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Scanning tunneling spectroscopy on Co(0001):
Spectroscopic signature of stacking faults and dislocation lines
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The growth morphology and electronic structure of @®1) grown on W110) are studied using scanning
tunneling microscopy and scanning tunneling spectros¢Spy) at T=6 K. Depending on growth conditions,
continuous Co films or Co islands on top of a wetting layer are formed. Within the continuous films, disloca-
tion lines appear and increase in density after annealing. Co islands and films eihibitcurves with a
pronounced peak at —0.3 eV below the Fermi energy. The intensity of this peak is changing in different areas
of the surface. Using monolayer high islands with a different shape deposited on the same Co layer we attribute
the different intensity to a different stacking of the Co surface. The change in intensity is reproduced by
first-principles electronic structure calculations, which reveal that the peak is caused;py,alike surface
resonance of a minority-spin character more strongly coupled to the bulk states in the case(ABALp
stacking than in the case of f¢ABC) stacking. An increased STS intensity of the surface resonance was also
found above dislocation lines located at the Co/W interface.
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I. INTRODUCTION state of a minority-spin character. This is in accordance with

Nowadays there is an increasing interest in layered magt-he i_nterpretation of the photoemisgion results. A similar con-
netic thin-film structures because they exhibit effects such a§Usion is d{g‘W“ from the analysis of the STS results by
the giant magneto resistance or the funneling magneto resi$kunoet al.= However, both papers imply that the peak in
tance usable in data storage devit&o is often used as a STS originates from ds,2_2-like surface state at thié point,
ferromagnetic material in such structures, in particular forwhile photoemission calculations by Braghal 22 imply that
model system$:6 It is well known that the performance of the photoemission peak originates frahvstates away from
the model system depends crucially on the electronic states.
at the Co interface. Thus, the knowledge about interface de- Here we present the first STS study of Co of1W0). We
fects such as stacking faults is important. found different Co morphologies as continuous films or is-

Indeed, it has been shown recently by Vazques de Pargands depending on preparation conditions, but on each sys-
et al’ using scanning tunneling spectroscop$TS on  tem we observed distinct regions which we identified as
Co/Cu111) that the electronic structure of the @O0D sur-  stacking faults. Moreover, we found a peak in STS at
face depends sensitively on stacking. Nevertheless the speep.3 eV, similar to the one which was measured on the
troscopic results are contradictory to other STS measureo/Cu111) systenf-1°This peak turned out to be sensitive
ments by Pietzsclet al,® Diekhoneret al,® and Okunoet  to the stacking at the continuous film or island surface as
al.l% One possible explanation for the discrepancy is an inwell as to dislocation lines within the continuous films. In
termixing of Co and Cu that depends sensitively on theorder to identify the origin of the peak we performed first-
preparation process:'? A way to circumvent this effect is principles electronic structure calculations. They help to as-
the use of a W110) substrate which excludes any intermix- sign the peak to a surfacesonancewith a minority-spin
ing. Nevertheless, the electronic properties of C¢1%¢)  character being mainlgl,2_2-like. But, in contrast to previ-
have only been investigated by spatially averaging techOUs result$;%the corresponding states are located in a ring-
niques where stacking fault effects are not detect&bfé. like region off from the I' point at a distance of approxi-

Apart from the question of the influence of stacking, theremately 0.4 A%, and not afl". Importantly, it turned out that
are also contradictory results concerning the surface-relatehe surface resonance is coupled more weakly to lallk
states of C@00]) itself. Early angle resolved photoelectron states for fcc stacking than for hcp stacking. This leads to a
spectroscopy(ARUPS measurements claimed ap-like higher localization of the surface resonance in the surface
surface state at —0.3 eV with respect to the Fermi en@&gly, layer for fcc stacking and, respectively, to a 20% larger
which was later ascribed toda,2_2-like state’®> Some of the ~vacuum density of states being detectable by STS. In turn,
recent STS experiments confirm the existence of this state b€ ds2—2-like surface resonance at -0.3 eV can be used to
showing a peak at —0.31 eV or at a slightly different energyspectroscopically identify the local stacking of (0002).

-0.43 eV&10n contrast, Vazques de Parghal. found no
spectroscopic features beldwy. Il. EXPERIMENTAL DETAILS

Using first-principle calculations, Diekhonet al® as- All experiments were performed in two different UHV
signed the STS peak below the Fermi energy th,a»>-like  systems described elsewhéfe?® One was used for room
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temperaturgRT) scanning tunneling microscog$TM) and Co[1120]
STS?425the other for STM/STS af=6 K.?3 The base pres- W[001] O W
sure of both systems is in the T&mbar range. We used 1 e Co

either ex situmechanically sharpened PtIr or electrochemi-
cally etched W tips, both prepared afterwards by field emis-
sion in UHV. Two different W110) single crystals with an
average terrace width o&£10 nm and=200 nm, respec-
tively, were used as substrates. They were cleaned by re-
peated cycles of heating @=1500 K in an oxygen atmo-
sphere of 5<10" mbar and subsequent flashing to
2500 K28 After this preparation, both crystals gave a sharp
(1X1) low-energy electron diffractiodLEED) pattern. Sev-
eral monolayerML) thick Co films were deposited at RT
with ane-beam evaporator at a rate of 0.1-0.2 ML/min. Dur-
ing deposition the pressure remained below 2071° mbar.
The rate was calibrated by STM images of films with a thick-
ness below 0.5 ML that are known to grow pseudomorphi-
cally on the W substrate:*>27-30This results in a relative

Co[1100]
W[110]
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i
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*—

E—
)

accuracy better than 20%. In the following, the notation of ¢
1 ML corresponds to the equivalent of one pseudomorphic
layer of Co on W110). Films thicker than 1 ML were sub- ©

Seqqently thermally annealed for 10 min at temperatu'res FIG. 1. Diagram showing the unit cells of the W and the Co
ranging from_400—600 K. The temperature was prellmlnarllysurface oriented according to the Nishiyama-Wassermann orienta-
calibrated with a thermocouple attached to the tungstefyn 4 andb denote the diagonal lengths of the unit cells of W
sample holder to which the W10 crystal is mounted via (solid lineg and Co(dashed linek respectively, weré=x points in
.tungsten wires. This leads to an accuracy of £15 K for heatfhe [110] direction andi=y points in the[001] direction of the
ing in the RT-STM system. W(110) substrate.

STM images were recorded in the constant-current mode

at a stabilizing curre with the bias voltag&/q..,applied . L . . :
to the samplg(“cons?erxﬁ?current image” Thg vsttaar?cicgllj and 9rows in the Nishiyama-Wassermann orientation, which

lateral sensitivity of the tube scanner was calibrated ofn€ans that the G000 plane is paraliel to the V110
monoatomic steps of the W10 substrate and on the unit Plane and C$1120]||W[001]. A comparison of the unit cells
cell of the INAg110) surface’! respectively, leading to an of bulk W and bulk Co aligned accordingly is shown in
accuracy of better than 5%. Most images are raw data, exFig. 1. The diagonal lengths of the unit cells are given
cept that a plane has been substracted to compensate foy a,"=3.165 A andasu'kg v2al'*=4.476 A forW and by
misalignment of tip and sample. We enhanced the contrast df"“=2.507 A andb}"*=3b)"*=4.342 A for Co, wherex

some STM images by mixing the constant-current imag&jenotes th¢110] direction andy the [001] direction of the

with its derivative along the fast scan direction. W(110) substraté® In the Co/W110 film, the strain is
To obtain spectroscopic information a small ac modula-gjyen py

tion voltageVyog (v=1.5 kH2 is added toV,, At every
point (x,y) of the image, the tip is stabilized ¥, andl gy _ (b =bMY 1
the feedback is opened, andd&dV(V,x,y) curve is mea- &= pPulk =Y @
sured by the lock-in technique. The resultidy dV(V,X,y) )
signal is a measure of the local density of state80S) of ~ Whereb; now denotes the mean strained value. Up to ap-
the sample surface below the tip apex Wittcorresponding  Proximately 0.5 ML the growth is pseudomorphfewhich
to the electron energy with respect to the Fermi leef2-34 mear?s_sx=3.1% ande,=26.2%. For increasing coverage a
Additionally, the di/dV(V) signal is recorded during transition to a(8x 1) LEED pattern has been observed_. Itis
constant-current images with closed feedback giving a sodenerated by areas of a closed-packed monolayer with per-
calledd!/dV map at an energy corresponding\Mg.;, fect registry in 'Fhex dlrgctlop(sxzia.l%) and a commensu-
rable structure in thg direction, where every fifth adsorbate
row coincides with every fourth substrate rdway=+1%).
IIl. EXPERIMENTAL RESULTS These areas coexist with areas of the pseudomorphic
A. Structural properties monolayer® The (8 X 1) pattern was observed for coverages

up to approximately 2 MLs. Above this coverage, the struc-
ture is slightly changed in thg direction towards a7.1

The growth of Co on WL10) has been investigated X 1) structure leading te,=-1.45%. This structure persists
extensively>1527-2%]though only few studies have been re- up to 10 ML, where the strain in the andy directions as
ported using STM/:3%35Results of importance for this pub- well as in the direction of the surface normal, is found to be
lication will be succinctly reviewed in the following. Co reduced exponentially. The latter is probably caused by the

1. Previous results
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appearance of misfit dislocations at the interfite. ‘e"aces‘"'ﬂlt_h 10nm ‘e"acer{)iﬁhl_?—‘mnm

The described results for films thicker than 1 ML were
obtained for annealing temperatures bel®w500 K, where
two-dimensional growth is predominant. For annealing tem-
peratures above 500 K the film breaks up into three-
dimensional island$27:353sitting on a closed Co wetting
layer3® The three-dimensional island growth probably leads
to smaller strain due to a possible relaxation within each
island.

All reported LEED results do not explicitly distinguish
between hcgABA) and a possible fcCABC) stacking in the
Co films. Though bulk Co is hcp at RT and fcc only above
T~700 K2 thin Co films often show fcc stacking even at
RT:3839 Knoppe et al!® compare photoelectron diffraction
data with calculations for hcp and fcc stacking. This has been
done for a 7 ML and a 12 ML Co film annealed to 450 K,
i.e., in the continuous film growth morphology. The agree-
ment between measurement and calculation favors hcp stack-
ing but the authors cannot exclude that some areas of the
surface are still fcc stacké To our knowledge, there are no
corresponding statements about stacking for the island mor-

phology.
2. Growth modes

Figures 2a)-2(c) show constant-current images of a
3 ML Co film grown on the W crystal with 10 nm terrace
width. The film was annealed at increasing temperature as
indicated in the images. In agreement with previous results
we find two-dimensional growth below500 K with a typi-

cal corrugation of +1 ML as visible in the line profik of ¥ 8 10.ML
Fig. 2d). Three-dimensional island growth is found for %20 i o
higher annealing temperatures as shown in Figb) and °’10 2 8ML
2(c). As obvious from the line profilB in Fig. 2(d) the S 0 ML
H 6.ML
islands are wedge shaped due to the step edges of the under- b5 &5 00D
lying substrate and extended preferentially parallel to the W lateral displacement [nm] lateral displacement [nm|

step edges as reported previougly® The island surface is
atomically flat apart from a height modulation of 0.1 A. It is

g?(;r?éytx:esl\?\llesltgggdg)s.aﬁs\sf?lor:téglgﬁj I\:Nehilglr;r?(gi g;g&ted SOML Co on a W110) _crystal With_ein average teirace width of
. SO ; Il_ nm [(@ and (b) 1=0.3nA, V=-0.3V; (¢) 1=0.2nA, V

the height modulation is induced by the smaller‘étﬁp size oL _q g v: T=300 K)]. (d) Line profiles along the lines andB in
Co(000]) (2.04 A) compared to WL10 (2.24 A. “"PFOr (@) and(c), respectively(e)g) Constant-current images of 10 ML
increasing temperature there are less islands which are pa"&YO on a W110) crystal with an average terrace width of 200 nm.
higher and more extended along the step edges. After annegihe step edges of the W substrate run along the white dashed lines
ing to 500 K [Fig. 2(b)], the largest islands have a lateral [(e) 1=0.6 nA, V=-0.33 V; (f) 1=0.7 nA, V=-0.33V; (g) |
extension of 4x 60 nn? and a height of about 5.5 ML, =0.3 nA,V=1V; T=6 K]. (h) Line profile along the lineC in (e).
while at 570 K[Fig. 2c)] their lateral size is 58 200 nnf  The assigned numbers of MLs have been deduced as described in
and the height is about 6.5 ML. the text. Note that the contrast of the dislocation linegenis

Figures 2e)-2(g) show constant-current images of a reduced with respect t@) and(g) because of a smaller contrast per
10 ML Co film grown on the W crystal with a 200 nm ter- ML.
race width. The film was annealed at different temperatures
below the critical temperature for island growth as indicated.
Again, layer by layer growth is found in this temperature shows a continuous layer where the observable Co steps fol-
range. Obviously the roughness is reduced for increasing amew the steps of the W substrate. To illustrate that, the step
nealing temperature. While five open layers, i.e., layer 6 teedges of the underlying W substrate have been identified by
layer 10, are distinguishable on the film annealed at 350 K athe faint height corrugation mentioned previously and are
can be seen in the line profi@ of Fig. 2(h), only three open marked as white dashed lines in Figge)22(g). Note that
layers are found in the film annealed at 400 K. Moreover, thehe ten pseudomorphic ML Co film contains only 8.5 closed-
lateral extension of the remaining islands is much largepacked MLs if one takes into account the relaxation in the
upon higher annealing. Finally, the film annealed at 450 Kdifferent layers described in Sec. IIl A 1.

FIG. 2. Growth of Co on WL10) at different annealing tempera-
tures as indicated in the imagéa)—-c) Constant-current images of
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3. Dislocation network

As clearly visible in Figs. &) and 2g) the Co terraces
show a periodic zigzag-shaped height modulation consisting
of stripes. The stripes run under an angle ¢7@° +5°) to

the [110] direction of the W110) substrate, which itself is
known from LEED measurements. A closer look at this
structure is presented in the constant-current image of
Fig. 3(@). It reveals that the stripes consist of two protrusions
with different heights, as more clearly visible in the line
profile of Fig. 3b). The higher stripe has a height of
18+7 pm while the shallower one shows a height of only
9+3 pm. The closest distance between shallower and higher
stripes is 5+1 nm and thus is approximately one-third of the
period of the whole structure of 15+2 nm. However, this
period is slightly different in different areas and in some
areas, stripes are missifigee Fig. 2g)]. This results in an
average period of 19 nm. Close inspection of Fi¢g) Ze- ;
veals that the stripes are also present after annealing at
350 K. However, they appear more irregular and with a
lower density than in the film annealed at higher tempera-
tures. The average distance between double stripes is 26 nm
for the film annealed at 350 K and 19 nm for the film an-
nealed at 400 K. Further annealing at 450 K has no measur-
able effect on the stripe density. This implies that the stripe
arrangement of Fig.(®) is already close to equilibrium.

The stripe-shaped protrusions at the surface most prob-
ably originate from dislocation line¢DLs) similar to the
dislocation networks found for Cu/RLO00Q,*344
Fe/Ma(110),*>46Ni/Re(0001),*” and Ge/Si111).%8 In these
systems the dislocation network is located at the substrate-
adsorbate interface, but can still be detected in STM images
on up to 10 ML thick films. The corresponding height modu-
lation is of the order of 10 pm. Indeed, it is expected from
the strain measurements on Co(M0 summarized in
Sec. Il A 1, that misfit dislocations reduce the residual strain
above a critical coverage of 10 M This is consistent with
our observation.

The residual strain in the unrelaxed film would amount to

£,=3.1% in the [1?0] direction (see Sec. IllAL This
means that one additional atomic row oriented algb@y] is
needed every 32 atomic rows in order to release the stress in

the[lTO] direction. Since the strained distance of the rows in

the [110] direction is 2.24 A, this leads to an expected dis- FIG. 3. (8 Constant-current image of the dislocation network
tance between neighboring DLs of 82.24 A=7.2 nm pro- ~ across a W step edge on the 10 ML Co film annealed at 4QD K
vided that each line contains exactly one additional atonT©:7 NA,V=-0.33 V;T=6 K). The white arrows indicate the un-

oy L L .., derlying W step edge(b) Line profile along the white line ina).
along [110]. Convincingly, this is in good agreement with There are two types of dislocation lines, one appearing as a higher

the measured period of the double stripe structure ofng one as a shallower protrusion. At the underlying W step edge
15+2 nm if one assumes that the shallower as well as thgye two types of dislocation lines are interchangéd. and (e)

higher stripe contain one additional atomic row alg091].  Constant-current images with atomic resolution on different terraces

The angle of +70° between DLs and tfl0] direction is  of the 10 ML Co film annealed at 350 Kc) I=5 nA, V=10 mV;
probably necessary to simultaneously reduce the residu&® !=0.9 nA,V=6 mV; T=6 K]. (d) Line profile along the white
strain in the[001] direction of &,=-1.45%. To relax this i€ in (©).

strain, one now has to insert “missing-atom rows” alongine stripes are indeed DLs relaxing the stress of the film.
[110]. Although we could not determine the atomic arrange- In order to prove that the DLs are located close to the
ment which reduces the strain in both directions, it is worthinterface and not on the surface, Figgc)3and 3e) show
mentioning that the angle arctée,/e,[)=65° is indeed atomically resolved constant-current images taken on two
close to the observed angle of 70° +5°. We thus suggest thalifferent terraces of the Co film from Fig.(&). Besides

corrugation [pm]
c 2 8 8 8 &
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lateral displacement [nm]
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2—3% of adsorbate atoms that are imaged as bright dots, the FroT T T 10 N

ice | isi i i L 10 ML Co/W(110 ALty
hexagonal Co lattice is clearly visible. From line profiles 251 o/W(110) e
drawn along the atomic rows as shown in Figd)3one can [
deduce a next neig@or distance of 2.65+0.1 A under an 20l

angle of +30° to th¢110] direction and of 2.5+0.1 A in the
[001] direction. This coincides with the next neighbor dis-
tances expected for the Co lattice in the coverage re-
gime 2—-10 ML of 2.56 A and 2.48 A, respectivelpee
Sec. 1A D).

More importantly, the stripe-shaped protrusions are also
visible in Figs. 3c) and 3e), and the atomic resolution re-
veals that there is no shift in the atomic rows within the
stripe structure nor any change in atomic distances onthe 00L—utovwotow ity i1y,
stripes. This can be clearly seen by inspecting the line profile )
of Fig. 3d) and the corresponding line in Fig(c3. We con- sarpe s Y]
clude that the DLs are not located within the surface layer. 5 4 Spatially averaged!/dV curve on a 10 ML Co film
Furthermore, the stripe positions are not affected by the CQ\caled at 450 Kblack curve; lga=1 NA, Vea=15 V, Vinog

step edges of the film as can be seen in Fige)-2(9), i.e., =10 mv) compared tall/dV curves taken on Co monolayer islands
the direction and height is not changed from one Co layer Qgray) and on the WI110) substrate(light gray) (Isa,=0.7 NA,
the next higher/lower layer. Only at a few step edges adjay,,,=-1.5 V, V,,,=10 mV). Inset: constant-current image of Co
cent to the two lowest layers in Fig(e} are the stripes monolayer islands prepared by deposition of 0.5 ML Co o118
disappearing. This means that the DLs are not located in thg room temperaturél =0.4 nA, V=-0.13 \). Measurement tem-
open four Co layers, but in the first five layers of the Co film peratureT=6 K.

next to the W substrate. i , i , . )

In contrast, the step edges of the underlying W substratévestigated Co films using different tig®tlr and W. In
have an obvious effect on the stripe structure. In Fig) e measure_ments at room temperature it exhlb_|ts a full width at
step edge of the tungsten substrate is visible as a small heightlf maximum(FWHM) of 0.35£0.05 eV, while aT=6 K a
change in the Co filnisee arrowp At this step, the higher FWHM of 0.2+0.05 eV is observed. Its.peak position is at
stripe changes into a shallower one and vice versa, i.e., te~ Er=~0.32£0.03 eV, averaged over eight experiments us-
stripe character is changed at every step edge of the unddP9 three dlff_erent macrotips. Accord!ng to this reproducabil-
lying W substrate. Since only the W step edges have affy the peak is caused by an electronic state of the Co sample.
effect on the stripe structure, the most probable position of? contrast, the other two peaks beldsy at -0.65 eV and
the DLs is indeed at the Co/W interface in agreement with~L €V are either changing their position from tip to tip or are
conventional knowledge on dislocation networks in completely absent, making it difficult to identify them as
heterostructure®-“8Finally, we should admit that we do not S@mple states. -
know the origin of the appearance of two different types of _ 1he two remainingdl/dV curves in Fig. 4 were taken on
DLs. Maybe, the relaxation of a tensile strain in one direc-Co-ML islands and on the V110 substra_tte surrounding thg
tion and a compressive strain in the other direction having 45/2nds. On the Co monolayer the prominent peak has shifted
ratio of approximately 2:1 requires a network of two differ- ©© 0.8 €V above the Fermi energy. On(110) a rather struc-
ent DLs. In any case, the interchange of the DLs at a W stef/rélessdl/dV curve is found, as reported previoustyA

edge is reasonable, since adjacent layers of the W substraig'a!l peak at —0.3 eV is also present in theis&dV curves
exhibit a corresponding mirror symmetry. but with a much smaller intensity. This underlines that the

To summarize. we find a dislocation network probanySharp peak at —0.3 eV is indeed characteristic for the thicker
located at the Co/W interface on continuous Co films withCO films. A similar peak has previously been obggig%j by
10 ML thickness grown on \\10). This dislocation network 1> and ARUPS for G001 on various substrates:™
is induced by annealing and close to equilibrium above Sec. IV we will show that the peak is assigned to a
T~400 K. Surprisingly it consists of two different types of ds,2_2-like surface resonance of a minority-spin character.

15[

>F>»y>
»»rr»VVV”’

dli/dV signal [nAV]
=

W(110)
-1.5 -1.0 0.5 .O.OI 0.5 1.0 l1i5. - 12.0

dislocation lines. _ To answer the question of whether the position or _the
intensity of the peak at —0.3 eV depends on the layer thick-

B. Spectroscopic results ness of the Co film we took locally regolvddj{ dv curves on
a wedge-shaped island of a three-dimensional film. The is-

1. Layer-dependent spectroscopy land is shown in Fig. &) and has a 3 ML thickness at the

Figure 4 shows three spatially averageddV curves. right and an 11 ML thicl_<n_ess at the Ieft_ rim. 'I_'he areas of
One is taken on the 10 ML Co film of Fig(@. Another one different th|cknes§ are visible a$5 nm wide stripes sepa-
is taken on monolayer high Co islands of a 0.5 ML film fated by darker lines and forming an angle of 30° to the
shown in the inset. The last one is recorded on the W sub-110] direction. Additionally, periodic stripes alondL10]
strate visible between the Co islands of the inset. The curveith a period of 12.2+0.5 A are visible on the thin side of
of the 10 ML film shows a sharp peak at —0.3 eV below thethe island with a corrugation 6£5 pm. The latter corruga-
Fermi energy. Note that this peak has been found on alion is also visible in the line profile of Fig.(6). The period
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25 Co and Ni on W110).3%50We find that the corrugation de-
creases with increasing film thickness being less than 1 pm
20 above 6 ML.

Figure 5a) showsdl/dV curves recorded on the areas of
§15 different thickness. A peak at —0.3 eV is clearly visible at
e each thickness. From layer to layer the peak energy shifts by
§ as little as +0.02 eV. Defining a contrast of the peak intensity
310 by
I F

o C.o= (dl/dV), = (dl/dV),, ' 2
© [(dl/dV), + (dI/dV),)/2
00 . . . . . wherea andb denote the number of layers, we find a maxi-
06 05 04 03 02 01 00 mum contrast of onl\C, ;=20%. Above the fifth monolayer,

the contrastC,,, is even less than 10%. This means that
regarding the electronic properties, the fifth monolayer is al-
ready bulklike as has previously been found on continuous
films by ARUPS!3 The larger contrast from the fourth to the
fifth monolayer can possibly be attributed to the larger influ-
ence of strain at this thickness.

2. Oxygen adsorption

In order to find out how sensitive the peak at —0.3 eV
reacts upon changes at the surface we exposed the Co islands
from Fig. Hb) to an oxygen amount of 22LL0
(1L=10°Torr 9. Since sticking coefficients of O on
W(110 are measured to be in the range of 0.3—@Réfs.
51,52 and since it is known that £adsorbs dissociatively
on Cq000) (Ref. 53 the oxygen exposure of 2.2 L,Qe-
sults in a coverage of 20% to 40% O atoms per Co unit cell.
The constant-current image after exposure is shown in
Fig. 6b). It shows depressions that have a depth of
60—80 pm as visible in the line profile in Fig(d. The
depressions cover approximately 20% of the island surface.
We therefore conclude that these depressed areas correspond
to the O atoms whereas the rest of the surface is clean Co.
Indeed oxygen adsorbates are known to be imaged as depres-
. . . sions in constant-current images on many metal surf{c8s.

0 " teral disp;‘;em [nm]“ 40 We now aquiredil/dV curves on the oxygen areas and on
the neighboring Co areas. The curves are shown in K&j. 6

FIG. 5. (a) Spatially averaged!/dV curves taken on Co layers in comparison with a curve obtained on the Co island prior to
with increasing thickness as they appear on the island as indicaté@, dosage. The Co areas aftep @osage still show a peak
in (b) (Ista5=0.8 NA, Vgia5=1.5 V, Vioi=4 mMV). (b) Wedge-shaped close to —0.3 eV, which is only slightly decreased in inten-
Coisland of a 3 ML Co film annealed at 500 K. The island is 3 ML sity by Cococo=—10%. In contrast, on the oxygen-covered
thick at the right rim and 11 ML thick at the left rim, as indicated. areas the peak has completely vanished. The corresponding
The step edges of the underlying W substrate are visible as darstate consequently reacts extremely sensitively on adsor-

8

=
o o
T T

cortugation [pm]

o °

stripes running under an angle of 3@ the [1T0] direction (I bates. This has also been shown by hydrogen exposure on
=0.5 nA, V=-0.3 V). (c) Line profile along the black line inb). Co(0001) in an early ARUPS studs? As usual, we conclude
Measurement temperatufie=6 K. that the peak at —0.3 eV is either induced by a surface state

or by a surface resonance. Our spatially resolved spectros-

of 12.2 A can be explained by th&x 1) superstructure or COPy study shows in addition that the quenching of the state
the slightly modified (7.1x 1) structure described in IS restricted to the very surrounding of the oxygen, which
Sec. Il A 1. If one assumes a simple hard ball model wherdndicates a rather local character of the corresponding state.
every fifth Co atom coincides with every fourth W atom )

along [001], one finds a period of 12.7 A for the8x 1) 3. Spatially resolved spectroscopy

structure. For thé7.1X 1) structure the strain is reduced by  To find out the spatial distribution of the peak at —0.3 eV
2.45% (see Sec. |l A} leading to a period of 12.4 A. In- we performeddl/dV maps at the peak position as shown in
deed, a similar appearance of such a superstructure in STKig. 7. For both the islands shown in Figga)~7(d) and the
images has previously been observed on 1 ML high films ofontinuous film shown in Figs(&) and 7f), a fraction of the
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FIG. 6. (a) Spatially averaged|/dV curves taken befordight
gray) and after the exposure of the Co film from Figbp to
2.2L 0O, (lsa=0.8 NA, Vgiap=1.5V, Vi o620 mV). The di/dV
curves after dosage are taken on the uncovered Co éyemstri-
angles and on the @ covered areablack upside-down trianglgs
as indicated in(b). (b) Constant-current image of the Co-island
surface after @ dosage(1=0.4 nA, V=-0.3 V). (¢) Line profile
along the black line inb). Measurement temperatufe=6 K.

dl/dV maps appears brighter than the surroundings. A histo-

gram ofdl/dV values shown in the inset of Fig(ly reveals

that thedl/dV distribution on the Co islands is bimodal, i.e.,

there is a large peak that originates from the Co ML between _ i

the islands and two smaller peaks correspond toditie\V FIG. 7. anstant-current imagéeft panel$ and corre§pond|ng
intensity on the islands. This implies that there are two specd'/dV maps(right panels of the same sample area of different Co
troscopically distinct island types. One has a larger and th {Ims. Te.”a(.:e W'dt.h of the WL10) substrate and annealing tempera-
other a smalled!/dV signal at -0.3 eV. The same conclu- ure are indicated in the upper left corng@.and(b) 3 ML Co film

. . ST Istab=0.3 NA, Vgtap=—0.3 V, Vio=30 mV, T=300 K). Inset: his-
sion can be drawn for the continuous film in Figf)7 where (Istas S o ‘ K

f briah h S f dark togram ofdl/dV values from(b). (c) and (d) 2 ML Co film. The
a few bright terraces appear among the majority of dar €[sland is 4 ML thick at the right and 12 ML thick at the left rim and

te_rraceg. T_he less bright stripe-shaped areas, t_hat are al$ows adi/dV contrast on its atomically flat surfac€ gy
visible in Fig. qh), are caused by the DLs and will be dis- -4 4 pa, v ,;=-0.3 V, V,,, =30 mV, T=300 K). (¢) and (f)
cussed later. Thel/dV contrast between dark) and bright 10 ML Co film. The numbers mark the local Co thickness in ML.
(b) areas i<C;, 4=40+20% according to Eq2). This contrast (g) and (h) 10 ML Co film (Iga=0.7 NA, Vetar==0.33 V, Vinog

is found for both morphologies, islands and continuous films=20 mV, T=6 K). The dashed white lines ife) and(g) mark the

It does not depend systematically on the temperature atep edges of the underlying W substrate.
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which spectroscopy is performed. Sin€gy is considerably 20 ) - T . . .

larger than the thickness-induced contrast discussed in — — bright area

Sec. Il B 1, the dark and bright areas are not an effect of the ‘ —=— dislocation line
film thickness. 15F ) —<— darkarea E

Next, we analyze the spatial distribution and the relative %
frequency of the bright and dark areas. From Figp) it is =
obvious that individual islands mostly have a single bright- € 4,
ness, i.e., they are either completely dark or completely 3
bright. Only larger islands such as the one in Figsl) &x- §
hibit a contrast change within the island. Moreover, it is ob- =
vious that the bright areas appear more often in the island
morphology than in the continuous film. Indeed, the continu-
ous film of Fig. 1h) does not show any bright areas within
the image range. A quantitative analysis reveals that in the =~ 00 st i e " 1%
films with island morphology in Figs. (B) and {d) the
bright areas take 25+5% of the island surface, while the ,
continuous films in Figs. (f) and Th) exhibit only 3+1%
and 0% of bright areas, respectively.

Figure §a) shows localdl/dV curves taken on the bright
and dark areas of Fig.(8 as indicated. The spectroscopic =
difference between the bright and dark areas is visible as a *
different intensity of the peak at —0.3 eV, while the peak
position is only slightly changed between the curves. Con-
trasts in peak intensity ranging fror@,3=30% to C, 4
=70% are found in different measurement sets obtained after ~
preparing different microtips. However, the contrast does not
depend systematically on the growth morphology or on the Gp
measurement temperature. Thus, we attribute the variance in##,
contrasts to a different density of states of the micrétig?

The second spectroscopic difference between bright and dar
areas is a small but systematic downward shift of the peak
position on the bright areas by 55+35 meV. Note finally that
the dI/dV intensity above E is basically the same in all
three curves in contrast to previous measurements on J
Co/Cy111).” R

The question arises about what could be the reason for the k;f)
spectroscopic difference of bright and dark areas. In

0.5

sample bias [V]

60 30
Sec. Il B 1 we have shown that the effect of layer thickness — 50 @2,5 g
on the peak height is less than 10%, which is considerably E, 40 20 &
smaller than the contrast between bright and dark areas. It is § % DL 15 8
also unlikely that residual gas adsorption is the reason for the B x \ 10790
spectroscopic difference. As shown in Sec. Il B 2 the peak E 10 5 s
intensity changes by onl@ocqco=-10% on the oxygen-free 8 i o.o kS
areas of Co when 20% of the Co film is covered with oxy- i ‘ . _65
gen. In contrast, even though the film as prepared in 0 5 10 15"
Figs. 8b)-8(e) shows an adsorbate coverage of only 1% in lateral displacement [nm]

the bright areas and 5% in the dark areas, the contrast be-
tween the areas is as large as 50%. Furthermore, we can _ .
exclude that a different atomic surface structure of bright and FIG. 8. () Spatially resolvedil/dV curves taken on the bright

. . . and the dark Co islands and on the dislocation lines from a 10 ML
dark terraces is responsible for the contrast. The atomlcall&O film annealed at 350 K(lou=0.7 NA, Vea=1.5V, V
stab™ Y- » Vstab™ +- ’ mod

resolved constant—current images of Fig&)3and Je_) are  _1omv). The origin of the curves is marked ite). (by~e)
recorded on a_brlght area and a dark area, respectively. Ney <o+ cirrent imagegdeft panel3 and correspondingdl/dV
ertheless, we find exactly the same hexagonal arrangement g ps of the same sample are@ht panels of two regions of the
Co atoms. _ , Co film (Igz5=0.7 NA, Viap=—0.33 V, Vino= 20 mV). (b) and (c)
Since it has previously been shown that stacking can be ghows two adjacent monolayer high fcc- and hep-stacked islands on
source ofdl/dV contrast on Co and Gt-*°we finally check  the same Co terrace. White arrows(oh and (e) mark a contrast
this assumption. A close inspection of FiggbBand 8c)  change in the same atomic layer. Black arrows(dn mark two
shows indeed that different stacking leads to a contrasghallow dislocation lines(f) Line profiles drawn along the black
change. The figure shows two islands of monolayer heigh&nd white lines in(d) and (e), respectively, at the same position.
placed on the same Co terrace. Both islands are hexagon@islocation lines are marked. Measurement temperaferé K.
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with three shorter and three longer step edges. However, the
short and long step edges are interchanged between the two
islands, i.e., the left island reminds us of a right-pointing
triangle, whereas the right island reminds us of a left-
pointing triangle. This indicates different stacking as dis-
cussed, e.g., by Buss al®” Stackings can be multifold in

10 ML thick films but the upper three layers they can only be
ABA or ABC, corresponding to an hcp- or an fcc-like stack-
ing, respectively. So, we identify the two islands/ABA and
ABC stacked. Spectroscopically, the right island appears dark
in Fig. &c), while the left island appears bright with a con-
trast of C, 4=60%. This strongly implies that stacking is the

f i maj+min]

vacuum density of states [arb. units]

origin of the observed bimodal contra8tSince it is, more- ! —hop ]
over, known that Co films on \10) are predominantly hcp i heprstacking fault ]
stacked? it is straightforward to identify the more frequent L ! : : :
dark areas withABA stacking and the less frequent bright 15 -1.0 05 00 05 10 15
areas withABC stacking. energy E-E_[eV]
An example where fcc and hcp stacking is found within
the same island is shown in Fig9d® and &e). The bright FIG. 9. The calculated vacuum DOS of the unfaulted structure

area is adjacent to a dark area on the same atomic lay@slack and of the faulted structurgray) of a 12 ML Co film at a
where the boundary is indicated by white arrows. Moreovergistance of 3 A from the surface layer. Maj, min, and maj + min
a dark area is one monoatomic layer on top of the brighindicate the majority DOS, the minority DOS, and the sum of both,
area. This indicates a burried stacking fault with the stackingespectively. All curves are shown on the same scale.
sequence of the top lay® being ABCB

In summary, all found bright areas are consistent with anions are solved applying the full-potential linearized plane-

fcc-like stacking appearing exactly at this layer. We concludeyave (FLAPW) method, as realized in theEUR code®!:62
that the peak at —0.3 eV exhibits an intensity change of abouytor simulating the C@®001) surface we use a film geometry
+50% and a peak shift of -55 meV at a fcc-stacking fault.with 12 layers of Co embedded in infinite vacua on both
Moreover, we conclude that while hcp stacking is nearly exsides of the film. We compare the perfect hcp structure
clusive in continuous films, a significant tendency to fcc(ABA) with an hcp structure exhibiting an fcc stacking-fault
stacking appears on Co islands. _ (ABQ) in both surface layers. Both geometries are optimized

~ Let us come back to the less bright, stripe-shaped areasy total-energy minimization using the theoretical Co bulk
visible in thedl/dV maps of Figs. {f) and 7h). By com-  |attice constant, which is determined to 2.5096kperimen-
parison with the corresponding constant-current images ify)| yajue 2.507 A. Self-consistent results have been obtained
Figs. 1e) and 7g) it is clear that this contrast is caused by with about 110 basis functions per atom andk2foints in
the DLs discribed in Sec. Ill A3. Note that it is hard to ne jrreducible wedge of the two-dimensional Brillouin zone
distinguish the shallower and the higher DL in t&dV  (2DBZ) as numerical parameters. For the calculation of the

maps as can be seen in the line profiles of Fid).8The  gensity of state¢DOS) we used 5&k points in the irreduc-
double line consisting of a shallower and a higher DL ap-jpje wedge of the 2DBZ.

pears as a broad asymmetric single stripe indtielV signal. Compared with the ideal bulk termination, both surfaces

Local spectroscopy on the double line as shown in Fig) 8 gre relaxed inwards. The surface layer of the faulted structure
reveals that again the intensity of the peak at -0.3 eV iss relaxed by 0.046 A and that of the unfaulted structure by
responsible for the contrast. The peak intensity on the doublg 15 A, which corresponds to 2.3% and 0.7% of the Co
line is by Cp hcp=25+15% higher than on the surrounding jnterlayer distance of 2.034 A, respectively. The work func-

hcp areas and the peak shifts downwards by 40+10 meMions of the faulted and the unfaulted structure are nearly
Interestingly, the DLs are also brighter than their surroundigentical, i.e., 5.143 and 5.096 eV, respectively. Thus, the

ings on fcc-stacked areas as can be seen on the bright areagjgcay constants of the wave functions into the vacuum are
Fig. 8(e). Although we currently do not know the origin of comparable.

the contrast on the DLs, it is likely that the long-range strain - 1o sjmulate the spectroscopic measurements we calcu-
field has a strong influence on the peak intensity, as will bgated the vacuum DOS for both structures. The energies are
confirmed in the next section. given with respect to the Fermi level. Since the work func-
tions of the faulted and the unfaulted structure differ by
IV. CALCULATIONS 47 meV, the Fermi levels are shifted accordingly vv_ith re-
spect to the vacuum zero. The results for majority-spin DOS
In order to find the reason for the intensity change of theand minority-spin DOS, as well as the sum of both DOSs,
peak at —-0.3 eV on fcc-stacking faults, we performedare presented in Fig. 9 at a distance of 3 A from the surface
density-functional theory (DFT) calculations® The layer. We find a dominating peak in the minority-spin DOS at
exchange-correlation functional is formulated within theapproximately —0.3 eV belovEg exhibiting a FWHM of
generalized gradient approximati#tiThe Kohn-Sham equa- 0.3+0.05 eV. Since the proportion between different peaks
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hcp hep + fce stacking fault
1.0F = TV I S ol 1.0 oo 20, A e
: S e |
fﬁ e Af‘”y e T D e FIG. 10. The minority-spin band structure of

0.5k 0.5 the 12 ML Co film in the unfaultedleft pane)
) and in the faultedright pane) structure are plot-
E ted along the high symmetry directions in the
u.J“ 0.0 0.0 Pl oo e neighborhood ofl". Black dots mark states that
w 3 i are localized to more than 10% in vacuum. The
larger circles mark the band minimum regi@ee
-0.5 -0.5 text). The state used for the contour plots in
Fig. 11 is indicated with an arrow.
1.0E o i
0.5(T.M) O04K.,1) T 0.5T. M)

in the vacuum DOS can change with the distance from theesponsible for the peak® Note that the band maximum at

surface, we checked the vacuum DOS at distances ranging js isolated from other bulk bands and is, thus, a surface
from 2—10 A. For these distances the peak at —0.3 €V regtate In contrast, the band minimum at 1/4 of the 2DBZ
mains the dominating feature for both structures. Consegrgsses other bulk bands and is, thus, probably a surface
quently, this peak corresponds to the one found in STS meagsonance
surements. - Finally, we analyze the charge distribution of the surface
As visible in Fig. 9, the faulted structur) exhibits a  pands. The character of the band with the minimum at 1/4 of
highgr peak intensity than the unfaulted structng Ac- the 2DBZ changes from the band maximumﬁatwhere it
cording to .Eq. (2) the contrast amounts t@f«u:30% has a predominarg character, to the band minimum, where
at 2-3 A distance, but decreases@p,=5% at 10 A dis- it has ads,2_2 character with a small contribution sfandp
tance. Moreover, the peak on the faulted structure is aliaieq of jess than 5%. This is shown in Fig. 11, where con-
—0.34 eV, while that on the unfaulted structure is aty, . yiots of the minority spin density at the energy and
—0.28 eV. This means that the peak on the faulted Structurgoch vector corresponding to the band minimum marked by

is shifted by 60 meV to lower energies. Both re5u|t§ are i.narrows in Fig. 10 are given. For faulted and unfaulted struc-
excellent agreement with the STS results where an intensity

change 0f50+20% and an energy shift of 55+35 meV are Co[0001]
found. Finally, the calculated peak width is in reasonable
agreement with the experimental result.

Next we want to understand the mechanism of why fcc
stacking leads to a higher peak intensity. To answer this
guestion, we first compare the vacuum DOS with the band
structures of faulted and unfaulted surfaces. Figure 10 shows
band structures of the minority spin for both systems along
the high symmetry directions. States, which have more than
10% of their DOS in vacuum, are marked by black dots. The
corresponding bands are identified as surface-related bands.
One of those banf%exists in the energy range correspond-
ing to the peak at —0.3 eV. It has a minimum marked by the
circles in Fig. 10 at approximately one fourth of the distance

from I to K and fromI" to M, respectively. This minimum is
close to —0.3 eV. We checked that the main contribution to —
the vacuum DOS comes indeed from this band minimum. A Col1120]

second surface band has a maximum at about ~0.5 eV and is FIG. 11. Contour plots of the spin density of the minority elec-

located at thd” point. The contribution of this band to the trons for the state marked with an arrow in Fig. 10 for the 12 ML
peak at —0.3 eV in the vacuum DOS is negligible, since theco film in the unfaultedleft pane) and in the faultedright pane)
band maximum occurs at lower energies. In fact, we find thaétructure. The numbers marking the contour lines give the corre-
the contribution froml* to the peak is a factor of 10 lower sponding charge density in electrota.)®. Two successive lines

than the contribution from the band minimum off frofn d'ﬁ?r by a.fac.tor of 4. Crystallographic directions .O.f the(0001

Consequently the peak at -0.3 eV is caused by the banlgttlce are |nd!catec;. The t;:ackl dots rr;]ark thebpostlon_sd ofrt]he clos-
ini : T

minimum of the surface band at 1/4 of the 2DBZ. We con- St atoms projected onto the plane. The numbers beside the contour

lude that this band mini is th iqin of th K plots give the contribution of the state to the LDOS in percent for
clude that this band minimum is the origin of the peak meay; layer or vacuum, normalized to six layers. They are obtained by

sured by STS. This is in contrast to conclusions given fofteqrating over the muffin tins in each layer and over the vacuum,
Co/Cuy111), where a band at’ has been proposed to be respectively.

hep + fee stacking fault

-
—1.6x10"~

10% | 14 %
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ture the contour plots show a predomindggp_,2 character at Finally we want to point out that the total energy of the
the surface layer with a minor superposition of siike  faulted structurdfcc) is only 11 meV/atom larger than that
character. Within the bulk, the LDOS has predomindgt of the unfaulted structuréncp). This suggests that stacking
character. The contribution of this particular state to thefault nucleation sites occur rather frequently in thin film
LDOS in each layer and in vacuum is indicated by the numgrowth> possibly explaining our observation that fcc areas
bers next to the contour plots. Obviously, the largest contriexist in thin films even at room temperature.

bution is in the surface layer. Nevertheless, there is a consid-

erable contribution in the subsurface layers. This means that

the state at the surface can couple to bditates. That this V. CONCLUSIONS
coupling takes place indeed can be concluded from the hy- ) ) _
bridization with the bulkd bands near the band minimum,  In summary, we have investigated the electronic structure

which is marked in Fig. 10. Consequently, the state has to bef the Cq000]) surface on islands and continuous films
assigned to a surfacesonanceather than to a surfacgate ~ grown on W110) by STS. On both, we found a surface-
In contrast, the dot-marked band with the maximum atrelated peak at —0.3 eV below the Fermi energy. By first-
—05eV atl is found to be ads,2_2-surface state (not ~ Principles electronic structure calculations this peak is as-
shown in accordance with the Co/C101) case’'° signed to ads2_2-like surface resonance with a minority-
The contour plots in Fig. 11 also show that in the case ofPIn character. It belongs to a band minimum at 1/4 of the
hcp stacking the downward oriented lobes of the surface atwo-dimensional Brillouin zone away frofi. STS reveals
oms point directly to the atoms in the second subsurfacgnhat the surface resonance is extremely sensitive to stacking
layer. In contrast, in the case of the faulted structure, thes well as to the strain field of dislocation lines. According to
lobes point into the interstitial region. Accordingly, the sur-the calculations, fcc stacking at the surface results in an in-
face resonance exhibits a stronger coupling to biskates at  crease of the vacuum density of states by 5—30%, depending
pure hcp stacking than at stacking faults. This leads t0 @p the tip-sample distance, while STS experiments find an
weaker localization in the surface layer in the hcp case as caficrease 0f50+20%. The different intensity is caused by a
also be seen by comparing the distribution of the LDOS Ndifferent coupling strength of the surface resonance to bulk

the different layergFig. 11). As a consequence, the intensity . . :
of the vacuum DOS as measured by STS is lower for the hc tates f_or fec and hep stacking leading to a (_jn‘ferent local-
ation in the surface layer and, thus, to a differehtdV

structure. The reason for a different brightness of hcp and fc ! : .
areas indl/dV maps at -0.3 eV is, thus?a different cgupling signal. Although a contrast idl/dV on different stackings

of the ds»_o-like surface resonance to the underlying bulk. 'as @lso been found in the Co/@al) system by Vazques
Note that the intensity of the surface resonance in the hcfle Pargaet al.” it has been attributed to a peak abdsg
case is larger in the second subsurface layer than in the firé¢hich is at variance with the peak measured on the same
subsurface layer. This stresses that the geometrically induc&ystem by Pietzscht al.? Diekhoneret al® and Okunoet
coupling to the second subsurface layer is indeed the relevaat.’® Since Vazques de Parga al. do not find a feature in
coupling. Furthermore, we want to point out that, in the hcpthe energy range of the surface resonance, one possible ex-
case, the surface resonance crosses only onecbbind in  planation for their results could be intermixing or contami-
the (I',K) direction before it runs into the band minimum. In nation leading to a change in electronic structure. However,
contrast, in the case of fcc stacking, the surface resonand@nce our explanation for the contrastdi/dV on different
crosses two bulkl bands. Since thé band to which the band stackings is based on the commonly measured peak on both
minimum couples is approximately 50 meV lower in energyCo systems, we believe that our results are generally correct
in the fcc case, the peak in the vacuum DOS accordingljor clean Cg0002).
occurs at lower energies. Finally, we found that the film morphology is important
We did not yet analyze in detail the mechanism that lead$or the stacking, i.e., fcc stacking appears to be considerably
to a higher intensity in the vacuum DOS of the surface resoincreased in Co islands compared to continuous Co films.
nance at DLs. Probably, the lateral extension of the lattice aThis effect should be considered with respect to nanostruc-
DLs arising together with the vertical compression leads tauring of magnetic multilayers. Since the observed surface
an increase in intensity. Indeed our calculations using differresonance exhibits a spin polarization of 70%, interesting
ent lattice parameters suggest that the intensity of the peak iture experiments using spin-polarized STS can be antici-
-0.3 eV is increased by stretching the (G801 structure. pated.
However, this effect has to compensate the opposite one Note added in proofRecently, we have become aware
given by the vertical compression. of a similar observation for the low coverage regime of
In summary, the peak at —0.3 eV measured by STS i€o/W(110).%4
assigned to a2 ,2-like surface resonance with a minority-

spin character that is located in a band minimoffifrom I".
In contradiction, for the case of Co/Cll1), Diekhodneret
al.? and Okuncet al! assigned the peak toda,>_2-surface We thank E. Konenkova and F. Meier for assisting during
stateat I'. More importantly, we identified the different ap- the measurements and we acknowledge financial support
pearance of hcp- and fcc-stacked areadliftV maps as due from SFB 508-B4 and Graduiertenkolleg “Physik nanostruk-
to a different coupling of the corresponding surface resoiurierter Festkorper” of the “Deutsche Forschungsgemein-
nance to the bulk. schaft.”
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