reversal. Freeman and
coworkers [17] have shown that this is indeed
possible with the magneto-optic Kerr-effect using
picosecond laser pulses. Another exciting prospect
comes {rom the development of the Japan Linear
Colhider [27]. In this project, microstructured elec-
tron pulses will be developed delivering a train of
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very strong magnetic field pulses with picosecond
length, ideally suited for observing the dynamics of
the reversal.

In conclusion, we have shown that magnetic
switching in perpendicular and in-plane magneti-
zed samples at ultra short times scales in the pico-
second regime can be well understood within the
simple LL-model. The width of the written
transitions in perpendicularly magnetized films is
not only determined by the quality of the magnetic
material, but is ultimately determined by intrinsic
physical properties such as phonons. The phonon-
driven broadening of the transition region sets the
ultimate limit for the transition density in ultrafast
magnetic recording. We have also shown that it is
possible to switch the magnetization of longitudi-
nally magnetized magnetic films in much smaller
magnetic fields. In this case the switching field is
smallest when the ficld pulse is applied orthogonal
to the initial magnetization direction of the sample
and increases continuously as the angle between
the applied field and the magnetization is reduced.
In addition, we find that the magnitude of the
switching field is strongly dependent on the damp-
ing parameter of the magnetic film [14].

These results have important implications for
longitudinal magnetic recording and demonstrate
the possibility of extremely high-data-rate record-
ing if problems arising from transitions between
regions of oppositely magnetized material can be
overcome. This requires either a magnetic medium
consisting of identical grains or single-domain par-
ticles.
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It is shown that the spin asymmeltry of the elastic transmission of electrons through ferromagnetic
films can approach unity. The polycrystalline Co films are a few nanometers thick and saturated with
the magnetization M in the plane. The contribution of spin-productive scattering events is below 5%.
If the electron spin at incidence is chosen to be perpendicular to M, it rotates into the direction of M
and also precesses around it.  [S0031-9007(98)07521-8]

PACS numbers: 73.50.Yg, 79.20.Kz

The application of polarized electron beams to the study
of magnetism took its beginning when the first spin-
polarized electrons were obtained by photoemission from
magnetic materials [1]. The most obvious way of looking
at photoemission of electrons theoretically is to assume
that the fast photoelectron does not interact appreciably
with the other electrons in the metal so that the photo-
emission experiment often is thought of as measuring the
energy spectrum of its own hole state left behind. This
theory of renormalized one-electron states has been dis-
cussed in the present context by Anderson [2], Doniach
[3}, Gutzwiler [4], and many others [5]. However, it
could never explain the fact that no negative spin polar-
ization is detected in photoemission from states near the
Fermi energy Er in Co [6.7]. This and many other fea-
tures observed in emission of low energy electrons from
transition metals are now understood by considering the
scattering of the excited electron on the partially filled d
states of all of the atoms encountered in transport through
the transition metal [8]. To study this important phenome-
non more thoroughly, we have measured the total scat-
tering cross section as a function of electron energy. In
contrast to numerous earlier investigations [9], we have
observed very large transmission asymmetries A of up to
80% with an electron beam passing through a thin ferro-
magnet depending on whether its spin is parallel or an-
tiparallel to the magnetization M. Furthermore, when the
spin polarization vector Py of the incident electron beam
is chosen to bqe perpendicular to M , then it rotates into the
direction of M and simultaneously also precesses around
M. There is a complete analogy to the magneto-optic
phenomena observed when a light beam passes through
ferromagnetic material. But, even when measured on the
length scale of the penetration depth, the magneto-“optic”
effects observed with electron beams are at least | or-
der of magnitude larger as compared to those observed
with light beams. This arises because the electron beam
couples directly to the magnetization, while the coupling
of the light beam must be mediated by the spin-orbit inter-
action. The observations presented here have a number of
immediate important implications. For instance, the scat-

4228 0031-9007/98/81(19)/4228(4)$15.00

tering cross section governs the nonequilibrium magneti-
zation dynamics which is presently at the forefront of fun-
damental research in magnetism [10-13}, Furthermore,
experiments of the type described here might help to im-
prove the performance of spin filters, spin transistors, and
spin tunneling, and may also lead to magnetic imaging in
transmission electron microscopy.

The experiment is sketched in the upper part of Fig. 1.
We have prepared a spin-modulated electron beam with
a GaAs-type photocathode. By switching from right- to
left-circularly polarized light for excitation of the source,
we can invert the vector Py of the spin polarization. By
applying a combination of electric and magnetic fields to

Au |Co|+Au
PO
Spin )
modulated { .} ¢ - LLIL. Integsﬂy
electron E ERNEER SRR & £ ORI &
source et Polarization

Fa 1rstTM)T A
3 Tlhe Hslt™M) 4.
& &, 7
w g
E-Eq [eV] E-E: [eV]
FIG. 1. The upper part shows the principle of the experiment

consisting of a spin-modulated electron source of the GaAs
type, a Au/Co/Au trilayer in which the ferromagnetic poly-
crystalline hep Co film is magnetized remanently in the plane,
and a detection system in which the intensity / and degree of
spin polarization £ perpendicular to the axis of the electron
beam are measured for the electrons transmitted by the trilayer.
The lower part shows on the left the energy distribution curve
f{E} and the degree of relative polarization P/ P, after the elec-
tron beam has traversed the supporting Au layer alone. Py is
the degree of spin polarization delivered by the source. In the
lower part on we right, the intensity distribution curves I*(E)
and /7 (E) are shown for a Co film of 4 nm thickness and its
2 nm thick Au capping added. /7(E) is valid for spin parallel
to the magnetization M, and /" (E) for spin antiparaliel to M.

© 1998 The American Physical Society
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the electron beam, we can also rotate Py into any desired
direction in space. We can produce an unpolarized
electron beam as well by applying linearly polarized light.

The spin-polarized electron beam impinges along the
surface normal onto a trilayer consisting of a supporting
Au film 20 nm thick, a ferromagnetic Co layer of varying
thickness ranging from 1-6 nm, and a capping Au layer
of 2 nm thickness to prevent corrosion. In this geometry
spin-orbit coupling cannot produce any spin dependence
of the transmission,

The trilayer is made in a separate chamber on a
substrate consisting of a film of nitrocellulose supported
by a Si wafer with a number of 0.5 mm wide apertures.
The Au layer of 20 nm thickness is deposited on top of
the nitrocellulose by evaporation of Au from a heated Mo
crucible, Jn top of this layer, polycrystalline films of hep
Co are deposited by electron bombardment of a 99.998%
pure Co rod. Their thickness {(as measured by a calibrated
quartz microbalance) ranges from 1 -6 nm. The Co films
are capped with a protecting Au layer of 2 nm thickness.
The first set of hysteresis loops is measured right after
deposition by in situ Kerr magnetometry, The in-plane
hysteresis loops are square and exhibit full magnetic
remanence. After the magnetic tests are completed, the
whole sample is let to air. The nitrocellulose on the
apertures is removed in a solution of pentyl acetate.
The sample is then introduced through a load-lock system
into the chamber with the GaAs electron source where
the measurements are done. There, the sample is first
exposed to mild sputtering designed to get rid of the
contaminants acquired in the process of letting it to air and
dissolving the nitrocellulose. Further sputtering through
the apertures thins the supporting Au layer until electrons
of a primary energy of ~6 eV above Ep are transmitted
at an attenuation of 107°—10"% The final thickness of
the supporting Au layer is estimated at ~18 nm. The
Kerr hysteresis loops taken later show no difference to
the loops obtained just after deposition of the samples.

In the actual measurements, the Co films are rema-
nently magnetized in the plane by applying a positive
or negative magnetic field pulse. The electrons emerging
from the Au/Co/Au multilayer are energy analyzed by a
retarding field. and subsequently accelerated to an energy
of 100 keV to determine the components of the spin po-
larization vector perpendicular to the axis of the electron
beam via Mott scattering.

In the lower part of Fig. 1 we show data observed with
an incident electron beam of about 7 eV energy and Py
perpendicular to the electron beam. The inset on the left
shows intensity and polarization as a function of energy
without the Co film in order to illustrate what kind of
an electron beam actually enters the ferromagnet. In the
energy distribution curve J(E) one distinguishes still an
elastic peak at 7 eV, but secondary electrons have of course
also been produced in Au at lower energies. However, the
spin polarization of the elastic electrons is not altered on

,,{?/

passing through the Au film. Yet the secondaries having
suffered collisions with valence electrons in Au have a
lowered polarization that decreases with decreasing energy
due to the increasing admixture of unpolarized electrons
excited from the conduction bands of Au.

The inset at the right shows data when a Co film of
thickness y = 4 nm with its Au capping is added. One
observes two different energy distribution_curves of the
emergmg electron beam. l+ is valid for PO parallel and
I~ for Py antiparalle] to M, where the direction of M is
defined by the direction of the majority spins. The elastic
part of the beam displays a huge spin asymmetry A =
(I* = 17)/(* + I7) for a pure spin state. On the other
hand, the inelastic part of the electron spectrum exhibits
lower A. This is partly due to the lower polarization of the
inelastic electrons generated in the supporting Au layer. In
the following, we focus on the elastic part of the spectrum
which we can separate by applying a retarding field.

The most important condition for observing the large A
is that the trilayer must have absolutely no holes. This
is evident from Fig. 2, where the relative intensity trans-
mitted through the Au/Co/Au is shown vs the energy £
of the incident electron beam. The attenuation increases
by 3 orders of magnitude when E increases from 6 eV
above Er to 16 e¢V. If there is the tiniest hole, the main
part of the elastic signal observed at the back side of the
trilayer is caused by electrons that have passed through
the hole. We suspect that this is the reason why much
smaller A values were reported in Ref. [14] at higher elec-
tron energies. The steep increase of the attenuation with
increasing E is in reasonable agreement with the energy
dependence of the electron mean free path in Au [15].

We now consider the attenuation of the elastic elec-
tron beam in the Co film of thickness y for each spin
direction separately. With the incident current /, the
transmitted current is { = Iye Y. The absorption co-
efficient ¢ depends on the angle ¢ between 13” and M |
the largest value o~ occurs with ¢ = 7 and the smallest
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FIG. 2. The attenuation of the elastic electrons after penetra-
tion of the trilayer vs the energy above the Fermi energy £
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ot withd =0. WithAg =0~ — ¥, wehave A =
[exp(Aay) — 1]/[exp(Aoy) + 1]. One obtains

+
Ag = i]n(lj) (n
v I

Figure 3 shows a number of data obtained with various
samples. To interpret this further, we assume that all of
the spin-dependent scattering is scattering on the 4 shell,
and that the strength of the scattering is proportional to the
number of holes in that shell. The number of holes in the d
shell is not & priori known for atoms in a metal. However,
with the ferromagnetic metals, one knows the spin part of
the saturation magnetization which is the difference in the
occupancy of the & shell between majority- and minority-
spin electrons known as the number of Bohr magnetons,
ng, per wom. With the present electron energies several
eV above Er, all of the d holes are available for scattering.
This yields Ao = ngoy, where oy is the absorption
coefficient for one unoccupied state in the 34 shell in
Co. This approach is well supported by a number of quite
different experiments [16].

With hcp Co, the density of atoms is N = 8.6 X
10?% atoms/m? and ng = 1.7 Bohr magnetons. Hence,
one obtains the following for the total scattering cross

section:
1 I
= — . 2
0 - mu(£) @

The lower part of Fig. 3 shows @ calculated from the
average of Ao. The order of magnitude of () reflects the
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FIG. 3. Difference in the absorption coefficient Ao for
majority- and minority-spin electrons vs electron energy for six
samples each with a different Co thickness. The lower graph
shows the average total scattering cross section @ for one hole
in the 3d shell of Co.
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fact that the 4 shell is comparatively little extended in
space. For the interpretation one must be aware that @
is the sum of all scattering on the d shell, elastic and
inelastic. Gokhale and Mills [17] have shown on the
example of a single crystalline Fe film that effects of elastic
scattering plus crystal diffraction and channeling can lead
to sizable contributions to the spin-dependent transmission.
However, these contributions favor both majority-spin
and minority-spin transmission depending on the energy.
Furthermore, they are generally not as large as observed
here and also tend to increase on increasing the electron
energy above 10 eV. Furthermore, crystal diffraction must
cancel out for truly polycrystalline samples. We believe
therefore that the main contribution to the total scattering
cross section Q in Fig. 3 obtained from the average of Ao
on all polycrystalline sampies reflects predominantly the
inelastic scattering on the d shell.

To analyze the spin-selective scattering in ferromagnets
in more depth, one must ask the question of what happens
after the minority-spin electron has scattered into a hole of
the d shell forming one of the 34" *! multiplet states. It
has been argued [18] that the excess energy is dissipated
by reemitting a majority-spin electron which, however,
has lost at least the energy of the Stoner gap 6. In total,
this process, called a Stoner excitation, would have made
out of a minority spin in the primary electron beam a
majority spin with a small energy loss 8. Such Stoner
excitations have been detected experimentally [19,20].
We can test how important these excitations are in the
spin-polarized transmission by making use of the theorem
that a polarizing spin filter must be equal to an analyzing
spin filter in the absence of spin-productive scattering
events such as Stoner excitations [21]. The change in the
majority-spin current is &7 = —g " /*dy — adl™, and
in the minority-spin current df~ = —o~ 1 dy, where a
is a constant. The fraction of minority-spin electrons that
has undergone a spin flip in a Stoner excitation but is
still detected in the elastic channel because & is small,
typically a fraction of an eV, is given by r = a/(1 —
@ + o7 /o). The polarization P of an unpolarized
electron beam passing through the ferromagnet will be

P=A+PAry), (3)

while it is P = A for r = 0. Experimentally, the com-
parison of P and A shows that the contribution of Stoner
excitations r is below 5% and thus of minor importance
in spin-dependent transmission.

We now consider the situation in which Py is perpen-
dicular to M. In this case the spin part of the incident
electron wave function can be described as a coherent
superposition of a majority-spin QS parallel to M) and a
minority-spin (5 antiparallel to M) wave function with
equal amplitudes: ¢y = %[((']) + ((]])]. Because of spin-
dependent absorption, the amplitude of the two wave
functions becomes different on passing the ferromagnet.

_18,
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A phase difference ¢ develops as well. This yields the
following for the wave function ¢ of the electrons leaving
the ferromagnet:

i 0
b= ﬁ[«./l + A(:})e e/ 4 1= A(l)e”f”]
The spin polarization vector P of the transmitted electrons
is determined by the expectation valies of the Pauli
matrices. (Note that the x axis is parallel to Py, the y axis
is parallel to the electron beam, and the z axis is parallel

to M.) This yields
Pov'1 — A2cos(e)
Py 1 — Alsin(e) |. 4)
A

and corresponds to two types of motion of the spin
polarization vector, namely, a rotation by an angle of ¢
into the direction of M and a precession by an angle of ¢
around M. "

_ The rotation takes place in the plane spanned by P and
M. This rotation is due to absorption in the ferromagnetic
film, as discussed above, where the minority-spin wave
function is more strongly attenuated than the majority-spin
wave function. The angle ¢ of the rotation is given by

A
PoN1 — A2

The direct measurement of ¢ confirms Eq. (5). For
example, for a Co film with A = 0.3, ¢ for a pure spin
state is =17°, .

The precession around M is the electron analog to the
Faraday rotation observed with linearly polarized light. Tt
is & quantity that does not depend on A but is caused by
the phase difference that develops between majority- and
minority-spin wave functions due to the spin dependence
of the inner potential. We found that the precession angie
€1s 16 = 2° per | nm of Co film thickness for an electron
energy of 7 eV, It will be discussed in more detail
elsewhere.

In conclusion, we note that the very strong spin de-
pendence of the transmission observed in polycrystalline
hep Co opens up the possibility to construct highly et-
ficient spin filters, and to determine the Bohr magneton
number ny of thin films. Furthermore, the precession €
around the direction of M is unique because it measures
the spin dependence of the inner potential otherwise in-

-

P o=

tan p = (5)

accessible. The overall motion of the electron spin ob-
served here is important for the understanding of ultra-
fast magnetization dynamics. The angles ¢ and € are
large considering that, depending on energy. the electrons
spend only ~0.3 X 107 sec per nanometer film thick-
ness within the ferromagnet.
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spin, time, and energy analysis, will be presented else-
where [20]. In brief, two equally intense, collinear, or-
thogonally polarized light pulses with an adjustable delay
interact with the metal surface. The mutual orthogonal
linear polarization of the two pulses suppresses coherent
excitation to a large extent [18). While the first pulse
excites electrons from their ground state into an interme-
diate state below the vacuum level, the second pulse—
after a delay—interacts with the still excited electrons.
In this second step the electrons are excited above the
vacuum level, so that they can be detected as photoelec-
trons. By measuring the photocurrent as a function of
the delay between the two light pulses, the lifetime of the
excited electrons at a fixed intermediate state energy is
determined. We emphasize that this two pulse correlation
experiment allows one to determine lifetimes which are
considerably shorter than the duration of the laser pulse
[18]. A Ti:sapphire laser operating at a repetition rate of
82 MHz and a pulse width of about 40 fs is used as a
pulsed light source. The linearly polarized laser output is
frequency doubled in a 0.2 mm thick beta barium borate
crystal to produce UV pulses between 3 and 3.4 eV pho-
ton energy. We used laser pulses of low fluence and peak
power in order to avoid space charge effects on the energy
distribution of the electrons. In this way, the relaxation of
individual excited electrons rather than the collective be-
havior of a transiently heated nonequilibrium distribution
is measured. Note that the count rate is much lower than
one electron per pulse.

The two photon-photoemission (2PPE) experiments are
performed in an ultrahigh vacuum system equipped with
a cylindrical sector energy analyzer. The orientation of
the sample is 45° with respect to the laser beam, and
the electrons are detected in normal emission geometry.
Epitaxial fcc Co films, about 10 nm thick, are grown
onto a Cu(001) single crystal at room temperature [21].
The growth rate is 0.2 nm/min. The thickness of the
film is measured by a calibrated quartz microbalance.
Remanent magnetization of the Co(001) films is achieved
by magnetizing them by a magnetic field pulse from a
coil. The easy axes of the magnetization in Co/Cu(001)
are shown to be the in-plane [110] directions [22]. The
geometry of the system aliows the measurement of the
projection of the spin polarization vector along the in-
plane Co [110] direction: P = (N1 — NY)/(N' + N!) with
N' (N} the number of photoemitted electrons with their
magnetic moment parallel (antiparailel) to the sample
magnetization. The lowest available intermediate state
energy that can be probed is given by & — hw, with o
being the work function of clean Co(001) (=5 eV) and
hv the photon energy. In order to extend the energy
range to lower energies, we can reduce the work function
by depositing small amounts {=0.1 ML) of Cs onto the
Co surface. The effect of Cs on the electron scattering
is negligible: within the present time resolution we do
not observe a difference in the spin-integrated lifetime

- 2/{/

measurements between a clean Co surface and a Cs/Co
surface in the overlapping energy regicn between 1.7 and
33 eV.

A normal emission 2PPE spectrum of a cesiated 10 nm
thick Co(001) film with one laser beam blocked (i.e.,
without time resolution) at a photon energy of 3 eV is
shown in Fig. 1. The electron energy values correspond
to the actual kinetic energy of the free photoelectron:
Evin = 2hy — ® — E; with E; being the initial state
energy below Ep; the shift due to the difference in the
work function between the sample and the detector has
been compensated and the applied bias subtracted. The
peak at the largest kinetic energies is built up by electrons
coming from the vicinity of Eg, where Co 3d emission is
strongest. That this structure is actually built up by Co 3d
emission can be seen easily by the strong increase in the
2PPE intensity upon the subsequent evaporation of Co on
the Cu substrate. The enhancement of the 2PPE yield at
lower energies, on the other hand, is not due to an intrinsic
feature of the Co band structure. Instead, this increase
is due to the increase in the lifetime of the intermediate
states at lower energies (see Fig. 2) and also to the buildup
of the secondary electron cascade. The population of
a statc may be refilled through inelastic collisions of
excited electrons in energetically higher lying states. The
open squares in Fig. 1 represent the spin polarization
of the photoemitted electrons. In spite of the quite
structured spin-dependent density of states of Co (see
inset in Fig. 3), the spin polarization does not show very
much structure. Even more remarkable, the maximum
spin polarization value is about 65%, which is 1.5 times
higher than values obtained in single photon threshold
photoemission experiments [23]. The occurrence of this
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FIG. 1. Intensity (filled circles) and spin polarization (open

squares) of a cesiated 10 nm thick Co(001) film as a function
of the kinetic energy, obtained in a 2PPE experiment with one
laser beam blocked. The photon energy of the laser light is
3 eV. The work function of this particular cesiated sample is
34 eV.
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FIG. 2. The spin-integrated inelastic lifetime of cesi-

ated Co(001) (hr =3eV, ® =35eV) and Ag(ill}
(hvy = 33 eV, @ = 4,1 eV) as a function of the intermediate
state energy above Ep. The inset shows a scheme of the
energy levels involved in the 2PPE process,

enhanced spin polarization is consistent with the existence
of a spin filter effect in Co, as it preferentially depletes the
population of the excited minority-spin electrons during
the first and the second excitation process. However,
the large spin polarization of the 2PPE yield is not a
conclusive proof of the spin filter effect, since different
excitation processes and, hence, transition matrix elements
have to be considered in 2PPE compared to regular
photoemission induced by absorption of a single photon.
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FIG. 3. The spin-resolved inelastic lifetime (top) and the ratio
7177t (bottom) of a cesiated 10 nm thick Co(G01) film as
function of the intermediate state energy above Er. In the top
panel! filled symbols correspond to the majority-spin direction
and open symbols to the minority-spin direction. The photon
energy is 3 eV. The inset in the bottom panel shows the spin-
resolved density of states of fce Co [26].
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The marked drop in P at the highest kinetic energies
(corresponding to initial state energies around Ep) is
consistent with single photon threshold photoemission
experiments on thick Co(001) films, where P decreases
from 4% to 20% on approaching the photothreshold [23].
This decrease in P has been attributed to the fact that Co
is a strong ferromagnet and, hence, has no majority-spin
d density of states at Ex. That P is positive even at the
photothreshold has been one of the main arguments for
the spin filter process [23]. At the lowest kinetic energies
in the 2PPE spectrum, however, the drop in P might
be generated by the growing importance of secondary
electrons.

Figure 2 shows the spin-integrated lifetime 7 of both
cesiated Co and the noble metal Ag for comparison as
a function of the intermediate state energy E*. The
data are extracted from the experimentally obtained cross-
correlation traces using a rate equation model for the
population of the intermediate state [20]. This model
is equivalent to the Bloch equations for a three level
system in the limit of rapid dephasing [24]. In this
case, the evolution of the transient population N*(¢) of
the intermediate level is given by dN*(t)/dt = A{r) —
N*(t)/7, where A{z) is the excitation induced by the first
(pump) laser pulse. It should be noted, however, that the
depletion of a photoexcited population at E* is governed
not only by an energy-dependent lifetime. At lower
energies, the cross-correlation signal is affected both by
secondary electrons (cascade and Auger electrons) and
transport piocesses. Secondary electrons repopulate the
probed state, whereas the diffusion of the electrons out
of the probed region (transport) depopulate the state.
These two opposed contributions are not involved in the
rate equation model and therefore neglected in this first
interpretation. The lifetime curves for both Co and Ag
show a clear increase in lifetime on approaching Er. The
cause for this increase in lifetime is the decreasing phase
space that is available for scattering processes. Within
the framework of a conventional Fermi liquid theory, a
I/(E* — Eg)® behavior is expected [23], which is in fair
agreement with the observations displayed in Fig. 2. On
the other hand, the lifetimes in Co are much shorter than
in Ag. In the noble metal Ag, the & band is completely
filled, while the 4 band of the transition metal Co is
only partially filled, and relaxation is dominated by the J
electrons. The higher density of occupied and unoccupied
states near Ef in Co is thus seen to lead to a faster
relaxation and hence to shorter inelastic lifetimes.

In the top panel of Fig. 3, the spin-dependent lifetime of
Co as a function of the intermediate state energy between
0.6 and 1.1 eV above Ef is shown. Each pair of data
points is the result of =10 h of measuring time. Clear
lifetime differences between the two spin states are found,
resulting in a longer lifetime of majority-spin electrons.
The error bars in the plot represent the statistical scat-
ter as described in Ref. [20]. Besides the pure statistical
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error, one important additional source of error is the deter-
mination of the zero point of the lifetime scale. Thus the
absolute values of the lifetimes are correct only within a
few femtoseconds [18]. However, this does not influence
the lifetime difference found for the two spin channels,
because both were measured simuitaneously. The quali-
tative behavior of the spin-dependent lifetime, namely, the
longer lifetime of majority-spin electrons, can readily be
explained by the excess of unfilled minority-spin states
compared to unfilled majority-spin states, as discussed
above. Because of the larger number of minority-spin
holes, the minority-spin electrons are scattered out of a
given energy at a faster rate than majority-spin electrons.
Explaining the details of the curve is obviously more
complicated and requires as the next step that the actual
electronic band structure of Co(0{}1) be taken into consid-
eration. In the bottom panel of Fig. 3 the lifetime ratio
71/#! is plotted, exhibiting a value of roughly 2 at 1 eV
above Er. A decreasing ratio is found towards lower en-
ergies. We note that the spin-resolved measurements are
stopped at 1.1 eV, because the errors bars are getting too
large due to the short lifetimes, which are at the limit of
our present time resolution. A look at the Co density of
states [26] (see inset) might give a clue about the behavior
of the lifetime ratio. For intermediate state energies above
=~1.3 eV, all empty d states, in particular those which
build up the strong density of states peak at around 1 eV,
are available for minority-spin electrons to scatter into.
For intermediate state energies clearly below 1 eV, how-
ever, the strong density of states peak is no longer avail-
able for the scattering of minority-spin electrons. Since
the phase space for scattering of majority-spin electrons,
on the other hand, does not change as much as in the case
of minority-spin electrons—due to the constant majority-
spin density of states in the energy range of interest—the
lifetime ratio should change in favor of the minority-spin
electron lifetime at lower energies.

In conclusion, by combining time- and spin-resolved
photoemission techniques, we have demonstrated that the
spin-dependent dynamics of optically excited electrons
can be studied in real time. The spin-dependent lifetime
of electrons in Co(001) is determined directly from the
experiment and is found to be larger for majority-spin
electrons than for minority-spin electrons. It is hoped that
these experiments will contribute to a better understanding
of spin-dependent scattering, which is of eminent impor-
tance for understanding transport properties in magnetic
materials as well as the process of photoemission at low
photon energies. There are also a number of applications
of the spin filter effect in ferromagnets such as, for in-
stance, the possibility to build very efficient detectors for
electron spin polarization opening up the possibility to ap-
ply spin-polarized electrons more widely. At any rate,
this experiment provides the first information on the spin-

T R3-

dependent lifetimes in the energy range between the Fermi
energy and the vacuum level, thereby closing the gap be-
tween information from electric transport and mean free
path experiments.
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