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Magnetization reversal and spin reorientation in Fe/Cu„100… ultrathin films

E. Mentz, A. Bauer, T. Gu¨nther, and G. Kaindl
Institut für Experimentalphysik, Freie Universita¨t Berlin, Arnimallee 14, D-14195 Berlin, Germany

~Received 19 September 1997; revised manuscript received 30 September 1998!

The magnetization reversal in perpendicular applied magnetic fields in low-temperature grown Fe/Cu~100!
ultrathin films was studiedin situ by magneto-optical Kerr effect, Kerr-microscopy, and scanning tunneling
microscopy. It was found that the onset of long-range ferromagnetic order at>0.9 monolayers~ML ! is related
to the coalescence of bilayer islands of Fe. Below 3.8 ML, the magnetization-reversal process takes place in a
narrow field range and is characterized by domain-wall motion. While the domain boundaries are rather
smooth at thin films, domains get increasingly irregularly shaped above 3 ML, which is assigned to a decrease
of the domain-wall energy. At the spin-reorientation transition from out-of-plane to in-plane magnetization at
>3.8 ML, two coexisting metastable spin configurations are found.@S0163-1829~99!10633-7#
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I. INTRODUCTION

The reversal of magnetization in external magnetic fie
in ultrathin magnetic films has attracted considerable inte
recently.1–3 This is mainly due to the potential novel app
cations in magnetic-storage and sensor technology, but
due to an interest in the complex process itself. T
magnetization-reversal process is basically governed by
main nucleation in the vicinity of defects, steps, etc., w
subsequent domain-wall motion, which is again strongly
fected by film morphology and defects. Of particular inter
is the magnetization-reversal process at or close to a s
reorientation transition: In many systems, a transition fr
an out-of-plane to an in-plane easy axis of magnetiza
occurs at a specific film thickness~typically a few monolay-
ers! and/or a specific temperature. At the transition, the m
netic anisotropies are rather small, which makes mic
domain states ~e.g., stripe domains! energetically
favorable.4–7 However, states with uniform magnetizatio
~out-of-plane, in-plane, or canted! can be stabilized in exter
nal magnetic fields and might be metastable in zero fi
giving rise to magnetic hysteresis.6–8

Magnetization reversal in ultrathin films is strongly a
fected by morphology on the nanometer scale,9 which makes
it imperative to closely control growth and morphology
these films. Since a protective layer on top of an ultrat
magnetic film can have a strong influence on structure, m
phology, and magnetism of the film, it is desirable to p
form in situ measurements in ultrahigh vacuum~UHV!. Con-
siderable insight into the magnetization-reversal process
be obtained from magnetization curves~magnetic hysteresis
loops!, even though a knowledge of average magnetizati
is often not sufficient to unambiguously interpret the rever
process. In this respect, a uniform canted magnetization
not be distinguished from a domain state with the same
erage magnetization. For an improved understanding,
therefore necessary to laterally resolve the film magnet
tion. Most of the available UHV-compatible domain-imagin
techniques~based on scanning electron microscopy or m
netic force microscopy! are restricted to measurements
zero ~or small! external magnetic field. On the other han
Kerr microscopy, which is based on the magneto-opti
PRB 600163-1829/99/60~10!/7379~6!/$15.00
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Kerr effect~MOKE!, is well suited for measurements in ex
ternal magnetic fields. At present, however, there are on
few UHV Kerr microscopes in operation.10,11

In this article, we report on a combined study of low
temperature~LT! grown ultrathin films of Fe/Cu~100! by in
situ Kerr microscopy, MOKE, and scanning tunneling m
croscopy~STM!. The conclusions reached for this particul
system concerning magnetization reversal in films with p
pendicular magnetic anisotropy and spin reorientation are
pected to be representative for several other systems.
shown that the onset of long-range ferromagnetic orde
Fe/Cu~100! is related to the coalescence of bilayer islands
>0.9 ML ~a similar effect was previously found fo
Fe/W~110!.12 For these very thin films, the shape of the ma
netic hysteresis loop deviates from the squarelike shape
served for slightly thicker films, which is assigned to inh
mogeneous film morphology and anisotropy. Doma
nucleation and domain-wall motion during magnetization
versal in out-of-plane magnetized thin films could be imag
for films as thin as 1.9 ML. The observed strong influence
film thickness on coercive field and magnetic-domain sh
is explained by thickness dependent magnetic anisotropy
particular interest is the coexistence of out-of-plane mag
tized domains and domains with a reduced~or even vanish-
ing! out-of-plane magnetization component at the sp
reorientation thickness of>3.8 ML. The latter may either
have a uniform canted magnetization or an inner mic
domain structure that is not resolved by the Kerr microsco

II. EXPERIMENTAL DETAILS

The Fe/Cu~100! samples were prepared in a UHV syste
~base pressure:,3310211mbars! by electron-beam evapo
ration of Fe onto Cu~100! at 100 K. The deposition rate~>1
Å/min! was measured by a quartz microbalance with an
solute error of620%, and a relative reproducibility of65%.
Before deposition, Cu~100! was cleaned by more than 5
sputter-anneal cycles until a very sharp low-energy elect
diffraction ~LEED! pattern was obtained as well as wide a
contamination-free Cu terraces were seen in the STM
ages.

The as-prepared samples were either transferred t
7379 ©1999 The American Physical Society



e
-

tro

l

yz
e

llo
t

l-
er
io
ht
o

om
ac

er
ed

-

in

ic

s

d
t
L

s-

,

ti

th
o
T

ge

RT

th
te

ike

ce,
e
of

lm
gly

the
etic

s
ne
ag-
ere

t

;

7380 PRB 60E. MENTZ, A. BAUER, T. GÜNTHER, AND G. KAINDL
custom-built UHV-STM operating at room temperature~RT!
or into an interconnected UHV chamber specifically d
signed for in situ MOKE and Kerr-microscopy measure
ments. For Kerr microscopy, the sample and a UHV elec
magnet were moved close to a 23

4 9 view port, realizing the
optimal working distance~>10 cm! of the employed optica
microscope~Questar QM100!. The sample was illuminated
by a Hg-discharge lamp, and a sheet polarizer and anal
were placed in the incident and reflected beams, respectiv
Images were recorded with a charge-coupled device~CCD!
camera connected to an image-processing system that a
background subtraction and frame integration in order
eliminate topographical structures and enhance the signa
noise ratio, respectively. Only static domain images w
recorded. To record domain images, the magnetizat
reversal process was interrupted at certain points by slig
reducing the applied magnetic field. The lateral resolution
the Kerr microscope is about 3mm. The MOKE and Kerr-
microscopy measurements were performed in polar ge
etry, with the sample at 130 K, magnetized along the surf
normal, and illuminated at a small angle~>10°! with respect
to the surface normal. A detailed description of the K
microscope and the MOKE setup will be publish
elsewhere.13

III. RESULTS AND DISCUSSION

The system Fe/Cu~100! is known to exhibit strong rela
tions between atomic structure and magnetic properties~see,
e.g., Ref. 14 and references therein!. For the first few mono-
layers~ML !, which is the thickness range that is studied
the present work, Fe grows pseudomorphically on Cu~100!
with a tetragonally distorted fcc structure~fct!.15 In this
thickness range the easy axis of magnetization is perpend
lar to the surface~out-of-plane magnetization!. We have
grown the films at LT in order to obtain abrupt interface
RT-grown Fe/Cu~100! films exhibit strong Fe-Cu interdiffu-
sion at the interface, which is expected to be suppresse
LT.16 For the as-grown films, a spin-reorientation from ou
of-plane to in-plane magnetization is observed at 3.8 M
which shifts to higher thickness~up to 6 ML! for annealed
films.17

A. Onset of ferromagnetic order

Figure 1~a! shows an STM image of LT-grown 0.6-ML
Fe/Cu~100!, which is characterized by isolated bilayer i
lands with diameters ranging from,10 Å to .50 Å; no
MOKE signal could be detected from this film. At 0.9 ML
the bilayer islands coalesce@see Fig. 1~b!#, and a polar-
MOKE signal is recorded, indicating long-range magne
order@hysteresis loops A and B in Fig. 1~c!#. Hysteresis loop
A was taken before the sample was warmed up to RT for
STM measurements, loop B was recorded afterwards. B
loops were recorded at a temperature of 130 K. The R
annealed film shows a higher MOKE signal and a lar
coercive field. This is explained by a supposedly higherTc
resulting from a stronger coalescence of islands in the
annealed film, and hence a lower reduced temperatureT/Tc
leading to higher magnetization and magnetic anisotropy
will cause the observed changes in the hysteresis loop. In
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estingly, loop B deviates considerably from a squarel
shape observed for thicker films~see below!, which could
well be caused by a locally varying degree of coalescen
i.e., a distribution of local coercive fields. Unfortunately, th
magnetic contrast was too small to allow the recording
domain images. However, it is clear that the networklike fi
morphology, with structures on a nanometer scale, stron
affects the magnetization process.

It should be noted here that there is a controversy in
literature concerning the onset of long-range ferromagn
order in LT-grown Fe/Cu~100! films, ranging from about 1
ML to more than 2 ML.6,18,19The present data clearly show
that at 130 K ferromagnetism occurs even below 1 ML. O
reason why in some studies a delayed onset of ferrom
netism was found could be that in these cases the films w

FIG. 1. ~a! and ~b!: 4003400 Å STM images of~a! 0.6-ML
and ~b! 0.9-ML LT-grown Fe/Cu~100! exhibiting bilayer islands
before and after coalescence. In~b!, the nucleation of some 3-ML-
high patches is observed.~c! Polar-MOKE hysteresis loops taken a
130 K of 0.9-ML Fe/Cu~100! annealed at~A! 130 K and~B! 300 K.
The MOKE intensity is normalized to the respective lower signalH
is the external magnetic field.
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PRB 60 7381MAGNETIZATION REVERSAL AND SPIN . . .
magnetized by short magnetic-field pulses, which were ei
not strong enough to overcome the rather large coercive
~as compared to thicker films, see below! or too short to
allow for domain-wall motion.

B. Magnetization reversal in out-of-plane magnetized films

In the following, the magnetization-reversal process
1.9-ML and 3.2-ML-thick Fe/Cu~100! films is discussed. In
Figs. 2~a! and 2~b!, the hysteresis loop for a 1.9-ML-thic
film is shown as well as a set of domain images taken du
magnetization reversal in magnetic fields close to the co
cive field HC580 Oe. The hysteresis loop has square sha
and the magnetization-reversal process is characterize
nucleation of only few domains with reversed magnetizat
~dark areas in the images! followed by continuous domain
growth. Note that the domain walls are rather straight. At
ML Fe/Cu~100!, the hysteresis loop retains its square sha
but the coercive field is reduced toHC532 Oe @see Fig.
2~a!#. Furthermore, the magnetic domains forming duri
magnetization reversal@see Fig. 2~c!# have a completely dif-
ferent shape than those for 1.9 ML: There are numer
nucleation centers, and the domains have an irregular sh
since they are pinned at several points of the film. Nuclea
centers and pinning sites correspond to crystal defects
polishing scratches on the Cu~100! surface as is seen b
comparing the magnetic-domain images with t
background-topography image~not shown here!.

Domain nucleation and wall motion in these Fe/Cu~100!
films is governed by thermal activation, and the wall veloc
depends exponentially on the external magnetic field.10,20 A
squarelike hysteresis shape usually indicates that the c
cive field is determined by the magnetic field necessary fo
domain nucleation that triggers an almost instantaneous m
netization reversal. In the present case, however, the coe
field is given by the field at which domain-wall motion o
curs on the time scale of the hysteresis-loop data recor
~in the order of 1 s!. Therefore the squareness of the hyst
esis loops is a measure for the homogeneity of the films
this point it should be mentioned that the investigated fil
are fairly smooth, with the roughness increasing towa
larger thicknesses@see STM images in Figs. 2~d! and ~e!#.
The lateral size of islands and holes is of the order of 1
nm. From annealing studies where the nanometer-scale
phology of 1.9-ML and 3.2-ML-thick Fe/Cu~100! films was
altered we do not get any indication that magnetization
versal is affected by roughness on this small length sc
probably because the domain-wall widths exceed this sc
A detailed discussion of the influence of film morphology
the magnetization-reversal process will be publish
elsewhere.13 Barriers for domain-wall propagation are mo
likely be represented by Cu~100!-surface steps and defec
on the Cu surface.10 For the 0.9-ML Fe/Cu~100! film, on the
other hand, it is possible that anisotropies are large enoug
lead to sufficiently small domain-wall widths. In this cas
the networklike film morphology@see Fig. 1~b!# would have
a strong impact on the magnetization-reversal process, w
remains to be studied.

We will now address the observed thickness depende
of coercive field and domain shapes during magnetiza
reversal: A reduction ofHC is commonly observed in ultra
thin magnetic films by approaching the spin-reorientat
er
ld

g
r-
e,
by
n

2
e

s
pe,
n
nd

er-
a
g-

ive

g
-
t

s
s

3
or-

-
e,
le.

d

to
,

ch

ce
n

n

thickness.1 It is assigned to a decrease of the magnetic
isotropy~which is supposed to almost vanish at spin reorie
tation! resulting in lower energy thresholds for doma
nucleation and domain-wall motion. The observation of su
strong changes in domain shape, however, is interesting.
explained by a reduced domain-wall energy caused by a
minished magnetic anisotropy. To first approximation, t

FIG. 2. ~a! Polar-MOKE hysteresis loops of LT-grown 1.9-ML
and 3.2-ML Fe/Cu~100! taken at 130 K.~b! and~c!: Correspond-
ing series of magnetic-domain images taken during magnetiza
reversal around the coercive fields at~b! 1.9-ML and ~c! 3.2-ML
Fe/Cu~100!. The dark areas indicate domains with reversed out-
plane magnetization.~d! and~e!: STM images of~d! 1.9-ML and
~e! 3.2-ML Fe/Cu~100!. The islands protrude typically 1 ML out o
the surface while some holes are at least 2-ML deep and re
down to the Fe-Cu interface.
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magnetic anisotropyEa can be written as:Ea5K2 cos2 u
5(Kb,21Ks,2 /d)cos2 u, whereu is the angle between magne
tization direction and surface normal,d is the film thickness,
andKb,2 ,Ks,2 are second-order anisotropy constants for b
and surface, respectively.Kb,2 is positive and includes the
shape-anisotropy term 1/2m0M2 with M being the magnitude
of the saturation magnetization. For Fe/Cu~100!, the surface-
anisotropy term is negative, which explains the perpend
lar anisotropy of thin films. Since the anisotropy chang
sign at the spin-reorientation thicknessd0>3.8 ML ~Ref. 21!
~see discussion below!, it follows that Ks,2>2d0Kb,2 . The
domain-wall energy per unit length,g, depends onK2 , d,
and the exchange stiffnessA in the form g}d•(AuK2u)1/2

5(AKb,2udd02d2u)1/2. There is a maximum ing(d) at d
5d0/2>1.9 ML, and a minimum atd0>3.8 ML. For the
domain growth at 3.2-ML Fe/Cu~100!, the energy barrier for
introducing longer domain walls is obviously smaller th
the barrier height for domain walls to overcome pinning ce
ters, which explains the observed rugged domain shapes
1.9-ML Fe/Cu~100!, on the other hand, the domain wal
tend to be as short as possible, in agreement with the ra
straight domain boundaries. It should be noted that the
served, differently shaped domains are not representing t
modynamical ground states. They are a consequence o
dynamical, thermally activated process of domain-wall m
tion. It should also be mentioned that in the discussion
domain shapes the influence of long-range magnetic dip
dipole interaction~magnetostatic energy! can be neglected
The domains are typically much wider than 10mm which is
beyond the scale where—at a film thickness of less tha
nm—significant variations in the magnetostatic ene
occur.6

C. Spin reorientation

In the last section, the magnetization-reversal proces
the spin-reorientation transition is discussed. The hyster
loop of a 3.8-ML Fe/Cu~100! film @see Fig. 3~a!# shows that
there is still almost 100% remanence, but the hysteresis
no longer has square shape. Interestingly, rather similar
teresis loops were observed at the spin-reorientation tra
tion of Fe/Cu3Au~100!.22 Without domain imaging, however
there could only be a speculation on the nature of
magnetization-reversal process. With Kerr-microscopy@see
Figs. 3~b! and ~c!#, it is now seen that the magnetizatio
reversal starts with nucleation of magnetic domains that
even more irregularly shaped than that in case of 3.2-
Fe/Cu~100!, in consistency with the preceding discussio
However, the magnetic contrast is lower than observed
3.2-ML Fe/Cu~100!. Upon reaching an apparent singl
domain state,23 the magnetic contrast increases further w
higher external magnetic fields up to the saturation fieldH0
>200 Oe. To demonstrate the magnetic contrast effe
more clearly, the external magnetic field was reduced be
a single-domain state had been established~inner hysteresis
loop!. In this case, the domain contrast diminished conti
ously and reversibly with decreasing~and increasing re-
versed! external magnetic field@compare Figs. 3~c! and~d!#,
with the domain walls at an apparently fixed position. T
corresponding inner hysteresis loop is not plotted in Fig. 3~a!
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since the average film magnetization cannot be determ
accurately from the domain images.

The spin-reorientation phase transition occurs within
rather narrow thickness range~,0.5 ML!: Already at a
4-ML-thick Fe/Cu~100! film, an almost hard-axis hysteres
loop is measured@though there is still some hysteresis effe
see Fig. 3~a!#. Accordingly, the magnetic contrast in Ker
microscopy images changes continuously for magnetic fie
below the saturation field, and no domain nucleation p
cesses are observed@see Figs. 3~e!–~g!#.

Lower magnetic contrast of domains in Kerr-microsco
images taken at 3.8-ML Fe/Cu~100! @dark areas in Figs.
3~b!–~d!# is directly attributed to a reduced out-of-plan
magnetization component within the domains. The doma
are either in a uniform canted magnetization state~including
in-plane magnetization at or near zero external magn
field! or in a microdomain state with a nonresolved inn
domain structure. In any case, the domains exhibit a differ
spin structure than the surrounding areas with uniform o
of-plane magnetization stabilized in an external magne
field prior to magnetization reversal@bright areas in Figs.
3~b!–~d!#. Both models are discussed in more detail in t
following.

It is known that at the spin-reorientation transition micr
domain states become energetically favorable due to a
minished magnetic anisotropy and a gain in dipole energ6

FIG. 3. ~a! Polar-MOKE hysteresis loops for~A! 3.8-ML and
~B! 4-ML Fe/Cu~100!. The approximate points at which doma
images were recorded are indicated.~b! and ~c!: Growth of mag-
netic domains~dark areas! for 3.8-ML Fe/Cu~100!. ~d! After a do-
main state similar to that in~c! had established, the external ma
netic field was reduced toH>0 resulting in less magnetic contra
in the dark areas.~e!–~g!: Domain images during magnetizatio
reversal at 4-ML Fe/Cu~100!. In the upper-right corner the nonmag
netic sample holder is seen.
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Due to this fact, hysteresis loops measured at Fe/Cu3Au~100!
with shapes like that in Fig. 3~a! for 3.8-ML Fe/Cu~100!
were previously attributed to a transition from a metasta
out-of-plane magnetization state that persists in zero exte
magnetic field~remanence! to a microdomain state at a su
ficiently large reversed external magnetic field.22 The net
magnetization of a thermodynamically stable microdom
state would be zero at zero external magnetic field and
crease with field. The energy of the domain walls that ha
to be created at the transition represents an activation ba
and explains why the out-of-plane state is metastable. So
this model is consistent with the present Kerr-microsco
data since microdomain states~e.g., stripe domains with
stripe widths,1 mm! are not resolved, and the changin
magnetic contrast in the Kerr-microscopy images would j
reflect the net magnetization of the microdomain state. T
Kerr-microscopy images in Figs. 3~b! and~c! imply that after
nucleation the possible microdomain phase grows
domain-wall displacement rather than entirely by nucleati
Therefore it could be expected that the domains have mo
fractal-like shape2,24 rather than a stripelike configuration.6

There is one point which is not in accordance with pre
ous theoretical and experimental studies of microdom
states, though: Small external magnetic fields~,50 Oe!
should already destabilize the microdomain state and cau
transition to an out-of-plane magnetized single-dom
phase.6,8 In the present case, however, the transition fi
amounts to about 200 Oe@see hysteresis loop for 3.8-ML
Fe/Cu~100! in Fig. 3~a!#. This fact leads to the assumptio
that at 3.8 ML, the effective second-order magnetic anis
ropy constantK2 has already changed sign (K2.0), favor-
ing in-plane magnetization.25 Provided that the out-of-plan
magnetized state is still metastable, the nucleated dom
observed in the Kerr-microscopy images@Figs. 3~b!–~d!#
would have uniform in-plane magnetization, in contrast
the preceding discussion. The inclined straight sections in
hysteresis loop@Fig. 3~a!# and the changing magnetic con
trast in the Kerr-microscopy images@Figs. 3~c! and ~d!#
would result from a coherent rotation of the magnetization
the external magnetic field~canted spin orientation!. Interest-
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ingly, one recent study by Speckmann, Oepen, and Ib
suggests the coexistence of the out-of-plane and in-p
magnetization phase in remanence at the spin-reorienta
transition of Co/Au~111!.7 Experimentally, they show that a
metastable out-of-plane single-domain state exist. It rema
unclear, however, whether also the in-plane domain state
be stabilized. The coexistence of the two phases is expla
by taking higher-order contributions to the magnetic anis
ropy into account. Indeed, the importance of higher-or
anisotropies at the spin-reorientation transition was poin
out in recent works.7,26

On the basis of the present data alone, we cannot giv
conclusive answer to the question of the spin configurat
within the domains with a reduced out-of-plane magneti
tion component observed at 3.8-ML Fe/Cu~100!—whether it
is uniform or exhibits a microdomain structure. A better th
oretical understanding of domain formation in external ma
netic fields as well as domain-imaging studies with improv
lateral resolution are required. For this purpose, we are
rently developing a UHV scanning near field optical micr
scope~SNOM! for magnetic-domain imaging with subm
cron resolution.27

IV. SUMMARY

In summary, we have investigated the magnetization
versal process in external magnetic fields at low-tempera
grown Fe/Cu~100! films for film thicknesses up to 4 ML.
With a combinedin situ MOKE, Kerr microscopy, and STM
study we were able~i! to attribute the onset of long-rang
ferromagnetic order to the coalescence of bilayer island
about 0.9 ML, ~ii ! to assign the irregular domain shap
above 3 ML to a reduced domain-wall energy, and~iii ! to
identify two coexisting spin configurations at the spi
reorientation transition that occurs in a narrow thickne
range around 3.8 ML.
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