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Magnetization reversal via the formation of stripe domains in ultrathin Fe films on Cu„100…
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Institut für Experimentalphysik, Freie Universita¨t Berlin, Arnimallee 14, 14195 Berlin-Dahlem, Germany

~Received 19 September 2003; published 9 December 2003!

We report on a study of the magnetic-field induced magnetization-reversal process in ultrathin films of
Fe/Cu~100! in the vicinity of the spin-reorientation transition. Magnetic domain patterns were visualized by
scanning near-field magneto-optical microscopyin situ in ultrahigh vacuum and in presence of external mag-
netic fields. We find that for films with perpendicular anisotropy, magnetization reversal happens via formation
of stripe domains with sub-mm stripe widths. Observed hysteresis effects are explained by pinning of stripes.
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The occurrence of stripe-domain phases is a general
nomenon in systems with competing long-range and sh
range interactions.1 Well-known examples are magnet
stripe domains in thin magnetic films that are stabilized b
strong, but short-range exchange interaction in combina
with long-range magnetic dipole fields. Of particular intere
are two-dimensional systems, such as ultrathin magn
films, where various stripe-domain phases have b
identified.2,3 For ultrathin films with perpendicular magnet
anisotropy, stripe domains have been found in the vicinity
spin-reorientation transitions~SRT’s!.4–10Such SRT’s are of-
ten attributed to a dependence of the magnetic anisotrop
temperature and film thickness which can be caused, e.g
a strong surface anisotropy that differs substantially from
bulk. Or, they can be caused by structural transitions
occur during film growth. In the vicinity of a SRT, magnet
anisotropies and, as a consequence, domain-wall energie
small, a fact that renders microdomain phases, such as st
domain patterns, energetically favorable, in particular if
reduction in dipole energy exceeds the energy necessa
form domain walls.4 Binding energies of stripe-domain pa
terns are relatively small, i.e., it will take only weak ma
netic fields (,50 Oe) to transform such a domain pattern
a homogeneously magnetized state.4,7,9 In case of ultrathin
films of Fe/Cu~100!, grown at 80 K, a SRT from out-of-plan
to in-plane magnetization has been reported to occur at a
4 monolayers~ML !.11

Magnetization processes in external magnetic fields in
vicinity of a SRT have been studied predominantly via t
magneto-optical Kerr effect~MOKE!. In only a few cases
could the magnetization curves be modeled in a quantita
way by considering both homogeneously magnetized
stripe-domain phases.12 In most cases, the magnetizatio
curves exhibit strong hysteresis effects, and so far it has
become clear what~metastable! states and what domai
structures occur and how they transform in a magnetizat
reversal process.13,14 Therefore, a better understanding
these processes can only be achieved by magnetic-do
imaging15 with sub-mm lateral resolution in external mag
netic fields. Most magnetic microscopy techniques that p
vide sufficiently high spatial resolution, such as various typ
of electron micoscopies,6,8,16,17 however, cannot readily be
applied in the presence of an external magnetic fie
Magneto-optical microscopy~Kerr or Faraday microscopy!,
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on the other hand, is well suited for magnetic-field depend
domain imaging, but its resolution is diffraction limited, an
hence insufficient to resolve stripe domain patterns.

In the present work, we report on an application of
newly developed UHV scanning near-field optical micr
scope~SNOM!, in combination with MOKE, to study mag
netic micro-domain patterns and magnetization-reversal p
cesses in low-temperature-grown ultrathin films of F
Cu~100!. In this way, magnetic contrast is achieved wi
lateral resolution beyond the diffraction limit of convention
optical microscopy.18,19By using a Sagnac interferometer fo
monitoring the magneto-optical effects,20 we demonstrate
that the lateral resolution and the Kerr-rotation sensitivity
both high enough to image stripe domains in ultrathin film

The experiments were performed in an UHV system t
includes a chamber for sample preparation, a scanning
neling microscope~STM!, and a chamber allowing MOKE
Kerr microscopy, and SNOM measurements.21 The latter is
equipped with a liquid-He flow cryostat for variable samp
temperatures between 20 and 450 K, and a rotatablein situ
electromagnet for magnetic fields up to 1500 Oe to be
plied either parallel or perpendicular to the sample surfac

The iron films were prepared by vapor deposition of
onto a clean Cu~100! single-crystal surface kept at 80 K wit
subsequent annealing at temperatures up to 350 K.14 A quartz
microbalance served as monitor of the deposition rate w
an accuracy of620%. Depending on film thickness wit
respect to the critical thickness of the SRT, Fe/Cu~100! films
have the easy axis of magnetization either perpendicula
parallel to the film plane.11 When raising the sample tem
perature, a reversible SRT from out-of-plane to in-pla
magnetization is generally observed for films that h
been annealed at elevated temperatures prior to
measurements.5

The SNOM used here is operated in the shared-aper
mode, i.e., the sample is locally illuminated by a taper
glass fiber tip, which also serves to collect and the reflec
light. A laser diode (l5670 nm; power output: 1 mW!
serves as light source. The polar Kerr effect is monitored
a custom-built Sagnac interferometer, which—in combin
tion with SNOM—has proven to be highly sensitive
magneto-optical effects, while being inherently insensitive
polarization changes from nonmagnetic origin.20,21

Magnetic-domain images are obtained with this Sagn
©2003 The American Physical Society04-1
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SNOM by scanning the glass fiber tip at a distance
>50 nm across the sample surface and locally measuring
magneto-optical effect. The strong dependence of the in
sity of the collected light on the tip-to-sample distance
exploited here for distance control, with the advantage t
the tip-to-sample distance can be adjusted to larger va
than in the commonly used shear-force distance-con
mode.22 In this way, the risk of tip crashes is strongly r
duced, while the lateral resolution does not noticeably
crease. With this setup, we have achieved a Kerr-rota
sensitivity of 350mrad and a lateral resolution slightly bett
than 300 nm, i.e., less than half the wavelength of the la
light. Higher resolution can be achieved with short
wavelength light or with a coated fiber tip; the latter, ho
ever, will lead to a reduction in signal intensity.

All SNOM measurements reported here were preceded
MOKE and Kerr-microscopy studies since these are less t
consuming, but still provide an overview of magnetizati
and domain patterns on a rougher scale. Figure 1 displa
set of polar MOKE hysteresis loops recorded for a 4.2-M
Fe/Cu~100! film at five different temperatures. With increa
ing temperature, a gradual transition from a square-like h
teresis loop to one with almost vanishing remanence
clearly visible. A similar behavior was found for othe

FIG. 1. Polar MOKE hysteresis loops recorded for a 4.2-M
Fe/Cu~100! film at five different temperatures upon annealing
300 K. In ~c!, an inner loop is additionally shown.
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ultrathin-film systems exhibiting a spin-reorientatio
transition.9 The loops are made up of two parts:~i! a square-
like part with uniform out-of-plane magnetization up to
critical magnetic fieldHc , at which a rapid change of mag
netization occurs;~ii ! sections where the magnetizatio
changes gradually over a wider magnetic-field range. T
latter resemble magnetization curves measured at elev
temperatures@see Fig. 1~a!#.

As shown previously by Kerr microscopy and reproduc
in the present work~see Fig. 2; compare with Ref. 14, Fig
3!, nucleation of magnetic domains and subsequent gro
by domain-wall displacement sets in atHc , until finally the
entire film is transformed to a single magnetic state. T
state, however, is not characterized by a uniform out-
plane magnetization~as expected for a film with large per
pendicular anisotropy and a squarelike hysteresis loop!, but
rather by a reduced net magnetization. With increasing m
netic field, the net magnetization increases up to satura
~out-of-plane magnetization!. Note that in previous Kerr-
microscopy work, the resolution was not sufficient to reso
the magnetic domain pattern of this phase. It was argued
in addition to a microdomain state, a uniform canted mag
tization would also be consistent with the experimen
data.14

As shown in Fig. 3, the results of the present Sagn

t

FIG. 2. Series of four images (550mm3550mm) of 4.2-ML
Fe/Cu~100! at a temperature of 150 K, in a changing magnetic fie
taken with the Kerr microscope:~a! Homogeneously out-of-plane
magnetized sample;~b! taken during domain growth atH5Hc ; ~c!
taken at a reduced magnetic field (0,H,Hc); ~d! taken in a re-
verse magnetic field (2Hc,H,0). The homogeneously gray
shaded areas in the upper-right corners of all four images origi
from the nonmagnetic sample holder. Note that the hysteresis
of this sample is similar to the one of Fig. 1~c!. Due to a lower
annealing temperature~205 K! of the present film, the SRT is
shifted, however. After image~b! was recorded the magnetic fiel
was reduced, i.e.,~c! and~d! correspond to an inner hysteresis loo
As a consequence, the darker areas in the images~b!, ~c!, and ~d!
reflect a reduced net magnetization.
4-2
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SNOM study with sufficient lateral resolution clearly prov
that this phase is a microdomain state with alternating
and down-magnetized stripes. The bright stripes in Fig. 3~a!
have a width ofaex5(380630) nm, a value that can b
compared with the results of calculations by Yafet a
Gyorgy4 and by Berger and Erickson:12 According to Eq.
~37! in Ref. 4, the width of a stripea depends sensitively on
the anisotropy constantf. Furthermore, there is a relatio
betweenf and the saturation fieldH0 at which the transition
between the microdomain state and the uniformly out-
plane magnetized state occurs~see Fig. 2 in Ref. 12!. The
only further parameter, on whicha depends, is the normal
ized exchange constantR, assumed to beR5140 for Fe.4,12

We derive H05(4565) Oe from the corresponding pola
MOKE hysteresis loop shown in Fig. 3~e!, which then leads
to f 51.02260.004 ~Ref. 12! anda5(350650) nm, in ex-
cellent agreement with the measured stripe widthaex.

In the following, we shall discuss the transformation
stripe-domain patterns in external magnetic fields. By
specting the Sagnac-SNOM image in Fig. 3~a!, which was
recorded in remanence~i.e., zero external magnetic field!,

FIG. 3. Stripe-domain patterns, recorded by Sagnac-SNOM
the same 4.2-ML Fe/Cu~100! film as in Fig. 2 at a temperature o
200 K: ~a! In remanence after the fully-magnetized film had be
exposed to a reverse magnetic field of about 30 Oe;~b!–~d! three
images of the same sample area~the minor displacements ar
caused by drift! recorded subsequently in external magnetic fie
of ~b! 215 Oe, ~c! 0 Oe, and~d! 115 Oe; ~e! hysteresis loop
recorded of a macroscopic sample area by polar MOKE;~f! hyster-
esis loop at a microscopic position recorded by Sagnac-SNOM
~f!, a linear background caused by Faraday effect in the glass
was subtracted.
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one notices that the net magnetization does not vanish as
might expect for zero magnetic field in thermal equilibrium
This is consistent with inner hysteresis loops recorded
polar MOKE that exhibit finite remanent magnetization@see
Fig. 1~c!#. Obviously, the existence of an energy barri
caused, e.g., by local inhomogeneities in the structure
morphology of the film, prevents a reversible transformat
of the microdomain pattern. Instead of spontaneously fo
ing a stripe-domain state, followed by a continuous trans
mation in a changing magnetic field, nucleation of strip
with reversed magnetization is required, which subseque
grow in a mazelike fashion, presumably due to therma
activated steps~Barkhausen jumps!.

We would like to mention that the domain image in Fi
3~a! has some resemblance with simulations performed
Arlett et al.23 for a two-dimensional dipolar Ising mode
where—in the presence of a magnetic field—a break-up
the minority stripes into elongated islands was found. Sin
pinning of stripes was not taken into account, hysteresis
fects were absent, leading to a vanishing net magnetiza
of the calculated domain pattern in remanence.

The assumption of a thermally activated magnetizat
process is supported by the fact that the saturation field
creases with decreasing temperature@compare Figs. 1~b!–
1~e!#. For a reversible process, the opposite behavior wo
be expected: At lower temperatures, the enhanced per
dicular anisotropy would result in smaller binding energ
of microdomain states leading to a smaller saturation fiel12

The magnetization curves at elevated temperatures, on
other hand, exhibit less hysteresis@see Fig. 1~a!#, and their
shapes correspond to a reversible transition between a st
domain phase and out-of-plane magnetization with a dive
ing slope at the saturation field.12 At these higher tempera
tures, we expect a diminished influence of pinning on
magnetization-reversal process.

In Figs. 3~b!–3~d!, the transformation of the magnetic
domain pattern in a changing magnetic field can be follow
It is striking that the stripe domains do not move freely wh
the magnetic field is changed, but are pinned to certain
sitions. Pinning of stripes has recently also been reported
a temperature-dependent transformation of stripe dom
patterns.3 It is caused by inhomogeneities of the magne
anisotropy and/or the thickness of the film, which can
expected from defects of the substrate such as, e.g., polis
scratches. The net magnetization changes either by nu
ation of new stripes@compare the images of Figs. 3~b! and
3~c!#, or by sudden changes of the stripe widths, with t
broad stripes turning narrower and vice versa. The latter p
cess explains the apparent contrast inversion in Figs. 3~c!,
3~d!. Locally recorded microscopic hysteresis loops exhib
squarelike shape@see Fig. 3~f!#, which suggests that magne
tization reversal takes place locally by a single Barkhau
jump. It is interesting to note that the widths of minori
stripes@white stripes in Figs. 3~a!, 3~d!; black stripes in Figs.
3~b!, 3~c!# remain almost constant in an external magne
field, an observation that is in agreement with theoretic7

and recent experimental results.16

The changes in net magnetization that result from tra
formations of the stripe-domain pattern explain the obser
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contrast changes in Kerr-microscope images~see Fig. 2, and
Ref. 14! as well as the gradual magnetization changes in
corresponding hysteresis loops. The observation of t
dimensional growth of the stripe-domain pattern indica
that growth is taking place via defect-mediated branching
stripes. Such branching as well as various types
dislocations3 and deviations from a parallel alignment can
clearly seen in Fig. 3.

In summary, by combining MOKE, Kerr microscopy, an
Sagnac-SNOM results for ultrathin films of Fe/Cu~100! in
the vicinity of the SRT, we have obtained a better und
standing of the formation and dynamics of magnetic stri
domain patterns in external magnetic fields. Pinning
s.

.
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stripes due to defects at the interface plays an essential
and must be taken into account in theoretical simulatio
Note that the Sagnac-SNOM already provides a lateral re
lution beyond the diffraction limit. While the UHV Sagnac
SNOM is a relatively simple, compact, and inexpens
setup, it would certainly take a major effort to achieve co
parable resolution in UHV with a conventional optical m
croscope.
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