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The atomic structure of 0.5 monolayer(ML ) Co deposited on Pt(110) was investigated by quantitative
low-energy electron diffraction andab initio density functional theory calculations, showing a pronounced
inward relaxation and a filling of the missing-row sites of the Pt(110) substrate by Co atoms. Up to this Co
coverage no significant intermixing of Pt atoms with Co atoms was observed by scanning tunneling micros-
copy, resulting in an alternating arrangement of pure Co and Pt rows.
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Due to the fact that ultrathin Co/Pt multilayers(Co layers
thinner than 10 Å) show perpendicular magnetic anisotropy
and large magneto-optical signals, they are regarded as can-
didates for high-density magneto-optical recording media1

and were consequently thoroughly investigated during the
last decade.2 The origin of the perpendicular anisotropy is
thought to be caused by a combination of structural and mor-
phological effects but still not completely understood. So far
the main focus of research lay on the Co/Pts111d interface
which is reported to show the largest anisotropy.3–8 In this
paper, however, we present results on the structural details of
0.5 monolayer[ML; 1 ML equals the number of Pt atoms in
an unreconstructed Pt(110) plane] of cobalt deposited on a
Pt(110) surface. The structural anisotropy inherent to the
Pt(110) substrate renders this system particularly suitable for
studying the relationship between geometry and magnetism.
Moreover, since there is almost no intermixing of Co with Pt
atoms at this coverage(as shown below), only missing-row
sites are occupied by cobalt, resulting in alternating Co-
Pt-Co rows, which build up a template that could be used for
the growth of one-dimensional ordered nanostructures. Addi-
tionally, an ordered bimetallic surface like the one described
above would be very attractive for studies of site-specific
adsorption. Although a filling of the missing-row sites by
cobalt has been observed in the early growth stages before,9

detailed information on the exact atomic structure is still
missing.

In this paper we present a quantitative low-energy elec-
tron diffraction (LEED) analysis andab initio density func-
tional theory calculations of the low-coverageps132d-
Co/Pts110d structure described above, supported by scan-
ning tunneling microscopysSTMd, Auger-electron spec-
troscopysAESd, and ion-scattering spectroscopysISSd re-
sults. The agreement between experimental and
theoretical findings is very good indeed, further confirm-
ing the correctness of the presented values.

For our experimental study, a Pt(110) crystal was cleaned
by cycles of sputtering with 2-keV Ar+ ions, followed by an
annealing step at 850 °C. According to AES measurements
the sample was free from disturbing contaminations. The
cobalt-filled missing-row structure was prepared by evapo-
rating 0.5 ML of Co from a water-cooled electron beam
evaporator, while the sample was kept at room temperature.

The amount of deposited Co was determined using a quarz
crystal microbalance and subsequently checked by ISS.

All measurements were done in Vienna in two separate
UHV chambers with base pressures better than 5310−11

mbar. The STM images were taken at room temperature by a
customized Omicron micro-STM with an electrochemically
etched W tip in constant current mode with the sample at
negative voltage. Prior to all STM measurements, however,
an additional chamber with a base pressure below
10−10 mbar was used for sample preparation. The LEED
measurements were performed in the other UHV system at
normal incidence of the primary electron beam using a two-
grid system and video data acquisition. The LEED patterns
were stored as 8-bit images and subsequently analyzed by an
image processing program which extracted theI-V spectra
for each visible beam. In order to improve the quality of the
recorded images, an image processing sequence similar to
the one used for astronomical charge-coupled device
images10 was implemented prior to the evaluation of the spot
intensities (see Ref. 11). For the LEED calculations the
TENSERLEEDprogram package12 was used, where an energy
dependent real part of the inner potential13 that accounts for
the variation of the exchange potential with energy was
implemented. This energy dependence of the inner potential
and the phase shifts of the different atomic sites were calcu-
lated for the given structure. To determine the agreement
between measured and calculatedI-V curves the PendryR
factor14 was chosen. The error bars given in this paper were
derived from Pendry’s variance,14 namely by varying a cer-
tain parameter away from the best-fit structure until the dif-
ference between the accordingR factor got larger than this
variance. To reduce the computational effort, all other pa-
rameters were fixed to their best-fit value, i.e., no subsequent
reoptimization was performed. This neglect of parameter
correlations is a standard procedure in today’s LEED analy-
ses and can result in a slight underestimation of the error
limits.15

First principles density functional theory(DFT) calcula-
tions were performed using both the all-electron full-
potential linearized augmented plane wave16 code FLAIR

(Ref. 17) and the Vienna ab initio simulation package
(VASP).18,19 The surface was modeled using a nine-layer
single slab with vacuum on both sides forFLAIR and 9- or
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11-layer repeated slabs with<16 Å vacuum in between for
VASP. All slabs were symmetric with respect to the middle
layer, allowing us to relax four(five) layers. Two DFT po-
tential approximations have been used: the local density ap-
proximation(LDA ) according to Vosko, Wilk, and Nusair20

and the generalized gradient approximation(GGA) accord-
ing to Perdew and Wang.21 Since the local density approxi-
mation (LDA ) reproduces the experimental lattice constant
of platinum with very small error[−0.3 to −0.5%(Refs. 22

and 23)] we have used the experimental value ofa=3.92 Å
(Ref. 24) for the LDA calculations. For GGA the calculated
bulk value of 3.984 Å was taken. The spin-polarized calcu-
lations employed a plane-wave cutoff energyEcut
=14.44 Ry for FLAIR and 19.7 Ry forVASP. The k mesh
consisted of 15(25, including the points at the boundaries)
special points in the irreducible wedge of the two-
dimensional Brillouin zone for theVASP (FLAIR) calculations.
The geometry was optimized until all forces were smaller
than 0.01 eV/Å.

Figure 1 shows an STM image of the Co-filled Pt(110)

FIG. 1. STM image taken after the deposition of 0.5 ML Co on
the ps132d-reconstructed Pt(110) surface (2003105 Å2, −0.5
mV, 4.24 nA). The image has been contrast enhanced in order to
facilitate the distinction between cobalt and platinum atoms.

FIG. 2. Side view of the structural model considered by LEED
(not to scale).

FIG. 3. Comparison between experimental(black) and calculated(gray) LEED I-V spectra of the best-fit model of the cobalt-filled
missing-row structure of Pt(110). The PendryR factor is 0.24.
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missing-row structure. As in Ref. 25 the brighter atomic spe-
cies corresponds to Pt atoms, whereas Co atoms are depicted
as slightly darker protrusions. A closer inspection of Fig. 1
reveils the fact that almost all missing-row sites are occupied
by Co atoms, thus leveling the former “open” surface. More-
over, intermixing between cobalt and platinum in the first
layer is found to be less than 10%. As a result, one can
indeed identify an almost perfectly ordered structure consist-
ing of alternating rows of cobalt and platinum.

In order to be sure to be able to treat the encountered
structure with sufficient accuracy by LEED, the clean
s132d-reconstructed Pt(110) surface was thoroughly ana-
lyzed at first. The results of this analysis(not presented in
this paper) are in excellent agreement with the most recent
LEED study.22

For the LEEDI-V analysis of the Co/Pts110d structure as
shown in Fig. 1, LEED patterns starting from 30 eV up to
400 eV were recorded, with an energy step width of 1 eV.
This enabled the extraction of 20 symmetry-inequivalent
beam sets(ten integer and ten fractional order beams) and
resulted in a cumulative energy range of 4594 eV. The only
structural model considered for the LEED calculations was
the one evident from the STM results, i.e., a regular Pt(110)
structure, where the missing-row sites are filled with cobalt
atoms. In order to account for a possible intermixing of Co
with Pt atoms in the platinum rows and the existence of
vacancies in the Co rows(as visible in Fig. 1), the average
t-matrix approximation26,27was used, allowing us to treat the
average atomic-site occupation and the average height of
each atomic species as free parameters. Thereby, upwards or
downwards movement of the few Co atoms in the top Pt row
is included in the calculations. Additionally, the first five in-

terlayer distances as well as the vibrational amplitudes of the
first three layers were varied within the LEED framework.
Due to symmetry reasons only buckling of the first, third,
and fifth layer and pairing of the second and forth layer oc-
curs(see Fig. 2). The imaginary partVi of the inner potential
and the vibrational amplitudes of the bulkvbulk, however,
were optimized full dynamically, resulting inVi =5.5 eV and
vbulk=0.11 Å, respectively.

In the final structural search 18 parameters were indepen-
dently varied, resulting in a PendryR factor of 0.24(Fig. 3).
The Co occupation of the missing-row sites was determined
as 90%s±15%d, leaving 10% of the atomic sites vacant.
Additionally a slight intermixing between platinum and co-
balt atoms was observed for the otherwise pure Pt rows,
which resulted in the substitution of 5%s±20%d of these Pt
atoms by Co atoms with the average Co location being 0.04
Å below the Pt. The percentage of this substitution is too
small, however, to have a significant impact on the first in-
terlayer distanced12 or the interrow bucklingb1. Conse-
quently, the LEED and DFT results are easily comparable.
LEED and LDA show very good agreement of the atomic
positions(cf. Table I) except for the vertical position of the
cobalt rows, which is the main reason for different results for
the first interlayer spacing. Nevertheless, both methods show
a pronounced inwards relaxation of the first atomic layer of
22%sLEEDd /29%sLDA d, rather large lateral displacements
of the platinum atoms of the second layer and considerably
strong buckling of the odd Pt layers. Compared to the
missing-row reconstruction of pure Pt(110),22 the inwards
relaxation of the top Pt(110) atoms and the pairing amplitude
p2 are significantly larger. We believe that the explanation is
as follows: Without the presence of the Co atoms in the

TABLE I. Comparison between LEED and DFT(both LDA and GGA) results for the cobalt-filled Pt(110)
structure. Here,dij denotes the averaged vertical distance between layeri and layerj andDdij its change with
respect to the bulk value.bi andpi represent the buckling and lateral displacements(pairing) of the atoms in
layer i, respectively(buckling is positive for outwards movement of the Co row and atoms below, pairing is
positive for movement towards the Co row). vXi stands for the vibrational amplitude of atomX in layer i.
LDA9L and GGA9L denote results for a 9-layer slab obtained withFLAIR and VASP, respectively, LDA11L

denotesVASP results for a 11-layer slab.

Parameters LEED LDA9L LDA11L GGA9L

vPt1 sÅd 0.13±0.035 — — —
vCo1 sÅd 0.17±0.02 — — —
b1 sÅd −0.01±0.03 −0.11 −0.08 −0.05

Dd12 sÅd −0.31±0.01 −0.40 −0.40 −0.39
vPt2 sÅd 0.17±0.04 — — —
p2 sÅd 0.09±0.05 0.08 0.09 0.11

Dd23 sÅd 0.14±0.03 0.17 0.17 0.23
vPt3 sÅd 0.13±0.03 — — —
b3 sÅd 0.06±0.04 0.06 0.07 0.06

Dd34 sÅd −0.03±0.025 −0.05 −0.05 −0.01
vPt4 sÅd 0.11 — — —
p4 sÅd 0.04±0.04 0.02 0.02 0.01

Dd45 sÅd 0.00±0.024 0.00 0.00 0.04
b5 sÅd 0.03±0.04 — 0.01 —
dbulk 1.386 1.386 1.386 1.409
RPe 0.24 — — —
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troughs, the tendency of the second-layer Pt atoms towards
inwards relaxation perpendicular to the{111} facets counter-
acts their movement into the trough necessary to make space
for the first-layer Pt atom. With the small Co atoms in place,
the second-layer Pt atoms will move towards the Co atoms to
reduce the Co-Pt bonding distance, thereby also enabling the
first-layer Pt atom to sink deeper into the surface. LDA force
calculations indeed show that the pairing of the platinum
atoms of the second and fourth layer is directly related to the
buckling of the surface Co-Pt layer. Therefore one might also
expect that the very small buckling of the first-layer atoms
observed by LEED(in contrast to the LDA calculations) will
be accompanied by a small buckling and pairing in the sub-
surface layers, but this is not the case. We rather find very
good agreement of the LDA and LEED structural data in the
subsurface region. This means that the reason for the very
small inwards relaxation of the considerably smaller cobalt
atoms found by LEED is different. We attribute at least part
of the problem to the overbinding of 3d metals inherent to
LDA, causing the cobalt atoms to move towards the second
atomic layer and therefore increasing the buckling, whereas
LDA is known to be almost perfect for clean platinum.22,23

Indeed, our GGA calculations reveal a reduced buckling in
the first layer but a first-layer relaxation similar to LDA,
which causes a slightly different relaxation pattern in the
deeper layers, thereby worsening the agreement ofd23 with
LEED. Since the system is on the verge of becoming non-
magnetic in LDA, we have also performed non-spin-
polarized calculations(not shown in Table I), yielding a
larger first-layer buckling due to the smaller size of a non-

magnetic Co atom, without improving the agreement of the
interlayer distances with LEED. Thus, it seems hard to rec-
oncile LEED and DFT both in the first and in deeper layers
at the same level of agreement.

Although the intermixing in the surface rows(Pt-Co and
Co vacancies) was found to be rather low, we cannot exclude
that this intermixing, not considered in our DFT calculations,
might be responsible for a small part of the LEED vs DFT
discrepancies. Occasional presence of larger platinum atoms
in the cobalt rows(and vice versa) changes the local geom-
etry of the topmost layer. In the LEED analysis this effect is
treated in an averaging manner, which will also tend to re-
duce the buckling amplitude found by LEED. Furthermore,
there might be also some influence of the high step density
on the quantitative LEED result. Nevertheless, we conclude
that the overall agreement between both results is rather
good and theRPe factor of 0.24 is satisfactory for a quanti-
tative LEED analysis of a former “open” surface.
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