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Phase-resolved pulsed precessional motion at a Schottky barrier
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The precessional motion of the magnetization is excited by an ultrashort magnetic-field pulse at a Schottky
barrier containing a ferromagnetic film. The precessional frequency, measured as a function of a bias field of
variable strength and direction by time resolved Kerr microscopy, is accurately reproduced by a model based
on the theory of ferromagnetic resonance. The spatially resolved precessional phase reveals a jump related to
the chiral character of the exciting magnetic-field pulse.
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At a metal-semiconductor interface forming a Schott
barrier one can apply a voltage and—provided free carr
are present in the barrier region—it may be possible to d
a current across the barrier. If the metallic side of the bar
is a ferromagnet, spin-polarized carriers can be injected f
the ferromagnet into the semiconductor.1,2 Spin injection
from magnetic semiconductors acting as spin polarizers
nonmagnetic semiconductors has also been observed.3 Vice
versa, if spin-polarized carriers are excited in the semic
ductor via optical orientation,4 spin-polarized carriers may b
ejected from the semiconductor into the ferromagnet. Suc
current can affect the magnetic state of the ferromagne
passes through, opening the possibility of controlling
magnetic state by applying a voltage.5,6 We have recently
reported on a similar device,7 in which a focussed and sho
('300 fs) pump laser was used to excite a current acro
Schottky barrier consisting of an ultrathin FeCo film grow
epitaxially onto GaAs. The magnetic-field pulse associa
with the current launched the pulsed precessional mo
~PPM! of the FeCo magnetization around its equilibrium p
sition.

In this paper we present further experimental data t
corroborate the ideas of Ref. 7. First, the precessional
quency is measured as a function of a static bias magn
field with variable strength and direction, applied in t
plane of the film. The obtained set of dispersion curves
be accurately modelled when the PPM is treated as s
angle excitations of the magnetization vector within t
framework of ferromagnetic resonance~FMR!.8 Second, no-
ticing that the circulating vector field created by the curre
flowing perpendicular to the film plane establishes a ch
geometry, we set up to detect any sign of chirality in o
experimental data.7,9 Indeed, the spatially resolved prece
sional phase undergoes a jump at a line passing through
pump beam focus, as required by the chiral geometry.

In the present experiment, ap-doped GaAs crystal wa
cleaved under UHV conditions to obtain a clean and ato
cally flat GaAs~110! surface. Using molecular beam epitax
3 monolayer~ML ! of Au were deposited at 77 K followed b
a 15 ML thick Fe film. The gold layer aims at preventing A
interdiffusion into the Fe film which was reported to be co
related to a reduced magnetic moment.10 The sample was
capped with an additional passivating layer of 20 ML Au
all measurements were performed at ambient pressure.
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growth was monitored by scanning tunnelling microsco
and will be reported elsewhere. The static magnetic prop
ties of the Fe film were characterized by magneto-optic K
effect measurements and by using a SQUID magnetom
~superconducting quantum interference device!. Figure 1
shows hysteresis loops along the in-plane directionsd50°
(@11̄0#), d545° andd590° (@001#). These curves can b
understood if the uniaxial anisotropy favoring the@11̄0# in-
plane direction is supplemented by an effective in-pla
fourfold magnetic anisotropy.11,12As a consequence, the hys
teresis curve along the easy@11̄0# axis shows a square loop
while the one along@001# has a slow linear increase at lo
magnetic fields, followed by a jump at a well defined ‘‘spli
field Hs . Because of this behavior, the@001# axis is referred
to as the ‘‘intermediate’’ axis. This magnetization curve c
be described by two parameters: The slopes of the initial
section~or an extrapolation to the saturation magnetizatio
giving a saturation fieldHsat'500 Oe) and the value o
Hs'164 Oe. In addition, using SQUID magnetometry, w
have measured the component of the magnetization per
dicular to the easy plane as it rotates out of the plane
determined that an effective field of about 4pMe f f54pM0
22K' /M0 is required to reach saturation along the norm
Here, K' is a uniaxial perpendicular anisotropy caused
the two Fe/Au interfaces. This kind of anisotropy is not u
common for ultrathin ferromagnetic layers.13,14Important for
the experiments reported below is the effective field requi
to pull the magnetization out of the plane of the film. It is
the order of 1662 kOe, see inset Fig. 1. Froms, Hs , and
4pMe f f one can reconstruct the various magnetic consta
appearing in the magnetic energy density.12 We will see that
magnetic spectroscopy—i.e., the determination of the
quency of the precessional motion as a function of the
plied magnetic-field vector—allows to refine the findin
from static magnetization measurements.

The time evolution of the magnetizationMW was measured
in a pump-probe experiment.MW is tipped away from its equi-
librium position by subjecting it to a fast rise time magnet
field pulseHp perpendicular to the magnetization directio
but in the film plane. To apply the pump pulse, we use
scheme of internal field generation in a Schottky diode.7 The
metal-semiconductor interface is used as the source of
magnetic pulse itself. A focussed 300 fs laser pulse from
©2004 The American Physical Society22-1
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Ti:Sappire oscillator~4.75 MHz repetition rate, 800 nm, en
ergy per pulse'1.5 mJ/cm22, focus 1mm) generates a
photocurrent, which in turn gives rise to a fast rise tim
magnetic-field pulse. The probe pulse~400 nm wavelength,
energy per pulse'0.75 mJ/cm22, 0.5 mm focus!, placed at
a variable position with respect to the pump beam, is use
probe the perpendicular component ofMW using the polar
magneto-optical Kerr effect. The probe pulse is delayed b
time t with respect to the pump pulse using an optical de
line. A detailed description of the experimental method
found in Ref. 7. In addition toHp , a static magnetic bias
field H with variable strength is applied along various dire
tions in the plane of the film. A typical trace ofMz(t) is
shown forH50 in Fig. 2.Mz(t) oscillates as expected from
a precessional motion. For allHW similar curves were mea
sured, from which a well defined frequency could be o
tained by fast Fourier transform~FFT! as shown in the inse
of Fig. 2. Zero-filling and a Hamming cutoff window is use

FIG. 1. Kerr effect hysteresis loops measured along the in-p
directions d50° ~easy axis!, d545°, andd590° ~intermediate
axis!. The dotted line shows the calculated curve ford590° using
the parametersKu , K1, and K2 obtained from the fit shown in
Fig. 3.

FIG. 2. Typical time domain data (H50). The inset shows the
FFT of the time domain data. The dots represent the FFT from
raw data, while zero padding was used for the continuous line.
peak positionf gives a data point in Fig. 3.
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to extract the frequency from the time scans with fin
~1.2 ns! length.

Figure 3 shows the precessional frequencyf vs bias field
strengthH for different anglesd between the field direction
and the easy magnetization direction in the plane of the fi
For d50° the frequencyf increases monotonically with th
bias fieldH. This is the behavior expected for a field applie
along the easy magnetization direction and has been repo
previously. The data ford590° shows a more complex be
havior. At low H, f decreases, until a minimum atHs
5162 Oe is reached, followed by an increase off. This de-
crease of the precessional frequency is known from FM
experiments8,14 along an intermediate axis of the type d
scribed above. Typically, it occurs because a magnetic fi
applied along the intermediate axis pulls the global minim
of the energy landscape—which determines the equilibri
direction of the magnetization vector—closer to the interm
diate axis, making it more shallow in the process. As
precessional frequency is essentially determined by the
vature of the energy landscape at the minimum, the pre
sional mode is softened. At other angles, the monoton
increase off and its tendency of undergoing a minimum a
both present with different weights: the actual behavior
pends upon which effect is more relevant. Notice thatHp
<25 Oe is small with respect to the various fields presen
the film and it is terminated after some 100 ps, so that it c
be neglected when calculating the precessional frequency
the deviation from equilibrium produced by such a smallHp
is very small and the exchange length is much smaller t
the spatial extent of the pulse, we will neglect exchan
fields as well.

The solution for reproducing the set of curves in Fig.
comes from a very simple thought. For small deviations fro
equilibrium, the Landau-Lifshitz equation for the spin m

e

e
e

FIG. 3. Bias field dependence of precessional frequencyf. Dis-
played are the dispersion curves for different bias field anglesd as
measured~dots! and calculated~curves!. The curve changes gradu
ally from the monotonic field dependence for the easy axisd50° to
a more complex behavior for the intermediate axisd590°.
2-2
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tion reduces to the equation of a classical harmonic osc
tor. The PPM experiment corresponds to establishing an
tial condition slightly off equilibrium for the magnetizatio
vector and letting the motion evolve accordingly. The ‘‘ha
monic oscillator’’ will oscillate according to its eigenfre
quency, the very same frequency which must be used
drive a forced harmonic oscillator at resonance. Thus,
expect the precessional frequency being given by a w
known general expression for the FMR frequency written
term of the magnetic energy densityE(u,w) where the mag-
netization vector is expressed in spherical coordinatesu and
w:16

2p f 5
g

M0sinu
A]2E

]w2

]2E
]u2

2
]2E

]w]uU
u5u0 ,w5w0

, ~1!

whereE(u,w) is the magnetic energy density,u measures the
angle ofMW with respect to the normal to the film,w is the
angle formed byMW and the easy in-plane magnetization ax
u0 ,w0 give the equilibrium position ofMW , M0 represents the
saturation magnetization, andg5g/2(e/mec) is the gyro-
magnetic ratio. The coordinate system is shown in Fig. 4~a!.
This expression relates the precessional frequency to the
vature of the energy landscape at its minimum. Thus, the
to applying this expression is to formulate a model ofE(u,w)
that captures the essential magnetic interactions in our
tem. Guided by previous investigations of simil
systems11,12 we write E(u,w) as the sum of five terms:

E~w,u!52uHuM0cos~w2d!sin~u!12pMe f fM0cos2u

1K1~a1
2a2

21a2
2a3

21a3
2a1

2!1K2~a1
2a2

2a3
2!

1Kusin2w. ~2!

FIG. 4. ~a! Crystallographic coordinates and definition
angles. The cube illustrates the orientation of the crystallograp
unit cell of bcc iron. The magnetization direction is expressed
the spherical coordinates (w, u). The external magnetic field vecto
H lies in the~110! plane of the film defined by the angled to the

easy axis@11̄0#. ~b! Illustration of energy surfaces of the first tw
anisotropy terms with cubic symmetry used in Eq.~2!.
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The first contribution toE(w,u) is the Zeeman energy, whic
contains the angled betweenHW and the easy axis@11̄0#.
Both uHu and d are varied in the experiment. The seco
term is the energy arising mainly from the dipolar interacti
favoring the in-plane magnetization. This effective term co
sists of the dipolar contribution and an additional perpe
dicular anisotropy energy originating from the Fe/Au inte
faces which opposes the dipolar term and thus reduces
effective field required to pull the magnetization out of t
plane.13,14 The next two terms with coupling constantsK1
and K2 describe the bcc Fe magnetocrystalline anisotrop
exhibiting the symmetry of the lattice.K1 is a standard cubic
anisotropy containing the fourth power of the magnetizati
and is necessary to obtain the shifted hysteresis curve of
1.11 K2 is a higher-order magnetic anisotropy absent in
analysis of similar systems11,12,14and introduced here to cor
rect for deviations of the fit from the experimental set
curves.15 Notice that the direction cosinesa i refer to the
cubic axis of the lattice: they can be expressed in terms of
coordinate system proper to our 110 surface by the follow
transformation, see Fig. 4~b!:

S a1

a2

a3

D 5S 1

1

A2
2

1

A2

1

A2

1

A2

D S sin~u!cos~w!

sin~u!sin~w!

cos~u!
D . ~3!

The termKusin2w is an in-plane uniaxial anisotropy favorin

@11̄0# as easy magnetization direction. This term is requi
to explain the large in-plane uniaxial anisotropy often o
served in these systems.11,12,14 Its origin most likely lies in
strain introduced by the lattice mismatch between subst
and thin film. Even in very thick bulk bcc Fe films, wher
terms originating from the interface should be negligible, t
additional term is still present.17

As the valueM0 cancels out in Eq.~1!, the parameters a
our disposal for fitting the dispersion curves containingN
575 data points are the anisotropy constantsKu , K1, and
K2. We also let the 4pMe f f vary during the fit, with the aim
of obtaining a fitted value around 1662 kOe, which is con-
sistent with our SQUID data. Notice that theg factor and
4pMe f f essentially determine the overall frequency level
the dispersion curves. Therefore these two parameters
strongly coupled and one of them must be fixed to avoid
additional degree of freedom in the system. We choose to
the g factor at 2.09, the value for bulk Fe. In contrast, t
angular dependence of the dispersion curves is determ
by the anisotropiesKu , K1, andK2. The fit includes numeri-
cally calculating for each value ofuHu andd the equilibrium
angle w0 of the magnetization vector from the equatio
]E/]w50 and evaluating Eq.~1! at (w0 ,u05p/2). In each
step the sum of squared deviationsD5( i( f i

obs2 f i
calc)2 was

optimized as a single function of all data points and t
parametersKu , K1 , K2, and 4pMe f f . The result of using
Eq. ~1! to fit the experimental dispersion curves are the c
tinuous curves in Fig. 3. The mean deviation between
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experimental data and the continuous curvesAD/N21
amount to 0.11 GHz, i.e., it is well below the width of th
peaks obtained by the Fourier transformation of the ti
domain data. The values for the parameters we obtain by
fits are K1 /M05194.3 Oe, K2 /M052128.8 Oe, Ku /M0

575.0 Oe, 4pMe f f517195 Oe. The statistical error of th
anisotropy constants resulting from starting the fit with
different set of initial values is less than 0.3 Oe and justifi
that parameter sets very close to the global minimum
reached. The inclusion ofK2 into the model is necessary t
correctly reproduce the angular dependence of the oscilla
frequencyf.15 The dotted curve in Fig. 1~a! is the magneti-
zation curve along the intermediate axis calculated from
parameters obtained from Fig. 3. The excellent modeling
the experimental data of Figs. 1 and 3 shows that PPM
indeed realized at a Schottky barrier and that standard m
ods developed for FMR can be applied to PPM as well.

We now consider the chiral aspect of PPM in this geo
etry. Responsible for launching the PPM is, according to
Landau-Lifshitz equation, the initial torqueHW p3MW . A cur-
rent flowing across the barrier~i.e., along thez axis! pro-
duces a magnetic vector fieldHp circulating in the plane of
the film ~thex-y plane!: this establishes a chiral geometry. I
center~which we take as the origin of the coordinate syste!
coincides with the focus of the pump beam. Let us take thx

axis along the equilibriumMW and no bias field applied. Th
chirality of Hp defines two half planes meeting at the lin
x50. Let us assume that in the half planex.0 the initial
torque that triggers the motion points alongz and will tip MW
below the film plane. In the half planex,0 the torque points
along 2z and MW will be tipped above the film plane. Th
amplitude of the corresponding oscillation of theMz(t)
component is achiral, as shown in the pattern published
Ref. 9, and thus is symmetric with respect to the linex50,
see also Fig. 5~a!. The phase of the oscillation, instea
should change abruptly when going fromx,0 to x.0 @Fig.
5~b!#. The spatially resolved maps of the amplitude of t
oscillation@Fig. 5~c!# and its phase@Fig. 5~d!# follow closely
the theoretically calculated patterns~Figs. 5~a! and 5~b!, re-
spectively!. The maps Figs. 5~c! and 5~d! have been deter
mined by plotting the maximum amplitude and the pha
obtained in the FFT of the data as a function of the posit
of the probe beam. A 180° phase shift in the oscillations
be directly read out from the phase of the FFT at the re
nance frequency. While an achiral pattern similar to Fig. 5~c!
has already been observed in this geometry,9 the phase shift
.P

A.
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between the two half planes reported in Fig. 5~d! is measured
here, to our knowledge, for the first time. We point out th
this chiral experimental geometry may be useful for expe
ments in which spin-polarized carriers are ejected into
metal film with their spin polarization along the normal
the film. In this case, the situation is achiral. Thus, measur
the phase will be an unambiguous test of torque tran
from the spin polarization of the carriers to the magnetizat
of the film.5

In summary, we have shown that it is possible to der
the static anisotropy constants with high accuracy usin
PPM experiment in the time domain. The experiment can
used in a similar way as standard FMR measurements. H
ever, notice that PPM can probe a much smaller quantity
spins than a standard FMR measurement: in this partic
experiment we sample the response of 109 spins. A next step
in future experiments will be to use the chiral aspect of PP
to answer interesting questions in the exciting field of s
manipulation in ferromagnet-semiconductor heterostructu
In particular, it should be possible to address the questio
ejection of spin-polarized carriers from a semiconductor i
a ferromagnetic metal.

We are thankful for stimulating discussions with G
Bayreuther. Financial support from Swiss National Foun
tion is gratefully acknowledged.

FIG. 5. ~a! Two-dimensional maps of the torque amplitude
zero bias field.~b! Map of the torque sign~white 5 positive, black
5 negative!. ~c! Measured spatially resolved oscillation amplitud
as a function of the position of the probe beam with respect to
pump beam~center!. ~d! Measured spatially resolved phase-shift
the oscillation as a function of the position of the probe beam w
respect to the pump beam~center!.
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