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Multijump Magnetic Switching in In-Plane Magnetized Ultrathin Epitaxial
Ag/Fe/Ag(001) Films
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We predict and verify experimentally using magneto-optics a new magnetic switching mechanism

involving threeirreversible transitions in in-plane magnetized ultrathin epitaxial films. These transitions
are mediated by the sweeping of°9@nd 180 domain walls at three distinct applied field strengths.
The prediction and observation of this new phenomenon shows that the complex domain processes
which determine magnetic switching in such films can be accurately modeled by a single parameter
which corresponds physically to the maximum pinning pressure that defects can exert on a domain wall.
[S0031-9007(97)04522-5]

PACS numbers: 75.60.—d

An important property of ultrathin epitaxial magnetic oriented at 90to the initial and final remanent directions.
films is the unusual magnetic switching processes theyhe hysteresis loop of such a switching process shows
display [1]. In such processes the in-plane spin configurather strikinglytwo irreversible transitions at two distinct
ration changes abruptly at well defined applied magnetiapplied field values.
field strengths. Because the internal exchange forces in In this Letter, we predict a new reversal process in
ultrathin films give rise to a giant moment which is con- materials with 4-fold symmetric anisotropy involvitiyree
fined to the plane of the film by dipolar forces in the ab-abrupt jumps between four stable spin configurations,
sence of perpendicular magnetic anisotropy, the switchingach aligned close to a magnetic easy axis, and present
processes correspond to abrupt transitions between neaxperimental results which confirm the prediction. This
single domain states mediated by domain processes [2jnding clarifies our understanding of the role of the domain
Recent work [3] has shown that the existence of stablenergetics in the spin reversal process and provides a new
configurations can be predicted from simple energy miniphenomenon which offers possibilities for controlling the
mization but that the energetics of domain formation andnagnetic reversal behavior of thin and ultrathin films.
propagation are crucial in understanding the spin reversal Figure 1 summarizes the anisotropy and applied field
process. This is a complex problem but the reduced syngeometry which will be used in this Letter. A weak
metry and the well defined anisotropies of ultrathin epi-in-plane uniaxial anisotropy, is assumed to superim-
taxial magnetic structures provide an opportunity to studypose the strong cubic magnetocrystalline anisotropy. The
the various roles of domains and to test model predictionssample is also assumed to be magnetically soft, such that

For example, Moschett al. [4] have shown that the it switches at applied fields considerably smaller than the
atomic scale roughness, which is present in all real filmsgubic anisotropy field. Coherent rotation of the spins [11]
can greatly affect the spin reversal by creating at the edgés thus ignored in the model. It will also be assumed
of the atomic steps sites at which domains can be nucleatedat domain wall (DW) propagation as opposed to domain
and pinned. Smitlet al. [5] have shown that the energy
of domain formation significantly affects the coercivity [100] - easy-easy axis
behavior of epitaxial structures with cubic anisotropy. L A bic hard axi
In the spin reorientation transition, it has recently been uniaxial ., - ctbie hard axis
shown that the role of domain formation is central in casy axis d H
understanding the thickness and temperature dependent /7
transition [6,7]. In general, all of these processes can be
understood in terms of a competition of energies, but theefy) [010] - hard-easy axis
energetics of the domain structures are crucial.

A simple model has been successfully developed by 2 i X
Cowburnet al.[8] in which a well defined domain wall 4 "** cubic easy
pinning energy is considered along with the anisotropy 7 axes
energy surface in order to determine the energetics of the Y
switching process. The model predictions are in agreement
with the experimental observation [8—10] that spin reversal

in the model magnetic system of epitaxial bcc Fe carFiG. 1. The anisotropy and applied field geometry used in this
proceed via an intermediate state in which the spins areetter.
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nucleation is the limiting factor in the magnetic switching be mediated by the sweeping of"d@W's at the first jump,
process; this has been found in other systems to be a chahen by 180 DW’s at the second jump, and finally by 90
acteristic of high quality films [12]. These three assump-DW'’s again at the third jump. Ifitis to occur, then both of
tions were found to be justified in a previous experimentathe first two jumps of the 3-jump route must be energeti-

study [8]. cally preferred to the first two jumps of the corresponding
We consider the stable single domain spin states with th-jump route.
spins all aligned along one of the magnetic easy akg|, Following the method which we described in Ref. [8],

[010], [100], and[010]. It was shown in our previous we say that each transition occurs when the energy density
paper [8] that the total energy density of these four stateadvantageAE in doing so is equal to the energy density
under the action of an applied field can be written as cost in propagating a DW of the relevant typey- or £;g¢--

Efioo) = MH cos¢ , & is a phenomenological parameter of dimension energy
density which describes the pinning of a DW. Physically, it
Ef100) = —MH cos¢ , 1) corresponds to the maximum pinning pressure that defects
Epoio) = K, + MHsing can exert on a DW. No assumption has been made about
] the microscopic nature of the pinningAE can be found
Ejo10) = Ky, — MH sin¢,, from the difference of the two relevant equations (1). As

whereM is the saturation magnetization agdis the ap- an example, let us consider the energetics of a transition
plied field orientation. We also showed that for fieldsfrom the[100] oriented single domain state to the00]
applied close t§100], magnetic switching is of the 1-jump state. From Egs. (1), the energy density advantage in
variety, where the system makes a direct transition frommaking the transition isAE = 2MH cos¢, which will
[100] to[100] by the sweeping of 18MW’s. When, how- be mediated by the propagation of a 180W. Hence,
ever, the field was applied close[i®@10], we showed that at the jump fieldH., 2MH cos¢ = &9+, and, therefore,
the more unusual 2-jump switching was energetically moréd,. = &1g9-/(2M COS¢).

favorable, where the system jumps fr¢@i0] to [100] at Turning now to compare a 3-jump switching route with

a field calledH,; and then fron{100] to [010] at a higher a 2-jump route, the first 3-jump step [§10] — [100]
field calledH.,. Both of these transitions were mediated which competes with a 2-jump st€@p10] — [100]. When

by the sweeping of FDW'’s. We now pose the question: two possible transitions compete, we assume that the one
Would it ever be possible to observe the sequé¢dt@] —  which can occur at the lower field will be the one which is
[100] — [100] — [010] instead? Such a sequence wou|ldobserved. The relevant energy equations are

AE = K, + MH(sing — cos¢), for the 3-jump route

2
AE = K, + MH(Sing + cos¢), for the 2-jump route @)

Comparing the two resulting jump fields gives the first step
of 3-jump switching to be feasible only if !
This condition is satisfied whesyy- = K.
: = 45° < ¢ < 90°. _The second step in the 3-jump switching route is
sing — cos¢  sing + cos¢é [100] — [100] which competes with the 2-jump step
3 | [100] — [010]. The relevant energy equations are

g9 — Ky _ _ &90- — Ky

AE = 2MH cos¢, for the 3-jump route

4
AE = MH(cos¢ + sing) — K,, for the 2-jump route )

3-jump switching is thus only feasible for this step if | the fact that the spins are crossing a cubic easy axis at
the coupling point, and so vary very slowly in space.

45° < ¢ < 90° (5) Each 90 segment of the 180DW thus acts essentially
independently. The depinning condition for each segment

e180°  _ _ 890 + Ky
2c0s¢$  cos¢ + sing

K is MH = &9p-, Which must coincide with the depinning
=45°< ¢ = tan1<8 u°>~ (6)  condition for the entire 180wall, which happens when
% 2MH = g15p-. EliminatingMH from these two equations
In Ref. [8] we showed experimentally thatgy- = gives g1g0- = 2&90-. This equality has been used in
2e99-. Physically this comes about because in a cubid&qg. (6).
system a 180DW is equivalent to two 90DW'’s very Equation (6) describes the conditions which are required

weakly coupled together. The weak coupling comes fronin order to observe 3-jump switching. The condition
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derived from Eq. (3) for the first step to be feasibleapplied at¢p = 51° £ 3° and shows as predicted 3-jump
is already ensured by Eq. (6). Equation (6) has beeswitching. This is the first observation of such a switching
used along with the conditions described in Ref. [8] formechanism.

1- and 2-jump switching to describe a complete phase K,/s90- Was measured ak3 =+ 0.1 from a hysteresis
diagram (Fig. 2), where the number of jumps expectedoop measured at thH®10] axis. Figure 2, therefore, pre-
during switching is given as a function of the applied fielddicts 3-jump switching for fields applied within the range
orientationg and the ratick,,/eq9-. One sees immediately 45° < ¢ < 52°. Experimentally, 3-jump switching was
that 3-jump switching is only possible for the cakg >  observed in the rangd5° < ¢ < 52.5° (*=3° system-
g99- and for fields applied moderately close to the cubicatic uncertainty in all measurements) from the hard axis,
hard axis(¢ = 45°). which is in good agreement.

In order to test the prediction of a new 3-jump switching The experimental confirmation of the predicted 3-jump
mechanism, we have grown by molecular beam epitaxgwitching, which we have reported in this Letter, shows
an ultrathin epitaxial Fe layer. The sample consisted of dhat magnetic switching in high quality thin and ultrathin
GaAs(001) substrate plus a 10 monolayer (ML) seed layefilms can be described by DW mediated transitions be-
of Fe on which were grown-200 ML of Ag(001). The tween stable single domain states: The magnetic system
Fe layer of interest to this study was grown next with a
wedge shaped thickness profile allowing Fe thicknesses in
the range 0—13 ML to be studied. A further 10 ML of Ag 284
were then deposited, followed by a 5 ML antioxidation Cr
cap. Full details of the growth and structural and magnetic &
characterization have already been published [7,8]. We = 2.5
were able to deduc&, and eqy- from a hysteresis loop &
measured along[@10] axis. Details of this technique have =
also already been published [8K, andeyy- were found to E

=

0 15
Field (Oe)

be thickness dependent, and that the condifigr> &go- 2864

was satisfied for Fe thicknesses in the range 7.5t0 9.5 ML
Hysteresis loops were, therefore, measured transverse t
the applied field direction by the longitudinal magneto-  -2.874

optical Kerr effect [13] for different field orientations at

an Fe thickness of approximately 9 ML. Figure 3 shows T T T
two of the resulting loops. The upper loop was taken with -20 -10 0 10 20
the field applied atp = 74° = 3°, and 2-jump switching
resulted. Similar loops have been observed by other
workers [10]. The lower loop was taken with the field
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K /¢ FIG. 3. Hysteresis loops measured transversely to the applied
u 9Q° field direction for the field applied a$ = 74° = 3° (upper

panel) and¢ = 51° = 3° (lower panel). The spin states are
FIG. 2. A predicted magnetic phase diagram showing themarked at different points on the loops in shaded boxes. These
number of irreversible jumps expected during spin reversal as avo loops show, respectively, 2-jump switching and 3-jump
function of the applied field orientatios» and the ratio of the switching at field directions, which are in good agreement
in-plane uniaxial anisotrop¥, to the pinning energy of a 90  with the theoretical phase diagram of Fig. 2 #y/e9p- = 1.3.
DW &gp-. The spin states are shown schematically in shadedhset of the top panel is for comparison, a 2-jump loop
boxes. measuregarallel to the applied field direction.
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will remain in one of these states until the energy advantagthe other hand, open up the possibility of artificially con-
in making a transition to a lower energy state outweighgrolling the switching by modifying the energy of these
the losses in doing so. Most importantly, this result showstates by anisotropy or external magnetic fields.

that it is possible to model the domain processes involved This work was supported by the U.K. EPSRC and DRA
in this transition accurately by a well defined parametef(U.K.).
& which corresponds physically to the maximum pinning
pressure which sample defects can exert on a DW. The
question of the precise microscopic origin of pinning in

such films still remains open, although our ability to de-  «cyrrent address: Nanoscale Science Group, Department
scribe the pinning pressure experienced by the DW is an  of Engineering, University of Cambridge, Trumpington
important step towards a full microscopic understanding.  Street, Cambridge CB2 1PZ, United Kingdom.
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