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Magnetization reversal dynamics in epitaxial spin-valve structures
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We report the dynamic hysteresis behavior of epitaxial single ferromagnetic NiFe, Co layers, and

NiFe/Cu/Co spin-valve structures investigated as a function of field sweep rateḢ(dH/dt) in the range 0.01–
270 kOe/sec using the magneto-optic Kerr effect.In situ reflection high-energy electron-diffraction images
confirmed that the NiFe, Cu, and Co layers grew epitaxially in the~100! orientation where the fcc NiFe,
Cô 110& in-plane directions correspond to the Si^100& directions. For Cu/60 ÅNiFe/Cu/Si (Hc55 Oe) and
Cu/40 Å Co/Cu/Si (Hc5104 Oe) single magnetic layer structures, the hysteresis loop areaA is found to

follow the scaling relationA}Ḣa with a;0.13 and;0.02 at low sweep rates and;0.70 and;0.30 at high
sweep rates, respectively. This result indicates that the NiFe and Co layers in the spin-valve structures can be
expected to show distinct scaling behavior at high sweep rate. We found that the ‘‘double-switching’’ behavior
which occurs at low sweep rates transforms to ‘‘single switching’’ at;154 kOe/sec and;192 kOe/sec,
respectively, for the single and double spin valves due to the different dynamic response of the NiFe and Co
layers. Our results provide direct experimental evidence that the magnetic anisotropy strength affects dynamic
hysteresis scaling in ultrathin magnetic films, in contrast with the predictions of current theoretical models.
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I. INTRODUCTION

The search for a universal theory1–5,8,18 ~and its experi-
mental verification6,7,9–17! of magnetic hysteresis in ultrathi
films continues to be of central importance in magnetis
Over the past decade the dynamics of magnetization reve
has attracted significant attention as a test of universa
hypotheses and scale-invariant descriptions of the en
loss per cycle~the hysteresis loop area! as a function of
external parameters, e.g., applied magnetic field strengthH0 ,
frequencyV, and temperatureT. Recent theoretical studie
based on a continuous spin system1–3 and a mean field Ising
model2,4,5 demonstrated that the hysteresis loop areaA fol-
lows the scaling relation

A}H0
aVbT2g, ~1!

wherea, b, andg are exponents that depend on the dime
sionality and symmetry of the system. Phenomenolog
models6,7 and Monte Carlo simulations8 were also performed
on the basis of domain wall motion and nucleation. On
other hand, comprehensive experiments9–14 have been car-
ried out to describe the dynamics of magnetization reve
in ultrathin and thin ferromagnetic films, e.g., Fe/Au~001!,9

Co/Cu~001!,10,12 Au/Co/Au/MoS2,
7 Fe/W~110!,11 polycrys-

talline Ni80Fe20,
13 and Fe/GaAs~001!.14 In addition, a few

studies have been devoted to the dynamics of magnetiza
reversal in small-sized systems such as Co single-dom
nanoparticles,15 Au/Co/Au dot arrays,16 and micron-sized
Ni80Fe20 disks17 with a multidomain or a vortex structure
However, critical values of the dynamic scaling exponents
ultrathin ferromagnetic films obtained fromin situ9–12andex
situ7,13,14experiments significantly differ for different mate
rials and for different dynamical regimes. The discrepanc
PRB 610163-1829/2000/61~10!/6811~5!/$15.00
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can be attributed to different measurement methods o
intrinsic differences in the dynamic response of the sam
according to the magnetization reversal mechanism.11,12,19

The reversal mechanism is known to be sensitive to gro
conditions, e.g., thickness, film homogeneity, roughne
substrate or capping layer.11,12For instance, the values of th
scaling exponents for Co/Cu~001! ~Refs. 10 and 12! obtained
by different groups exhibit surprisingly large differences~a
5b'0.67 in Ref. 10,a50.15,b50.01 in Ref. 12!. In real
magnetic systems, the current key issues are the univers
of hysteresis scaling behavior, the values of the expone
and the possible correlation betweena andb in Eq. ~1!. In
prior experiments, dynamic scaling behavior was found to
independent of film thickness,9–14 although thickness doe
affect magnetic anisotropy to some extent.14 In order to test
the universality of dynamic scaling behavior in ferroma
netic ultrathin films and to clarify the effect of magnet
anisotropy strength on the dynamic hysteresis scaling,
chose to study fcc epitaxial NiFe and Co grown
Cu/Si~001!. We take advantage of the striking difference
the cubic magnetocrystalline anisotropy fields, which dif
by more than 1 order of magnitude~HK1

Co52K1 /Ms

'844 Oe,HK1

NiFe'50 Oe!.20 HereHK1
, K1 , andMs denote

cubic magnetocrystalline anisotropy field, anisotropy co
stant, and saturation magnetization, respectively. A furt
motivation in studying spin-valve structures consisting
NiFe and Co layers with very different magnetic anisotro
strengths is that it allows us to compare the dynamic reve
behavior for ultrathin films deposited on the same subst
with the same fcc structure. In this way we can largely elim
nate uncertainties due to intrinsic differences associated
the substrate or growth conditions.

In this paper, we present the dynamic hysteresis beha
in epitaxial single ferromagnetic layers with different ma
6811 ©2000 The American Physical Society
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netic anisotropy strengths and in epitaxial spin-valve str
tures as a function of field sweep rateḢ in the range 0.01–
270 kOe/sec investigated with magneto-optic Kerr eff
~MOKE!. We find that the scaling exponent in the NiFe fil
is greater than that in the Co film at high sweep rates, ill
trating that the dynamic response in the NiFe film is slow
than that in the Co film. We also demonstrate that for sp
valve structures ‘‘double-switching’’ behavior which occu
at low sweep rates transforms to ‘‘single switching’’ at hig
sweep rates due to the different dynamic response of
NiFe and Co layers. This result indicates that NiFe and
layers with different magnetic anisotropy strengths show d
tinct scaling behavior at high sweep rate.

II. EXPERIMENTS

The single ferromagnetic films~Ni80Fe20 and Co! with
nominal structures, Cu~50 Å!/NiFe~60 Å!/Cu~700 Å!/Si~001!
and Cu~50 Å!/Co~40 Å!/Cu~700 Å!/Si~001!, respectively,
were grown on the same HF-passivated Si~001! surface in
order to remove the influence of the substrate. The sam
was grown at room temperature by molecular beam epit
~MBE! under ultrahigh vacuum conditions~UHV! with a
base pressure of;3310210mbar. The single and the doub
spin-valve structures: Cu~50 Å!/Co~40 Å!/Cu~60
Å!/NiFe~60 Å!/Cu~700 Å!/Si~001! ~Refs. 20 and 21! and
Cu~50 Å!/NiFe~60 Å!/Cu~60 Å!/Co~40 Å!/Cu~60
Å!/NiFe~60 Å!/Cu~700 Å!/Si~001! ~Ref. 22! were also
grown under similar conditions. Prior to the deposition of t
magnetic materials a 700 Å thick Cu~001! seed layer was
deposited on Si~001! using a Knudsen cell with a typica
evaporation rate of;5 Å/min. The NiFe and Co layers wer
deposited on to the Cu~001! surface using electron beam
evaporation and the typical evaporation rate was;1 Å/min.
The deposition rates were calibrated using a quartz micro
ance, which has an accuracy of;610%. Epitaxial growth
was confirmed usingin situ reflection high energy electro
diffraction ~RHEED!. The images obtained showed that t
NiFe, Cu, and Co layers grew epitaxially in the~100! orien-
tation where the fcc NiFe, Co^110& in-plane directions cor-
respond to the Si^100& directions.

Magnetic hysteresis loops were measuredex situat room
temperature using MOKE magnetometry with a probing
ser beam spot of diameter;2 mm. The applied magneti
field was driven by a time-varying current at a frequen
between 0.01 Hz and 1 kHz. A Hall probe in the frequen
range studied was used to detect the effective magnetic
at each frequency.

III. RESULTS AND DISCUSSION

In Fig. 1, we present dc MOKE hysteresis loops obtain
~a! for single ferromagnetic layer samples~Co: solid line;
NiFe: dotted line!, and MOKE loops ~solid! and MR
curves~dot! for the single spin valve~b! and for the double
spin-valve structure~c!. All data were obtained with the
magnetic field applied parallel to the@100# axis of the sub-
strate, i.e., Co and NiFe@110# ~easy axis!. The fcc epitaxial
NiFe film is found to exhibit a broken fourfold symmetr
due to a uniaxial anisotropy induced during deposition
determined by rotary vector MOKE magnetometry. Ho
-
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ever, the anisotropy field is very weak compared with the
Co film. This result is in qualitative agreement with the r
sults of Brillouin light scattering~BLS! in our previous
work.20 Very recently, Loet al.23 reported that the induced
uniaxial anisotropy in the fcc epitaxial NiFe/Cu/Si~001! is
ascribed to a 6% lattice mismatch. In contrast to the N
film, we found that the fcc epitaxial Co shows fourfold cub
anisotropy with a very weak uniaxial anisotropy, consiste
with prior BLS results ~2K1 /Ms'2844 Oe, 2Ku /Ms
'10 Oe!.20 The anisotropy constants are defined such t
positive values make the Co@100# axis easy. In Fig. 1~a!, one
can see a striking difference in the coercive field between
NiFe(Hc55 Oe) and the Co films (Hc5104 Oe). The two
systems are thus of interest for the study of the effect
magnetic anisotropy strength on the dynamic scaling beh
ior.

We previously found that a Cu spacer thickness (tCu
>60 Å) gives rise to ‘‘double switching’’ in the single spi
valve.24 The sharp double switching is clearly seen in t
single and double spin valves@Figs. 1~b! and 1~c!: solid
line#. For the NiFe and Co layers, the coercive fields in t
single spin valve areHc

NiFe528 Oe andHc
Co590 Oe, while in

the double spin valve they areHc
NiFe525 Oe and Hc

Co

550 Oe, respectively. Compared toHc for the single mag-
netic layer films, the increase ofHc for the NiFe layer and
the decrease for the Co layer in the double spin valve
probably be attributed to coupling between the magnetic l
ers, e.g., magnetostatic ‘‘orange peel.’’25,26 The normalized
MR curves in which the plateaux correspond to an antip

FIG. 1. MOKE hysteresis loops obtained at dc~a! for single
ferromagnetic layer films~Co: solid line; NiFe: dotted line!, and
MOKE loops~solid! and MR curves~dot! for the single spin valve
~b! and the double spin-valve structure~c!. All data were obtained
with magnetic fields applied parallel to the@110# axes of the Co and
NiFe layers~easy axis!.
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allel configuration of the two magnetic layer magnetizatio
are in good agreement with theM -H loops for the single and
double spin valves@Figs. 1~b! and 1~c!: dotted line#. The
MR ratios are 0.3% and 1.2%, respectively, for the sin
and double spin valves.

Zhong and Zhang3 proposed that, in the limit of lowH0
andV in Eq. ~1!, the field is a linear function of timet with
a proportionality coefficientH0V and thusa5b. In this
case, for a sweep rateḢ(dH/dt),3,19

H05Ḣt, ~2!

A}Ḣa. ~3!

Previous experimental work10,14 has demonstrated that th
exponenta is identical tob from Eq. ~1!. We used the fact
that dynamic coercive field (Hc* ) is proportional to theM -H
loop areaA in this case for the determination of the exp
nents in Eq.~1!.1,9,13,14 The dynamic coercive fields (Hc* )
were determined for varying frequencies and fixed field a
plitudes at which the hysteresis loops are saturated.

Figure 2 displays~a! the evolution of the hysteresis loop
and~b! log-log plots of the dynamic coercivity (Hc* ) against

field sweep rateḢ for the NiFe and Co single magnetic lay
films. TheM -H loop areaA increases with increasing swee
rate until it reaches a maximum. As the sweep rate increa
further, theM -H loops eventually can no longer be saturat
with the available field, and then collapse gradually~not
shown in Fig. 2! as predicted in theoretical work1,2,4 and
demonstrated experimentally.9,10,13,14,17The magnetizations
of the NiFe and Co films are unable to respond immedia
to the rapidly varying field and this effect becomes progr
sively more pronounced as the sweep rate increases. H

FIG. 2. ~a! Evolution of sweep-rate dependent hysteresis lo
and ~b! log-log plots of dynamic coercive field (Hc* ) against field

sweep rateḢ for the NiFe and Co single magnetic layer films.
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ever, it is noticeable that there is a significant difference
the dynamic response to the sweep rate between the N
and Co films. At 0.4 kOe/sec,Hc* of the NiFe film is much
smaller than that of the Co film, butHc* of the NiFe film gets
close to that of the Co film with increasing sweep rate
seen in Fig. 2~a!. Distinct dynamic reversal behavior in bot
films is clearly observed in the log-log plot ofHc* against the

sweep rateḢ @Fig. 2~b!#. We found that the exponenta in
Eq. ~3! varies with the sweep rate, but two distinct regio
are seen in which approximately linear behavior occurs
with different values ofa for the NiFe and the Co films. This
behavior is qualitatively compatible with previous work,7,14

where differing values ofa are attributed to a change of th
magnetization reversal process with increasing field sw
rate. Domain wall motion dominates the magnetization
versal at low sweep rates, but becomes less significant
increasing sweep rate. Very recently, Lyuksyutovet al.8 car-
ried out numerical Monte Carlo simulations of dynamic hy
teresis scaling based on domain wall motion, nucleation,
retardation of the magnetization, showing that the theory
compatible with available experimental data. However,
critical transition from low to high values ofa reported in
previous work7,14 and observed in the present work is b
lieved to result from the competition between domain w
motion and nucleation processes but is not currently w
understood. For the NiFe and Co films, the hysteresis l
areaA is found to follow the scaling relation witha;0.13
and;0.02 at low sweep rates and;0.70 and;0.30 at high
sweep rates, respectively~see Table I!. Consequently, a
crossover at which the dynamic coercive fields of the N
and Co films are identical is found to occur at 245 kOe/s
@see Fig. 2~b!#. The corresponding transitions from low t
high values ofa are found to occur at;3 kOe/sec and 40
kOe/sec, respectively, for the NiFe and Co films. The valu
of the exponenta for the NiFe and the Co films at high
sweep rates are comparable with that of polycrystalline N
films13 @a'0.9,b'0.8 in Eq.~1!# and that of Fe/GaAs~001!
films14 (a'0.33– 0.40), respectively, observed in our pre
ous work.13,14

The observed crossover in the variation ofHc* against the

sweep rateḢ for the NiFe and Co films supports the vie
that the dynamic scaling behavior at high sweep rate is
pendent upon the magnetic anisotropy strength which is
contrast with the predictions of current theoretical models
order to explore the influence of magnetic anisotro
strength on the dynamic response of the NiFe and Co fil
we studied the dynamic hysteresis behavior in epitax
single and double spin-valve structures comprising the
magnetic layers. Figure 3 shows the evolution of represe
tive hysteresis loops against field sweep rate for the single~a!
and double~b! spin valves. First, it is seen that both the sp
valves show clear ‘‘double-switching’’ behavior at low
sweep rates. However, the ‘‘double-switching’’ behavi
which occurs at low sweep rates gradually becomes
clear as the sweep rate increases and then transform
‘‘single switching’’ at ;154 kOe/sec and;192 kOe/sec,
respectively, for the single and double spin valves. T
‘‘single switching’’ in the double spin valve is more pro
nounced than that in the single spin valve, since for

s
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TABLE I. Experimental dynamic scaling exponents inA}Ha for the single magnetic films and the sing
and double spin valves.

System

a

Hc ~Oe!
at dc

Critical
transition
~kOe/sec!

At low sweep
rates

At high sweep
rates

Cu/Ni80Fe20 /Cu/Si~001! ;0.13 ;0.70 5 3
Cu/Co/Cu/Si~001! ;0.02 ;0.30 104 40
Single spin valve
Cu/Co/Cu/Ni80Fe20 /Cu/Si
~001!

NiFe ;0.06 ;0.58 28 17

Co ;0.03 90

Double spin valve
Cu/Ni80Fe20 /Cu/Co/Cu/
Ni80Fe20 /Cu/Si~001!

NiFe ;0.04 ;0.60 25 14

Co ;0.05 ;0.46 50 68
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single spin valve the value ofHc* for the Co layer exceed
the available magnetic field strength, giving rise to round
tips of theM -H loop.

In Fig. 4, we present the log-log plots ofHc*
~NiFe! and

Hc*
~Co! against sweep rate for the single and double s

valves. We find that for the single spin valve,Hc*
~Co! in-

creases monotonically with the sweep rate with no criti
transition. This behavior is likely to be due toHc*

~Co! being
greater thanH0 at high sweep rates. In contrast to the C
layer in the single spin valve, the dynamic response of
NiFe layer is comparable with that of the single NiFe fil
~see Fig. 2!. The values ofa at low and high rates are;0.06
and 0.58, respectively, which are in good agreement w
that of the single NiFe film~see Table I!. A critical transition
is also found to occur at 17 kOe/sec. On the other hand,
the double spin valve the dynamic response of both the N
and Co layers is very similar to that of the single NiFe a
Co films ~see Table I!. Dynamic magnetoresistance~MR!
measurements for the spin valves are in progress.

FIG. 3. Evolution of sweep-rate dependent hysteresis loops
the single~a! and double~b! spin valves. The ‘‘double-switching’’
behavior which occurs at low sweep rates gradually becomes
clear as the sweep rate increases and then transforms to ‘‘s
switching’’ at ;154 kOe/sec and;192 kOe/sec, respectively, fo
the single and double spin valves.
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Comparison with the available current theoretical mod
is difficult, since physical insight into the validity of the cu
rent theoretical models is still lacking, although previous e
perimental studies9,10,13,17 demonstrated scale-invariant d
scriptions of the dynamic scaling behavior. In earli
theoretical models such as the 2D Ising spin model2,4,5 and
the continuous spin system1,2,3 the magnetic anisotropy is no
considered. However, the Ising model is expected to be
relevance to hysteresis in thin films with a strong uniax
anisotropy, whereas the continuum model is expected to
relevant to single domain particles with very small magne
anisotropy.1 Very recently, a theoretical model8 based on do-
main nucleation and wall dynamics has been used to s
that the scaling behavior in the Ising model in the case
weak ~domain wall widthw@ lattice constanta! and strong
(w'a) anisotropies, respectively, becomes equivalent a
a simple rescaling. They consider a spin cluster of a s
equal to the domain wall width as an elementary spin,
obtain the same scaling exponents in each case. Our res

or

ss
gle

FIG. 4. Log-log plots ofHc*
,NiFe andHc*

,Co against sweep rate
for the single and double spin valves.
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however, indicate that magnetic anisotropy strength in
ences the dynamic response to field sweep rate in the s
dynamic region, which therefore differs from the predicti
of the theoretical model in Ref. 8. Although the specific
versal mechanism may be associated with either domain
motion or nucleation, it is likely that both the wall velocit
and pinning energy are affected by the magnetic anisotr
strength. Therefore, since the structure and quality~i.e., num-
ber of defects! are comparable for the two films in our stru
tures, we attribute the difference in scaling behavior to
differing magnetic anisotropy strengths.

IV. CONCLUSION

The magnetization reversal dynamics of epitaxial sin
ferromagnetic layers and spin-valve structures were inve
gated as a function of field sweep rateḢ(dH/dt) in the
range 0.01–250 kOe/sec using the magneto-optic Kerr ef
~MOKE!. The hysteresis loop areaA is found to follow the
scaling relationA}Ḣa with a;0.13 and ;0.02 at low
o
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sweep rates and;0.70 and;0.30 at high sweep rates, re
spectively, for the single NiFe and Co films. This result in
dicates that the NiFe and Co layers in the spin-valve str
tures can be expected to show distinct scaling behavior
high sweep rate. For the spin-valve structures, the ‘‘doub
switching’’ behavior which occurs at low sweep rates tran
forms to ‘‘single switching’’ at;154 kOe/sec and;192
kOe/sec for the single and double spin valves, respective
due to the different dynamic response of the NiFe and
layers to a time-varying magnetic field. We conclude that t
dynamic response is dependent upon the magnetic anisot
strength.
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