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W. L. Ling and Z. Q. Qiu
Department of Physics, University of California, Berkeley, California 94720

O. Takeuchf; D. F. Ogletree, and M. Salmeron
Materials Sciences Division, Lawrence Berkeley National Laboratory, University of California, Berkeley, California 94720
(Received 19 April 2000; published 15 December 2000

It was found that atomically flat G10) films could be grown on Qd.10) using O as a surfactant. To obtain
detailed knowledge on the effect of O on the growth, as well as on the magnetic properties of Co overlayer, we
carried out an investigation on this system using Auger electron spectroscopy, low-energy electron diffraction,
surface magneto-optic Kerr effe(@MOKE), and scanning tunneling microscopy. With O as a surfactant, the
initial growth of Co (<1 ML) results in a flat monolayer structure. When the Co is thicker than 1 ML,
three-dimensional clusters begin to form. These clusters become ordered islands at 3 ML Co and coalesce at
~5 ML Co. Above 5 ML Co, layer-by-layer growth resumes. No significant Cu segregation is observed.
SMOKE studies at room temperature show that the Co film is magnetic abbvéL Co, with the magne-
tization easy axis along tH@01] direction. On the other hand, without using oxygen as a surfactant, Co grows
three-dimensionally on Gu10). The Co overlayer has its easy magnetization axis alondia®# direction,
but the onset of the magnetization was observed at 11 ML Co at room temperature.
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I. INTRODUCTION by low-energy electron diffractioLEED) and scanning tun-
neling microscopySTM), which revealed anisotropic island
Col/Cu heterostructures have attracted significant interegirowth leading to anisotropically relaxed strafr>
since the discovery of oscillatory magnetic interlayer Theoretical works have also been carried out for this sys-
couplind- and the giant magnetoresistan(r(éMR).z Many tem. First-principles calculations using full-potential
magnetic properties, such as interlayer coupling, GMR, Culinearized—augmented-plane wave method _pred_icts that the
rie temperature Tc), and magnetic anisotropy, etc., have €asy axis for a m%nolayer fcc @O film lies in-plane
been intensively investigated and were found to have &10nd the[1-10] axis®®and a realistic tight-binding model for

strong dependence on the interfacial property and the filnfcC (110 Co slabs gives forth to an in-plane magnetization
quality>~” Compared to the many studies of Co grown on©' direction varying with slab thicknes$.A more recent

theoretical work, using the spin-polarized relativistic linear
Cu(100 and Cu11l), less effort has been rr_1ade on the CO/muffin—tin orbital (SPR-LMTO method, yields results that
Cu11lQ system because of the three-dimensio8D) oo o match experimental resdftsThe uniaxial
growth nature on the low-symmetft10) surface® On the y P '

ther hand. the | " ¢ i in-ol strains not only induce large uniaxial and planar magneto-
other hand, the low-symmelry surtace generales an in-plang, ;e anisotropies, but can also act to suppress the cubic

magnetic anisotropywhich can be used to address a num-yca Nonetheless, the MCA constali from these calcu-
ber of f(l)mdamental issues in low-dimensional magnetiqaions remains more or less constant within the misfit iso-
systems? For example, th€110) orientation allows differ- tropic in-plane strains that are possibly in the fcc(Tko)
entiation between cubic and uniaxial anisotropy contribu+iims on Cu110 (0-29%. No abrupt transformation around
tions due to different symmetry axBsince the(110 plane 59 A layer thickness was found. The suppression observed in
contains the three major symmetry axgs+1], [001], and  the experiment may therefore be due to the change in the
[1-10l—a study of the magnetic properties of this systemgrowth pattern, instead of the increase in the isotropic in-
further provides us with the opportunity of manipulating the plane strain. As considerable Co-Cu intermixing is present in
magnetization direction along different crystal axes. In fact, &his system, the discrepancy may also have come from the
sudden breakdown of magnetocrystalline anisotrdgdZA) interaction between Co and GWhile the Co-Cu interaction
occurs for Co films below 50 ARef. 11 on Cu110 and the  was ignored in the SPR-LMTO calculations, there has been
easy magnetization axis lies in-plane along tf@01] evidence showing that it may play a significant role in the
direction**3 More interestingly, a switch of the easy mag- in-plane MCA%*° This problem would be simplified and
netization axis with a slight dose of CO from tf@1] to the  better understood if the 3D growth mode and Co-Cu inter-
[1-10] direction was recently observed and can be reversecthixing in the Co/C@110 system could be circumvented.
by depositing a submonolayer of CtA large part of the Therefore, it is highly desirable to attain a flat Co(C10)
observed magnetic anisotropy behavior is attributed to théilm experimentally in order to gain a thorough understand-
strain and morphology of the film. This has been investigatedng of the magnetic anisotropy in this system.
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A recent study applying helium scattering oscillations Thick Co
showed that using oxygen as a surfactant leads to atomically 0-30 ML Co wedge
flat Co(110 films grown on C110.2° Our STM results H
demonstrated that a well-ordered two-dimensional surface Cu(110)

initially forms at 1 ML Co coverage on the saturated _

Cu{2x1)0 surface?* which may play a role in the subse- FIG. 1. Schematic of the Co wedge sgmple grown for LEED,
quent growth. On the other hand, it has been reported th!,ﬁHEED, and SMOKE measqrements. A thick Co.f.llm was grown at
dosing oxygen destroys the magnetism of Co fithighere-  he end of the wedge to register the wedge position.

fore, it would be very useful to have a comprehensive Stuo%urpose of wedge registration using SMOKE. Figure 1
of the effect of an oxygen surfactant on the growth and maggnows a schematic drawing of the sample. For comparison,
netic properties of Co grown on CLLO. In this paper, We \ye ais0 prepared a sample of the same Co wedge grown on
present such a study of the 0-30 ML range of Co films, ¢lean C@10) crystal under identical conditions with sub-
grown at~350 K on the Cu2x1)O surface, compared with  gyrate temperature of 350 K, except for the oxygen treatment.
Co films in the same thickness range grown under the same gy ctural properties of the films were characterized by
conditions on the bare €10 surface. Structural properties AES, LEED, RHEED, and STM at room temperature. LEED
were obtained using low-energy electron diffractit&EED), 59 RHEED measurements were performed along the Co
reflection high energy electron diffractidRHEED), Auger \yeqdge for different Co thickness. For STM studies, uniform
electron spectroscopAES), and scanning tunneling micros- ¢q films were grown due to the finite scanning range of the
copy (STM). Surface magneto-optical Kerr effdGMOKE) s\ an etched Pt-Rh alloy tip was used for imaging. Im-
was used to measure the magnetic properties. We found thé@es shown in this paper are topographic images taken at
the oxygen surfactant resulted in an initial 3D growth be-constant tunneling current with the tip biased. The STM ex-
tween 1 ML Co and~5 ML Co, and then led to a quasi- parimental details are further discussed in an earlier paper
layer-by-layer growth unti~25 ML, when the lattice misfit describing the first monolayer growth of Co on the
started to relax the strain of the film. The resulting film Wasc(110-(2x1)0 surfacé

frge of. Cu, with the oxygen floating on top. In agreement  gNvOKE measurements  were performed on the Co
with this outcome, SMOKE at room temperature shows anyeqges at room temperature. A He-Ne laser was used as the
onset of magnetic order at5 ML Co. In contrast, Co film jight source for the SMOKE experiments. The incident beam
grown on bare C110 with the same growth conditions ;a5 polarized and was at an angle of incidence of 45°. Two
showed 3D growth and room-temperature onset of magnethairs of electromagnets generated a magnetic field either per-

zation occurred at-11 ML Co. pendicular or parallel to the film surface so that both polar
and longitudinal hysteresis loops could be obtained without
Il. EXPERIMENT having to move the sample. The intensity of the reflected

beam from the sample surface was measured with a photo-

The experiments were performed on a(Cl0 substrate diode as a function of the applied magnetic field. A 1/4
in an ultrahigh vacuuniUHV) system equipped with quad- waveplate and a polarizer were placed in front of the photo-
rupole mass spectromet¢éQMS), LEED, RHEED, AES, diode, with the polarizer 1° away from the extinction. For all
STM, and SMOKE. The pressure of the system was in thehe films measured in this work, magnetization was in the
10" °Torr range and rose into the low 1®Torr range dur- plane of the film as no polar remenance was detected. Hence,
ing the Co film growth. Co was evaporated from an aluminaall hysteresis loops shown in this paper are from longitudinal
crucible wrapped with a tungsten filament while the evapo-measurement. By rotating the sample, longitudinal magneti-
ration rate was monitored by a quartz crystal oscillator lo-zation could be made along both tf@01] and[1-10] direc-
cated near the Cu crystal. The typical Co evaporation ratéons.
was~0.5-0.8 ML/min, corresponding to a crucible tempera-
ture of ~1000 °C. Ill. RESULTS AND DISCUSSION

The CY110 substrate was cleaned in vacuum with Ar ion
sputtering and annealing cycles until a sharp<@) LEED A. AES
pattern was observed. Surface cleanliness was checked by AES results on the growth of Co on the @0)-(2x1)O
AES. After cleaning, the surface was exposed~th0 L of  surface were reported in an earlier papeflo make this
oxygen at a temperature of 600 K to form the paper self-contained, we summarize here the AES results in
Cu(110-(2x1)0O surfacé>?*The substrate was then cooled Fig. 2. The oxygen peak intensity was nearly invariant as a
for about 10 min in 510 & Torr oxygen atmosphere. Sub- function of the Co layer thickness, showing that oxygen
sequently the Co overlayer, either as a flat uniform film or aserved as a surfactant in this system, i.e., the oxygen atoms
a wedge, was grown on top of the @a0)-(2x1)O structure  remained at the top of the film as Co thickness increases.
at a substrate temperature of 350 K. The wedge was creatétihile Co AES signals increased with Co thickness, Cu AES
by translating the substrate at a constant speed behind a kniéignals decreased to approach zero. This result shows that
edge shutter and the slope of the wedge was determined lexcept perhaps during the first or second monolayers, little or
the evaporation rate together with the sample moving speeto alloying or segregation occurred in this system. This is
A typical wedge had a slope et6 ML/mm. At the end of contrary to the strong agglomeration and/or segregation of
the wedge, a thick Co layér-40-50 ML) was grown for the  Cu atoms for Co grown on clean Cii0).2
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SMOKE measurements were done from 0 to 30 ML of Co 500 o 500 500 o 500
along the wedge grown on the A.0)-(2x1)0 surface. Fig- H (Oe)

ure 3 shows the longitudinal hysteresis loops of Co films at

various thickness with the magnetic field applied along the FIG. 4. Longitudinal SMOKE loops with applied magnetic field
[001] and[1-10Q] crystal axes, respectively. The magnetic re-along the[001] and[1-10] directions for Co films of various thick-
manence onset appears-ab ML Co. Since the SMOKE nesses grown on clean (10). The onset magnetization is atl1
measurements were taken at room temperature, the disalgl Co, and the easy axis is along th@01] direction.

pearance of the magnetization below 5 ML Co could be due

to a drop in the Curie temperature to below room temperameasurements for Co films grown on clean(Tif) and their
ture or a superparamagnetic regime with a blocking temperagcyral characterization by LEED and STidee discus-
ture lower than the room temperature. As 5 ML Co is thegjons |ater in this papesupport the assertion that the disap-
thickness where the transition of 3D to layer-by-layer growthpearance of the magnetization below 4 ML Co is due to the

occurs f_rom the He diffraction experimeftit is I|kely that superparamagnetic nature of ensembles of Co islands, whose
the Co islands below 5 ML are superparamagnetic and 2'§ize is too small to give a blocking temperature higher than
too small to give a blocking temperature higher than room 9 9 P g

temperature. Above 5 ML, the Co islands coalesce into jhe room temperature. Another indirect evidence is that Co

continuous film so that nonzero magnetic remanence a iims grown on C@00J) have a Curie temperature higher

pears. Although we have no rigorous proof of this, magnetiéhan room te_mperature ab‘?"ez N_IL Co, an_d the Curie
temperature increases rapidly with Co thickngss200

K/ML).2* Based on this fact, it would be surprising if the
H // [001] H// [1-10] disappearance of the magnetic remanence near 5 ML of Co
on CU110-(2x1)O were due to a Curie temperature below
room temperature.
Figure 3 also shows the anisotropic behavior of the hys-
teresis loops. The full magnetic remanence for magnetic field
applied along thg001] direction and zero remanence for
field along the[1-10] direction show that the easy magneti-
SOML zation direction is along th001] direction. In the following,
__C]— we shall examine the cause of this magnetic anisotropy.
First, volume magnetic anisotropy, which is the lowest order
JOML‘W of magnetic anisotropy in bulk materials, could give rise to
an easy axis at some angle between [b@l] and [1-10]
directions. However, noting that fcc Co/@01) films show

| L L | in-plane magnetization with the easy mggnetization axis
S0 0 s 7 300 o 500 along the[1-10] rather than th¢100] directiorf® and that

H (Oe) _(001) fcc film does not carry in-plane uniaxial magnetic an-

isotropy, the volume anisotropy of fcc Co should not be re-

FIG. 3. Longitudinal SMOKE loops with applied magnetic field SPonsible for the observe@01] easy magnetization axis in
along the[001] and[1-10] directions for Co films of various thick- the Co/C110-(2x1)O system. Second, uniaxial anisotropy
nesses grown on (Ij]JlO) with O as a surfactant. The onset magne- could be generated in these thin films by symmetry breaking
tization is at~ 5 ML Co, and the easy axis is along th@01]  at the surface or by strain. For tli£10) surface, in particu-
direction. lar, the twofold rotational symmetry could result in an in-

TS ML
LT ML

Kerr intensity (arb. units)
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FIG. 5. Magnetic remanence of Co films grown on(C10) (a)
with and(b) without O surfactant as a function of Co film thickness,
with magnetic field applied along tH€01] direction at room tem-
perature. The two graphs are on the same scale—note the differenc  8-11 ML Co 18-21 ML Co 27-30 ML Co
in the slopes of the two curves. A magnetic signal is detected start:(a)
ing from a much lower Co thickness for the film grown with O as a
surfactant.

plane uniaxial anisotropy. We believe that the observed in-
plane uniaxial magnetic anisotropy is due to this symmetry
breaking.

For comparison, SMOKE measurements were also per-
formed on the Co films grown on the clean(CLO surface
without using oxygen surfactant. The hysteresis loops at
various Co thicknesses are shown in Fig. 4. As in Fig. 3, the
easy magnetization axis is along tf@01] direction. How-
ever, in this case, the onset of the magnetic Kerr signal ap-
peared at-11 ML of Co. To better view the difference in the
onset magnetization, we plotted the magnetic remanence i
Fig. 5 as a function of Co film thickness for Co on
Cu(110-(2x1)O and clean C(d.10), respectively. Note that
the slopes of the two curves are different. The comparable ~ 10ML Co 20MLCo
SMOKE signals of the films with and without oxygen sur- (0)
factant at~30 ML Co, and the fact that Fig.(B) is not a _ . o
simple shift of Fig. %a) by ~11 ML indicate that the first 11 FIC_S. 6. (a) Evolution of LEED pattern for Co film with increas-
ML Co grown on clean C(110 is not magnetically dead for ing thickness grown on Q10 with O as a surfactant. The elec-
thicker films and that the disappearance of the magnetic rdfo" beam energy was 104.8 eV. 0 ML Co corresponds to the
manence at 10 ML Co is due to superparamagnetism with glarting Cu110-(2x1)0 surface. A weak (¥2) Pe”Od'c.'ty ap-
blocking temperature below room temperature. The dramatif®ars at 1 ML Co. The LEED pattern becomes increasingly broad
difference in the onset magnetization shows that the oxygeanOI diffuse until5 ML Co, at which point only the primary spots

factant h ianificant effect . ina th lit re visible. Above 5 ML Co, the pattern resharpens, with new spots
surfactant has a significant efiect on improving the quality o corresponding to 2 and 3x periodicities along thé1-10] direc-

the Co film. Next we will discuss the effect of the oxygen tion. (b) RHEED patterns reproduce the information extracted from
surfactant on the growth of Co on Q0. LEED. The electron beam is parallel to tf@01] direction.

2ML Co SML Co

29ML Co

sity increased due to diffuse scattering. In addition to(the
C. LEED and RHEED 1/2) order LEED spots corresponding to theX2) recon-

LEED and RHEED studies were done on the wedgedstruction, new(1/2, _) spots could be seen. The diffuse back-
samples grown on Gli10-(2X1)O and clean C{110 sur-  ground indicates that the surface had become rougher and
faces, respectively. The energy of the electron was 105 eWas less well ordered. The diffuse background of the LEED
for LEED and the electron beam averaged over a thicknesgattern increased in intensity with increasing Co thickness
range of~4 ML on the wedge due to the finite width of the until 3—-6 ML Co coverage, at which point only the substrate
LEED beam. RHEED patterns were taken with a 10 keVspots remained visible. Beyond5 ML Co, coinciding with
electron beam parallel to tH€01] direction. The LEED and the onset of magnetization in Fig. 3, the LEED background
RHEED results are summarized in Figs. 6 and 7. dropped. Moreover, streaking developed alphgl0] direc-

Figure Ga) shows the LEED patterns for Co films grown tion with faint spots half way and a third of the way between
on CY110-(2X1)-O surface. The sharpness and brightnesshe substrate spots. A 1) structure was reported by
of the LEED pattern for the G@10-(2x1)-O surface indi- Tolkes et al. for 9.7 ML Co film in this systen®?% but no
cated a well-ordered and smooth starting surface for growthsurface structure giving rise tQ_, 1/2) spots has been re-
After 0—3 ML Co deposition, the LEED background inten- ported previously. For Co film thicker than 20 ML, spots
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thickness are shown in Fig.(@. Co grew epitaxially but
without additional long range order, as indicated by the
p(1x1) pattern. The broad spots and diffuse background
suggest poor surface ordering. As Co thickness increased, the
background intensity increased. Concurrently, the primary
spots became weaker and broader, and faint streaks devel-
oped along both thE001] and[1-10] directions. Some weak
[1-10] spots were barely visible along the streaks showing weak

T_,[()Ol] surface reconstruction. These patterns are different from
those reported in Ref. 12. Islands elongated in [thelO]
(Ref. 12 or the[100] (Ref. 15 direction have been observed
for Co grown on clean GQd10 at room temperature. Such
elongation could have come from anisotropic diffusion or
from growth at off-normal incidence, in which case the as-
pect ratio depends sensitively on the substrate temper&ture.
The different LEED patterns we obtained may be due to the
higher substrate temperature in our experiments. The
RHEED patterndFig. 7(b)] for this sample show that the
streaks broke into spots, further confirming the poor ordering
in the growth. This result is consistent with 3D growth which
was suggested by the fact that the onset of magnetization in
Co/CU110 occurred at a much higher thickness than the
Co/CuU110-(2x1)O system.

We will now summarize the structure and morphology of
the Co films grown on the Cu-O surface and the bare Cu
surface from the LEED and RHEED results. Above 5 ML,
Co films grown on the Cu-O surface were pseudomorphic
with an ordered reconstructed surface. In contrast, Co films

6 ML Co 15 ML Co grown on clean C{110 showed poor ordering throughout
(b) the thickness range. The oxygen surfactant thus significantly
improved the quality of the Co film grown on CLLO).

10 ML Co

20 ML Co

FIG. 7. (a) Evolution of LEED pattern for Co film with increas-
ing thickness grown on clean CLLO. The electron beam energy
was 105.4 eV. Co grows pseudomorphically, as indicated by the D. ST™M
p(1x1) pattern. However, in contrast with the Co films grown  Ag suggested in the LEED and RHEED section above, the
with O as a surfactar_lt, the broad spots an(_j diffused backgro_unﬁrst monolayer growth of Co on the CLLO-(2X1)O sur-
show that the growth is 3D throughout the thickness range studieq, o inyolved extensive reconstruction of the surface. This
Faint streaks, as well as spots showing weak surface reconstructiofj,g heen confirmed by our earlier STM studies in this thick-
are also visible for. Co films of higher thickne¢s20 ML). . ) ness regimé.1 We will briefly summarize our STM results of
RHEED patterns with the electron beam parallel to[ib@1] direc- . . - R
tion agree with the results from LEED. the first monolayer Co growth in the following. The initial

Cu(110-(2x1)-O structure consists of Cu-O chains along

along the[1-10] direction became more visible but the sub- the[001] direction. Cu atoms along these chains are located
strate spots broadened. At30 ML Co coverage, th@(1 in the same positions as on the (CLO surface, but the
X 1) spots were visibly broader and more diffuse. separation distance between adjacent Cu-O chains is twice

The information extracted from LEED was generally re-the Cu lattice spacing along the-10] direction. This surface
produced in the RHEED studigsee Fig. €)]. The sharp structure gives the (1) LEED pattern in Fig. @&). At low
RHEED streaks for the Cu-O surface indicated a good qual€o coveragg<0.25 ML), Co atoms on the G@10)-(2x1)O
ity surface. After 1 ML of Co, the surface became rough andsurface exchange with the Cu atoms in the Cu-O chains to
disordered, as indicated by the broadened RHEED streakerm an alloyed CuCd2x1)-O structure. The displaced Cu
and diffuse background. The ¥1) reconstruction from the atoms and additional Co atoms combine with oxygen atoms
original Cu-O surface had disintegrated and the crystallinityto form islands with the same CuG@ax1)-O structure. The
of the surface was poor. This persisted up to 5 ML of Co.surface then consists of islands scattered over the original flat
Above this thickness, the surface began to re-establish ordasurface, with the alloyed CuC@Xx1)-O structure on the top
and 3X and 2x periodicities along th¢1-10] direction ap- layer. Starting from 0.25 ML Co coverage, a new structure
pear. At 20 ML Co, the X periodicity seemed to be preva- starts to form, which consists of CoCuO rows running along
lent while at 30 ML Co, the X periodicity appears to be the[1-10] direction. These rows have an internal periodicity
dominant on the surface. twice the Cu lattice spacing along tfi#-10] direction and

Co films grown on a clean Qu10) surface showed very adjacent rows are separated by two Cu lattice spacings along
different results. LEED patterns for Co films of various the [001] direction. The corrugation between adjacent rows,
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[1-10] LT
‘ [1-10]
[001] ' 4
- [001]
FIG. 8. 350 A< 350 A image of 1.7 ML Co on Q.10 with O FIG. 10. 1000 A< 1000 A image of 5 ML Co on G.10) with
as a surfactant. The tunneling current was 0.03 nA and the tip bia® as a surfactant. The tunneling current was 0.1 nA and the bias
voltage was—0.5 V. 3D clusters have covered the surface. voltage was 0.9 V. The islands start to coalesce to form a continu-
ous film.

however, is randomly in-phase or out-of-phase, i.e., the re-
sulting structure is short-ranged and consists of randomlyorrugation across the rows was0.27 A but periodicity
mixed (2xX2) andc(2x4) domains. This new structure is along the rows could not be resolved. Since these islands
responsible for the additional LEED spots along f881]  were nucleated randomly at the surface, no obvious phase
direction observed in the 0-3 ML Co LEED pictufBig.  relations existed between neighboring islands. The region
6(a)]. between the islands was still covered by the monolayer struc-
Between 1-5 ML Co coverage, the growth becomesure at 1 ML.
3D. 3D clusters start growing on the monolayer structure With further Co deposition, the islands grew laterally in
beyond 1 ML Co. An STM image at this stage is shown insize and started to merge-ab ML of Co coveragéFig. 10.
Fig. 8, which was taken at 1.7 ML Co deposition. ClustersMeanwhile, the surface of the fiim developed a
had covered almost the whole lower surface with the heightcheckerboard”-like pattern, but retained the same types of
of the clusters ranging from 0.85-4.25 A. At3 ML Co  structure as those at 3 ML Co. The height of most of the
deposition(Fig. 9), the clusters had grown into rectangular islands seen in Fig. 10 was 6 ML, with a few being 8 ML.
islands of dimensions-45 A along the[001] direction and  The center-to-center distance between these islands was still
~30 A along the[1-10] direction, with a center-to-center ~55 A. Nonetheless, due to the lateral growth of the islands,
separation of~55 A. Their height ranged from 2 ML above the space among the islands was greatly reduced compared
the (2x2) surface for smaller islands to 6 ML high for to that in the 3 ML Co film. We believe that it is the coales-
larger islands, with~5 ML the most common height. The cence of these flat islands that sharpens the LEED spots for
formation of these clusters and islands explains the diffuse€o coverage above 5 ML and locks the super-paramagnetism
LEED background in this thickness range. As for the surfacef the islands to give an onset Kerr signal. Beyond 5 ML Co,
of these islands, areas with different types of structure werenost of the islands had coalesced into a continuous film that
observed. The most prominent type was &( row struc- increased in thickness. Figure 11 shows an STM image with
ture with rows running along tH®01] direction. These rows 10 ML of Co coverage. The variation in height across the
had inter-row spacing three times the Cu lattice spacingsilm surface was only-2—3 ML, indicating the formation of

FIG. 9. 450 Ax 450 A image of 3 ML Co on C{1.10) with O as FIG. 11. 500 Ax500 A image of 10 ML Co on G110 with O
a surfactant. The tunneling current was 0.48 nA and the bias voltagas a surfactant. The tunneling current was 0.04 nA and the bias
was —2 V. The 3D clusters have transformed into rectangular is-voltage was—0.2 V. (3X1) patches can be identified in some
lands with surface structure. areas.
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BF 50 A

[1-10 % 5 vy
[001] & ’; ‘:, ‘

FIG. 12. 300 Ax300 A image of 19 ML Co on Cd10 with O
as a surfactant. The tunneling current was 0.5 nA and the bia
voltage was—1.6 V. (3X1) patches are more clearly visible.

a flat film that is in agreement with the He diffraction
results?® The surface at this stage consists mostly of (3
X 1) patches, which were about25 A along the[1-10]
direction and ~65 A along the[001] direction. These
patches came from the individual islands before coalescenc
Because of the random phases between the patches, the
X 1) structure was only barely visible in the 10 ML Co

FIG. 14. 400 A< 400 A image of 19 ML Co on 010 with O
as a surfactant, after exposure to 0.6 L of oxygen. The tunneling
current was 0.7 nA and the bias voltage wak.1 V. The area with
3% 1) reconstruction has substantially increased. Moreover, the
%' ttom of the holes can now be resolved and the holes also have the
1) structure after oxygen dosage.

LEED pattern. The numerous antiphase boundaries among The system continued this quasi-layer-by-layer growth

these islands contributed to the streaking in[the.0] direc-

until the film relaxed from the stress accumulated due to the

tion in the LEED patterns of this thickness range. Among thgattice misfit. Figure 13 shows the surface of the film with 24
patches, there were regions that were not well resolved, agL. Co. A number of edge dislocations along the-10]
well as holes that were-3—6 ML deeper than the surface. direction could be seen. Since the miscut angle of this crystal

(This is discussed in more detail later in this sectiéiurther

was close to th¢l-10] axis, the steps on the crystal surface

increasing the Co coverage did not change the surface momight have contributed to releasing the stress in [(D@&l]

phology compared to the 10 ML Co film, but the X3)
patches had noticeably increased in size alond @0d] di-

direction.
We will now discuss the regions not covered by the (3

rection, giving a clear (% 1) LEED pattern in this thickness 1) structure in the STM images. These regions consisted
range. Figure 12 shows an STM image of the film with 190f areas that were less well ordered and also holes that were

ML Co.

[1-10]

[001]

FIG. 13. 2000 A< 2000 A image of 24 ML Co on Q10 with

several monolayers deeper than the surface. The less well-
ordered areas consisted of short pieces separated by two lat-
tice spacings in th€l1-10] direction. The length and separa-
tion distance of these pieces along [B81] direction varied,

but were mostly about two lattice spacings. These areas were
highly dynamic and features were observed to shift position
between STM scans. The holes were first observed &t

ML Co coverage(upper right corner of Fig. ) In Fig. 11,

with 10 ML Co coverage, the holes were30 A in size.
They were almost square in shape, but were slightly elon-
gated along th¢001] direction and~3—6 ML deeper than

the surface. The structure at the bottom of the hole was not
resolved. We speculate that the formation of these regions is
associated with the balance of oxygen and cobalt content on
the surface. Ties et al. reported that the (8 1) structure
contains two oxygen atoms per unit c&lwhich is more
than the oxygen content in the ¥2L) of the original Cu-O
surface and the (2 2) structure at 1 ML Co. Transformation

to the (3x1) structure would therefore result in oxygen de-
ficiency. We believe that the less well-ordered regions and
the holes were the oxygen-deficient areas. To test this, we

O surfactant. The tunneling current was 0.1 nA and the bias voltagéeaked oxyger(0.6 L) into the UHV system while imaging

was 1.4 V. A number of edge dislocatiofi;es along the1-10]
direction are formed to relax the strain of the film.

the 19 ML Co film. Figure 14 shows an area of the surface
away from the shadow of the tip during oxygen exposure.
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The area covered by the ¥3l) structure had clearly in- Cu(110. No Cu segregation was observed in the oxygen-
creased. Moreover, the depth of the holes had decreasedsisted growth film. The difference in film quality affected
from ~3—4 ML to ~2 ML with the (3X 1) structure appear- the magnetic properties of the Co films. Although Co films
ing at the base. The additional oxygen had converted thgrown with and without oxygen had the same easy axis
oxygen-deficient area into the oxygen-richx(3) structure along the[001] direction, the onset of magnetization at room
and resulted in a flatter and more homogeneous film. temperature occurred at different thickness: Co films grown
The STM results above agreed in general with the LEEDon clean C(110) had onset magnetization at 11 ML of Co,
and RHEED results. 3D clusters were formed after 1 ML Cowhile the use of an oxygen surfactant reduced the onset mag-
was deposited. The clusters turned into small ordered island®etization thickness to 5 ML Co, where the 3D islands coa-
at ~3 ML Co, which coalesced at5 ML Co. Quasi-layer- lesced into a continuous film. Our STM study revealed that
by-layer growth took place above this thickness. The surfacéhe smoothing of the Co film by the oxygen surfactant was
was composed of (81) domains, together with some ill- associated with various surface reconstructions at different
defined area and had an average roughness of about thriféckness regimes, which most likely lowered the surface
monolayers. Above 20 ML Co, edge dislocations form toenergy of the film.
relax the strain of the film. STM studies of Co film grown on
clean Cy110) at room temperature has been reported in the
literature and anisotropic 3D islands have been fotfrid. ACKNOWLEDGMENTS
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