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The spin reorientation transition in as-grown wedge-shaped Co/Au~111! films has been analyzed.
Two critical thicknesses have been detected just like in the annealed case. Here, these are shifted to
smaller values. The behavior of the system can be explained on the basis of the thickness-driven
trajectory in the anisotropy space of the system. Both the first and second anisotropy constants have
been determined:K1s 5 0.66 mJ/m2, K2s 5 20.12 mJ/m2. They are both smaller by modulus than
their counterparts from the annealed case. The results provide quantitative evidence for the increase
of surface anisotropy after annealing. ©1997 American Institute of Physics.
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In recent years, the spin reorientation transitions h
come into the focus of vigorous interest which has be
backed up by the amazing progress in the preparation
well-defined monolayer films. The availability of ultrathi
magnetic structures makes it possible that the thickness
pendence of the anisotropy may be used as a tuning pa
eter to drive the reorientations, quite unlike the bulk reorie
tations where one is bound to rely on temperature-rela
variations only for the investigation of spontaneous reori
tations. A very ingenious way to probe the thicknes
dependent properties is the combined use of wedge-sh
films and spatially resolving techniques. In a single expe
ment one can image with high precision the effects on m
netization induced by the variation of thickness.

Quite recently, the thickness dependence of magn
microstructure in Co/Au~111! films has been studied in
wedge-shape geometry by means of scanning electron
croscopy with polarization analysis of the secondar
~SEMPA!.1,2 Strong correlation between domain structu
and morphology has been identified as originating in
three-dimensional growth of cobalt on the reconstruc
Au~111! surface. On annealing, the cobalt film becom
smooth causing the vertical domains to become very la
and comparable in size with the wedge dimensions. In
as-grown films, on the other hand, the domain structure
plays small vertically magnetized domains of a typical s
of several microns~Fig. 1!.3

The SEMPA technique and the preparation of the fil
has been described elsewhere.1,4 The reorientation transition
in the annealed system has already been studied in detai
explained consistently within the framework of the gene
anisotropy flow concept.2,5,6Here we present an extension
as-grown films of our previous investigations of the sp
reorientation behavior. The experimental analysis proce
quite like in the case of the annealed films with the import
difference that now temperature variations have to
avoided to prevent annealing effects. The results are
sented in Fig. 1. The two images were obtained with diff
ent orientation-dependent polarization detection axes of
spin analyzer.4 Both patterns were taken simultaneously a
display precisely the same portion of the film. Figure 1~a!
shows the domain structure with vertically magnetized
mains; black and white correspond to magnetization poin
in and out of the surface, respectively. The film thickne
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increases from right- to left-hand side. At the low-thickne
~right-hand! side, one can observe the onset of ferroma
netism at about 2 monolayers~ML !.7 The black and white
domains can be clearly recognized in a particular thickn
regime, while they disappear again on the thicker side. T
indicates that with increasing thickness on approaching
left-hand side of the image in Fig. 1~a! one crosses the criti
cal thickness for spin reorientation. This is proven by t
in-plane domain pattern in the second image@Fig. 1~b!#
which exhibits domains only on the thicker side of th
wedge. The domains seem to be elongated along the d
tion of magnetization. At present we cannot give any exp
nation for this, since it would be far too speculative witho
a better knowledge of the in-plane anisotropies. It turns
experimentally that in-plane domains appear above a cer
thicknessd̄25~4.1060.05! ML @see Fig. 1~b!#.8 After apply-
ing a magnetic field along the vertical direction, we obse
that the vertical phase is driven up tod̄2, exhibiting a single-
domain configuration in close analogy to the observations
the annealed film. The vertically magnetized domains in F
1~a!, however, are found only at considerably lower thic
nesses. The line corresponding tod̄2 lies far away from any
vertically magnetized domain. In that image domains dis
pear atd̄1 which is considerably shifted toward lower thick
nesses. Due to the existence of small domains,d̄1 can only
be determined with a somewhat higher uncertainty thand̄2.
We find that d̄15~3.760.1! ML. The significant shift is a
direct consequence of the effective magnification which
attained by virtue of the wedge geometry by mapping
change in thickness as small as parts of a ML onto a cle
observable micrometer-large lateral structure.

The salient physics underlying the observations is in
competition between magnetocrystalline, shape, and sur
anisotropies. In the vicinity of the reorientation transitio
their contributions to the magnetic anisotropy free ene
cancel in the lowest approximation which is why the cont
butionK2 becomes a quantity of crucial importance for t
possible generic types of transition. Two characteristic b
derlines were found in the annealed films as well. This s
nals coexistence of phases with vertical and out-of-pla
magnetization within a small but clearly detectable range
film thicknesses (d̄1 ,d̄2). Furthermore, it has been demo
strated that both surface anisotropiesK1s and K2s can be
determined from the relevant thicknesses, identified in
81(8)/5044/3/$10.00 © 1997 American Institute of Physics
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FIG. 1. Domain images of a cobalt wedge on Au~111! in the virgin state.~a! gives the vertically magnetized domain pattern,~b! gives the domain distribution
with in-plane magnetization orientation. White/black domains represent magnetization pointing out of/into the film surface for~a! and right-/left-hand side in
the plane for~b!, respectively. Both images were taken simultaneously and show precisely the same part of the sample. The film thickness incre
right- to left-hand side ranging from'1.8 ML to '5 ML. d̄1 and d̄2 correspond to the critical thicknesses.
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images of the micromagnetic structure.2 As a matter of fact,
a considerable amount of the efforts in the field of ultrath
films has been, and is currently being, invested into the qu
tification of the surface values. The surface constants
defined in connection with the phenomenological ansatz9,10

K1~d!5K1b1
K1s

d
, ~1!

K2~d!5K2b1
K2s

d
, ~2!

with d for thickness,b for bulk, ands for the effective con-
tributions of both interfaces of the film. Within the interpr
tational scheme of Ref. 5, one obtains

K1s5~ 1
2m0MS

22K1b!d̄2 , ~3!

K2s5
1
2@~

1
2m0MS

22K1b!~ d̄12d̄2!22K2bd̄1#, ~4!

whereMS is the saturation magnetization. The characteris
thicknesses that appear in the above relations deserve sp
attention. Atd̄2, the lowest-order~first! anisotropy contribu-
tion is zero, whiled̄1 is defined by the equationK2(d̄1)52
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2[K1(d̄1)2

1
2m0MS

2].5 To apply Eqs.~3! and~4! to the calcu-
lation of the surface constants, one needs to determined̄1 and
d̄2 and feed them in together with the bulk values forK1b,
K2b, and MS . At room temperature, the bulk values a
K1b55.03105 J/m3, K2b51.253105 J/m3, and
MS51.4403106 A/m.11 It then follows from Eqs.~3! and~4!
that for the as-grown film at room temperatureK1s50.66
mJ/m2 andK2s520.12 mJ/m2. The interpretational scheme5

provides for a consistency check in that the quantity of
dimensionality of energy density~i.e., of bulk anisotropy en-
ergy!

b5@K1sK2b1K2s~
1
2m0MS

22K1b!#/K1s

must be negative if the system is really driven by the thic
ness variation to pass through a region of coexistence in
anisotropy space. We find explicitly thatb520.273105

J/m3,0. It is not only the sign of the quantity that is remar
able but its absolute value as well. Indeed, this quantity
significantly smaller than the bulk values given abov
Hence, the high-resolution imaging leads to a high-resolut
5045Oepen, Millev, and Kirschner
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anisotropy determination as well, sensitive to anisotropy
ergy densities which are several times less than the se
bulk anisotropy constant.

It is quite intriguing to compare with the respective va
ues of the surface anisotropy constants for the anne
film.2 Indeed, the qualitative appearance of the SEMPA
ages in both as-grown and annealed cases is the same
confirming that the same type of thickness-driven transit
occurs in both cases. The borderlines corresponding to
characteristic thicknesses are markedly shifted in the
nealed film when compared with the as-grown one, signa
different surface anisotropy contributions in this case. F
the annealed wedge of cobalt on Au~111!, one findsd̄154.75
ML and d̄255 ML, yielding K1s50.80 mJ/m2 and
K2s520.14 mJ/m2, and b520.153105 J/m3 at room
temperature.2

The comparison of both sets of values forK1s andK2s
indicates that in the as-grown film the surface constants
smaller by absolute value. Hence, annealing increases
effective surface anisotropy in the system as previously
ported for some magnetic multilayers.12

The surface constants have been obtained under th
sumption that the demagnetizing energy is the same as
the annealed film. One can rule out the possibility of t
difference being due to magnetostatic changes: On anne
the film gets smoother and, correspondingly, the demag
5046 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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tizing factor increases which should cause the critical thi
nesses to decrease in contradiction with what we obse
One can thus conclude that the observed trend is du
changes in the surface anisotropies only.
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