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10 Abstract

11 Structural and magnetic properties of ultrathin Co films were studied by scanning tunneling microscopy and mag-

12 neto-optics. Hundred nm Au(1 1 1) films grown epitaxially on mica were used as buffer layers. The initial Co nucleation

13 at the elbows of the ‘‘herringbone’’ reconstruction determined the film morphology, which displayed long chains re-

14 sulting from the coalescence of the self-organized Co nuclei. A height amplitude of the chains changed considerably

15 upon film annealing. For the ex situ magnetic measurements, wedge samples were prepared, protected with a 5 nm Au

16 layer. Using Kerr magnetometry it was possible to observe the spin reorientation transition. It turned out that the

17 critical thickness decreases for annealed films. The magnetic surface anisotropy was determined and correlated with the

18 film microstructure. � 2002 Published by Elsevier Science B.V.

19 Keywords: Scanning tunneling microscopy; Epitaxy; Surface structure, morphology, roughness, and topography; Cobalt; Gold; Low

20 index single crystal surfaces; Magnetic films; Metal–metal magnetic thin film structures

21 1. Introduction

22 Magnetic films with perpendicular magnetiza-
23 tion attract strong attention due to their potential
24 applications for information storage technology
25 [1]. Co ultrathin films grown on Au(1 1 1) belong
26 to the most investigated systems, in which the spin
27 reorientation transition (SRT) takes place [2].

28SRT, which means a change of the easy magneti-
29zation axis from a perpendicular to an in-plane
30one, is basically the result of the interplay between
31interface and shape anisotropy. However, in real
32systems, anisotropy of thin films is governed by
33many additional factors resulting from the film
34microstructure, strains etc. Co films on Au(1 1 1)
35are especially sensitive to these factors due to their
36complicated nucleation and growth, determined by
37the ‘‘herringbone’’ reconstruction of Au [3]. This
38phenomenon, thoroughly considered and dis-
39cussed when the growth of self organized cobalt
40nanostructures is concerned [4], usually is ne-
41glected for thicker Co films, close to SRT [5]. It
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42 seems, however, that manipulating the interface
43 quality by annealing treatment may lead to severe
44 modifications of the film morphology. For a
45 proper interpretation of the observed effect it is
46 therefore important to combine the characteriza-
47 tion of magnetic properties with microscopic
48 measurements of the structure.
49 After the first observation of the magnetic do-
50 main structure [2] a series of in situ works were
51 performed on ultrathin cobalt films deposited on a
52 Au(1 1 1) single crystal, where a huge influence of
53 heat treatment on the magnetic microstructure [5–
54 7] was correlated with a modification of the film
55 morphology. Domains in Co/Au(1 1 1) single
56 crystals were also investigated as a function of the
57 film thickness and carbon content by means of
58 magnetic force microscopy under ultrahigh vac-
59 uum conditions [8]. However, complex domain
60 and magnetic anisotropy studies, requiring the
61 proper amplitude and orientation of the magnetic
62 field at the sample, are difficult to perform in situ.
63 For ex situ magnetooptics and domain studies,
64 inexpensive substrates––specially annealed (1 1 1)-
65 textured Au films on glass were used. However,
66 they were not fully comparable with the Au single
67 crystalline substrates [9,10]. In the present study,
68 the microstructure of cobalt films deposited on
69 high quality Au(1 1 1) substrates obtained on mica,
70 was investigated in situ by scanning tunneling
71 microscopy (STM). The correlation of film struc-
72 ture and post-preparation annealing with magnetic
73 anisotropies was studied by means of ex situ
74 magneto-optic measurements on the Au coated Co
75 films.

76 2. Experimental

77 Co films were grown on specially prepared Au
78 buffer layers. An epitaxial Au(1 1 1) layer, about
79 100 nm thick, was grown on mica by thermal
80 evaporation on a heated substrate (600 K). After
81 being flame annealed, the substrate was reintro-
82 duced into the UHV system (base pressure
83 5 � 10�9 Pa) equipped with standard surface fa-
84 cilities (LEED, AES), molecular beam epitaxy
85 (MBE) and a STM head (Aris 1100, Burleigh).
86 After a single crystal like treatment––a few cycles

87of Ar-ion bombardment/770 K annealing––LEED
88pattern indicated the (1 1 1)Au surface with the
8922 �

ffiffiffi
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p

reconstruction. Co films and wedges were
90evaporated from thermal MBE sources (BeO cru-
91cibles) at the rate of about 0.1 nm/min, as cali-
92brated using a quartz balance. The pressure during
93deposition was kept below 2 � 10�8 Pa.
94For ex situ magnetic measurements Co films and
95wedges were finally covered with a 5 nm Au layer.
96Room temperature magnetization measurements
97were performed by the polar Kerr effect using laser
98light k ¼ 633 nm, modulation of light polarization
99and compensation of the Kerr rotation angle u. u
100fulfills the relation u ¼ umaxhcosðhÞi, where h is the
101angle between magnetization and the sample nor-
102mal. The brackets stand for averaging over the
103magnetic domain structure. The normal compo-
104nent of mean magnetization can be described by
105m ¼ u=umax. In a magneto-optical magnetometer,
106a computer registers the angle u and controls the
107magnitudes of both magnetic field components:
108perpendicular (H?) and parallel (Hk) to the cobalt
109film plane. Changes of the angle h as a function of
110H? and Hk field magnitudes in a mono-domain
111state (saturated sample) are described by mini-
112mizing the total sample energy, which is given by
113the following formula:

ETOT ¼ �l0H?M cosðhÞ � l0HkM sinðhÞ
þ K1eff sin2 ðhÞ þ K2 sin4 ðhÞ; ð1aÞ

115where the effective anisotropy constant K1eff is gi-
116ven by

K1eff ¼ �l0M
2
s =2 þ K1v þ 2K1s=d: ð1bÞ

118In the expressions above, the demagnetization
119term and both the volume and surface anisotropy
120contributions are taken into account. The angle h
121can be calculated for any H? and Hk values mini-
122mizing Eqs. (1a) and (1b) if K1eff and K2 are
123known. It is possible to create different surfaces
124mðH?;HkÞ ¼ cos½hðH?;HkÞ for different values of
125K1eff and K2. Thus, both anisotropy constants
126could be determined by fitting mðH?;HkÞ depen-
127dencies, measured in a mono-domain state of the
128sample. A saturation magnetization value
129l0Ms ¼ 1:78 T of bulk Co was used in the calcu-
130lations.
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131 3. STM results

132 The STM images were taken in the topographic
133 mode using electrochemically etched W tips at a
134 typical tip bias 0.8–1.5 V. Examples of the STM
135 images taken on the Au(1 1 1)/mica substrates are
136 presented in Fig. 1. A 1 � 1 lm2 scan (Fig. 1a)
137 displays flat terraces separated by single steps or
138 step bunches. The grains (not shown) are typically
139 a few micrometers large. Fig. 2b, chosen at the
140 area with a high step density, shows details of the
141 Au(1 1 1) surface structure. The herringbone re-
142 construction is clearly visible in the current data.
143 In many features, the reconstruction does not
144 differ substantially from that observed for single
145 crystalline surfaces [11]. The zig-zag structures are
146 however less regular with one section being often
147 much shorter. Moreover, there are areas, where
148 the linear reconstruction is stabilized (indicated by
149 an arrow), as shown previously by Padovani et al.
150 [4]. Terraces separated by single monoatomic steps
151 have an average size of 100 nm and the steps in
152 bunches do not come closer than 7 nm as seen
153 from the section in Fig. 1c.
154 According to many previous studies [3,4,8,12],
155 Co growth is directly related to the reconstruction

156of the Au(1 1 1) surface. Co is reported to nucleate
157at the elbows of the herringbone reconstruction,
158which results in the self-organization in rectangu-
159lar lattice. Upon increasing the coverage the Co
160nuclei coalesce and transform into rows spaced at
161about 13 nm appear. Such row-like structure is
162also characteristic of the growth of our films, as
163can be seen from a large scale STM image in Fig. 2
164for a 0.8 nm (4 ML) Co film deposited at room
165temperature and annealed for 15 min at 250 �C.
166The image is chosen as showing all typical features
167observed for as-deposited and annealed films. To
168better visualize the structure of the Co deposit, the
169corrugations due to the terrace level have been
170partially subtracted. Three types of Co structures
171can be identified: (1) long chains (occupying the
172largest area), which result from the coalescence of
173the self-organized Co nuclei, (2) randomly dis-
174tributed and irregularly shaped Co clusters, and
175(3) long isolated lines and curves, which appear
176featureless at this magnification but which are in
177fact dense packed rows of Co clusters decorating
178bunches of steps. In principle, similar Co struc-
179tures were observed by Padovani et al. [4] at the

Fig. 1. Au(1 1 1) buffer layer on mica: (a) 1 � 1 lm2 STM to-

pographic image of an area with large terraces; (b) 400 � 400

nm2 current data visualizing herringbone reconstruction on an

area with bunches of monoatomic steps, where the recon-

struction is disturbed and (c) section of the corresponding to-

pographic image taken along the marked line.

Fig. 2. 1:5 � 1:5 lm2 STM topographic image of 4 ML Co

deposited on Au(1 1 1)/mica at RT and annealed for 15 min at

520 K. Three types of Co structures, described in the text, are

indicated by arrows.
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180 initial growth stage of Co on Au(1 1 1)/mica. An
181 unexpected feature noticed presently is the wealth
182 of chain-like structures that are attributed to Co
183 nucleation sites of the Au reconstruction. We
184 measured at least three different values of the row
185 spacing: 12:6 � 0:4, 9:8 � 0:3 and 8:5 � 0:3 nm,
186 only the first one being in fair agreement with the
187 expected value of 13 nm [11]. Moreover, there is a
188 clear tendency for rows to pair in certain areas and
189 even to gradually change the spacing. In many
190 images of different sizes we checked carefully that
191 the effects described above are not artifacts con-
192 nected with the scan instability or drifts. Appar-
193 ently, the cobalt rows reproduce irregularities in
194 the Au reconstruction––additional factors deter-
195 mining the cobalt self-organization, like strains or
196 magnetic interaction, cannot be excluded.
197 More detailed analysis of film morphology at a 4
198 ML coverage is done comparatively, following the
199 post-preparation annealing treatment. In Fig. 3,
200 500 � 500 nm2 STM images are presented for the
201 Co deposit in (a) the as-prepared state, (b) an-
202 nealed for 15 min at 520 K (large scan shown in
203 Fig. 2) and (c) annealed for 60 min at 520 K. The
204 3D-growth that starts with bilayer clusters [4],
205 proceeds at room temperature for 4 ML films. In
206 the as-prepared state, individual Co clusters are
207 still partially separated and their size is determined
208 by the distance of the adjacent reconstruction el-
209 bows, which is about 7.5 nm. The rows remain

210rather isolated, judging from the section along the
211marked line, which indicates that the rows have an
212average height of at least 1.2 nm (6 ML), and oc-
213casionally the height amplitudes up to 2.0 nm (10
214ML) are found. A good measure of the film
215roughness is the RMS height value calculated for a
216single substrate step within a defined area (we take
217100 � 100 nm2), which was found to be
218RMS100 ¼ 0:34 nm. Annealing affects both the
219lateral and the vertical size scales of cobalt struc-
220tures. Generally, a granular structure becomes less
221pronounced and the number of exposed atomic
222levels decreases upon annealing. As short anneal-
223ing as 15 min is able to reduce the surface rough-
224ness nearly by a factor of 2 (RMS100 ¼ 0:175 nm),
225and after 1 h of annealing (RMS100 ¼ 0:13 nm) the
226surface displays only two atomic levels over hun-
227dreds of nanometers (as seen from the section in
228Fig. 3c). Even more apparent are the annealing-
229induced changes of the lateral structure size. Sur-
230face flattening is accompanied by a clear coales-
231cence of row-like structures that form now rows,
232which double or even quadruple their original
233width. The dominating size of the lateral structures
234is increased up to 50 nm.
235Annealing also leads to the increase of relative
236intensity in Au/Co Auger peaks. In view of the
237observed changes of surface topography, such an
238increase must be interpreted as arising from the Au
239surface segregation, in agreement with the con-

Fig. 3. 500 � 500 nm2 STM topographic images of 4 ML Co deposit on Au(1 1 1)/mica: (a) as-prepared at RT; (b) annealed for 15 min

at 520 K and (c) annealed for 60 at 520 K. Below, sections along the marked lines are shown.
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240 clusion by Speckmann et al. [5]. At low Co cov-
241 erage (1.5 ML), Padovani et al. [12] observed an-
242 nealing-induced incorporation of Co clusters into
243 a Au(1 1 1) substrate, which ends up with complete
244 dissolution into the substrate at 700 K annealing.
245 When discussing the influence of annealing on
246 magnetic properties of non-coated film, one has
247 thus to consider not only a change of the film
248 morphology, but also its covering with gold. It
249 means the interplay of different factors that de-
250 termine the critical thickness of the spin reorien-
251 tation transition––film topography and chemical
252 composition of the interface.
253 The coalescence of the Co films is not completed
254 even at 2 nm (10 ML). The STM image of the as-
255 prepared surface (Fig. 4) reveals similar row-like
256 structures as for thinner films -but the film
257 roughness is considerably reduced (RMS100 ¼
258 0:145 nm) compared to the non-annealed 4 ML
259 film.

260 4. Magnetic measurements

261 Magnetic properties were studied, as described
262 in Section 2, for as-prepared and annealed (60 min
263 at 520 K) films and wedge samples [13]. The

264magnetic anisotropy for the as-prepared and an-
265nealed samples, calculated from Kerr measure-
266ments, are shown in Fig. 5a and b, respectively.
267Because K2 > 0, one can deduce thickness-induced
268reorientation from an easy axis observed when
269dCo < d1, through an easy cone (d1 < dCo < d2)
270into an easy plane state when dCo > d2. After an-
271nealing the reorientation region is shifted towards
272lower thickness. The opposite (towards greater
273thickness) annealing induced shift of the reorien-
274tation region was in situ observed by Speckmann
275et al. [2]. Probably, covering of cobalt by gold after
276annealing is responsible for the shift [2], whereas
277the effect observed here is purely due to annealing-

Fig. 5. K1eff (circles) and �2K2 (squares) anisotropy constants

as a function of the thickness determined for wedges: (a) de-

posited at RT (open symbols) and (b) annealed (full symbols)

for 60 min at 520 K. Solid curves––fitted K1eff (dCo) dependen-

cies (Eq. (1b)) resulting anisotropy constant values: (a)

K1s ¼ 0:37 mJ/m2 and K1v ¼ 0:85 MJ/m3; (b) K1s ¼ 0:35 mJ/m2

and K1v ¼ 0:64 MJ/m3. The dotted lines represent averaged

�2K2 values.

Fig. 4. 500 � 500 nm2 STM topographic image of 10 ML Co

deposited on Au(1 1 1)/mica at RT, as-prepared.
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278 induced changes of the film morphology. From the
279 K1eff versus dCo dependence (Eq. (1b)) the follow-
280 ing values of the anisotropy constants have been
281 found: K1s ¼ 0:37 mJ/m2 and K1v ¼ 0:85 MJ/m3

282 for the as-prepared sample and K1s ¼ 0:35 mJ/m2

283 and K1v ¼ 0:64 MJ/m3 for the annealed sample.
284 The effective interface anisotropy remains nearly
285 unchanged upon annealing, which only causes
286 changes of the volume-like contribution.
287 Magnetization reversal was investigated apply-
288 ing a quasistatic magnetic field H? to the films
289 previously saturated by a field much higher than
290 Hc. The dynamics of the process strongly depends
291 on the amplitude H?. Let us introduce a demag-
292 netization time, t1=2, ðmðt1=2Þ ¼ 0Þ and a normal-
293 ized time t� ¼ t=t1=2. For a given film, the character
294 of the magnetization reversal mðt�Þ is independent
295 of the magnetic field amplitude (see Fig. 6 for a 0.8
296 nm Co film). However, one can find the difference
297 of the shape of mðt�Þ measured for as-deposited
298 and annealed films. The process undergoes much
299 faster for the as-prepared film. The shape of mðt�Þ
300 was described in [14] taking into consideration two
301 mechanisms: domain nucleation and domain wall
302 propagation. The mðt�Þ behavior indicates a bigger
303 contribution of the domain nucleation process in
304 the case of the as-prepared sample. The t1=2 versus
305 H? amplitude dependence has an exponential
306 character, as is seen from the inset in Fig. 6. It is

307possible to estimate the Barkhausen volume VB

308assuming that t1=2 is proportional to expð�aH?Þ
309where a ¼ 2MsVB=kT , k is the Boltzman constant,
310T is the temperature. By fitting t1=2ðH?Þ, the fol-
311lowing parameters were obtained: (i) for the as-
312prepared 0.8 nm film, VB ¼ 1700 nm3 and lateral
313volume size lB ¼ 46 nm; (ii) for the annealed 0.8
314nm film, VB ¼ 5550 nm3 and lB ¼ 83 nm. When
315comparing these results with the Co surface mor-
316phology, one can conclude that not a single cobalt
317island but rather a chain of islands is responsible
318for the Barkhausen jump.

3195. Conclusion

320We have found a convincing correlation be-
321tween the sub-micrometer scale morphology of Co
322films observed using STM and the magnetic an-
323isotropies measured ex situ by Kerr magnetome-
324try. The most striking result is the annealing-
325induced decrease of the SRT thickness in contrast
326with the behavior reported for non-coated Co
327films [7], which was interpreted as an increase of
328the effective surface anisotropy induced by an-
329nealing. It seems that the presently observed effect
330is due to the structural and chemical changes of the
331films contributing to a volume-like anisotropy.
332Magnetostatic changes: an increase of the de-
333magnetizing energy when the films become
334smoother, or in other words, change of the
335roughness anisotropy, could be also involved. In-
336trinsic Au/Co interface anisotropy remains un-
337changed. The annealing-induced increase of the
338Barkhausen volume is clearly connected with the
339STM detected flattening of the cobalt surface.
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Fig. 6. Magnetization reversal mðt�Þ curves registered for dif-

ferent magnetic field H? amplitudes. Insert: dependence of

lnðt1=2Þ on H? amplitude measured for as-deposited (open

squares) and annealed (full squares) dCo ¼ 0:8 nm films. Verti-

cal lines show coercivity field values measured for both samples.
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