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We predict and verify experimentally using magneto-optics a new magnetic switching mechani
involving threeirreversible transitions in in-plane magnetized ultrathin epitaxial films. These transition
are mediated by the sweeping of 90± and 180± domain walls at three distinct applied field strengths.
The prediction and observation of this new phenomenon shows that the complex domain proce
which determine magnetic switching in such films can be accurately modeled by a single param
which corresponds physically to the maximum pinning pressure that defects can exert on a domain w
[S0031-9007(97)04522-5]
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An important property of ultrathin epitaxial magneti
films is the unusual magnetic switching processes th
display [1]. In such processes the in-plane spin config
ration changes abruptly at well defined applied magne
field strengths. Because the internal exchange forces
ultrathin films give rise to a giant moment which is con
fined to the plane of the film by dipolar forces in the ab
sence of perpendicular magnetic anisotropy, the switch
processes correspond to abrupt transitions between n
single domain states mediated by domain processes
Recent work [3] has shown that the existence of sta
configurations can be predicted from simple energy mi
mization but that the energetics of domain formation a
propagation are crucial in understanding the spin rever
process. This is a complex problem but the reduced sy
metry and the well defined anisotropies of ultrathin ep
taxial magnetic structures provide an opportunity to stu
the various roles of domains and to test model predictio

For example, Moschelet al. [4] have shown that the
atomic scale roughness, which is present in all real film
can greatly affect the spin reversal by creating at the ed
of the atomic steps sites at which domains can be nuclea
and pinned. Smithet al. [5] have shown that the energy
of domain formation significantly affects the coercivit
behavior of epitaxial structures with cubic anisotrop
In the spin reorientation transition, it has recently be
shown that the role of domain formation is central
understanding the thickness and temperature depen
transition [6,7]. In general, all of these processes can
understood in terms of a competition of energies, but t
energetics of the domain structures are crucial.

A simple model has been successfully developed
Cowburnet al. [8] in which a well defined domain wall
pinning energy is considered along with the anisotro
energy surface in order to determine the energetics of
switching process. The model predictions are in agreem
with the experimental observation [8–10] that spin revers
in the model magnetic system of epitaxial bcc Fe c
proceed via an intermediate state in which the spins
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oriented at 90± to the initial and final remanent directions
The hysteresis loop of such a switching process sho
rather strikinglytwo irreversible transitions at two distinct
applied field values.

In this Letter, we predict a new reversal process
materials with 4-fold symmetric anisotropy involvingthree
abrupt jumps between four stable spin configuration
each aligned close to a magnetic easy axis, and pres
experimental results which confirm the prediction. Th
finding clarifies our understanding of the role of the doma
energetics in the spin reversal process and provides a n
phenomenon which offers possibilities for controlling th
magnetic reversal behavior of thin and ultrathin films.

Figure 1 summarizes the anisotropy and applied fie
geometry which will be used in this Letter. A weak
in-plane uniaxial anisotropyKu is assumed to superim-
pose the strong cubic magnetocrystalline anisotropy. T
sample is also assumed to be magnetically soft, such t
it switches at applied fields considerably smaller than t
cubic anisotropy field. Coherent rotation of the spins [1
is thus ignored in the model. It will also be assume
that domain wall (DW) propagation as opposed to doma

FIG. 1. The anisotropy and applied field geometry used in th
Letter.
© 1997 The American Physical Society



VOLUME 79, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 17 NOVEMBER 1997

g
h
p
t

t

t

:

l

f
ti-

ng

],
sity
ty

rgy
, it
cts
out

s
tion

in

th

one
is
nucleation is the limiting factor in the magnetic switchin
process; this has been found in other systems to be a c
acteristic of high quality films [12]. These three assum
tions were found to be justified in a previous experimen
study [8].

We consider the stable single domain spin states with
spins all aligned along one of the magnetic easy axesf100g,
f010g, f1̄00g, and f01̄0g. It was shown in our previous
paper [8] that the total energy density of these four sta
under the action of an applied fieldH can be written as

Ef1̄00g ­ MH cosf ,

Ef100g ­ 2MH cosf ,

Ef01̄0g ­ Ku 1 MH sinf ,
(1)

Ef010g ­ Ku 2 MH sinf ,

whereM is the saturation magnetization andf is the ap-
plied field orientation. We also showed that for field
applied close tof100g, magnetic switching is of the 1-jump
variety, where the system makes a direct transition fro
f1̄00g to f100g by the sweeping of 180± DW’s. When, how-
ever, the field was applied close tof010g, we showed that
the more unusual 2-jump switching was energetically mo
favorable, where the system jumps fromf01̄0g to f100g at
a field calledHc1 and then fromf100g to f010g at a higher
field calledHc2. Both of these transitions were mediate
by the sweeping of 90± DW’s. We now pose the question
Would it ever be possible to observe the sequencef01̄0g !
f1̄00g ! f100g ! f010g instead? Such a sequence wou
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be mediated by the sweeping of 90± DW’s at the first jump,
then by 180± DW’s at the second jump, and finally by 90±

DW’s again at the third jump. If it is to occur, then both o
the first two jumps of the 3-jump route must be energe
cally preferred to the first two jumps of the correspondi
2-jump route.

Following the method which we described in Ref. [8
we say that each transition occurs when the energy den
advantageDE in doing so is equal to the energy densi
cost in propagating a DW of the relevant type,´90± or ´180±.
´ is a phenomenological parameter of dimension ene
density which describes the pinning of a DW. Physically
corresponds to the maximum pinning pressure that defe
can exert on a DW. No assumption has been made ab
the microscopic nature of the pinning.DE can be found
from the difference of the two relevant equations (1). A
an example, let us consider the energetics of a transi
from the f1̄00g oriented single domain state to thef100g
state. From Eqs. (1), the energy density advantage
making the transition isDE ­ 2MH cosf, which will
be mediated by the propagation of a 180± DW. Hence,
at the jump fieldHc, 2MH cosf ­ ´180±, and, therefore,
Hc ­ ´180±ys2M cosfd.

Turning now to compare a 3-jump switching route wi
a 2-jump route, the first 3-jump step isf01̄0g ! f1̄00g
which competes with a 2-jump stepf01̄0g ! f100g. When
two possible transitions compete, we assume that the
which can occur at the lower field will be the one which
observed. The relevant energy equations are
DE ­ Ku 1 MHssinf 2 cosfd, for the3-jump route,

DE ­ Ku 1 MHssinf 1 cosfd, for the2-jump route.
(2)
p

s

Comparing the two resulting jump fields gives the first ste
of 3-jump switching to be feasible only if

´90± 2 Ku

sinf 2 cosf
#

´90± 2 Ku

sinf 1 cosf
45± , f , 90±.

(3)
This condition is satisfied wheń90± # Ku.
The second step in the 3-jump switching route i

f1̄00g ! f100g which competes with the 2-jump step
f1̄00g ! f010g. The relevant energy equations are
DE ­ 2MH cosf, for the3-jump route,

DE ­ MHscosf 1 sinfd 2 Ku , for the2-jump route.
(4)
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3-jump switching is thus only feasible for this step if

´180±

2 cosf
#

´90± 1 Ku

cosf 1 sinf
45± , f , 90± (5)

) 45± , f # tan21

√
Ku

´90±

!
. (6)

In Ref. [8] we showed experimentally that́180± ø
2´90±. Physically this comes about because in a cub
system a 180± DW is equivalent to two 90± DW’s very
weakly coupled together. The weak coupling comes fro
ic

m

the fact that the spins are crossing a cubic easy axi
the coupling point, and so vary very slowly in spac
Each 90± segment of the 180± DW thus acts essentially
independently. The depinning condition for each segm
is MH ­ ´90±, which must coincide with the depinnin
condition for the entire 180± wall, which happens when
2MH ­ ´180±. EliminatingMH from these two equations
gives ´180± ­ 2´90±. This equality has been used i
Eq. (6).

Equation (6) describes the conditions which are requi
in order to observe 3-jump switching. The conditio
4019
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derived from Eq. (3) for the first step to be feasibl
is already ensured by Eq. (6). Equation (6) has be
used along with the conditions described in Ref. [8] fo
1- and 2-jump switching to describe a complete pha
diagram (Fig. 2), where the number of jumps expect
during switching is given as a function of the applied fiel
orientationf and the ratioKuy´90±. One sees immediately
that 3-jump switching is only possible for the caseKu .

´90± and for fields applied moderately close to the cub
hard axissf ­ 45±d.

In order to test the prediction of a new 3-jump switchin
mechanism, we have grown by molecular beam epita
an ultrathin epitaxial Fe layer. The sample consisted o
GaAs(001) substrate plus a 10 monolayer (ML) seed lay
of Fe on which were grown,200 ML of Ag(001). The
Fe layer of interest to this study was grown next with
wedge shaped thickness profile allowing Fe thicknesses
the range 0–13 ML to be studied. A further 10 ML of Ag
were then deposited, followed by a 5 ML antioxidation C
cap. Full details of the growth and structural and magne
characterization have already been published [7,8]. W
were able to deduceKu and ´90± from a hysteresis loop
measured along af010g axis. Details of this technique have
also already been published [8].Ku and´90± were found to
be thickness dependent, and that the conditionKu . ´90±

was satisfied for Fe thicknesses in the range 7.5 to 9.5 M
Hysteresis loops were, therefore, measured transvers
the applied field direction by the longitudinal magneto
optical Kerr effect [13] for different field orientations a
an Fe thickness of approximately 9 ML. Figure 3 show
two of the resulting loops. The upper loop was taken wi
the field applied atf ­ 74± 6 3±, and 2-jump switching
resulted. Similar loops have been observed by oth
workers [10]. The lower loop was taken with the fiel

FIG. 2. A predicted magnetic phase diagram showing t
number of irreversible jumps expected during spin reversal a
function of the applied field orientationf and the ratio of the
in-plane uniaxial anisotropyKu to the pinning energy of a 90±

DW ´90±. The spin states are shown schematically in shad
boxes.
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applied atf ­ 51± 6 3± and shows as predicted 3-jump
switching. This is the first observation of such a switchin
mechanism.

Kuy´90± was measured as1.3 6 0.1 from a hysteresis
loop measured at thef010g axis. Figure 2, therefore, pre-
dicts 3-jump switching for fields applied within the range
45± , f , 52±. Experimentally, 3-jump switching was
observed in the range45± , f , 52.5± (63± system-
atic uncertainty in all measurements) from the hard axi
which is in good agreement.

The experimental confirmation of the predicted 3-jum
switching, which we have reported in this Letter, show
that magnetic switching in high quality thin and ultrathin
films can be described by DW mediated transitions b
tween stable single domain states: The magnetic syst

FIG. 3. Hysteresis loops measured transversely to the appl
field direction for the field applied atf ­ 74± 6 3± (upper
panel) andf ­ 51± 6 3± (lower panel). The spin states are
marked at different points on the loops in shaded boxes. The
two loops show, respectively, 2-jump switching and 3-jum
switching at field directions, which are in good agreemen
with the theoretical phase diagram of Fig. 2 forKuy´90± ­ 1.3.
Inset of the top panel is for comparison, a 2-jump loo
measuredparallel to the applied field direction.
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will remain in one of these states until the energy advanta
in making a transition to a lower energy state outweig
the losses in doing so. Most importantly, this result show
that it is possible to model the domain processes involv
in this transition accurately by a well defined paramet
´ which corresponds physically to the maximum pinnin
pressure which sample defects can exert on a DW. T
question of the precise microscopic origin of pinning i
such films still remains open, although our ability to de
scribe the pinning pressure experienced by the DW is
important step towards a full microscopic understandin
This work also opens up the possibility of controlling mag
netic switching by artificially modifying the energy leve
of these states by anisotropy and applied fields. We str
that only very small perturbations to the energy levels a
required for dramatic results; the uniaxial anisotropy in o
samples which produced the new 3-jump switching rou
was only,1% of the bulk cubic anisotropy strength. Very
sensitive magnetic field sensors could be produced by
lowing the external field to modify the energy levels o
certain states. Alternatively, the ability to control the tran
sitions between discrete states could be used to implem
magnetic logic for a new generation of nonvolatile digita
signal devices. Equally, supposedly “pure” cubic system
may exhibit unexpected magnetic switching if tiny add
tional anisotropies are spuriously present.

In conclusion, we have sought in this Letter to unde
stand more fully the domain processes which determine
magnetic switching behavior of thin and ultrathin epitax
ial films. We have predicted and observed experimenta
in an ultrathin bcc Fe film a new switching mechanism
involving three irreversible transitions. These are med
ated first by 90± DW’s, then by 180± DW’s, and finally by
90± DW’s, each at a distinct applied field value. While
on the one hand, this shows that even supposedly sim
magnetic materials like iron can exhibit complex switch
ing routes, the prediction and subsequent verification
this new phenomenon confirms that magnetic switchi
in in-plane magnetized thin and ultrathin epitaxial ferro
magnets can be accurately described by DW media
transitions between stable single domain states. On
microscopic level, we have shown that DW’s experience
well defined maximum pinning pressure. These finding
on the one hand, are an important step towards a co
plete microscopic understanding of DW pinning, and, o
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the other hand, open up the possibility of artificially con
trolling the switching by modifying the energy of these
states by anisotropy or external magnetic fields.
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