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Model for reversal dynamics of ultrathin ferromagnetic films

I. Ruiz-Feal, T. A. Moore, L. Lopez-Diaz, and J. A. C. Bland
Cavendish Laboratory, University of Cambridge, Cambridge CB3 OHE, United Kingdom

~Received 20 July 2001; published 8 January 2002!

We propose a phenomenological model for the dynamic magnetization reversal of epitaxial ultrathin ferro-
magnetic films with uniaxial in-plane anisotropy. The model assumes that the reversal proceeds via the nucle-
ation of small reversed domains and subsequent domain wall propagation, and that the domain wall velocity
depends linearly on the applied magnetic field strength. Two regimes in the dynamic coercive field (Hc* )
versus applied field sweep rate@ ln(DH/Dt)# data are found in good agreement with experiments. For ultrathin
films, the mobility of the domain wall (m) is found to vary with the thickness of the film~t! according to a
power law.

DOI: 10.1103/PhysRevB.65.054409 PACS number~s!: 75.40.Gb, 75.40.Mg, 75.70.Rf
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I. INTRODUCTION

The dynamics of magnetization reversal in ultrathin f
romagnetic films is currently being extensively studied fro
both a fundamental and applied standpoint. Key questi
concern the physical processes involved in domain nu
ation, domain wall motion, their link to coercive field, influ
ence of crystallographic structure, etc. During the last f
years, the significance of the field sweep rate for the dyn
ics of magnetization reversal in epitaxial thin films has be
studied.1–7 In these studies, the coercive field of ferroma
netic epitaxial ultrathin films was monitored as a function
the sweep rate of an oscillating applied magnetic field a
the coercivity was found to increase with sweep rate. R
cently, it has been found that the dynamic coercivity (Hc* )
varies with applied field sweep rate~Ḣ! asHc* ;Ḣa, but that
two regimes are obtained: at low and high frequency diff
ent values ofa are found. This important finding appears
be a general feature of ultrathin ferromagnetic films.2,3,8

Different models have been proposed aiming at und
standing this phenomenon. Sharrocket al. considered the
statistical thermodynamic behavior of multiple isolat
particles9 which can be applied to polycrystalline thin film
Raquetet al. developed a model for epitaxial films in whic
the experimental reversal behavior was attributed to a c
petition between the relative importance of domain nuc
ation and domain wall propagation effects.2 The conclusions
of Raquetet al. suggested that domain wall motion in Au
Co/Au sandwiches was the main mechanism in the reve
process for low sweep rates, whereas domain nuclea
dominated at high sweep rates. A difficulty which arises fro
this analysis is that different values of the wall velocity a
nucleation rate are assumed for high and low sweep rate

In this work we propose an alternative simple model
the dynamic reversal mechanism in epitaxial ultrathin film
Domain nucleation rate and domain wall propagation effe
will be considered in order to understand the obser
change of coercive field as a function of sweep rate. In
model, only two parameters will be shown to be necessar
describe the process, and these parameters are indepe
of any external factor~e.g., applied field sweep rate!.
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II. MOTIVATION

In experiments reported in Refs. 2, and 3 and 8, epita
Fe/GaAs and Au/Co/Au magnetic films were reversed via
alternating magnetic field. It was shown that the coerc
field of the films increases with the applied field sweep ra
In this paper we will work on Fe/GaAs~001! magnetic films.

A typical result is shown in Fig. 1~a!. It shows the depen-
dence of the dynamic coercive field (Hc* ) on the sweep rate
for a 55-Å Fe/GaAs~001! epitaxial film. The sample prepa
ration and experimental conditions are given in det
elsewhere.3 In the low dynamic regime@ ln(DH/Dt),0#,
ln(Hc* ) is approximately linearly dependent on ln(DH/Dt). At
higher sweep rates, ln(Hc* ) increases at a larger rate.~In this
paper, all logarithms will be decimal unless otherwi
stated.!

In a further recent study, it has been found that the slo
(a) of the linear fit of ln(Hc* ) vs ln(DH/Dt) in epitaxial
Fe/GaAs~001! samples varies with thickness for low swee
rates as shown in Fig. 1~b!. Similar results on Au/Co/Au
sandwiches have found by other authors.10

This paper aims at understanding these experimental
from a phenomenological standpoint. On the one hand,
intend to understand why the coercivity of the magnetic fi
and applied field sweep rate are linked via the power l
Hc* ;Ḣa, and why there are two distinct dynamic regime
On the other hand, we intend to understand why the sl
~a! in the low dynamic regime increases as the thickness
the film decreases.

III. DESCRIPTION OF THE MODEL

It has been experimentally seen that the dependenc
domain wall velocity on applied field strength for an in-pla
magnetized ultrathin epitaxial Ag/Fe/Ag~001! film follows a
linear response characteristic of a viscous damp
movement.11 This response follows the equation

v~h!5H 0, uhu,hdp ,

m~ uhu2hdp!, uhu>hdp ,
~1!

where m is the domain wall mobility, a phenomenologic
parameter characteristic of the magnetocrystallograp
©2002 The American Physical Society09-1
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FIG. 1. ~a! Experimental dy-
namic coercive field (Hc* ) vs
ln(DH/Dt) of applied magnetic
field ~dots! ~Ref. 3! and linear fit
to the low dynamic regime.~b!
Slope of linear fits (a) as a func-
tion of Fe thickness in Fe/
GaAs~001! films.
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properties of the film and growth conditions, andhdp is the
depinning field, the field at which the domain wall is d
pinned and sweeps the magnetic film.

We will assume that a densityr of reversed domains ar
present at the depinning field. Given such a system w
reversed domains, the domain walls will expand at a velo
described by Eq.~1!. The average area~A! that a domain
wall will have to cover to complete the reversal will be

A5
1

r
. ~2!

Three approaches will be considered: in the simplest
we will assume that the domain walls are straight~model 1!.
In the second one, a more realistic picture will be conside
by assuming that the domain walls are circular~model 2!.
This assumption is based on magnetic images of reve
processes shown in Ref. 12. In these two models, the num
of reversed domains nucleated is considered to be con
throughout the process. A further refinement will be intr
duced by assuming that the density of reversed domains
depend on the applied magnetic field~model 3!. Figure 2
illustrates these models schematically. In each case, dom
walls are considered to be noninteracting and evenly dist
uted.

A. Straight domain wall

In model 1, each domain wall is considered to be
straight line. Regardless of the actual size of the magn
sample, given a densityr of domain walls, the average are
that each one of them will have to sweep to complete
reversal will beA51/r. For simplicity, we will consider that
each domain will have to sweep a square of lateral sizeAA
~that is, we have divided the magnetic sample in small c
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of areaA, each one of them corresponding to a single dom
wall!. During the reversal process, the change of the norm
ized magnetization~m! with time will be

dm~ t !562
AAv„h~ t !…dt

A
. ~3!

The ‘‘1’’ sign is taken for h.0 and the ‘‘2 ’’ for h,0.
Considering Eqs.~1!, ~2!, and~3!,

dm~ t !56Arm@h~ t !2hdp#dt. ~4!

In further sections, the importance of the parameterT
5Arm in this model will be discussed. Briefly, it should b
noted that the speed of the dynamics of the process scal
T. This parameter will play an important role in the susce
tibility of the film to external changes, since the lower it i
the more time the film will spend in the reversal process

Following Eq. ~4!, a hysteresis loop will be compute
applying a sinusoidal field

h~ t !5H0 sin~2pVt !. ~5!

The sample will be considered to be initially saturated a
negative value (m521). Then, at the depinning field (hdp),
the densityr of reversed domains present in the sample w
propagate with a velocity described by Eq.~1!. If the system
completes reversal, an analogous process will happen b
wards at negative fields. On the contrary, if the frequency
the applied field is too high and the domain wall does n
have enough time to complete reversal, it will stop halfw
through following equation~1! and will start moving back-
wards at negative applied field. The results of hysteresis l
calculations, for different frequencies, can be seen in Fig
~left column!. It can be seen that in the cases in which sa
ration is reached,Hc* increases as the frequency of the ma
-
FIG. 2. Sketch of the physical pictures pro
posed.~a!: Straight domain wall~model 1!. ~b!:
Circular domain wall~models 2 and 3!.
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netic field increases. Further details of the computing pro
dure are explained in the Appendix.

B. Circular domain wall

A modified version of the model, which may be mo
realistic for ultrathin Fe films, was introduced~model 2!.
According to scanning Kerr microscopy images of rever
processes shown by Cowburnet al.12 @Fig. 5#, a better ap-
proach would be to consider circular walls rather th
straight ones@Fig. 2~b!#. This was implemented in the com
putations by introducing a new evolution equation for t
magnetization during reversal:

dm~ t !562
2pr ~ t !dr~ t !

A
, ~6!

wherer (t), the radius of a circular domain wall, will expan
or shrink during reversal linearly with time asdr(t)
5v(t)dt. Considering Eqs.~1!, ~2!, and~6!,

dm~ t !564prm2E
t0

t

@ uh~ t8!u2hdp#dt8@ uh~ t !u2hdp#dt,

~7!

where t0 is the moment at whichh(t0)5hdp . In this new
model, the magnetization@m(t)5mt501* t0

t dm(t8)# evolves

with t2, whereas this relation was linear in the previo

FIG. 3. Hysteresis loops using models 1~left column! and 2
~right column!, for frequenciesV5103 ~a!,~b!, 104 ~c!,~d!, 105

~e!,~f!, 7.943105 ~g!,~h!, 3.553106 ~i!,~j!, and 5.013106 ~k!,~l!
s21, keeping the other parameters constant:H05120 Oe, hdp

520 Oe,m5100 ~m/s!/Oe, andr5106 m22.
05440
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model. In this case, the quantity that governs the scaling
the reversal time isT 25r m2, instead ofT as in model 1.

Figure 3 ~right column! shows typical hysteresis loop
calculated with this model for different values of the fr
quencyV. In this new case of a circular domain wall, at th
beginning of the reversal the system evolves at a lower sp
compared to a straight wall, but as the radius of the circu
domain wall increases the reversal gets faster.

C. Field-dependent nucleation

In models 1 and 2, it was considered that the density
domain walls was constant. In order to examine the imp
tance of nucleation effects, a constant rate of nuclea
@R(h)5h# of reversed domains forh.hdp was imple-
mented, as a first approximation, under the circular-wall p
ture:

r~h!5H 0, h,hdp ,

h~ uhu2hdp!, h>hdp .
~8!

More realistic models would include a field-dependent nuc
ation rate.2 Strictly speaking,hdp should differ between Eqs
~1! and ~8! since nucleation and propagation effects a
based on different physical phenomena. Nevertheless,
are related11 and will be considered to be the same as a fi
approximation.

Figure 4 shows the dependence of hysteresis loops
different values ofh. It can be seen that higherh ~i.e., more
nucleation! means a lower dynamic coercive field in th
model. In this case,T̃ 25hm2 is the quantity that governs th
scaling of reversal time.

IV. RESULTS AND DISCUSSION

A. Dynamic coercivity

To understand the experimental data shown in Fig. 1~a!,
the dependence of coercive field on sweep rate was expl
by computing hysteresis loops for various frequencies
typical result is shown in Fig. 5. Good agreement with t
experimental data is achieved. When the sweep rate is s

FIG. 4. Hysteresis loops calculated with model 3 forh5104 ~a!,
105 ~b!, 106 ~c!, and 107 ~d! m22 Oe21, H05120 Oe, hdp

520 Oe,V5105.5 s21, andm5100 ~m/s!/Oe.
9-3
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enough, a quasilinear response ofHc* is seen. At high sweep
rates,Hc* increases rapidly with ln(DH/Dt), as observed in
experiments.

In this model, when the sweep rate is slow enough,
domain walls sweep the film at almost constant magn
field, showing a quasilinear dependence ofHc* on ln(DH/Dt).
As the sweep rate increases, when the domain walls
nucleated and start to travel, the magnetic field has alre
reached higher values compared to those at low sweep
increasing rapidly the speed of the domain wall and decre
ing the reversal time. Despite this decrease in reversal t
with sweep rate, at high frequencies, the magnetic fi
strength at whichm50 is higher than the one obtained fo
low sweep rates. Thus, the dynamic coercivity increases

According to our model, the value ofHc* at very low
sweep rates is related tohdp since, in this case, all the reve
sal will take place at almost the same field in which t
reversal was actually launched,hdp . That is, limV→0Hc*
5hdp .

B. Slope of quasilinear regime

The slope of the quasilinear regime is expected to
strongly related to the speed of the reversal~i.e., to T
5Ar m!. The higher the speed of the reversal~i.e., the
higherT), the less influence any external factor~such asV)
will have on the system, since the domain walls will take le
time to reverse the magnetization. The dependence of
slope of the quasilinear regime (lnV<0) on T was moni-
tored. Comparison of Fig. 6~top! with Fig. 1~b! shows a
strong correlation betweenT and the thickness of the mag
netic film (t). A coordinate transformationT 85aT b was
implemented to relateT to the thicknesst. The valuesa
51.75 andb50.43 were found to best fit experimental da
of Fig. 1~b!. Figure 6~bottom! shows this fit. In this way, a
link between the mobility (m), the density of domain walls
(r), and the thickness~t! of the magnetic films has bee
found for the set of samples reported in Ref. 8:

mAr50.27 t2.30. ~9!

To our knowledge, this is the first time that a correlati
between thickness, mobility, and domain wall density is o
tained. This correlation suggests that the thinner the film,

FIG. 5. Dots: experimental data~Ref. 3!. Line: computational
results, using model 1, ofHc* vs ln(DH/Dt) ~kOe/sec!, for H0

5120 Oe,hdp514 Oe,m50.9 ~m/s!/Oe; andr5105 m22.
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lowerAr ~i.e., the nucleation! and/orm ~i.e., the domain wall
mobility!. We find it reasonable to think that the influence
defects due to interface roughness will be more signific
for thinner films. Since those defects act as domain w
pinning sites, we should expect to see a reduced domain
mobility as the thickness diminishes, as this model predi

C. Reversal time

Regarding the reversal time, we have measured the re
sal time of Fe/GaAs~001! and Fe/InAs~001! ultrathin films in
which the uniaxial interface anisotropy is dominant.13 The
samples and measurement techniques are the same as
reported in Ref. 8. The experimental reversal time vari
depending on the thickness of the Fe film, from 1.6 to 2.5ms
for a sinusoidal applied magnetic field of amplitude 120
and frequencyV52500 s21. In Table I the results obtained
with model 2 are shown. Similar times were obtained w
model 1. The parameters introduced were approximately
ones experimentally found form andr in Refs. 11 and 12 for
Fe ultrathin films (m5108 ~m/s!/Oe and r.5
31026 m22). The computed reversal times agree reas
ably well with experimental results.

D. Comparison between models

To see the difference in predicted behavior between m
els 1~straight wall! and 2~circular wall!, Fig. 7~a! shows two
hysteresis loops calculated with the same parameter va
using both models. During the first stages of the reversal,

FIG. 6. Top: computed slope (a) of the quasi-linear regime vsT
using model 1. Bottom: Fit of the result on top to experimental d
via a coordinate transformationT 85aT b.
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MODEL FOR REVERSAL DYNAMICS OF ULTRATHIN . . . PHYSICAL REVIEW B65 054409
process is faster in model 1 than 2, but as the radius of
circular domain wall increases, the reversal gets faste
model 2 since the reversal goes linearly with time in mode
and as the square of time in model 2. A difference in
dependence ofHc* on ln(DH/Dt) was also seen. Figure 7~b!
shows this difference is not important.

Finally, in order to investigate the effect of nucleation,
nucleation rateh was considered in model 3. Figure 8 show
the results obtained: it lowersHc* at high sweep rates. Give
a certain mobility (m), more nucleation means quicker reve
sal and, consequently, lowerHc* . That is, in this model,
nucleation does not increase the slope ofHc* vs ln(DH/Dt),
as suggested by other works,2 but has the opposite effect.

V. CONCLUSIONS

We have presented a model for dynamic reversal in ul
thin ferromagnetic layers. The model is based on the exp
mental findings that~i! the velocity of the domain wal
within these systems responds linearly to the applied m
netic field following Eq. ~1! ~Ref. 11! and ~ii ! that these
systems reverse via nucleation and propagation of quas
cular domain walls.12 Our model has two intrinsic param
eters (hdp andT5mAr) that correspond to characteristics
the samples~magnetocrystalline structure, thickness, a
growth conditions!.

Our model implies that, in a given sample, the rever
time will determine the frontier between the low dynam
and high dynamic regimes seen in experiments. When
period of the sinusoidal applied field~T! is much higher than
the reversal time~RT!, a linear response is seen in th
ln(Hc* ) vs ln(DH/Dt) data. On the contrary, whenT; RT,
then the coercivity of the films increases rapidly. On t

FIG. 7. Hysteresis loops~a! and dynamic coercive field~b!,
models 1 and 2,H05120 Oe,hdp520 Oe,V5105.5, m5100 ~m/
s!/Oe, andr5106 m22.

TABLE I. Reversal times computed with model 2, for differe
values ofm andr.

r5106 m22 r5107 m22

m550
m/s

Oe 3.2ms 1.8ms

m5100
m/s

Oe 2.2ms 1.3ms

m5200
m/s

Oe 1.6ms 1.0ms
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other hand, the role ofhdp is to shift the ln(Hc* ) vs
ln(DH/Dt) plot up ~down! when it increases~decreases!.

We have seen how using similar values both form and for
r to those experimentally obtained from Refs. 11 and 12
has been possible to obtain the reversal time~Table I! of
actual samples of epitaxial ultrathin Fe/GaAs~001! and Fe/
InAs~001! films.8 Also, it has been possible to match expe
mental data of ln(Hc* ) vs ln(DH/Dt) without changing the
parameters of the model for each sample.

Comparing the results of the calculations performed w
experimental data, a correlation betweenT5mAr and the
thickness~t! of the film has been found:t'aT b. Here a
51.75 andb50.43 are the values found for the set
samples reported in Ref. 8. Qualitatively, this can be int
preted in terms of the importance of the roughness of
interfaces of the magnetic film both for domain wall pinnin
and nucleation of reversed domains. The thinner the film
the more important the presence of roughness is expecte
be since it will have a higher influence on the the dom
wall pinning and, perhaps, on the nucleation of reversed
mains.
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APPENDIX: COMPUTATIONAL DETAILS

The method used to compute hysteresis loops was as
lows. The inputs of the program wereH0 and V for the
applied field andhdp , m, andr for the sample parameters
Each loops was computed usingN points ~the data at each
point i will be indicated with a subscript!. Time was dis-
cretized with even intervalsDt5T/N, whereT is the period
of the sinusoidal applied field. The normalized magnetizat
~m! was equal to21 at the beginning (m1521). The mag-
netic field at each point washi5H0 sin(2pVti).

FIG. 8. Hc* vs sweep rate.H05150 Oe, andhdp520 Oe, m
5100 ~m/s!/Oe, using model 3.
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The calculation routine used in model 1 will now b
briefly described. For each point, the magnetization wasmi
5mi 211Dmi . The value ofDmi was determined by the
first of the following choices that holds true for the pointi:

~i! If mi 2151 andhi.hdp⇒Dmi50.
~ii ! If mi 21521 andhi,2hdp⇒Dmi50.
~iii ! If hi>0⇒ the evolution equation~4! was used.
l.

v.

v.

l.

05440
~iv! If hi,0⇒ the evolution equation~4! was used.
In the third and fourth cases, ifmi 211Dmi exceeded 1 or

21, respectively, then saturation was reached, andmi5 1 or
21, respectively, was imposed.

This routine was used in model 1. For model 2, eig
cases, instead of four, were necessary to cover all the po
bilities, and 16 cases were necessary for model 3.
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