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Growth of Co on a stepped and on a flat C¢001) surface
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The growth of Co on C{®0Y) is investigated with scanning tunneling microscd®TM), Auger electron
spectroscopy, and low-energy electron diffraction. Island shape and size differs drastically for Co evaporated
onto a flat or a stepped Q01) surface. Deviations from ideal layer-by-layer growth are small. Evaporating at
540 K results in an island free surface, annealing to 495 K induces depressions into the Co islands but does not
change their shape and arrangement. A retarding field Auger system and an Auger spectrometer with cylindrical
mirror analyzer are calibrated simultaneously with the help of the STM.

I. INTRODUCTION tically at 540 K. For this temperature we find an island free
and flat surface.
Magnetic properties are very sensitive to structural de-
tails. It was found that Co grown on a flat @01) surface is
magnetized along the+110] directions. Grown on a stepped Il. EXPERIMENT
surface, Co exhibits a uniaxial easy axis along the steps. _ , , _
This easy direction of the magnetization is rotated by 90° All éxperiments described in the following have been
through the deposition of a minute amount of Cu on top ofdone in a new UHV system consisting of three chambers.
the Co? This demonstrates the dependence of the magnetig@Mples and tips are introduced through a load lock into the
properties on the symmefryand the morpholog$. The preparation chamber. Surface cleaning, film growth, and sur-

present paper describes the growth of Co on a stepped andafe characterization with low-energy electron diffraction

flat Cu002) crystal. (LEED) and Auger spectroscopy is done in this chamber.
Co grows in the fcc phase with a small tetragonal distorAUger spectra_can be collected by using a RFA or a CMA.

tion (<4%) along the surface norm&F A bilayer growth After preparation the samples are transferred to the Kerr

mode was reported for the inial two atomic layent ), ¢ *LERE U SREEC (PR LA e B R
Thereafter Co grows in a perfect layer-by-layer made. :

o : . three chambers are independently pumped and have a base
The nonperfect initial growth was detected with scanmngpressure better thanxs10-11 mbar.

- : 9
tunneling microscopySTM),” angle-resolved x-ray photo- Chemically etched tungsten tips are used for the STM

emission scattering, and x-ray diffractiort. imaging. After insertion into the vacuum the tips are heated

The STM measurements presented in this paper show thgg, electron bombardmen00 V, 3—6 mA and character-
the growth mode of Co on @001) depends crucially on the ;¢4 by field emission. Only tips with a field emission thresh-
surface condition of the substrate. On a stepped suffate  |g of about 300 V were used for STM imagiritypically
cut 3.49 with step orientation along thl10] direction we .1 nA at 300 V.
find an irregular arrangement of the Co islands with their The CY001) crystals were mechanically polished down to
shape changing as a function of film thickness. Regularlya grain size of lum. This was followed by electropolishing
shaped two-dimensional islands are found on a flat Cu suhising a solution with 30% of HNQin CH;OH. During a few
strate(miscut 0.2]. Their size and arrangement changes withseconds a positive voltage of about 3 V was applied to the
a period of 1 AL. This means that a 2.5 AL film looks iden- crystal. This procedure resulted in a mirrorlike (QD1) sur-
tical to a 3.5 AL film. Both growth modes are observed si-face. Electropolishing was found to be crucial in order to get
multaneously for a Cu substrate having stepped and flat su& clean, flat, and well-ordered surface.
face areas. After insertion into the vacuum system the samples were

For Co grown on the flat crystal we do not observe thecleaned by Ar ion sputtering using a beam energy of 500 V
degree of bilayer growth reported in the literat@fé:?Pos-  and a target current of #A. This was followed by annealing
sible reasons for this discrepancy are discussed below.  the sample up to 770 K during a few hours. Annealing to

An Auger system with a retarding field analyzg&FA)  higher temperatures results in a S-covered Cu surface. Re-
and one with a cylindrical mirror analyzé€MA) are cali- peating this procedure about five times resulted in a clean
brated simultaneously with the help of the STM. A mean freesurface showing sharp LEED spots. For the last cycle the
path of 9.9 A is found for the high-energy Co and Cu Augersample was sputtered during 5 min and annealed to 720 K
electrons. during 15 min. Figures (&) and Xb) show typical surface

Evaporating Co at substrate temperatures up to 430 léreas of the flat and the stepped@d) crystal. The average
does not change the shape and the arrangement of the @stance between steps amounts to 500 A for the flat and 30
islands but induces depressions into them. This changes dra&-for the stepped crystal. The gradient enhanced imdge 1
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FIG. 1. (@ 1000 Ax1000 A STM topograph of the flat Q01)
surface. Thg —110] direction is along the horizontal axis of the FIG. 2. 1000 Ax1000 A STM topograph of a 0.5 AL Co film
image. Gray scale range: 2.1 A. Tunnel current: 0.2 nA. Samplaleposited onto the flat @001 surface(a) and onto the stepped
voltage: 0.38 Vi(b) 930 Ax930 A STM topograph of the stepped Cu(001) surface(b). Note the two steps crossing imaga. The
Cu(001) surface. Thd —110] direction is along the horizontal axis [—110] direction is along the horizontal axis of the image. Gray
of the image. Gray scale range: 5.6 A. Tunnel current: 0.2 nAscale range: 4.2 Aa) and 6.5 A(b). Tunnel current: 0.1 nAa) and
Sample voltage: 0.96 \(c) Gradient enhanced image showing the 0.2 nA(b). Sample voltage: 0.4 V.
same area a@).
ferent surface morphology. The well-separated islands of a
0.5 AL Co film on the flat crystaJFig. 2(a)] have a prefer-
ential edge orientation along the-110] direction (see also
?g. 5). The diameter of the islands varies from 10 A up to

shows the same area as Figb)1 Steps appear as dark lines
and the terraces appear gray.

All STM images shown in the following have been col-
lected using a home-built STM having a coarse positionin
ability along both surface directions. Details of the apparatu
will be described in a forthcoming publication. The STM
was calibrated by imaging GaAs with atomic resolution.

Co was evaporated from a Knudsen cell type evaporatio
source. An evaporation rate of 0.2 up to 0.4 AL/min was
used to produce the layers described in the following. Durin
evaporation the pressure rose typically up to B 1° mbar.

50 A. On the stepped surface the islands appear to be round
Fig. 2(b)]. They have a diameter ranging from 20 A up to 50
A. For this surface it is impossible to recognize the layer to
hich a single Co island belongs. The arrangement seems to
e arbitrary and only the direction of the underlying Cu steps
can still be recognized. We find that the topographs shown in
q:ig. 2 are typical for this coverage. ldentical images have
been collected at different spots on the surface and on other
Il. Co GROWN ON THE STEPPED AND ON THE layers having the_sam_e thickness. The Auger spectra for the
FLAT Cu (001) SUBSTRATE two sampl_es are identical. .
Increasing the coverage from 0.5 to 2 AEig. 3@)] re-
Depositing the same amount of Co onto the flat and thesults in a perfect Co film with almost no Co in the third layer.
stepped Cu crystal results in layers having a completely difEvaporating the same amount of Co onto the stepped sub-
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FIG. 4. STM topograph of 2.0 AL Co deposited onto the flat
Cu(00)) crystal. The[—110] direction is along the horizontal axis
of the image. The image size is 1000 A. Gray scale range: 7.4 A.
Tunnel current: 0.2 nA. Sample voltage: 0.6 V.

sition. Consequently the growth on this crystal is completely
step dominated. The distance of the steps visible in Fig. 4 is
becoming small in the upper left corner of the image. This
region simulates the stepped crystal. The surface pattern in
this region is very similar to the one shown in Figb

A mean square Co step roughness of 62 A was calculated
from STM topographs of Co grown on Cul 17).*® These
findings are in agreement with the results described above.

Nothing new is found if the coverage on the flat crystal is
increased. The same island pattern is very well reproduced
for each new atomic layer. This means that a 2.5 AL film
looks identical to a 3.5 AL film, an observation that is in

FIG. 3. STM topograph of 2.0 AL of Co deposited onto the flat agreement with Ref. 9. However, for the stepped Cu surface
(&) and onto the steppetb) Cu crystal. The{—110] direction is  the island shape and size change with coverage. It is not
along the horizontal axis of the image. The image size is 1000 angossible to separate the Co belonging to different atomic
500 A, respectively. Gray scale range: 5.4 A and 6.@0A Tunnel |ayers. It is impossible to detect the completion of a layer by
current: 0.2 nA. Sample voltage: 0.6 V. imaging the Co on the stepped surface. Just by depositing the
same amount of Co onto the flat crystal gives the right cali-

strate gives the topograph shown in Figo)31f the growth is  bration of the thickness.
layer by layer, the Co should reproduce the topographic
properties of the substrate exactly. This is not the case. The IV. THE FIRST LAYERS
topograph in Fig. @) shows Co patches that are extended
along the steps of the substrate. Identical Auger spectra are Much debate arose about the growth of the first two layers
obtained for the Co layers shown in FiggaBand 3b). of Co on C§001). A perfect layer-by-layer growth was re-
The nonregular appearance of the layer grown on thgorted based on LEED and Auger measuremérfisom
stepped crystal is underlined in Fig. 4. It arises from the faceingle-resolved x-ray photoemission scattering experiments it
that straight Cu steps transform into meandering steps of the#as claimed that cobalt initially forms two layer thick
Co layer grown on top. Figure 4 shows some isolated stepislands’ A significant concentration of Co islands of bilayer
of the 2 AL Co film grown on the flat substrate. The steps aréheight for a coverage above 0.5 AL was found using x-ray
not straight but are meandering with an amplitude of aboutliffraction!? A STM experiment showed that 0.1 AL of Co
70 A. This fluctuating deviation between the Co step positiorare already in the second layer after having deposited 0.8
and the position of the underlying Cu step results in a moduAL.® STM is the most direct method for studying initial
lation of the film thickness in this region. Therefore the growth modes. The covered area and the thickness of the
layer-by-layer growth is obscured by the presence of stepsslands is directly measured from a topographic image. Scat-
Note that the distance between the steps of the second crystating methods require an absolute calibration of the thick-
is smaller than the modulation amplitude of the Co step poness in order to correlate it with the onset of scattering from
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FIG. 6. The amount of Co found in the second layer is plotted as
function of the coverage. Each point was obtained by analyzing the
pixel height distribution of the corresponding STM image. The
solid line corresponds to the ideal layer-by-layer growth mode.

Figure 5 shows STM topographs taken in the critical
range from 0.6 AL up to 0.9 AL. This is the range where a
significant bilayer growth mode should be observed. The
height distribution of the image pixels is used to determine
the amount of Co in the first and the second layer. The result
of this analysis for the layers shown in Fig. 5 and for other
layers is shown in Fig. 6. The amount of Co found in the
second layer is plotted as a function of the amount of Co
deposited. The solid line indicates the behavior that would be
found for an ideal layer-by-layer growth mode. Figure 6
shows that the degree of bilayer growth observed is much
smaller than the one reported in the literattir& Less than
10% of the Co atoms are found in the second layer for a film
with a nominal thickness of 0.9 AL. This deviation from the
ideal layer-by-layer growth mode is smaller but close to the
one reported in Ref. 9.
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FIG. 5. STM topographs of 0.55 Ala), 0.63 AL (b), and 0.91 38
AL (c) of Co grown on the flat Q@02 crystal. Black corresponds
to the Cu substrate, gray to the first layer, and white to the second : ]
layer of Co. The image size is 500 A, 400 A, and 500 A, respec- . A N S E R
tively. Tunnel current: 0.1 nA. Sample voltage0.4 V. The gray 0 5 10 15 20
scale range for the imagéa)—(c) is equal to 4.3, 4.6, and 5.6 A. Evaporation Dose (arb.units)

The [—110] direction is along the horizontal axis of the image.

o . ) FIG. 7. Intensity of the Co 656-eV Auger line divided by the
the second layer. A calibration done with an Auger or with ajntensity of the Cu 920-eV line plotted as function of the evapora-
quartz microbalance can be off by a factor of t¢@@e Sec. tion dose. Filled circles are measured with a cylindrical mirror elec-
V). Furthermore the presence of steps can result in a moduron energy analyzer, the open circles with a retarding field electron
lation of the film thicknesgsee previous sectignAll this energy analyzer. The lines are a fit to the measured p@iatstext
could result in a wrong interpretation of the scattering ex-The evaporation dose was calibrated with the help of the STM at a
periment. coverage of 0.5 and 2.0 Alindicated by the dotted lings
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FIG. 8. STM topographs of 0.7 AL of Co grown at 370(K), 430 K (b), and 540 K(c). The layer shown ir{d) was grown at room
temperature and subsequently annealed to 495 K during 450 §-TH&) direction is along the horizontal axis of the image. The image size
is 500 A. Tunnel current: 0.1 nA. Sample voltage0.4, 0.4, 1.05, and 0.92 V. The gray scale range is 5.6, 4.7, 3.6, and 3.2 A.

V. CALIBRATION OF THE RFAAND THE CMA AUGER dose. Setting for simplicity the mean free path of the Cu
920-eV Auger electrons equal to the mean free path of the

Film thickness calibration !S oftep doqe with the help of Co 656-eV electrons leads to the following formula for the
Auger spectroscopy. Calculating a film thickness from Auger Auger ratio:

spectra requires the knowledge of the mean free path of the

electrons. Furthermore it has to be taken into account that a

RFA collects electrons that are emitted with an angle ranging leo/ley(d)=12412 [exp(d/X )—1].

from O up to 50° measured from the surface normal of the

samples whereas the CMA just accepts electrons emitted

with 42°. Therefore the Auger thickness calibration has toHered s the layer th'Ck”GSSCo is the Co Auger signal from

take all this into account. a very thick Co layer, andj . is the Cu signal from a clean
The ratio of the Co Auger peak at 656 eV and the CuCu surface.X is the only adjustable parameter. The solid

Auger peak at 920 eV is plotted in Fig. 7 as function of thelines in Fig. 7 are calculated using=4.3=2.1 and 4.¥0.5

Co evaporation dose. The filled circles are measured with théL f0r the RFA and for the CMA Auger respectively.

CMA (Ref. 14 the open circles with the RFR.By counting JI is 0.47 for the RFA and 0.40 for the CMA. The mean

the coverage with the help of an STM topograph we carfree path)\ deduced from the CMA measurements equals

transform the evaporation dose scale into an absolute atomic/cos 42°. Therefore we get 5.5 AR.9 A) for . This value

layer scale. This was done for a 0.5 AL and a 2 AL film. Theis smaller than the 6.5 and 7.8 AL obtained for the 656- and

two STM calibration points give the absolute thickness scal®20-eV electrons, respectively, using the commonly accepted

and confirm the linearity of the thickness versus evaporatiotiuniversal curve.™® It is difficult to deduce a mean free path
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from the RFA measurements since not all the emissiorand Cu should be constant for all three layers. The Auger

angles have the same weidfit. peak ratio is defined as the intensity of the Co 656-eV Auger
line divided by the intensity of the Cu 920-eV Auger line.
VI. ELEVATED SUBSTRATE TEMPERATURES For images &), 8(b), and SC) we find ratios of 0.086, 0.060,

and 0.056. Extending formula 1 to the bilayer system and
The influence of the substrate temperature on film growtttalculating the Auger ratio for a 0.7 AL film and a 0.7 AL
is investigated by depositing the same amount of Co onto thflim covered with Cu gives 0.082 and 0.066, respectively.
Cu held at 370, 430, and 540 K. The topographs of the corTherefore the Auger spectrum suggests the top layer of Fig.
responding layers are shown in Fig$a)8-(c). The coverage §(c) to be Cu.
equals 0.7 AL. Small depressions evolve for a grc_)wth tem- Annealing a room temperature grown Co layer during
perature of 370 K. They are 0.2 A deep and are irregularly50 s to 495 K gives the topograph shown in Figg)8After

arranged. Shape and arrangement of the Co islands remaimnealing the Co exhibits depressions similar to the layer
unaffected. Those depressions become more pronounced fgfown at 430 K.

a substrate temperature of 430 K. Note that Co and Cu can

be distinguished in Fig.(®) since the depressions are found VIl. DISCUSSION

on the Co islands and not on the Cu substrate visible in

between the islands. The depressions could be caused Pa/y
f

missing Co atoms, by interdiffusion, or by imperfections of °. h. Island sh d s d I for C
the underlying substrate. We always observe empty Cu sité%'g - Island shapé and size reproduce very well for Lo
grown on a flat substrate. For room temperature deposition

on a flat Cu surface. Under normal growth conditions thes ' ; . . ; )
vacancies must be filled with Co atoms in order to allow theV® find flat Co |s_Iand_s with a prefe_rent|al step orientation
growth of flat Co islands. Those Co atoms repairing the subf-ilong the{ £110] direction. Co deposited onto a stepped Cu

strate are embedded into a Cu layer and are therefore ve rface gives a layer that largely but not exactly reproduces

attractive for interdiffusion. This could be the reason for thet € dstéapsl of tf;ﬁ un;jerlyéng ?.ubstratéa. The |stlands arel elx—
depressions visible in Figs(® and 8b). However, the den- ‘cNd€d along the step direction and are not as regularly

sity of missing Cu atoms is not as high as the density oiSh?\Ipej[q a‘i’hthfdcf |st_landsk1;_c|1und ona Ilr?t Cr)éSt?I' ft
depressions. This can be seen in Fi¢h)&ince the uncov- . otice tha te TC Ing a 'a%?f:c.griWA mg el ;or?h_scka er
ered regions appear to be flat. ing experiments alone is very difficult. An absolute thickness

Growing Co at a substrate temperature of 540 K gives alibfation, which only the STM can .provide,_ is required.
completely new surface morphologfig. 8c)]. We find a h? mfluencg of t'he growth rate on film quallty and mag-
flat and almost island free surface. Co was proposed to dii;-?etIC properties will be described in a forthcoming publica-
fuse into the Cu at a temperature of 67G'KHeating a 3 AL
Co film up to 490 K resulted in a layer with a few big hdfés
but with an arrangement of Co islands being similar to the
room temperature grown layer. The gquestion that arises We thank C. H. Back and C. Wsch for the CMA mea-
therefore is: Do we see a perfect Co layer or Cu covered Ceurements displayed in Fig. 5, R. Allenspach and W. Weber
in Fig. 8c)? for the stepped Cu crystal, and all of them for many stimu-

An identical amount of Co was deposited for the layerslating discussions. Financial support from the Swiss National
shown in Fig. 8. Consequently the Auger peak ratio for CoFond is gratefully acknowledged.

In conclusion, STM imaging shows that the quality of the
er-by-layer growth of Co on a flat @01) surface is
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