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Magnetic hysteresis dynamics of thin Co films on C(0021)
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Hysteresis properties of ultrathi2—4 monolayers epitaxial Co films grown on QQ01) surfaces are
studied as a function of film thickness, temperature and the strefigih (n-plane direction, and frequency
(Q) of applied sinusoidal magnetic field. Scaling of the hysteresis loop (@a@@er los$ of the form A=A,
+HEQPL(H,Q) where( is a scaling function is explored. All films exhibit a threshold field, where
switching between equivalent magnetized states is initiated. Hysteresis loop areas measured over five decades
in frequency exhibit very weak power-law dependenge-0.02). No evidence of a dynamic phase transition
is observed and no indication of a low-frequen€yot10? Hz) characteristic resonance is apparent over the
drive frequency range covered. The observed weak power-law scaling does not support results of prior experi-
ments that have been interpreted as corroborating the mean-field Ising m@dﬁlz(%) and continuum spin
models of thin-film hysteresis energy-loss scaling. The measured frequency and applied field-dependent scal-
ing of the dynamic coercive forceH( ) also appears to be inconsistent with recent phenomenological models
of hysteresis behavior based on domain-wall motion that predictHfiascales as Ihl. The results of this
study of Co on C(001) and a corresponding study of Fe on3¥0 suggest that the dynamics of magnetiza-
tion reversal in real ultrathin film systems do not exhibit universal behavior in the low-field low-frequency
limit. Recent theoretical results based on a more realistic model that accounts for thermal noise and spatial
fluctuations in the dynamics yield logarithmic scaling at I@nand effective exponeni8 that are compatible
with the experiments. A simple physical picture of low drive-frequency energy-loss scaling is described that
accounts for the experimental observatidi#0163-1829)03505-3

[. INTRODUCTION sal process in the Co nanoparticles appears to proeied
coherent rotation of spins.

Recent experiments® have explored magnetization re-  Magnetization reversal in ultrathin films is more compli-
versal dynamics in various simple or reduced dimensionalitgated than in single-domain nanoparticles. Magnetic sensi-
model systems ranging from single-domain nanopartidctes tive scanning microscopy studies of “unmagnetized” ultra-
well-characterized epitaxial ultrathin filnis® Theoretical ~thin films?*#reveal metastable magnetic states consisting of
efforts’ ~?! have studied magnetic hysteresis based on Mont&omplex domain patterns with domain size ranging from tens

Carlo simulations of lattice Ising modéig and continuum to hundreds of microns. An ultrathin magnetic film with

modelst216 and phenomenological modéfsbased on ex- unigxia] anisotropy dr?ven by an oscillating external mag-
netic field, H(t)=Hgsinwt, switches between two stable

tensions of the classic feeBrown"*®model. Recent Monte . om

Carlo simulation¥’ based on a kinetic Ising model have suc- states that are degenergte in the absence of the applied field

cessfully simulated domain-wall motion in Fe sesquilayerf;tolzO;gszgr'tﬂgohheh S;"g;g'n%;gﬁjﬁl tlze ﬁgssfgei?par'

(1.26 monolayer thickfilms on W(110) in which the dynam- . yp . 9 vo-p ipie p

ics are dominated by pinning at second layer island struc'—Stence regime, characterized by domains where the dynam-
y Y ics can be described by power laws. One important question

$¥ated to the coexistence regime is: do the dynamical pro-

fundamental theories of dynamical scaling, magnetic hysterzegses associated with magnetization reversal exhibit univer-

esis, and magnetic switching, and to gain deeper understandz| henavior?

ing of the dynamic nonequilibrium processes driven by time-  Thegretical results obtained from various models and

dependent external fields that underlie these phenomena. sjmylationd=1%202%of ultrathin film magnetization reversal
While prior measurements performed on individual mag-have suggested that the hysteresis loop afezergy loss per

netic particles have been generally inconsistent with thercycle) and other parameters including the dynamic coercive

mally assisted magnetization reversal over a single potentigleld H} and threshold fields, obey dynamical scaling laws.

barrier (Néel-Brown mode), recent work using supercon- For example, under certain general assumptions, the hyster-

ducting quantum interference device microbridge technologysis loop are# has been shown theoretically to obey

applied to single ellipsoidal Co nanoparticles has demon-

strated magnetization reversal behavior consistent with a )

single energy barrier. Switching probability vs time, thermal A~H6YQB§(_y) (1)

and field sweeping rate dependences, and activation volume Hg

were all found to be compatible with thermal activation over

a single energy barrier in a uniformly magnetized uniaxialfor all values ofHy and Q) = w/27 where §(x) is a scaling

anisotropy single-domain system. The magnetization reverfunction with the properties
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const for x<1 tinuum and lIsing-like models, i.e., exponents 8 in the
EX)= (2)  range from 1/2 to 2/3. (Refer to Table | in Ref. 6 These
- experiments also exhibit characteristic evolution of the shape
and a, B, and y are scaling exponents. The drive field- of hysteresis loops as a function of drive frequency at fixed
dependent energy-loss scaling of bulk magnetic materials ha&pplied field amplitude. The evolution of loop shape and
been shown to obey the low-frequency limit of Hd). For  loop area have been interpreted as being consistent with gen-
example, iron and various Permalloy materials obey theeral features of Eqs(1)—(4); specifically in the high-
Steinmetz lawA~ B for magnetic fields 500—10 000 Oe; at frequency limit the scaling function& Q/HJ) must eventu-
low fields (<50 Os, the effective power law for iron is more ally approach zero as the response of the magnetic system,
closely approximated by the Rayleigh laiv- B2 characterized byM(t)), can no longer follow the drive
Theoretical analyst§ of a kinetic Ising model based on field. Based on the evolution of loop shape and area, the
several different mean-field equations of motion have sugexperiments on Fe/A001) (Ref. 2 and Co/C@00)) (Ref. 3
gested that in this case the scaling obeys a discontinuousiggest that the characteristic frequety, that separates
double power law similar to Eq(l); one valid from the the low-frequency scaling regime from the high-frequency
lowest frequencies up to an amplitude-dependent criticategime, lies in the range of 10’s of HZ his result (.
value of the frequency).(H) and the other valid from this ~10?Hz) is clearly inconsistent with experimental results
characteristic resonance frequency to the highest frequencigzesented in this paper and seems very difficult to reconcile
Direct integration of the(various model-dependenequa-  with other work on thin films discussed latdruse and
tions of motion yield hysteresis loops that obey the doubleZangwil** have shown that in a thin-film system dominated
scaling laws: by two-dimensional magnetic islands that a characteristic
frequency(), can be associated with the island morphology
through the ratio of coverage to mean island perimeter
roughness. This model is able to qualitatively account for the
experimentally observed frequency dependence of the hys-
Q teresis loss for 3 ML Co/Q001),° and thew/2 phase lag of
A:Hgﬂﬂfh(m), (4 (M) with respect toH at Q,. However,Q, is treated as a
0 parameter in the model, and no attempt is made to evaluate
whereé, and &, are scaling functions for the low- and high- its magnitude from first principles.
frequency regimes, anglis a scaling exponent that depends  Our studies of Fe on V10 (Ref. 6 and related experi-
on the specific kinetics. At low frequencieg(Q/H}) can  mental studies of thicker capped Co fiftishave yielded
be assumed to be a constdnobnsistent with Eqs(1) and  power-law exponents that depart significantly from the re-
(2)]; also, Eq.(3) reduces to the form obtained from solving sults obtained for uncapped films of Fe on(801) (Ref. 2
a generic one-dimensional model for a driven bistable sysand Co on C(001).® Furthermore, the latter experiments, as
tem based on a quadratic double-well poterifiafhe Ising ~ well as the work described in this paper, do not yield any
model scaling exponents=2/3, 8=2/3 andy are found to  evidence of significant phase lagsf order m) betweenH
be independent of temperature oK< T, but Ay was found —and(M) that suggest values &i.~10Hz in the range pre-
to be temperature dependent. Recent theoretical work on théously reported:® The present paper explores the Co on
scaling of hysteresis in Ising model and cell-dynamical sysCu(001) system in an attempt to resolve the dilemma of what
tems has extended prior simulations to consider a linearlppears to be incompatible experimental results. In addition,
rather than a sinusoidally varying external fiéldand our prior results for Fe on W10 are examined more criti-
disorder’®#! These studies confirm that the scaling falls intocally by exploring alternate theoretical frameworks for ex-
two classes, one characterized by EQ.with a= 8 [O(N) tracting power-law exponents. We find that while some fea-
symmetry in which the simulations confirm=g=1/2], and  tures of the prior experimental work on the Co(C0d)
the other (mean-field classcharacterized by Eq(3) (in systeni agree with our results, many do not. Specifically, we
which the simulations confirm=8=2/3). These simula- reproduce hysteresis loop shapes, general valuek ofand
tions also suggest that the two-dimensiof2i) Ising model the apparent invariance of loop areaf¥sat low frequencies
belongs to a different class, and that cell-dynamical systema&s well as the onset of switching behavior at a critical value
can manifest a disorder-induced transition similar to the criti-of applied magnetic field reported in prior wotkWe also
cal point in the 2D Ising model. In the 2D Ising model, for obtain similar loss energy dependence on the drive field
temperature below the critical temperatufg, or for the  strengthH, at fixed frequency), and observe changes of the
coupling constantl>J. where J, is a critical value, the coercive forceH? as a function of surface roughnestow-
simulations yieldAy# 0 anda= 8=0.36+0.08, witha only ~ ever, we observe no evidence of power-law scaling expo-
weakly dependent od. For J<J., A;=0 and«a increases nents at higher frequencies that corroborate Ising-like
significantly withJ (no single value ofx exists. behavior® no evidence of a dynamic phase transifidover
Several experimental studies of thin-film systems havehe frequency range currently accessible in our experiments,
explored the dynamics of magnetization reversal from theand no evidence of low characteristic frequencies in the
point of view of dynamic scaling based on these specifieenergy-loss dependen¢@.~ 10 Hz).
models. Frequency and applied magnetic-field amplitude- We also briefly examine selected phenomenological mod-
dependent studies of hysteresis loop areas for Fe ¢80%u  els of magnetization reversal based on thermally activated
(Ref. 2 and Co on C(001) (Ref. 3 have yielded scaling domain-wall motion in view of our experimental results for
exponentsy and 8 which are generally compatible with con- the specific thin-film systems we have studipd1x1) Fe

0 for x>1,

Q
A=Ay+ H;‘,’Q%(H—g), €
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on W(110 andp(1Xx 1) Co on Cy001). While the phenom- were obtained at higher frequencies. We believe that the dis-
enological models appear to provide a meaningful theoreticatrepancies could result from either differences in measure-
framework for simulating hysteresis response, there remaiment methodology or from intrinsic differences in the dy-
significant inconsistencies between the models and generahmical response of the samples resulting f(éon example
features of existing experimental results including temperadifferences in thickness, film uniformity, roughness or con-
ture dependences and energy-loss scaling behavior. tamination. This section therefore presents a reasonably de-
tailed description of our MOKE polarimeter including tests
and calibrations required to obtain accurate results, and a
discussion of issues related to sample differences.

Our experiments were carried out using an ultrahigh Polarimeter Calibrations: In prior publications:>% we
vacuum (UHV) chamber that incorporates Auger elec- discussed factors that must be taken into account in order to
tron spectroscopy(AES), low-energy-electron-diffraction Optimize MOKE polarimeter sensitivity. An optimized polar-
(LEED), dual-cell molecular-beam epitaxial growth capabili- imeter can achieve detection sensitivitpeasured in terms
ties and a magneto-optic Kerr effe@IOKE) polarimeter. ~ Of contrast signal-to-noise rajithat approaches the statisti-
The samples were mounted at the tip of a liquid-nitrogercal limit imposed by the number of detected photons. In
dewar that incorporates electron-beam heating permittingrder to measure magnetic thin-film dynamical behavior, the
sample temperatures ranging from 90 to over 3000 K. SuitMOKE polarimeter frequency response must also be care-
able mechanical degrees of freedom permitted sample opticélly characterized. Our MOKE instrumentation records two
alignment for Kerr effect measurements and positioning foicyclic wave forms; one wave form from the photomultiplier
film growth and characterization. tube is proportional ta/M(t)), the sample magnetization

The 1cmdiamx1mm thick Cy001) substrate was averaged over the region of the magnetic film illuminated by
aligned to ~0.5° using x-ray Laue techniques. Tl@01) the laser, the second is from a precision noninductive resistor
surface was mechanically polishéfinal stage 1um dia- in the magnet circuit which is proportional to the magnet
mond pasteincluding a chemical procediffeto reduce sur-  currenti(t). At low frequenciesi(t) is in phase and propor-
face damageln situ cleaning combined repeated sputteringtional toH(t), the magnetic field in the gap of the in-vacuum
(2 kV Ne at 2< 10 *torr, 10 uamp, 6;,.=65°) followed by ~ magnet. At higher frequencies, magnetic-field amplitude and
annealing(870 K). AES and LEED characterization veri- phase-shift calibrations are required to account for field-
fied that the preparation procedure produced a clest?, amplitude and drive-frequency-dependent changes in the
0, O) well-ordered surface prior to film growth. LEED spot relative phase betweei{t) and H(t) resulting from eddy
profiles obtained from the @001) surface prior to Co film current losses in the magnet and vacuum chamber walls.
growth indicated the surface roughness to be compatibl@hase-shift errors appear directly as errors in the measured
with alignment accuracy of 0.5°; i.e. after sputtering and andynamic coercive fieldH} , therefore an accurate calibration
nealing the center of the crystal yielded spot profile widthsprocedure is essential to obtain meaningful frequency-
limited by the instrument transfer widtt~100 A terrace dependent hysteresis response results.
widths) with some deterioration~50 A terrace widthsnear The frequency response of our polarimdg@etectors, sig-
the edge. Monolayer thickness epitaxial Co films were growmal processing electronics, but not including the magnet sys-
by e-beam heatig a 2 mmdiameter 99.95% Co wire. Films tem) was established using a photoacoustic modulator to im-
were grown on the Q001) surface held at 300 K at a rate of pose a variable frequency square wave modulation on the
0.1 ML/min in UHV (P~3x10 *°torr during growth and  laser beam intensity. The polarimeter response was deter-
were maintained aP~5x10 torr base pressure. AES mined to be independent of frequency with no phase shifts
and LEED analysis of the epitaxial film showed low surfacefrom dc to above 100 kHz. The only calibrations required
impurity concentration§C, O, S, below 5% combingdnd a  over the range of frequencies used in experiments reported
well-ordered Co layefrange of thickness in the present ex- here involve the magnet responsei{d). The solid core
periments 2 MIsAx<4 ML). The thickness of Co films magnet used in prior experiments that studied anisotropy,
was monitored during film growth by a quartz microbalancereorientation transitions, and critical exponer(st low
located at 1/5 the source-sample distance, and checked usiageep frequencigswas found to be unsatisfactory for
Co and Cu AES peak ratios. Based on past experience IMNOKE measurements above a few Hz because of large
measuring thickness-dependent Curie temperatures, amhase shifts betweei(t) and H(t), and reduction of the
prior calibration exercises, we judge our quoted thicknessesagnetic field in the gap, both effects resulting from eddy
are accurate to better than20%. The p(1X1) Fe on currents in the magnet core. The reduce eddy current effects,
W(110 films, that are also discuss@dyere prepared and a UHV-compatible laminated-core electromagiigtack of
studied using the same instrumentation and similar experit4 mil HyMu80 with mica spaceysvas constructed that ex-
mental procedures. The quality of the Fe films ofld0, tended the useful frequency range to over 1 kHz. Our lami-
both smooth and stepped surfaces, is judged somewhat bettgated core magnet has 200 turns of kapton-coated copper
than most of the Co on Q001J) films based on the LEED wire and yields~1000 Oe in a 1.5 cm gap a§.=20 amp.
patterns. The magnet inductance is about 508, and suitable capaci-

In the presentation and discussion of our experimentafors are used to cancel the inductive reactance at frequencies
results, it will become clear that while our experiments werewherewlL>R.
able to reproduce hysteresis loop shapes and certain featuresSeveral methods were used to determine the magnetic-
of the Co/Ci001) dynamical response previously measuredfield strength in the gapl(Q,i,) and the relative phase shift
at low frequencie$(Q1<1 Hz), significantly different results ¢(Q,i,,) betweeri(t) andH(t) at a prescribed drive current

Il. EXPERIMENT
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Phase and Amplitude Calibration having different degrees of crystal perfection: An ordered
AFTT . . . ™3 20 smooth film(OS) grown on a Cu substrate having an average
O terrace width of 300 A and two other surfaces with greater
~ 10 8888 o0 degrees of substrate roughness produced by ligB®) or
Ed ‘j“ﬂu\ P heavy sputteringHSS. The clean surface terrace widths for
T osf ks o the LSS and HSS Cu surfaces were 44 and 10 A, and the Co
3 %/ % film surface terrace widths on all three surfaces were 33 A
2 osl 3 1" @ ML OS), 25 A (3 ML LSS), and 12.5 A(2.5 ML HSS. The
g O & E coercive forces produced by these three film systems were
j o7} D 1, (5 H.=250e(3 ML OS), H.=450e, (3 ML LSS), andH,
.E ® m - =1600 Oe(2.5 ML HSS. Corresponding changes were ob-
= %o o O served inM, , the remanent magnetization, and in the thresh-
% o002 B Jo old field H; at which hysteresis loops began to opentgs
E T was increased. The three Co films produced significantly dif-
2 ferent values oH,-dependent power-law exponents, i.e., 3
e L= ML OS, a=0.68; 3 ML LSS,a=1.02, but not surprisingly
Log,, Q (Hz) large differences.

. . Our substrates and Co films were prepared to yield the
_ FIG. 1. Plot of _relatlve phas: shift between magr_let current anthest quality surfaces and films possible using our available
field H, and amplitudeH/Hg o vs InQ) for our laminated core  capapilities. Stepped Cu surfaces were not studied as in our
magnet at a 10 amp drive current. work on thep(1x1) Fe on W110 system. Most of our
amplitudei,: a Hall probe Gauss meter, a small pick-up experiments were carried out on 3.ML Co films grown on
loop, and the Faraday effect from a small glass prism place§U(001 with an average terrace width o¥80 A, slightly
at the sample location. All methods yielded compatible rel€ss than the resolving power of our standard LEED system,
sults. The Hall probgBell model 640 probably yielded the €stimated to be~100 A. LEED spot profiles of the Co
most accurate field map in the magnet gap due to the Sméﬁ_iye_rs on these surfaces |n_d|cated a terrace width of _30 A,
effective probe area, but the Faraday effect measurement wanilar to that observed by Jiang, Yang, and Wéhgn their
judged the most accurate means of calibrating the criticaPS CU001) substrates even though the substrate roughness
phase shift vs driving current frequency and amplitude. Figwas slightly greater for our films. The value by at low
ure 1 displays a typical set of frequency-dependent amplifrequencies for these films waés ~28 Oe.
tude and phase-shift calibrations at a fixed sinusoidal drive A few measurements were carried out on 3 ML Co/
current for our laminated core magnet. @t=1kHz and 10  Cu(001) with H, applied doing §110] direction, the same
amp magnet current, the field amplitude is reduced taonfiguration used by Jiang, Yang, and Wangdditional
~0.6H o, and the relative phase shift betwee(t) atthe efforts at alignment and cleaning the (@QO) crystal resulted
sample and the drive current) is ¢(Q2)~16°. Our solid in LEED spot profiles that were a little sharper, and essen-
core electromagnet yielded similar phase shifts aroind tially limited by the instrument resolving power. Again, the
=1 Hz. Phase-shift calibrations were obtained from a Faraaverage terrace widths of 3 ML Co/@®©1) on the slightly
day rotation angledr vs H loop generated usina 3 mm  smoother Cu substrate was 30 A, and the dynamic coer-
glass prism placed at the location of the thin-film sample. Atsive forceH} ~23 Oe was slightly better for films grown on
low frequencies, the polarimeter recorded a linear Faradayhe smoother Cu surface. The threshold fididof our films
rotation vsH responséslopec Verdet constantoecause the wasH,~ 25 Oe, very similar to the value obtained by Jiang,
Faraday rotation is proportional td. At high frequencies, Yang, and Wang:*® Based on these observations, we believe

there is no hysteresis from the prism, but phase shifts resulthat the quality of our films and those of Jiang, Yang, and
ing from vacuum chamber wall and magnet eddy currentsyvang’s were very similar.

produce a slightly ellipticaloz vs H loop from which the
phase shift betweeH(t) andi(t) can be obtained.
Sample Issues: It is a well established fact that micro- Ill. RESULTS
structure affects magnetic behavior in both bulk and thin- ) . .
film materials. The effects can be quite pronounced in ultra- We first present and discuss several sets of hysteresis
thin films due to the high surface/interface-to-volume ratio.|00PS. Figure 2 displays three typical sets of magnetic hys-
For example, surface steps or roughness can affect anisgg"esis loops v} for a 3 ML thick p(1x1) Co film on
ropy, and coercive forces, and can produce “rounding” of aCl_J(OOl)_measured at two_dlfferent temperatures, two sample
phase transition. Surface and thin-film quality become im-Orientations and at fixed field amplituéti,>HZ , whereH?
portant issues when discrepancies in magnetic behavior até defined as the dynamic coercivity. Figure 3 displays cor-
observed in experiments on the same system. Extensivgésponding results at a field amplitutiy<HZ . For com-
analysis of the relationship between surface roughness angrison and future discussion, a similar set of hysteresis
dynamic magnetic behavior for the Co/001) systen?’=2°  loops for 3 ML thickp(1Xx1) Fe films on W110) are dis-
provide a very good basis for comparing the quality of filmsplayed in Fig. 4. The evolution of loop shape as a function of
prepared and studied by different groups. frequency for loops displayed in Figs. 2—4 fall into three
The experimentS used high-resolution spot profile general classe$l) no perceptible change in shape or area of
LEED analysis to characterize three Co(Qdd) systems loop vs(, (2) uniform increase irH? vs Q over the entire
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3ML p (1x1) Co/Cu(001) (H>H ")
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FIG. 2. Representative selection of hysteresis loops for 3 ML

thick p(1x1) Co/Cy001) at two temperatures foHy,>H} vs

FIG. 4. Hysteresis loops for 3 ML thicf(1x 1) Fe/\W(001) at

drive frequency). Left column,H,= 185 Oe applied parallel to the T=295K for Hy>H’ andH,<H} vs drive frequency). H, is

[100] in-plane axis; right columng],=80 Oe (T=295K), 110 Oe
(T=95K) applied parallel to the110] in-plane axis. Discontinui-

applied parallel to th¢100] axis.

ties in the loop trace at low drive frequencies result from fluctua-in the left column of Fig. 2, but it is clear that there is little
tions in light intensity(produced by dust particles or instability in or no difference in area scaling fdd applied along the
the lasey during the long period required to measure a loop. At[lTO] axis which is the easy direction. The in-plane anisot-
higher drive frequencies, integration over many cycles smooths O%py is weak.Our results for Co on Cu(001) exhibit no evi-

fluctuations.

range ofQ) (whereHy>Hp) and(3) uniform increase oH}

dence of the continuous evolution of loop shape observed in
prior experiment$>?3° and reported in numerical
simulationd? of hysteresis in model spin systenhs.con-

until HY =H, at which point the loop abruptly collapses. tinuum model simulations, evolution of the loop shape is

The Co on C(001) loops obey behaviorél) and(2), the Fe
on W(110) loops obey behavior&) and (3).

connected with the variation of loop area (5 The area
increases, reaching a maximum value(ht, and then de-

There are important qualitative differences between thereases monotonically to zefaonsistent with the scaling
hysteresis loop behaviors illustrated in Figs. 2 and 3 for thgunction £(x) Egs. (1), and(2)]. This behavior is indicated
Co on Cy001) system and those previously reported for Fe(in Fig. 1 of Ref. 3 but is not apparent in our results. Our

on Au(00)) (Refs. 2, 27, 2Band for Co on C(001).3%°We
note that in Ref. 3H was applied along thELOO] direction.

interpretation of the absence of loop shape evolution is that
over the entire frequency range covered by our experiments,

Our experimental results for this configuration are presente¢he switching dynamics are described by a low-frequency

3ML p (1x1) Co/Cu(001) (H < H *)
H//[110]
T=98K

Kerr Effect Signal (arb. units)
- ;
&

Applied Field (Oe)

FIG. 3. Hysteresis loops for 3 ML thicg(1x 1) Co/Cy002) at
two temperatures foH,<H} vs drive frequency). Hy is applied

parallel to the[ 110] in plane axis.

range scaling descriptiofi.e., corresponding to Eql) or
Eq. (3) with £(x)=consd.

A second important difference between our results for Co
on Cu(001) and prior experimental work is the power-law
behavior of hysteresis loop area U5 The following discus-
sion of frequency-dependent loop areas is qualitative; a more
detailed discussion of curve fitting procedures used to extract
both Hy- and Q)-dependent power-law exponents based on
specific scaling models is presented in Sec. IV

Figure 5 displays plots of the log of hysteresis loop akea
vs InQ for 2, 3, and 4 MLp(1x 1) Co on C§001) at two
temperatures and for applied field directions along in-plane

[110], and[100] crystal axes. The upper panels correspond
toH>HY , the lower panels tbl <Hj . Hysteresis loops for

2 and 4 ML thickness$not shown are essentially the same as
for the 3 ML films shown in Figs. 2 and 3. The plots of the
log of hysteresis loop area lggA vs log o) were used to
obtain the power-law exponem® shown as insets on the
figures assuming the<<1 low () limit of Egs. (1) and (2).
The room-temperature data over five decadefQ afppear to
yield weak power-law behavior 3~.017) but the low-
temperature variation of loop area {sis so weak that it is
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p(1x1) Co/Cu(001) films**%2yield results which are compatible with our results
(Figs. 2, 3 for uncapped Co films. In the capped film studies,
= ® the accessible frequency range (0.0EH2<1 kHz) and
26 H //[110] > H, I B - driving field strength Hy<1 kOe) produced by an air core
23 T=98K s =xw e wxi  000:001 solenoid? were similar to ours. The thin Co films in these
2wl M sssseme-ssSaF (00,001 studies(8 A thick) were grown on thick400 A) Au layers
™M 0.0040.02 deposited on natural MgS and capped with a 30 A Au
b M 3T layer. TEM analysis revealed hexagonal Co crystallites of

25 = . -

~100 A scale, and the magnetic studies showed the films to
exhibit strong perpendicular anisotropy. The films were

22 e T=295 K . o o oo 0.02+0.01 —
el ML
16~ AML
3ML

o 0.02+0.01 | driven into saturation during the magnetization measure-
oo e e e gESTEy o 02‘ ments which were all carried out at room temperature. Ap-
e S plication of the same power-law scaling functidg. (1)] to
plots of H} vs InH reveal that the power-law exponegifor
[ H /1100 > HH | _ these films is in the rang8~0.02—0.03, which is compat-
15 L T=295 ng_%% 0.00+0.02 | ible with the results in Fig. 5 obtained using the same scaling
ML law. Application of Eq.(1) scaling to Fig. 5 of Jiang, Yang,

e B and Wang’ for Hy=92 Oe yieldsB~0.26, over an order of

1.3 b=

10

Log Area (arb. units)

H // [110] < H* I magnitude greater than any of our results_ on Fig. 5. Appli-
21 - cation of alternative scaling models to this system are de-
1a-T=98K _ = Tggooom - scribed in Sec. IV. A discontinuous change in the slope of
15 AML - a plot ofH vs InH was reported to occur at relatively high
2 ML 233 % { 02233 = frequencies K =160kOe/s) for the 8 ML capped filnié,
0o L - which was interpreted as an indication of the onset of a
=r sosEcna a5 95 ] change in switching dynamics: The discontinuous power-law
7 ‘T=33L5K3 o ] behavior was attributed to crossover from wall-motion-
" i B dominated reversal to a domain-nucleation-dominated rever-
- [] } } (RE TN N ] sal model. We find no evidence of corresponding switching
08 '4 . ('J ; l dynamics crossover in our experiments. However, our films
Logm Q (HZ) are thinner, uncapped, and exhibit in-plane magnetic anisot-

ropy. The upper limit ofH in our present experiments is

FIG. 5. Plots of log of hysteresis loop area veirior 2, 3, and  approximatelyH =300 kOe/s. This limit could lie below the
4 ML p(1Xx1) Co on Ci001) at two temperatures, and for the two crossover threshold for the uncapp@ttplane anisotropy3
casesHy>Hg andHo<H? . The 3 ML hysteresis loops are dis- ML Co on CY001) films studied in our experiments. On the
played in Figs. 2 and 3. The exponefitwas obtained using dy- other hand, the similarity of the measured exponents for our
namic scaling model Eq1). (in-plane films and those measured for thicker capgeelr-

pendicular anisotropyfilms suggests that if domain-wall

not possible to distinguish between power-lapl motion dominates magnetization reversal processes in both
<248 IN(Qmax/Qmin) ], logarithmic, or other behavior. The systems, the wall dynamics as probed by the dynamical ex-
fact that we observe a very small value@®tan be regarded ponentsg are similar, and not strongly affected by the dif-
as being consistent with the “adiabatic” behavior observedference in anisotropy or microstructure.
below Q) ~1 Hz reported previously. We carried out several series of hysteresis loop measure-

While our room-temperature results for Co on(Qd) ments of 2, 3, and 4 Mlp(1X 1) Co films on C@001) vs Q
and both room- and low-temperature results for Fe orat 300 and 98 K in which the driving field amplituét, was
W(110 exhibit power-law dependence, our data manifestsnaintained belowH? . The primary motivation for these
no evidence of dynamic scaling behavior corresponding t&tudies was to explore the possibility that the evolution of
2D lattice Ising or continuum model predictions: compareloop shape observed in other experiments resulted from driv-
exponents in Table I, Ref. 6 in whicB~0.3-0.5 to the ing the films below saturation similar to the loop collapse we
exponents from Co on @001) 3~0.017 or Fe on WL10,  observed forp(1x1) Fe on W110 (Fig. 4). Typical loop
B~0.06. Attempts to reconcile our experimental data withshapes are displayed in Fig. 3 afiddependences are dis-
Ising model predictions based on the scaling law B). played in the lower plots of Fig. 5. Attempts to obtain mean-
which requirese= g also failed® This point is discussed in ingful power-law exponents from these loops were unsuc-
greater detail in Sec. IV. In addition, we observe no abrupt cessful. Inspection of the series of loops shows the loop area
change in power-law behavior in the—8 ML thick dependence of is very weak; also, the loop areas tend to
p(1x1) Co on Cu(001) system corresponding to the previ-be less stable when the thin-film system is driven below
ously reported transitiohfrom adiabatic behavior to power- saturation. In no case did we observe any “novel” evolution
law scaling with an exponent @gf=0.66which was reported of loop shape v<).
to occur around()=1Hz. All films [both Fe on W110) and Co on C(001)] exhib-

It is interesting to note that experimental studies of mag-ted a threshold field effect illustrated in Fig. 6 for 4 ML Co
netization reversal dynamics in capped ultrathin Coon Cu001) at 300 K. At a given frequency), and as the
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I I T I 1 I characterized epitaxial thin magnetic film systems of several
thicknesses, for stepped and smooth surfAees] two tem-
140 = 4ML p(1x1) Co/Cu(001) 7] peratures over a broad range of driving field parameigys
T = 295K and (). In the following discussion, we attempt to provide a
Q=5.6 Hz critical comparison of our experimental results with relevant
120 4 theoretical models and with other closely related experimen-
s tal work.
ol —a'= 8;‘3‘ A. Dynamical scaling models and power-law exponents
2 e o' =0. 7]
-~ A primary conclusion of our pap&f° reporting studies of
Z r hysteresis dynamics ip(1x 1) Fe films on W110) is that
g ol % | the scaling exponents and 8 in the x<<1 limit of Eq. (1)
e F a0 o - were significantly different than values obtained from a
5 S WWW ; broad range of theoretical modélBable | in Ref. . Adopt-
e g oy ing an alternate scaling modét [x<1 limit, Eq. (3)] does
g ool peg ! . not bring the values of exponents obtained from experimen-
< o} 5 0 60 tal results into agreement with theoretical reslitdiscussed
@ ) below). Prior studies of Co on G001) (Ref. 3 have yielded
0 © ks 1 ] encouraging algﬁrzeoement with the low-frequency limit of Ising
B Lt -1 H ,16, H .
5w L L model scaling*®?given by Eq.(3):
S F Aot KLOA(HF—HG) T Ho>Hy,
oy N ~lo Ho<H ©
o} -800 0 800 0 to:
Applied Field Ho (Oe) where for fixedH, above a switching threshold the area
ok 1 | | | | . scales a®\=A,+ K023 One could argue that application of
0 200 400 600 800 1000 1200 the pure Ising model to Co/@D01) is problematical due to
Applied Field H; (Oe) the two orthogonal equivalent easy-axis magnetization direc-

tions. It is perhaps more reasonable to assume that the Ising
FIG. 6. Plot of the hysteresis loop aréavs applied magnetic model should apply to the Fe/fd/10) system due to the

field Hy at fixed Q and temperature for 4 MIp(1X1) Co on  uniaxial anisotropy. Neither of these issues is particularly
Cu(001). Insets display measured hysteresis loops at selected valugglevant as we will show that the Ising model, at least in the
of H. Lines through data points show fits for Ising model E%), form embodied by Egq<3) or (5), does not appear to provide
the value of the power-law exponent that yields a best fit'ls 3 valid framework for understanding andH, energy-loss
=0.14(refer to Table ). scaling in either of the ultrathin film systems under discus-

sion in this paper.
applied field is increased from very low values to the maxi- We first review our curve fitting exercises for the Fe/
mum available field(~1 kOe, a threshold field is found W(110) experimental data. Our original analysis of dynamic
where magnetic switching is initiated. Above the thresholdscaling forp(1x 1) Fe on W110 was based on the scaling
the loop area continues to increase monotonically, and calaw Eq. (1). We found a~0.25 and 8~0.03-0.06. The
be fit to a power-law exponent as discussed in the followingange of3 resulted from examining several film thicknesses
section. We note thaf)-dependent hysteresis loop scaling at two temperature§T=98 and 295 K, and both smooth
for 3 ML p(1X1) Co on C001) was studied for several and stepped surfaces. Clearty+# 8, suggesting that the
field amplitudes, and for applied field directions along bothpower-law scaling at low drive frequencieQ € 1000 Hz) is

high-symmetry directionf100] and[110] (selected hyster- not governed byH as required by Eq(5). The power-law
esis loops at four drive frequencies for two cases are disexponentg for p(1x1) Fe on W110 is very small com-
played in Fig. 2. As later discussed and apparent from Fig.pared with any of the existing scaling law modétsfer to
6, power-law scaling at fixed drive frequency as a function ofour Table | in Ref. &.
field amplitudeH, was found to occur over a range Hf, We also obtained power-law exponents foflxX1) Fe
extending from below 100 to 1000 Oe. In order to verify thaton W(110) by fitting data to the scaling law Ed3), and
the weak()-dependent power-law scaling apparent from theattempted to fit the data using E&). This procedure yields
exponents in Fig. 5 are not a result of an inadequate drivgalues of 3~0.1 similar to those obtained assumiAg=0
field amplitude(below the value wherély-dependent scal- [i.e., using the scaling of Eq1)]. It is clear that the power
ing is establishex] experiments were carried out with,  law obeyed by our data is not consistent with ES). with
~100 and 185 Oe. B=2/3 (Refs. 3 and 1jlor B=0.312>21 We carried out fits
of theHy-dependent scaling data fp(1x1) Fe on W110
(Fig. 4 of Ref. § using Eq.(5) in the form A=A+ K(Hg
—HZ)*”2 allowing Hyy, Ag, K, and a to be unrestricted
We have presented hysteresis loops and reduced expeparameters. The results along with corresponding results for
mental datdi.e., loop areaA(,Hy) vs Q] for two well-  thep(1X1) Co on C@001) system are presented in Table I.

IV. DISCUSSION
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TABLE I. Summary of typical values for power-law exponents obtained by fitting experimental results to
various scaling models. Modéh): power-law exponenta, obtained by fitting a straight line through data
plotted as IMA vs InQ) and InA vs InH; Model (b): power-law exponent’ was obtained by fitting data
allowing Ag, K, anda’ to be free parameters; Modé@): power-law exponen&” was obtained by fitting
data on linear-linear plot A vs H, allowing Ay, K, H,o, anda” to be free parametefgefer to Fig. 6. Note
that Fig. 6 displays fits corresponding 48=0.14 (lowest x?) and «”=0.63 (large value ofA, and x?).

System
Scaling model p(1x1) Fe/W110 p(1x1) Co/CY00])
(@ A~H*QF a~0.25 a~0.15
dH\ @ B~0.03-0.08 5~0.01-0.02
(b) A=Ay+K d—) @' ~0.12 a'~0.05
(©) A=Ag+K(HZ—HZ)«"? a"~0.50 a"~0.14' (see below
Typical fitting parameters foa” ~0.14

Ao K Hio o Deviation y?
77.14 0.54 117.0 0.63 81.83
55.66 7.41 113.3 0.31 32.20
33.60 20.26 110.3 0.20 24.72
20.03 29.97 109.2 0.17 22.80

0.01 45.50 107.8 0.14 21.20

%Reference 6.
bReference 30.
“The best fitting parameter ig,=75.06,K = 35.06.

It is clear that our experimental results fp(1Xx1) Fe on sion that the continuum and lattice Ising models being used
W(110 are not consistent with Eq5) becausex# 3, and to study hysteresis dynamics in generic magnetic systems
independent fits of thel, and() dependent scaling using the fail to address the intrinsic factors that govern the energy-
more general form Eq3) yields «~0.5 andB~0.1. These loss scaling in thgp(1X 1) Fe on W110 system. The same
values are not compatible with any existing analytical resultsonclusion must also apply to thE1x1) Co on C(001)
or numerical simulation. system: Our experimental results for Co on(@Q0) require

At this point it is useful to comment on the difference in B<«, therefore we attach no special meaning to the power-
the drive field exponent obtained from our measurements law exponents in terms of, for example, the Ising model.
(@=0.14) and by Jiang, Yang, and Warg «=0.67. It is The abrupt collapse of hysteresis loops ¢l x 1) Fe on
already clear from the work of Jiang, Yang, and Wargat ~ W(110 at fixedH, and at a critical value of) defined by
the resulta=0.67~2/3, i.e., the universal value predicted by H? (Q})>H, is a feature of thin-film dynamical behavior of
the mean-field Ising model is a coincidence. The value:of the Fe/W110 system that is different from the behavior of
changes appreciably with film roughness-0.67 for 3 ML  the Co/C(001) system. This collapse may simply be a mani-
OS toa~1.0 for 3 ML LSS films, i.e., the value depends on festation of the strong uniaxial anisotropy of th€l X 1) Fe
factors other than the system dimensionality. In fact, there isn W(110).
no reason that the same film should not exhibit two or more
values ofa that describe effective power-law behavior over B. Phenomenological models based on wall dynamics

different drive field ranges. This is certainly true for bulk Hysteresis dynamics of the previously mentioned Au
materials as ppmtgd out in the mtrodut_:tlon where 'for Ir0N, capped perpendicular anisotropy Co films were simulated us-
a=3 at low drive fields andv=1.6 for higher drive fields. ing a phenomenological mod&f. The model is based on

The power-law exponents determined by our experimentghermally activated relaxatiorsingle relaxation time ap-
onp(1x1) Fe on smooth and steppedJL0) exhibit tem-  hroximation and assumes that the activation energy for
perature dependence, and depend on the rougkstegsden-  magnetization reversal varies linearly with the applied mag-
sity) of the substrate. We found it impossible to account for_netic field. Assuming a driving field described BiA/dt, the

the measured temperature dependence based on a Scal%ations describingiM/dt can be integrated to yield

modgl consistent with the mean-field Ising results E). M(H), from which an expression of the dynamic coercive
allowing A, to be temperature dependenty=Ay(T) field H* is obtained from solvingVl (H*)=0:

+KQ# even wheng was allowed to depart significantly ¢ ¢
from the Ising model values.

kT .
i , HX(Q,H,T)= o InH+C. (6)
Analysis of our experimental results lead to the conclu- V*Ms
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In Eq. (6), C is a constant independent of the sweep tate  sponding to the onset of significant phase lags between
V* is a characteristic switchin@arkhausenvolume,Mgis ~ (M(t)) and H(t) in the frequency range covere .y
the saturation magnetization akd is the Boltzmann con- ~1kHz, H.~3x10°Oe/9. Weak power-law behavior
stant multiplied by temperature. (small B) was measured in all cases with no evidence of a
The model has been used to draw reasonable conclusiosfgnificant (discontinuous change in power-law behavior
from simulating experimentally determined hysteresis loopsuggesting a signature of the 2D Ising modg(2/3) or
and measurements of; (Q) for Co films*® and Co rare- crossover between distinct dynamical reginfes evidence
earth films® We judge that the precision of our experimental of a dynamic phase transition other than the collapse of loops
data(hysteresis loopsshould be improved before seriously whenH<H?). The loop scaling for the Fe films on /10
attempting to explore domain-wall nucleation and motiondepends both on surface or interface roughness and tempera-
based on this modét and extensiors of it. Here we wish  ture. This suggests that the power-law scaling is not univer-
only to point out that typical values far and 8 that we have sal. The surface stepoughnessdependence of energy-loss
obtained for 2 ML p(1X1) Fe on W110 (Ref. 6 B8  scaling suggests that domain nucleation and/or wall motion
~0.093,a~0.25 are incompatible with the scaling predicted are affected by steps—possibly providing nucleation or pin-
by Eq. (6) which requiresa= . ning centers. The temperature dependence op(tie<1) Fe
on the W110 system is compatible with predictions based
C. Relation to dynamical models for thin films on the 2D Ising modefEg. (3) in the £(x) = const I|m|t] n
(thickness- 1000 A) the sense that a temperature-depend@tterm obtamed_
from fitting experimental data changes with the correct sign.
An extensive scientific literature covering dynamically However, the power-law exponent is incorrect by at least a
driven domain-wall motion in an intermediate film thicknessfactor of 3.
range(several hundreds to thousands of angstiohas re- The general consistenci@between power-law exponents
sulted from research related to magnetic recording heads ar{@able |, Ref. 6 obtained from similar or identical theoreti-
sensors. Numerical simulatiofs® of domain-wall dynamics  cal models using several approacliesmerical simulations
based on solutions of the Landau-Lifshitz equation with phe-and analytical solutions for examplsuggest that the models
nomenological damping yield complex wall motion behaviorare valid within the limits of assumptions they are based on.
including periodic transitions between Bloch andeNevalls  The failure of these models to properly account for measured
and the formation of multiple vortices. The simulations alsofrequency-dependent energy-loss scaling in ultrathin films
yield predictions of power-law scaling exponents at low fre-reflects the complexity of the underlying dynamical pro-
guencies describing frequency-dependent hysteresis loss essses. Valid models will probably require dealing with the
well as manifestations of phase lags at high frequenties: dependence of domain nucleation and wall motion on intrin-
departure of hysteresis loss scaling from the low-frequencgic and extrinsic defects and temperature. Judging from the
limit power-law dependenciEq. (1) with &(x)=cons] ac- weak frequency-dependent scaling accompanied by finite
companied by striking evolution of the dynamic hysteresisand strongly temperature-dependent hysteresis loss measured
loops similar to those predicted based on cell dynamicaby our experiments, our measurements could be a manifes-
simulations in 2D Ising systemt$.In the numerical simula- tation of dynamics dominated by a common low-frequency
tions of 2000 A thick Permalloy filmsH} ,~2.5 Oe), the regime mechanism.
hysteresis loss is found to scale &s Q# with 8=1.1[pri- Recent theoretical work has yielded very encouraging
marily resulting from the increase &f* ()] up toH~1.5  agreement with our measurements of dynamic scafing.

X 10° Oels where the loop begins to become elliptical andi@gnetic hysteresis for a two-dimensional séim}garest-
. ) neighbor kinetic Ising model was investigated using Monte
then collapses at higher values df The frequency scale

that sets thg—0 limit of power-law scaling and the onset of Carlo simulations and analytical theory. The model takes

sianificant phase lags betwebhandH is the point at which into account thermal noise and spatial fluctuations in the or-
9 phase fags . P der parameter by considering the magnetization to reverse
the gyromagnetic spin precession no longer follows the ex:

ternal drive field. If the same fundamental limit applies '[othroth random nucleation of single droplets of spins
A L . - app aligned with the applied field. The model predicts magnetic
ultrathin films, it is not surprising that our experimental re-

response that is qualitatively different from what is obtained
sults forp(;>_<1) Feon W110, or p(1x1) Cu on Cu00D) from mean field models or in simulations of spatially ex-
do not exhibit evidence of crossover from the Iow—frequency,[enoled systems. One of the principal results of these calcu-

limit £(x)=const to a regime where the scaling funCt'qnlations is that the average hysteresis loop area exhibits an

begins to' dominate th? power-law behavior. Our access'blgxtremely slow crossover to logarithmic dependence at low
range ofH extends toH ., ~3x10° Oels; clearly the low-  grive frequencies. The crossover is slow enough that the fre-
frequency range by the above criteria. guency dependence can easily be mistaken for power-law
dependence even when several decades of response are mea-
sured.More importantly, the effective power-law exponents
obtained from both the analytical calculations and Monte

Our experimental results differ in substantive featuresCarlo simulations in the range covered by our experiments
with prior experimental work that reportedly corroborates(second tous time scales) arg8~0.077, basically in the
existing theoretical models of the dynamic scaling of hysterfange measured by our experimenifie characteristic fre-
esis behavior in ultrathin films. Our experiments detect noquencies {2.) in these theoretical models also appear to be
evidence of the evolution of hysteresis loop shapes correquite high.

V. CONCLUSIONS
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It is not difficult to account for strong field strength- where 7 is the relaxation time, £y<2 is a model-
dependent hysteresis loss accompanied by weak frequencglependent parameter, and the other symbols are defined as
dependent scaling in a magnetic systée., B<a). It is  for Eq. (6). In these models, the dynamics are slow if
reasonably well establishedlthough not in ultrathin films  v*M/kT is large (weak dynamic scaling However, the
that domain-wall velocities saturatenaximum velocities temperature dependencetdf can be large, being dependent
vo~10—20x 10° cm/s in low coercivity 500 A thick permal- on the thermal dependence of the anisotropy; thus weak dy-
loy films for H above a few 10's of Qe Any power loss that  namic scaling is not necessarily inconsistent with a strong
scales with domain-wall velocities would yield weak Sca“ngtemperature dependence I .

with Q if wall velocity saturation governs the loss in a par- We believe the key to improving our understanding of

ticular dynamical regime. At low drive frequencies one can . S ‘
hysteresis dynamics lies in expanding the parameter space

imagine the energy loss being produced by individual A
Barkhausen jumps in which a domain configuration changegovereOI by the measuremeritagher H, broader() range,

abruptly in response to thermal activation at the applied fielciirld wider temperature range, including measurements near

strength. IfdH/dt is slow, the energy produced by the do- T.) and careful experiments on model systems in which di-
main jump isAE~HAM, where AM/dt is related to a rect measurements of characteristic domain sizes, domain

domain-wall jump. In this low-frequency regime, the energynucleation dynamics and wall velocities can be carried out.
loss will appear to be independent 9f but will clearly be ~ These experiments are becoming feasible, and should help
dependent o, because each pinning site will have a tem-9uide development of more realistic theoretical models of
perature and applied field-dependent probability for aswitching dynamics and hysteresis in ultrathin film magnetic
Barkhausen jump. systems.

A more sophisticated way of describing this physical
model is to consider phenomenological models based on a

relaxation time in which nucleation and domain-wall pro- ACKNOWLEDGMENTS
cesses are characterized by
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