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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 Schottkygrowth was monitored by scanning tunnelling microscopy
barrier one can apply a voltage and—provided free carrierand will be reported elsewhere. The static magnetic proper-
are present in the barrier region—it may be possible to drivdies of the Fe film were characterized by magneto-optic Kerr
a current across the barrier. If the metallic side of the barrieeffect measurements and by using a SQUID magnetometer
is a ferromagnet, spin-polarized carriers can be injected frorfisuperconducting quantum interference deyicgigure 1
the ferromagnet into the semiconductdr.Spin injection  shows hysteresis loops along the in-plane directior<®
from magnetic semiconductors acting as spin polarizers int¢[ 110]), §=45° andé=90° ([001]). These curves can be

nonmagnetic semiconductors has also been obsérVimh' understood if the uniaxial anisotropy favoring tfe10] in-
versa, if spin-polarized carriers are excited in the semiconpjane direction is supplemented by an effective in-plane
ductor via optical orientatiofspin-polarized carriers may be foyrfold magnetic anisotrop¥:'?As a consequence, the hys-
ejected from the semiconductor into the ferromagnet. Such resis curve along the ea{syTO] axis shows a square loop
current can affect the magnetic state of the ferromagnet Ee/hile the one along001] has a slow linear increase at Iov(1

passes through, opening the possibility of controlling the

magnetic state by applying a voltah®We have recenl magnetic fields, followed by a jump at a well defined “split”
9 0y applying . ) Y field H.. Because of this behavior, th801] axis is referred
reported on a similar devicein which a focussed and short

(~300 fs) pump laser was used to excite a current across%l) as the “intermediate” axis. This magnetization curve can
Schottky barrier consisting of an ultrathin FeCo film grown € described by two parameters: The slapef the initial

L L - ection(or an extrapolation to the saturation magnetization,
epitaxially onto GaAs. The magnetic-field pulse associated ( P g

with the current launched the pulsed precessional motiog /19 & saturation fieldHs,~500 Oe) and the value of

(PPM) of the FeCo magnetization around its equilibrium po—HS% 164 Oe. In addition, using SQUID magnetometry, we
sition have measured the component of the magnetization perpen-

In this paper we present further experimental data thaglcular to the easy plane as it rotates out of the plane and

corroborate the ideas of Ref. 7. First, the precessional fre(jetermmeq that an effective field of apouﬁmeff=4wM0
— 2K, /My is required to reach saturation along the normal.

guency is measured as a function of a static bias magnetiﬁere K is a uniaxial peroendicular anisotroov caused b

field with variable strength and direction, applied in the P . Perpenaic . Py € y
: ; II\he two Fe/Au interfaces. This kind of anisotropy is not un-

ommon for ultrathin ferromagnetic layers4Important for

be accurately modelled when the PPM is treated as smat e experiments reported below is the effective field required

angle excitations of the magnetization vector within thet Il the maanetization out of the blane of the film. It is of
framework of ferromagnetic resonan@eMR).2 Second, no- tﬁ pu d € fa;-%:; k?) onouto ter a f?: € H ) jo
ticing that the circulating vector field created by the current € order o €, see nset Fig. 1. Fros Hs, an

flowing perpendicular to the film plane establishes a chirafWMEff one can reconstruct the varloi%st magnetic constants
geometry, we set up to detect any sign of chirality in our2Ppearing in the magnetic energy den We V\."" see that
experimental dat4® Indeed, the spatially resolved preces- magnetic spectroscopy—i.e., th_e determlnathn of the fre-
sional phase undergoes a jump at a line passing through t .egcy of the_ pf(ef:deSS|onal mcl)ltlon asa fgnc'uohn 0;. tg? ap-
pump beam focus, as required by the chiral geometry. plie ma'gnetlc- el v_ector—a ows to refine the findings
In the present experiment, @doped GaAs crystal was from sta_tlc magnejuzatlon measurerpen_ts;
cleaved under UHV conditions to obtain a clean and atomi- The time evolution of the magnetizatidh was measured
cally flat GaA$110 surface. Using molecular beam epitaxy, in a pump-probe experimeri¥l is tipped away from its equi-
3 monolayer(ML ) of Au were deposited at 77 K followed by librium position by subjecting it to a fast rise time magnetic-
a 15 ML thick Fe film. The gold layer aims at preventing As field pulseH,, perpendicular to the magnetization direction,
interdiffusion into the Fe film which was reported to be cor-but in the film plane. To apply the pump pulse, we use the
related to a reduced magnetic mom&hfthe sample was scheme of internal field generation in a Schottky dibdée
capped with an additional passivating layer of 20 ML Au asmetal-semiconductor interface is used as the source of the
all measurements were performed at ambient pressure. Filmagnetic pulse itself. A focussed 300 fs laser pulse from a
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FIG. 1. Kerr effect hysteresis loops measured along the in-plane 0 100 200 300 400 500 600 700
directions 6=0° (easy axiy 6=45°, and §=90° (intermediate external field H [Oeg]
axis). The dotted line shows the calculated curve $+90° using
the parameter,, K;, and K, obtained from the fit shown in FIG. 3. Bias field dependence of precessional frequénbys-
Fig. 3. played are the dispersion curves for different bias field andlas

measureddoty and calculatedcurves. The curve changes gradu-
Ti:Sappire oscillatoK4.75 MHz repetition rate, 800 nm, en- ally from the monotonic field dependence for the easy axi9° to
ergy per pulse~1.5 mJ/cm?, focus 1um) generates a a more complex behavior for the intermediate axis90°.
photocurrent, which in turn gives rise to a fast rise time
magnetic-field pulse. The probe pul8®0 nm wavelength, to extract the frequency from the time scans with finite
energy per pulse=0.75 mJ/cm?, 0.5 um focug, placed at (1.2 n3 length.
a variable position with respect to the pump beam, is used to Figure 3 shows the precessional frequeheg bias field
probe the perpendicular component dif using the polar strengthH for different angless between the field direction
magneto-optical Kerr effect. The probe pulse is delayed by and the easy magnetization direction in the plane of the film.
time 7 with respect to the pump pulse using an optical delayFor §=0° the frequency increases monotonically with the
line. A detailed description of the experimental method isbias fieldH. This is the behavior expected for a field applied
found in Ref. 7. In addition tdH,, a static magnetic bias along the easy magnetization direction and has been reported
field H with variable strength is applied along various direc-previously. The data fo6=90° shows a more complex be-
tions in the plane of the film. A typical trace &fl,(t) is  havior. At low H, f decreases, until a minimum &fg
shown forH=0 in Fig. 2.M,(t) oscillates as expected from =162 Oe is reached, followed by an increasd.cofhis de-
a precessional motion. For &fi similar curves were mea- crease of the precessional frequency is known from FMR
sured, from which a well defined frequency could be ob-experiment$' along an intermediate axis of the type de-
tained by fast Fourier transforFFT) as shown in the inset Scribed above. Typically, it occurs because a magnetic field

of Fig. 2. Zero-filling and a Hamming cutoff window is used applied along the intermediate axis pulls the global minimum
of the energy landscape—which determines the equilibrium

. direction of the magnetization vector—closer to the interme-
- diate axis, making it more shallow in the process. As the
precessional frequency is essentially determined by the cur-
vature of the energy landscape at the minimum, the preces-
sional mode is softened. At other angles, the monotonous
5 frequ;gcy [G|1-|52] 20 increase of ano_l its Fendency o_f undergoing a minimu_m are
both present with different weights: the actual behavior de-
pends upon which effect is more relevant. Notice tHat
<25 Oe is small with respect to the various fields present in
the film and it is terminated after some 100 ps, so that it can
be neglected when calculating the precessional frequency. As
the deviation from equilibrium produced by such a snigll
is very small and the exchange length is much smaller than
the spatial extent of the pulse, we will neglect exchange
FIG. 2. Typical time domain dataH=0). The inset shows the fields as well.
FFT of the time domain data. The dots represent the FFT from the The solution for reproducing the set of curves in Fig. 3
raw data, while zero padding was used for the continuous line. Theomes from a very simple thought. For small deviations from
peak positiorf gives a data point in Fig. 3. equilibrium, the Landau-Lifshitz equation for the spin mo-
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The first contribution t&( ¢, ) is the Zeeman energy, which

contains the angleéd betweenH and the easy axif110].
Both |H| and & are varied in the experiment. The second
term is the energy arising mainly from the dipolar interaction
favoring the in-plane magnetization. This effective term con-
sists of the dipolar contribution and an additional perpen-
dicular anisotropy energy originating from the Fe/Au inter-
faces which opposes the dipolar term and thus reduces the
effective field required to pull the magnetization out of the
plane’®! The next two terms with coupling constarks
and K, describe the bcc Fe magnetocrystalline anisotropies
exhibiting the symmetry of the lattic&, is a standard cubic
anisotropy containing the fourth power of the magnetization,
and is necessary to obtain the shifted hysteresis curve of Fig.
11 K, is a higher-order magnetic anisotropy absent in the
analysis of similar systenis'**and introduced here to cor-
rect for deviations of the fit from the experimental set of
FIG. 4. (a) Crystallographic coordinates and definition of curves® Notice that the direction cosines; refer to the
angles. The cube illustrates the orientation of the crystallographigubic axis of the lattice: they can be expressed in terms of the

unit cell of bee iron. The magnetization direction is expressed bycoordinate system proper to our 110 surface by the following
the spherical coordinates( 6). The external magnetic field vector transformation, see Fig.(#):

H lies in the(110 plane of the film defined by the angito the
easy axi§ 110]. (b) lllustration of energy surfaces of the first two 1
anisotropy terms with cubic symmetry used in E2j.

()

@y 1 1 sin(#)cog ¢)
tion reduces to the equation of a classical harmonic oscilla- a, | = J2 J2 sin@)sin(e) |. (3
tor. The PPM experiment corresponds to establishing an ini- N L . cos )
3

tial condition slightly off equilibrium for the magnetization
vector and letting the motion evolve accordingly. The “har- N N

monic oscillator” will oscillate according to its eigenfre-

quency, the very same frequency which must be used tdhe termK sine is an in-plane uniaxial anisotropy favoring
drive a forced harmonic oscillator at resonance. Thus, w§110] as easy magnetization direction. This term is required
expect the precessional frequency being given by a wellto explain the large in-plane uniaxial anisotropy often ob-
known general expression for the FMR frequency written inserved in these systemis'24its origin most likely lies in
term of the magnetic energy dens#y6, ¢) where the mag- strain introduced by the lattice mismatch between substrate
netization vector is expressed in spherical coordingtasd and thin film. Even in very thick bulk bcc Fe films, where

@16 terms originating from the interface should be negligible, this
additional term is still preseri.
y € *E %€ As the valueM, cancels out in Eqg(1), the parameters at
2mf= Mosind N 342 962 d@df (I our disposal for fitting the dispersion curves containig
® 0="06p.9=¢g =75 data points are the anisotropy constais K, and

: ; ; K,. We also let the 4M .¢; vary during the fit, with the aim
whereé( elqp) .IS the magnetic energy dens@mgasu.res the of obtaining a fitted value around & kOe, which is con-
angle ofM with Eespect to the normal 1o the fllr_m 'S the ~ sistent with our SQUID data. Notice that tlefactor and
angle formed bM and the easy in-plane magnetization axis,4 M, essentially determine the overall frequency level of
0o, ¢o give the equilibrium position oM, Mg represents the the dispersion curves. Therefore these two parameters are
saturation magnetization, ang=g/2(e/mcc) is the gyro- strongly coupled and one of them must be fixed to avoid an
magnetic ratio. The coordinate system is shown in Fig).4 additional degree of freedom in the system. We choose to fix
This expression relates the precessional frequency to the cuhe g factor at 2.09, the value for bulk Fe. In contrast, the
vature of the energy landscape at its minimum. Thus, the kegingular dependence of the dispersion curves is determined
to applying this expression is to formulate a modeftd, ¢) by the anisotropiek,, K4, andK,. The fit includes numeri-
that captures the essential magnetic interactions in our sysally calculating for each value ¢H| and 6 the equilibrium
tem. Guided by previous investigations of similar angle ¢, of the magnetization vector from the equation
system&-1?2we write £(6,¢) as the sum of five terms: 9&lde=0 and evaluating Eql1) at (¢q,60,=m/2). In each
_ step the sum of squared deviatiohs =;(f°S—f°2/%2 was
E(¢,0)=~|H|Mocog ¢ — 8)sin(0) +2mM 1M oCOS 0 optimized as a single function of all data points and the

+Ky(a?ad+ alal+ ala) + Ky alada? parameterX,, K, Ko, and 477_Meff._The result of using
Eq. (1) to fit the experimental dispersion curves are the con-
+ K sSirfe. (2)  tinuous curves in Fig. 3. The mean deviation between the
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experimental data and the continuous curvgsd/N—1
amount to 0.11 GHz, i.e., it is well below the width of the
peaks obtained by the Fourier transformation of the time
domain data. The values for the parameters we obtain by the
fits are K;1/My=194.3 Oe,K,/My=—128.8 Oe,K,/Mg
=75.0 Oe, 4tM ;= 17195 Oe. The statistical error of the
anisotropy constants resulting from starting the fit with a
different set of initial values is less than 0.3 Oe and justifies
that parameter sets very close to the global minimum are
reached. The inclusion df, into the model is necessary to
correctly reproduce the angular dependence of the oscillation
frequencyf.’® The dotted curve in Fig. (&) is the magneti-
zation curve along the intermediate axis calculated from the (©) (d)
e e O P & The SXCElent model ! 1o 5. To-dmensonal maps of h e ampuce i
indeed realized at a Schottky barrier and that standard methe > b'as. field(b) Map of the torque sigrwhite = positive, bla(.:k
ods developed for FMR can be applied to PPM as well, = negative. (c) Measured spatially resolved oscillation amplitude

as a function of the position of the probe beam with respect to the

We now consider the chiral aspect of PPM in this geom'pump beam(centey. (d) Measured spatially resolved phase-shift of

etry. Responsible for launching the PPM is, according t0 th§ne oscillation as a function of the position of the probe beam with
Landau-Lifshitz equation, the initial torqug, X M. A cur-  respect to the pump beafoenter.

rent flowing across the barridi.e., along thez axis) pro-

duces a magnetic vector field, circulating in the plane of between the two half planes reported in Figd)3s measured
the film (thex-y plang: this establishes a chiral geometry. Its here, to our knowledge, for the first time. We point out that
center(which we take as the origin of the coordinate system this chiral experimental geometry may be useful for experi-
coincides with the focus of the pump beam. Let us takexthe ments in which spin-polarized carriers are ejected into the

axis along the equilibriunM and no bias field applied. The metal film with their spin polarization along the normal of
chirality of H, defines two half planes meeting at the line the film. In this case, the situation is achiral. Thus, measuring
x=0. Let us assume that in the half plake 0 the initial the phase will be an unambiguous test of torque transfer
torque that triggers the motion points alongnd wil tip N frfotmh thf('el s%m polarization of the carriers to the magnetization
below the film plane. In the half plane<0 the torque points ot the fiim. - : .

S . i In summary, we have shown that it is possible to derive
along —z and M will be tipped above the film plane. The

) X s e static anisotropy constants with high accuracy using a
amplitude of the corresponding oscillation of thé,(7)  ppp experiment in the time domain. The experiment can be

component is achiral, as shown in the pattern published ifyseq in a similar way as standard FMR measurements. How-
Ref. 9, and thus is symmetric with respect to the k%0,  yer, notice that PPM can probe a much smaller quantity of
see also Fig. @). The phase of the oscillation, instead, gping than a standard FMR measurement: in this particular
should change abruptly when going froex0 tox>0 [Fig.  experiment we sample the response of 4pins. A next step
5(b)]. The spatially resolved maps of the amplitude of thej, e experiments will be to use the chiral aspect of PPM
oscillation[Fig. 5(c)] and its phasgFig. d)] follow closely 15 answer interesting questions in the exciting field of spin
the theoretically calculated patter(fSigs. 3a) and 3b), re-  panipulation in ferromagnet-semiconductor heterostructures.
spectively. The maps Figs. () and 3d) have been deter- |, naricular, it should be possible to address the question of

mined by plotting the maximum amplitude and the phasejection of spin-polarized carriers from a semiconductor into
obtained in the FFT of the data as a function of the positiory ferromagnetic metal.

of the probe beam. A 180° phase shift in the oscillations can

be directly read out from the phase of the FFT at the reso- We are thankful for stimulating discussions with G.
nance frequency. While an achiral pattern similar to Fig) 5 Bayreuther. Financial support from Swiss National Founda-
has already been observed in this geomethe phase shift tion is gratefully acknowledged.

(@) (b) | 2mioron
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