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Thickness-dependent dynamic hysteresis scaling behavior in epitaxial
Fe/GaAs(001) and Fe/InAs (001) ultrathin films

T. A. Moore, J. Rothman, Y. B. Xu, and J. A. C. Bland®
Cavendish Laboratory, University of Cambridge, Cambridge CB3 OHE, United Kingdom

The dynamic hysteresis scaling behavior in epitaxial Fe/@0% and Fe/InAg001) thin films
(thickness range 7.3—150) Aas been investigated as a function of Fe film thickness in the field
sweep rate range 0.005-1000 kOe/s using the magneto-optic Kerr effect. The hysteresis loop area
A follows the scaling relatiomA«(dH/dt)“. We find two distinct dynamic regimes: the low
dynamic regime in the sweep rate range 0.005—-250 kOe/s, and the high dynamic regime beyond 250
kOels. There is a marked increaseanbetween the low and high dynamic regimes which we
attribute to the dominant reversal mechanism changing from domain wall motion to nucleation. In
the low dynamic regimex is a decreasing function of Fe film thickness, and this behavior is
attributed to the effect of interface-induced pinning. 2001 American Institute of Physics.
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An understanding of the magnetization reversal dynam-  We chose to study the dynamic hysteresis scaling behav-
ics in magnetic thin films is of both fundamental and tech-ior in the Fe/GaA®01) system with Fe thickness ranging
nological importance. Studies of dynamic hysteresis scalinfrom 7.3 to 150 A. This allows a test of whether the thick-
behavior can reveal information about the roles of domaimess dependence of scaling exponents in the low dynamic
wall motion and domain nucleation in the dynamics of mag-regime suggested by previous stufie¥-*?actually holds
netization reversal. They are also highly relevant to futurefor one specific system. In particular, we wish to search for a
high frequency device applications, since the coercivity ofpossible change in the scaling behavior for films thinner than
various recording media is strongly dependent on timghe exchange lengtti,, = (2A/1oM3) (in Fe, the exchange
scale' ™ length de,=50A). In addition we chose to investigate a

A recent theoretical study of dynamic hysteresis scalingsimilar series of Fe/InA€01) films, with a view to deter-
behaviof proposed that the hysteresis loop arfedollows  Mmining the effect of the contrasting anisotropy strengths and
the scaling relatio\o (dH/dt)¢, wheredH/dt is the sweep symmetries. While the interface-induced uniaxial anisotropy
rate of the external applied field ardis a dynamic scaling dominates up te-50 A of Fe in the Fe/GaA801) system,’
exponent. Specific values of are predicted by the various above~15-22 A of Fe, Fe/InA®0) films exhibit a cubic
theoretical model&® and assumed to be universal. On thein-plane anisotropy with negligible uniaxial anisotroffy>
other hand, recent experimental studies of the magnetization The continuous Fe/Gaf801) and Fe/InAg001) films
reversal dynamics in ultrathin films show that the dynamicwere prepared by MBE at ambient temperat(88 °C) in
scaling exponents vary with the choice of system, i.e., they
are not universal. A few experimerft$,including those on  tagLe . Experimental dynamic scaling exponentsin As(dH/dt)* for
epitaxial Fe/GaA®01)®° and Fe/InA§001)° thin films,  various continuous ferromagnetiEM) thin film systems.
show a dependence of the dynamic hysteresis scaling behav
ior on the sweep rate of the applied field. These studies show

(23
FM layer (low dynamic

tha_t distinct “Iqw” and “high” dynamrc regimes arise in System  thickness(A)  regime Ref.  Description
which the dominant reversal mechanism is considered to be - .
domain wall motion, and domain nucleation, respectively. Fe/Au001) 43 Z:g‘gi 10 Thin
Furthermore, in the low dynamic regime, the d_ynamlc Sc_al'Au/Fe/GaA$00]) 73 014 Present work
ing exponents are dependent on ferromagnetic layer thick- co/cuoo2? 2.5-5.0 «~0.15 11
ness(Table ). These data suggest that scaling exponents in £~0.02
the low dynamic regime are generally an order of magnitude Co/Cu100®  25-75  a~067 12
larger for the thin(~few A) than for the thick(~15 A and p~0.66
beyond films® 1912 although no systematic thickness- Au/Fe/GaA$001) 18 004  Presentwork  Thick
dependent studies have been performed to date. The avail- 55 0.01
; 150 0.001
able exprerrr_n_ental _results suggest that key factors th_at may, oo <00 ot 0.05 Present work
have a significant influence on the dynamic hysteresis scal- 56 001
ing behavior are film thickness, anisotropy strength, and 141 0.02
interface-induced pinning. Au/Co/Au/MOS, 80 0.036 6
Cu/Col/Cu/Sij001) 40 0.02 7
dAuthor to whom correspondence should be addressed; electronic maifA<H§Q? assumed, wherél,= applied field amplitude Q = applied field
jachl@phy.cam.ac.uk frequency.
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FIG. 1. Evolution of frequency-dependent hysteresis-H) loops for the 0 \ ] ] 1 1 ]
18 A Fe/GaA$00) film. 3 - a 0 ’ 5 3 4
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ultrahigh vacuum. The base pressure during growth was ke, 2. variation of dynamic coerciviti? as a function of the logarithm
at ~10 ®mbar and the growth rate was 1 A/miBx situ  of the field sweep rate for the Fe/GaagY) films.
magnetization measurements showed that the entire Fe film
was ferromagnetic with a bulk-like moment: 6.2
X 10° emu/cni after the onset of the ferromagnetisma6  seen in which approximately linear behavior occurs but with
ML Fe.'* Each film was capped with 20 A Au in order to different values ofa, in accordance with the results of our
prevent oxidation of the Fe layer durirgx situmeasure- previous studies of thin Fe filnfs’ These regions are termed
ments. the low dynamic regime and the high dynamic regime, re-
Hysteresis loops were measurdsituat room tempera-  spectively. Here, a critical transition occurs-a250 kOe/s
ture using magneto-optic Kerr effect magnetometry with aseparating the two regions for all films.
probing laser beam spot 6f0.5 mm. A magnetic field in the A comparison of the earlier results of simulations and
gap (~20 mm of a C-shaped silicon—iron laminated core experimental observations of Au/8ACo/Au/MoSsand-
was produced by passing a sinusoidal time-varying currenfiiches with perpendicular magnetic anisotrbpgdicated
through the Cu coil around the core. The magnetic field WashatH* depends directly on the competition between nucle-
applied in the plane and along the easy-axis direction of th@tijon and wall motion, the number of nuclei sites, and the
film ([001] for Fe/GaA$001) and Fe/InA§001) with domi-  Barkhausen volume. Below the critical transition, the main
nant cubic anisotropy,011] ([011]) for Fe/GaA$00l) (Fe/  reversal mechanism is attributed to domain wall motion, but
InAs(001)) with dominant uniaxial anisotropy and main-  upon increasing the field sweep rate, the wall motion process
tained at 120 Odsufficient to saturate the Fe layer for all becomes less and less effici@nA similar behavior is in-
samples and all frequencjeshile the frequency was varied ferred for the Fe/GaA®801) and Fe/InA§001) systems stud-
from 0.01 Hz to 2.3 kHz. A Hall probe suited to measure-ied here®®
ment across the chosen frequency range was used to detect Fatuzzo's theor¥ for polarization reversal in ferroelec-
the effective magnetic field. A Hamamatsu photodigdee  tric systems is consistent with magnetization reversal in
sponse time-few ng and Avtech amplifier were used to con- GdTbFe film$’ and Cu/Ni/Cu/Si001) films.X8 This theory
vert the reflected laser light into a current proportional to thesuggests that the reversal depends on the paranketer
magnetization along the easy axis direction of the film. =vlr:R (r =critical radius of a nucleusy=domain wall
Figure 1 shows the evolution of frequency-dependenvelocity, R=nucleation ratg the ratio between the reversal
hysteresis M —H) loops for the 18 A Fe/GaA®801) film. rates of the nucleation and wall motion processes, and the
Similar sequences dfl—H loops are observed for the re- parameter that characterizes the competition between them.
maining Fe/GaA®01) and Fe/InAg00]) films. The dynamic  Raquetet al. found a value ofk=9 in the low dynamic
coercivity HY is seen to be an increasing function of the regime andk=5x10" 2 in the high dynamic regim@& We
frequency. conclude that at the critical transition of 250 kOe/s observed
Figure 2 presents the dynamic coercivity as a function ohere, k~1 and the wall motion and nucleation processes
the logarithm of the field sweep ratproportional to fre- contribute equally to the reversal process.
quency for the Fe/GaA&O0)) films. The dynamic coercivi- Figure 3 shows the dynamic scaling exponentas a
tiesH? were determined for frequencies at which the hys-function of Fe film thickness, for the Fe/Ga@81) system.
teresis loops are saturated. We used the fact Hyatis It is clear from this figure, and from Fig. 2, that in the low
proportional to theM —H loop areaA in this case for the dynamic regimex is a decreasing function of Fe film thick-
determination of the exponent in the scaling relatiorA ness. A similar behavior is observed for the Fe/l(0%)
«(dH/dt).8 Hence, in fitting the data, we obtained the val- system. It is seen thai varies on a length scale on the order
ues of the exponent from the log—log plot of the variation of dg,. Ford<<de,, the larger value ot indicates a mark-
of HY versus the field sweep rate in the low dynamic regimeedly steeper increase éf; with sweep rate compared with
(Table ). the corresponding variation seen fibr»d.,. The thickness-
It is clear that the gradient and hence the exponent dependent scaling behavior we observe indicates that the in-
varies with the field sweep rate. Two distinct regions areterface controls the behavior, suggesting that interface-
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Fe/GaAs(001) ness. For the thinnest Co laydrks2 ML) the magnetization
reversal dynamics were found to be very sensitive to tiny

0.15 | changes in sample roughness.
01 I In summary, by studying systematically the dynamic
<2 :&“’ dex hysteresis scaling behavior in one system, epitaxial Fe/
0.05 | GaAdq001), we have shown that in the low dynamic regime

! the scaling exponent varies with the Fe thicknesd Im-
0 portantly the characteristic length scale for this variation is
0 50 100 150 200 the exchange lengtd.,. We conclude that the thickness-

dre (A) dependent dynamic hysteresis scaling behavior in both Fe/
GaAq001) and Fe/InAg001) ultrathin films derives from an
increasing sensitivity of the magnetization reversal dynamics
to interface-induced pinning sites with decreasing Fe thick-
ness.

FIG. 3. Dynamic scaling exponenasas a function of Fe film thickness for
the Fe/GaA&01) system.
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