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Sweep rate-dependent magnetization reversal in epitaxial Fe ÕGaAs „001…
and Fe ÕInAs „001… thin films

W. Y. Lee, Y. B. Xu, S. M. Gardiner, and J. A. C. Blanda)

Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, United Kingdom

B. C. Choi
Department of Physics, University of Alberta, Edmonton, Alberta TGG2J1 Canada

We present the magnetization reversal dynamics of epitaxial Fe thin films grown on GaAs~001! and
InAs~001! studied as a function of field sweep rate in the range 0.01–160 kOe/s using magneto-optic
Kerr effect. For 55 and 250 Å Fe/GaAs~001!, we find that the hysteresis loop areaA follows the
scaling relationA}Ḣa with a50.03–0.05 at low sweep rates and 0.33–0.40 at high sweep rates.
For the 150 Å Fe/InAs~001! film, a is found to be;0.02 at low sweep rates and;0.17 at high
sweep rates. The differing values ofa are attributed to a change of the magnetization reversal
process with increasing sweep rate. ©2000 American Institute of Physics.
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The magnetization reversal dynamics of magnetic t
films is of fundamental importance and is also highly r
evant to future high frequency device applications. Rec
theoretical studies1–3 of the dynamic scaling of hysteres
behavior have focused on the area of the hysteresis loop
function of applied field amplitude and frequency. Expe
mental work4–11 has been carried out to describe the dyna
ics of magnetization reversal in ultrathin ferromagne
films4–9 and mesoscopic structures.10,11 Although the influ-
ence of the magnetic anisotropy on the static magnetiza
reversal process has been studied in continuous epita
Fe/GaAs11–16 and Fe/InAs17,18 systems, no studies of th
magnetization reversal dynamics have yet been reported
order to clarify the effect of magnetic anisotropy on the d
namic behavior we studied in the present work thin~55–250
Å! epitaxial Fe films grown on GaAs~001! and InAs~001!.

The continuous Fe/GaAs~001!15,16 and Fe/InAs~001!17,18

films were prepared in UHV by electron beam evaporati
The base pressure during growth was kept at;1029 mbar
and growth rate was; 1 Å/min. Each was capped with 20 Å
Au for ex situmeasurements in order to prevent oxidation
the Fe layer.14,16 Magnetization curves during film growt
revealed a continuous directional change of the anisotr
axes with increasing film thickness. This behavior aris
from the combination of uniaxial and cubic in-plane ma
netic anisotropies, which are both thickness dependent.14 In
contrast to the Fe/GaAs~001! films, above 10 ML of Fe,
Fe/InAs~001! films exhibit a cubic in-plane anisotropy wit
negligible uniaxial anisotropy.17

Hysteresis loops were measuredex situat room tempera-
ture using magneto-optic Kerr effect~MOKE! magnetometry
with a probing laser beam spot of diameter;2 mm, for
fields applied along the global easy magnetization axis13,16

close to the@001# direction for Fe/GaAs~001! and along the
@001# direction ~cubic easy axis! for Fe/InAs~001!. The ap-
plied magnetic field was driven by a time-varying current
a frequency between 0.01 Hz and 1 kHz. A Hall probe in
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frequency range studied was used to detect the effec
magnetic field at each frequency. We have measured m
netic relaxation and observed domain structures using ti
resolved scanning Kerr microscopy, in which the probi
laser beam size is controllable. The magnetization as a fu
tion of time t, M (t), was measured under a constant amp
tude reverse field. Magnetic domain images were taken u
a scanning Kerr microscope with a resolution of 1.5mm.

In Fig. 1, we present the log–log plots of dynamic coe
civity (Hc* ) against field sweep rate at various frequenc
and field amplitudes for the 55 and 250 Å Fe/GaAs~001!
films. The inset displays the log–log plots ofHc* against
field sweep rate for the 250 Å Fe/GaAs~001! and 150 Å
Fe/InAs~001! films. The dynamic coercive fields were dete
mined for frequencies and field amplitudes at which the h
teresis loops are saturated. We used the fact thatHc* is pro-
portional to theM–H loop areaA in this case for the
determination of the exponents in the hysteresis sca
relation1,2

A}H0
aVb, ~1!

whereH0 is the amplitude of an oscillating magnetic field,V
is the frequency, anda, b are exponents that depend on t
dimensionality and symmetry of the system. We find that
dynamic coercivities superimpose well for the 55 and 2
Å Fe/GaAs~001! films, respectively. Since the amplitude
and frequency-dependentHc* superimpose, Fig. 1 demon
strates that the scaling behavior for the variation of the h
teresis loop areaA for a sweep rateḢ(dH/dt) reduces to a
power law function of the form3

A}Ḣa ~2!

and that the exponenta is identical tob in Eq. ~1!. However,
it is clear that the exponenta in Eq. ~2! varies with the field
sweep rate, but two distinct regions are seen in which
proximately linear behavior occurs but with different valu
of a. By extrapolating the two distinct linear regions in th
log–log plot ofHc* against the field sweep rate, the critic
transition is found to occur at;16 kOe/s for the 55 and
250 Å Fe/GaAs~001! films. The exponenta is found to be
identical to the corresponding exponentb in Eq. ~1! in each
of these linear regions. On the other hand, for the 150
il:
6 © 2000 American Institute of Physics
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Fe/InAs~001! film, the corresponding transition from low t
high values ofa occurs at;35 kOe/s as seen in the inset
Fig. 1.

A similar variation of Hc* against sweep rate was ob
served in Au/Co/Au/MoS2 with perpendicular magnetic an
isotropy by Raquetet al.6 A sharp transition was observed
the variation ofHc* versus the field sweep rate at 180 kOe
Below 180 kOe/s, the main reversal mechanism is attribu
to domain wall motion, but upon increasing the field swe
rate, the wall motion process becomes less and less effici6

In the higher dynamic regime, theHc* variation was attrib-
uted to nucleation dominating processes.

We obtained the values of the exponenta in Eq. ~2!
from the log–log plot of the variation ofHc* versus the field
sweep rate in two distinct dynamic regimes for the 55 a
250 Å Fe/GaAs~001!. In the low dynamic regime~below 6.3
kOe/s!, the best fits give the values ofa'0.05 and 0.03 for
the 55 and 250 Å Fe/GaAs~001! films, respectively. In the
high dynamic regime~above 16 kOe/s!, the values ofa
'0.33 and 0.4 are obtained for the 55 and 250 Å
GaAs~001! films, respectively. It is obvious that there is n
significant difference in the dynamic response of the t
films, which nevertheless have different uniaxial magne
anisotropy strengths.14 For the 150 Å Fe/InAs~001! film, the
value ofa is found to be;0.02 in the low dynamic regime
and ;0.17 in the high dynamic regime. Our values for t
exponenta of both systems in Eq.~2! are quite similar to
those found in Au/Co/Au/MoS2:6 a'0.036 in the low dy-
namic regime anda'0.177 in the high dynamic regime. Ou
values for the exponenta ~in our case,a'b) of both sys-
tems also agree with those of the exponentb in Eq. ~1! found
for Fe/W~110!:7 b'0.06 up to 256 kOe/s. In the low dy

FIG. 1. Log–log plots of dynamic coercivity (Hc* ) against field sweeping
rate Ḣ at various frequencies and field amplitudes for 55 and 250 Å
GaAs~001! films. The lines are guides for the eye to distinguish two regio
The inset displays log–log plots ofHc* against field sweep rate for th
250 Å Fe/GaAs~001! and 150 Å Fe/InAs~001! films.
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namic regime~domain wall motion mechanism! our values
for the exponents of both systems are a factor of 10 differ
from those of theoretical predictions,1–3 whereas in the high
dynamic regime~nucleation mechanism! our values are simi-
lar to those of the theoretical predictions.1–3

Our results support phenomenological models6 that as-
sume domain nucleation and wall motion process for
magnetization reversal, based on thermally activated re
ation. In Fig. 2, we present hysteresis loops of the 250
Fe/GaAs~001! film in a negative magnetic field for variou
field sweep rates. It was observed that the sharpness o
hysteresis loop diminishes with increasing sweep rate. T
behavior becomes pronounced upon increasing the sw
rates between 24 and 48 kOe/s in Fig. 2. A similar behav
was also seen in the loops for the 55 ÅFe/GaAs~001! and
150 Å Fe/InAs~001! film. The shapes of the loops in bot
systems with varying field sweep rate are qualitatively co
patible with those of Au/Co/Au/MoS2 ~Ref. 6!.

Figure 3 shows magnetic relaxation curves for the 55
Fe/GaAs~001! film. For time t,0 and t.45 s the sample
was saturated in the positive direction. The averaged mag
tization within the area of the laser beam spot changes o
time in a constant reverse field. It is clearly seen that rel
ation proceeds by both discontinuous and single ‘‘jumps.’’
The relaxation curves differs from the results of previo
work.19–22 In Cu/Ni/Cu/Si~001! films20 and Au/Co/Au
films21 with perpendicular magnetic anisotropy relaxati
occurred by a smooth decay, whereas relaxation occurre
a series of discrete jumps in Fe/Ag~001! films,22 where the
laser beam spot was also;100mm. On the other hand, very
recently, Gonza´lez et al.23 found that relaxation in Co/Ni
multilayers occurs in a single step that corresponds to c
plete magnetization reversal, which is compatible with o
present results.

As reported in previous studies13,16the magnetization re-
versal proceeds by the sweeping of a few 180° domain w
for fields along the easy direction of Fe/GaAs~001! films
with strong uniaxial anisotropy. Our results demonstrate t
relaxation jumps correspond to a domain wall moving fu
ther than 100mm. We thus infer the existence of doma
wall pinning sites, e.g., macropins by extrinsic defects,22 that

/
.

FIG. 2. Hysteresis loops of 250 Å Fe/GaAs~001! film in a negative magnetic
field for several field sweep ratesḢ.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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are spatially distributed on a few hundred microns. We a
found that such a single jump was observed in relaxa
curves for the 250 Å Fe/GaAs~001! and 150 Å Fe/InAs~001!
films. Magnetic relaxation studies in both systems show t
the magnetization develops through successive wall jump
a few hundred microns at a constant field by thermal act
tion and the domain walls expand rapidly through the sam
that thus gives rise to a square hysteresis loop which does
depend much upon the field sweep rate. The magnetic re
ation results thus support the view that rapid domain w
motion dominates the magnetization reversal process in
low dynamic regime~see Fig. 1!, but the values of the expo
nenta are ten times smaller than those in the high dynam
regime where slower nucleation processes govern the m
netization reversal.

Further direct evidence demonstrating that the dom
wall motion occurs in the low dynamic regime is presen
in Fig. 4. We display the field-dependent evolution of d
main structures in the 250 Å Fe/GaAs~001! film during the
magnetization reversal process for a field applied along@010#
axis, a combination of an easy cubic direction, and the h
uniaxial direction.13,14The area of each image is 131 mm2,
where black denotes the unswitched part and white
switched part. It is clearly seen that the nucleation is f
lowed by the subsequent growth of domains separated
zigzag walls, and a small increase of the field promotes
domain growth via wall displacements over a few hund
microns. The magnetization develops through discontinu
wall jumps, illustrating that domain wall motion dominate

FIG. 3. Magnetic relaxation curves of 55 Å Fe/GaAs~001! film under a
constant reverse field.
Downloaded 28 Nov 2002 to 144.32.136.70. Redistribution subject to A
o
n

at
of
-

le
ot
x-
ll
he

c
g-

in
d
-

rd

e
-
by
e

d
s

the magnetization reversal. Such reversal behavior revea
rapid dynamic response to a time varying external field in
low dynamic regime.
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