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We investigated the magnetic anisotropy of an iron layer on a Pt(001) surface and some related systems by
employing the local spin density approximation in a theoretical ab initio approach. We found that the surface
system Pt/Fe/Pt(001) showed a perpendicular magnetic anisotropy and its anisotropy energy per iron atom
amounted to a value which is 2 times larger than the value of bulk FePt. The surface relaxation much enhances
the anisotropy energies, related to a large attractive force between the iron and platinum layers. A remarkable
cap effect—that the covering platinum layer changes anisotropy energy—was also found to exist. We investi-
gated the microscopic origin of the perpendicular anisotropy in relation to the local densities of states of the Fe
atom. These quantities were discussed as a fingerprint of magnetic anisotropy in comparison with the results of
the Fe chain at the step edge on a vicinal surface Pt(664). The atomic orbital magnetic moments were enhanced

at the respective surface atoms.

DOI: 10.1103/PhysRevB.77.054413

I. INTRODUCTION

Stable high-density magnetic recording media whose
magnetic moment is perpendicular to surface or film plane
have been required. Magnetic anisotropy is an important
property for stability of the media. FePt and CoPt alloys are
considered as good candidates of materials for developing a
new medium in the next generation due to their large mag-
netic anisotropy energy (MAE).

Since the report of Gambardella e al., in which they fab-
ricated Co chains at step edges on Pt(997) surfaces using a
self-assembly epitaxial technique and measured the magnetic
properties,! the magnetism of the low-dimensional system
with a supported material has been studied extensively.??
The system of Gambardella et al., indeed, has been shown to
have a perpendicular component for the magnetization easy
axis. Realistic theoretical models for the step edge have been
studied by several research groups, and they have obtained
qualitative and semiquantitative agreement with the experi-
mental results.*> Similar systems in which the Fe element is
used instead of the Co element also have been studied
experimentally>® and theoretically.” In these studies, the
perpendicular component for the magnetization easy axis has
been also observed.

The easy axis of the above transition metal chain systems
at the step edge on a Pt(997) surface specifies a direction
which is perpendicular to the chain and canted by about 50°
to the ascending step.!® This direction corresponds to one of
the {001} directions in fcc Pt bulk or FePt regular alloy.
Although in the previous works theoretical estimations of
magnetic anisotropy explain the experimental results suc-
cessfully, the origin in electronic structure for the magnetic
anisotropy has not been discussed deeply.

In Fe-Pt and Co-Pt systems, it has been discussed that
coordinated Pt atoms play important roles for their magnetic
anisotropy. The hybridization with Fe (or Co) orbitals causes
spin polarization on the Pt atom and, as a result, enhances the
MAE due to a large spin-orbit coupling (SOC) in the Pt
atom. The MAE is understood by two parts: a directional
variation and an energy amplitude!>—for example, MAE
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=Ey+K, sin?(@-0,). The control of parameters (K,,®,)
would be desirable to one of the ends in the field of material
magnetism. The results in experiments and theoretical ap-
proaches for decorations of magnetic materials to a surface
imply an opportunity in which the system would be designed
to have a controlled magnetic anisotropy.!!

We have found a strong perpendicular magnetic aniso-
tropy (PMA) for a capped Fe overlayer on the Pt(001) sur-
face, Pt/Fe/Pt(001). We will present results and discuss the
magnetic anisotropy, compared with results of Fe overlayer
on the Pt(111) surface.'” This type of anisotropy enhance-
ment has been pointed out in other systems—for example,
Pd/Co/Pd(001)."* Recently, a similar system as
Pt/Fe/Pt(001) has been fabricated and measured by x-ray
magnetic circular dichroism, resulting in observations of
hysteresis loops at a low temperature.'*

We will also present results of the Fe chain at the step
edge on a vicinal surface. The MAE of similar systems has
been already studied in a systematic way and the perpendicu-
lar component has been found.”® Our results would be pre-
sented to see a relation with (001) surfaces on electronic
structure and to confirm one that results from a pseudopoten-
tial electronic structure calculation and shows good agree-
ment with those of the previous works which employed all-
electron approaches.

II. MODELS AND METHOD

We considered surface systems of Fe/Pt(001) and
Pt/Fe/Pt(001). The substrate has a (001) surface of fcc Pt
bulk with four monolayers in our study. We assumed that the
Fe atoms of overlayer sit on all the hollow sites of Pt(001)
and the Pt capping layer also on the hollow sites of the Fe
monolayer. The unit cell contains five (Fe, 4 Pt) and six (Fe,
5 Pt) atoms for Fe/Pt(001) and Pt/Fe/Pt(001) systems, re-
spectively. In unrelaxed atomic structures, the nearest-
neighbor distance in bulk FePt was used in our model for
Fe-Pt distances, which is 5.11 a.u. compared with the dis-
tance to the Pt-Pt nearest neighbors (5.23 a.u.) in fcc Pt bulk

©2008 The American Physical Society
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TABLE 1. Layer distances (a.u.) and magnetic anisotropy energies (meV/Fe atom) in Fe/Pt(001) and
Pt/Fe/Pt(001) for unrelaxed and relaxed cases, compared with the thin film Pt/Fe/Pt; »; (001) and the FePt
bulk. The distances in parentheses specify the assumed data.

Pt(c)-Fe Fe-Pt(1) Pt(1)-Pt(2)  E[100]-E[001]  E[110]-E[001]

Fe/Pt(001) (unrelaxed) (3.52) (3.70) -0.030 -0.002
Fe/Pt(001) (relaxed) 3.20 3.84 0.19 0.13
Pt/Fe/Pt(001) (unrelaxed) (3.52) (3.52) (3.70) 4.02 379
Pt/Fe/Pt(001) (relaxed) 328 3.47 3.85 5.0 513
Pt/Fe/Pt; y.(001) (unrelaxed) (3.52) (3.52) 8.29 8.43
Pt/Fe/Pt; \.(001) (relaxed) 3.21 3.21 7.51 7.70
FePt bulk 2.734,2 2.61°

4Reference 25.
PReference 19.

(a=7.41 a.u.). We made surface relaxations, assuming that
the atomic positions of three Pt layers located at bottom of
substrate were fixed. The capped system Pt/Fe/Pt(001) has a
local structure similar to that of the bulk system FePt, imply-
ing that the magnetic anisotropy perpendicular to the surface
has a same origin in both systems. A vacuum layer of about
14 a.u. thick was assumed.

We also considered a Fe chain at the step edge on Pt(664)
surface, in which the x axis is taken along the chain parallel

to [110] and the z axis along [111]. Our model calculated is
similar to the previous works,’”® but includes a larger number
of atoms (Fe and 21 Pt atoms) in unit cell. All the atoms
were fixed on the sites extracted from fcc Pt bulk.

The present work is based on a local spin density
approximation'® in Kohn-Sham theory.'® We have employed
a fully relativistic pseudopotential approach, which have
been developed previously.!’~° The wave functions have the
two-component spinor form?® and are determined self-
consistently with effects of SOC embedded in the
pseudopotential,”! which is the main origin of magnetic an-
isotropy. Energy cutoffs of 30 and 300 Ry were taken for
wave functions and densities, respectively.22 In surface relax-
ations we used the atomic forces deduced from the wave
functions including SOC effects.

The MAE was estimated by the difference of total ener-
gies; the total energy E[Imn] when the system is magnetized
along the [Imn] direction. In the present work we used a
24 X 24 X 1 mesh in k-point sampling for flat (001) surfaces
and a 32X 6 X 1 mesh for the step edge system.?? It is noted
that the equilibrium distance between Fe and Pt layers is not
sensitive to the magnetization direction. Therefore, in this
work all MAEs were estimated with using a fixed atomic
configuration for each system. In our scheme,'*?° the con-
straint for the magnetization direction is not completely im-
posed in every case. This shortcoming forced us to accept a
small ambiguity of directional angle (~1°). The spin and
orbital magnetizations on atoms were estimated in the sphere
with the radius of 2.5 a.u. for both Fe and Pt atoms.'®

For materials of the 3d transition metal series, structural
properties could not remarkably depend on the SOC due to
a smaller energy of the coupling, an order of 10 meV,*
while the counterpart of the 5d transition metal series—for

example, in Pt—amounts to an order of 1 eV. Although
this energy scale may influence bond lengths and lattice
constants, the previous work did not indicate any remark-
able effect of SOC on the lattice constant'® and the present
work only showed a small effect on the layer distances
(~0.01 a.u.).

The local density of states (LDOS) of Fe atoms, which
will be used for analyzing the electronic anisotropy, essen-
tially provides a dependence on the magnetization direction
of the system. In this work, however, the LDOS was calcu-
lated from the z-polarized magnetization system to present
an overall anisotropy around Fe atom.

II1. RESULTS

A. Fe layer on the flat surface

The layer distances, both unrelaxed and relaxed ones, are
tabulated in Table I. As a general property, the distance be-
tween Pt layers just below the Fe layer becomes larger than
the bulk layer distance of Pt (amounting to +4%), while the
Fe layer faced on vacuum is largely contracted to the sub-
strate [amounting to —9% in Fe/Pt(001)]. In Pt/Fe/Pt(001)
the surface layer is also contracted by 7%. These features of
a surface contraction and an extension at the next distance
between Pt layers are also observed in Fe layer on Pt(111).!2

The MAEs are also tabulated in Table I. The capping
system Pt/Fe/Pt(001) has much larger perpendicular MAEs,
compared with the Fe/Pt(001) system. This indicates that the
capping Pt plays an important role for a large MAE. The
magnitudes of the large MAEs are larger than those of the
bulk system and the Fe chain on Pt(111) in the previous
work.!? To confirm the role of the capping Pt layer, we also
calculated the MAEs of a Fe monolayer sandwiched by Pt
layers, Pt/Fe/Pt; 3y (001), obtaining an increase of PMA.
The unrelaxed Fe/Pt(001) surface has a weak in-plane aniso-
tropy and the surface relaxation introduced a PMA. The sur-
face relaxation also increased the PMA in Pt/Fe/Pt(001),
while it decreased in the sandwiched system. The decrease of
the latter may be related to an excess contraction of the sur-
face Pt layers. The MAEs in Table I do not show any strong
in-plane magnetic anisotropy.
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FIG. 1. The local density of states projected to the Fe components of d,,, d,., d3.2_,2, d,., and d,2_,» for the systems of Fe/Pt(001),
Pt/Fe/Pt(001), Pt/Fe/Pt; . (001), and FePt bulk. At each panel, the majority and minority spin states are plotted up and down sides,

respectively. The vertical dotted lines specify the Fermi level.

The LDOS provide information on properties of aniso-
tropy in electronic structure. Figure 1 shows the LDOS
which are projected to the Fe orbital local components of d,,,
dy, d32_p, dy, and d2_ 2.1 In Pt/Fe/Pt(001), effects of the
capping Pt layer are remarkably observed around the Fermi
level in the minority spin components of d,, and d,,, which
are due to orbital hybridizations between the capping Pt and
Fe atoms. These hybridizations lower the minority spin states
of d,, and d,,, of Fe/Pt(001) around the Fermi level, resulting
in a low density of states at the Fermi level for d,, and d,..
Systems other than the Fe/Pt(001), which have the Fe layer
sandwiched by Pt layers, show LDOS similar to each other
in the respective d components. These LDOS are also similar
to those of FePt bulk, as compared in Fig. 1. The above
contrast between the systems with and without the capping
Pt layer is related to the large difference in the property of
MAE:s (see Table I).

To consider this difference more from electronic struc-
tures, we present band dispersions of the Fe/Pt(001) and

Pt/Fe/Pt(001) systems. The wave vectors were taken along
connected lines, f—M(f,f)—?{(o,f)—f (a=5.23 a.u). In
Figs. 2(a) and 2(b), the magnetization dependence of the z
and x axes is displayed, and in Figs. 2(c)-2(h) the character
of local d components (d,,, d., ds,2_,2, d,,, and d,>_2) on Fe
atom is assigned to band dispersions when the ratio of the
component is larger than 10%. In the latter, the characters of
the Fe orbitals, especially in Fe/Pt(001), are similar to the
previous result of an isolated Fe layer.>* It is found that the
change by the existence of the capping Pt layer remarkably
appears at the d,, and d,,; components, as found in the LDOS.

The change of eigenvalues which is induced by a magne-
tization rotation contributes MAE. In Figs. 2(a) and 2(b),
changes are observed along the lines presented. In Fig. 2(a)

[Fe/Pt(001) system], the changes on the X—I line seem to
be relatively suppressed, while in Fig. 2(b) [Pt/Fe/Pt(001)
system], the changes are remarkably observed below the
Fermi level. As seen from Fig. 2, the portion where changes
occur does not always have a character of Fe orbitals. This
implies a considerable contribution from Pt atoms to MAE.

In Fig. 3, the characters of the capping Pt atom are pre-
sented on band dispersions as both majority and minority
spin states for Pt/Fe/Pt(001) when the ratio of the compo-
nent is larger than 5%. In Fig. 4, the same quantities of
results are presented for Pt(1) as in Fig. 3. Both results of
these figures are similar to each other. By comparing with
Figs. 2(e)-2(h), for the characters of minority d,, and d,,
spin states, clear hybridizations are observed between Fe and
Pt. Comparing Figs. 3 and 4 with Fig. 2(b), the dispersion
change by the magnetization rotation seems to originate from
the Pt atoms which sandwich Fe layer rather than Fe atoms
themselves. The result in Figs. 2—4 implies that a large
amount of the MAE in Pt/Fe/Pt(001) comes from the Pt
atoms. However, the perpendicularity of magnetic anisotropy
in this system could not be determined by the Pt atoms them-
selves because the spin polarization on Pt is induced through
the hybridization with Fe. Thus, it may be valid that the
direction of the easy axis is mainly determined by the elec-
tronic structure of Fe atoms which is deformed by the sur-
rounding Pt atoms, whereas the strength of magnetic aniso-
tropy may be contributed from both Fe and Pt atoms.
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FIG. 2. (Color online) Band dispersions for the Fe/Pt(001) [(a), (c), (e), and (g)] and Pt/Fe/Pt(001) [(b), (d), (f), and (h)]. In the top
panels, the magnetized direction dependence of the z axis (solid curves) and x axis (dashed curves) is shown. The Fe orbital local
components of d32_2, d,, d, d,, and d,>_,> for minority spin states are marked as red circles, orange triangles, yellow circles, blue squares,
and green triangles, respectively. See text for other details.
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FIG. 3. (Color online) Band structure for the Pt/Fe/Pt(001) magnetized to the z axis. The minority (left) and majority (right) spin d32_,2,
dy., d,., d,,, and d>_,> states of the Pt(c) atom are marked as red circles, orange triangles, yellow circles, blue squares, and green triangles.

See text for other details.

The origins of magnetic anisotropy have been discussed
previously.?* Daalderop et al.*® summarized a couple of
points: splittings by the SOC of partly occupied orbitally
degenerate levels and second-perturbative contributions. Es-
pecially, the former contribution may be important at a high-
symmetry point (or line) in k space. It is rather difficult to
estimate an individual contribution to MAE for candidates of
symmetry points in Fig. 2(b). The latter is discussed below.

Though the SOC in Pt is larger, it may be valid to use a
perturbative treatment of MAE. To discuss the essential mag-
netic features in Fe-Pt systems, we consider the minority
spin state because the Fermi level sits in minority spin states
for Fe local components. We consider a perturbative
formula®*

2_ 2
E~E~ &Y o] €.|u)|* = |(o] € |u)| ’ M

o,u €6

where o and u specify occupied and unoccupied minority
spin states, respectively, and the €, and €_ are angular mo-
mentum operators. The parameter of ¢ is an average of SOC
coefficients. The large ¢ value for Pt is one of the reasons for
large MAEs of CoPt and FePt alloys.>>?”?® The pair of oc-
cupied and unoccupied states around the Fermi level is im-
portant. In Fe-Pt systems, the Fermi level exists in minority
spin states of Fe 3d, which sensitively depends on the hy-
bridizations among Fe 3d orbitals and with Pt 5d orbitals.
These hybridizations largely affect the above matrix ele-
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FIG. 4. (Color online) Band structure for the Pt/Fe/Pt(001) magnetized to the z axis. The minority (left) and majority (right) spin d32_,2,

dy,d,d

2 dyz, dyy, and dy2_2 states of the Pt(1) atom are marked as red circles, orange triangles, yellow circles, blue squares, and green triangles.

See text for other details.

ments of £, and €, through changes of the orbitals on Fe
atoms.

Taking into account the matrix elements of €, and €, the
change to the large perpendicular MAE in Pt/Fe/Pt(001)
might be explained qualitatively by the remarkable reduc-
tions of d,, and d,, minority spin components at the Fermi
level. Recently, it has been shown that the SOC coefficient at
Pt atoms contributes a large contribution to the total MAE®?
and a more strict analysis is required for clarifying the con-
tribution of Pt atoms when one likes to estimate an atomic
contribution by such a scheme as the present pseudopotential
plane-wave method.

The atomic magnetic moments are presented in Table II,
with the total spin magnetizations. The estimated values are
almost consistent with the results of Fe-Pt systems which has

been studied theoretically in previous works on bulk and
Fe/Pt(111) systems,'®?28 while our results show a variation
in atomic local structure. The total spin magnetization is in-
creased in order of Fe/Pt(001), Pt/Fe/Pt(001), and
Pt/Fe/Pt; 3 (001). In contrast with this property, interest-
ingly, the spin magnetic moments on Fe atom are not so
changed against a variation of circumstance around the atom.
The change of the total spin magnetization comes from the
induced Pt spin moments which are generated by the 5d
orbital hybridization with Fe 3d orbitals. The comparison of
Pt layers in Pt/Fe/Pt(001) reveals that the capping-Pt spin
moments are more induced than that of the Pt(1) layer. The
spin moments on the Pt(2) layer are much smaller, compared
with the Pt(1) layer.
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TABLE II. Spin and orbital magnetic moments (ug) on the Fe and Pt atoms for the relaxed surfaces investigated. Pt(c), Pt(1), and Pt(2)
represent the capping atom and the first and second nearest Pt atoms, respectively.

Spin Orbital
Magnetization

direction Total Pt(c) Fe Pt(1) Pt(2) Pt(c) Fe Pt(1) Pt(2)
Fe/Pt(001) [100] 3.526 2.933 0.307 0.050 0.076 0.053 0.007
[110] 3.525 2.933 0.307 0.049 0.076 0.053 0.007
[001] easy axis 3.529 2.932 0.308 0.051 0.069 0.040 0.014
Pt/Fe/Pt(001) [100] 3.641 0.349 2.962 0.256 0.009 0.100 0.028 0.040 0.010
[110] 3.642 0.350 2.963 0.256 0.009 0.101 0.029 0.040 0.010
[001] easy axis 3.632 0.342 2.957 0.252 0.006 0.058 0.036 0.032 0.005

Pt/Fe/Pt; v [100] 3.918 0.360 2.985 0.359 0.098 0.030 0.098

[110] 3.923 0.363 2.985 0.363 0.100 0.030 0.100

[001] easy axis 3.900 0.355 2.978 0.355 0.063 0.020 0.063

The orbital magnetic moments on atoms have a variation
depending on the location of atoms. The orbital moments on
Fe are reduced from Fe/Pt(001) to Pt/Fe/Pt(001). The coun-
terparts of Pt are much induced at the capping Pt site and
reduced in the inner Pt one, similarly as mentioned above for
the spin moments. In most cases, interestingly, the orbital
moments of Pt atoms are reduced for the magnetization easy
axis (or enhanced for the hard axes).

Orbital magnetic moments of surface atoms in
Pt/Fe/Pt(001) and Fe/Pt(001) are interestingly compared
with those in the Fe/Pt(111) and Fe-chain/Pt(111) for which
the in-plane magnetic anisotropies were obtained previously.
Figure 5 presents the orbital magnetic moments in systems of
various anisotropies which are from a strong PMA to a
strong in-plane one. The Pt/Fe/Pt(001) of strong PMA have
smaller values on the Fe atom and larger ones for the surface
Pt atom. Even in the other systems, the orbital moments of
surface atom are larger than that of inner layers. The moment
on Fe of Fe-chain/Pt(111) for the system spin polarized along
the chain is largest in Fig. 5.

B0os| A PHe)
= 0.04| N ]
c »‘0’4\
o N 1
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S I <] Fe -
S 0.08 i éi éﬁ Egs 1
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L2 I N i
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FIG. 5. Orbital magnetic moments of Fe and Pt atoms, as a
variation of magnetic anisotropy; strong perpendicular anisotropy
on the left-hand side of figure. The data at Pt(111) surfaces are cited
from Ref. 12. The dark-hatched bars are of the easy axis, and the
cross-hatched and line-hatched bars are of the hard axes.

B. Fe chain at the step edge

The isolated Fe chain which has the atomic distance when
deposited on a Pt(111) surface has been shown to have a
magnetization easy axis along the chain.’®3! At the step edge
that is constituted by a couple of neighboring (111)-surface
terraces, the Fe chain has an out-of-plane component for the
magnetization easy axis in the theoretical approaches.”# The
magnetization direction dependence of the total energy for
Fe-chain/Pt(664) is presented in Fig. 6, compared with re-
sults of the previous theoretical all-electron approaches. The
direction along the Fe chain is one of the magnetization hard
axes, which has been pointed out in previous works.?? This
result makes a remarkable contrast with the easy axis along
the chain in our previous result about Fe-chain/Pt(111).'? The
difference is attributed to the existence of the Pt atoms lo-
cated beside the Fe chain in the Fe-chain/Pt(664) system.
The easy axis is canted by 50° from the z axis in the yz
plane, and the anisotropy constant was estimated to be
1.19 meV per iron atom, resulting in E(¢)—E(0)=0.51
—1.19 cos?(¢+50) meV per iron atom where ¢ is defined as

1.8

—_
o}

) (meV/Fe atom)
o
(o]

0
(S)
w
=-06
w L ) R g
_1 2 T —'"/’\ L I 1 I Ty
-90 -60 -30 0 30 60 90
¢ (degree)

FIG. 6. Magnetization direction dependence of total energy
E(¢)—E(0), where ¢ measures the angle from the z axis to the y
axis in the yz plane. The present work is specified by the crosses
(calculated data) and the solid curve [fitted to E(¢)—E(0)=0.51
—1.19 cos*(¢p+50)], the results of all-electron approaches by the
dashed (Ref. 7) and dot-dashed (Ref. 8) curves.
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Pt(lIT)

FIG. 7. The local coordinate system that the X axis is along the
chain ([110]) and Z axis is parallel to the [001] direction.

the azimuth angle. The anisotropy constant agrees with the
values of all-electron approaches, 1.51 and 1.27 meV per
iron atom.”8 The direction of the easy axis (¢=-50°) is in
between the previous values, ¢p=-28° and —80°.7%

The system of Fe-chain/Pt(664) has three types of Pt at-
oms nearest to the Fe atom; at the upper terrace, in the sub-
strate bulk, and at the lower terrace, labeled by Pt(I), Pt(II),
and Pt(IIT), respectively (see Fig. 7). The spin magnetic mo-
ment on the Fe atom is 3.12ug and those on Pt(I), Pt(II), and
Pt(ITI) are 0.15up, 0.11up, and 0.14ug. These values are
almost the same as the previous linear muffin-tin orbital
(LMTO) result®® while they are smaller by about half than
those of Pt atoms near the Fe atoms presented in Table II.
This is because the present system with the step edge is
unrelaxed and the increase of hybridizations between Fe and
Pt orbitals may enhance the spin moments on Pt atoms in a
relaxed system which results in shorten atomic distances be-
tween Fe and Pt atoms.

We also estimated orbital moments on Fe atom for the Fe
chain system, as shown in Table III. When the total spin
magnetization was fixed to perpendicular direction (6=90°,
¢=0°), the orbital moment on Fe atom (0.124ug) has an
almost same value as estimated by Shick ef al. (0.12ug).” In
the system of Fe-chain/Pt(664), the orbital moment on Fe
atom for the total spin magnetization fixed to the x axis (6
=0°) was smaller than those fixed to the y or z axis. When
the total spin magnetization was rotated to the y or z axis, the
orbital moment on Fe atom, as well as the case of Co chain,’
has been found to have a component perpendicular to the
spin magnetization.*** In our calculation this canting of the

PHYSICAL REVIEW B 77, 054413 (2008)

orbital moment was also observed in both Fe-chain/Pt(664)
and Fe-chain/Pt(111). Our angles of ¢=104° (second row in
Table IIT) and ¢=-2° (third row in Table III) are similar to
97° and —1° in the previous study.’

IV. DISCUSSIONS

For the Co chain at the step edge, the direction of easy
axis was found to take values of —51° and ¢=-42°° A
similar situation was also obtained for the Fe chain. In the
present work the easy axis was found at ¢=-50°. It would
be interesting to compare it with the (001) surface on a mag-
netic property, because the easy axis is almost along to a
[001] direction (¢p=—55°). This direction is presented by the
Z axis of the local coordinate in Fig. 7, showing the X and Y

axes ([110] and [110]). In Fig. 8, we display the LDOS of
the Fe atom for the systems of Fe-chain/Pt(111) and Fe-
chain/Pt(664) by using the local coordinate XYZ system. In
Fe-chain/Pt(664) the dy, component for the minority spin
state around the Fermi level is decreased from the counter-
part for Fe-chain/Pt(111). This is due to existence of the Pt
atoms at the upper terrace near the Fe atom. As mentioned
previously a similar decrease observed for the d,, component
around the Fermi level when the Fe/Pt(001) surface was
capped with Pt atoms (see Fig. 1). For the systems of Fe-
chain/Pt(111) and Fe-chain/Pt(664), the minority spin state
for dy, component at the vicinity of the Fermi level is pushed
up to above the Fermi level. Additionally, the minority spin
components of dyy and dy2_y2 seem to correspond to those of
do_and d,, in Pt/Fe/ Pt(001). As a result, the minority spin
states around Fermi level in Fe-chain/Pt(664) effectively
give rise to a magnetic anisotropy along the Z axis.

Repetto et al. investigated the magnetic anisotropy of Fe
thin films on Pt(111) and Pt(997) surfaces.® Through their
experiment, it was concluded that the magnetization easy
axis of the Fe monoatomic chain on the Pt(997) step edge
was perpendicular to the chain and the angle ¢ was about
—80°. As concluded in the system of Co chain on the Pt(664)
step edge, the easy axis might be expected to be canted to the
film plane by the surface relaxation.>

Recently, Imada et al. fabricated the thinnest limit of
L1j-ordered FePt film which consists of Fe monolayer sand-
wiched by Pt(001) layers and observed that the film has a
PMA.'# This system corresponds well to our system studied
except for the numbers of the substrate and capping layers.

TABLE III. Atomic spin and orbital magnetic moments (ug) on Fe atom for Fe-chain/Pt(664), compared with Fe-chain/Pt(111). The
respective moments for the systems spin-polarized parallel to the chain (§=0°), perpendicular to the chain within the surface (6=90°, ¢
=90°), and perpendicular to the (111) terrace (=90°,$=0°) are given.

Fe—chain/Pt(111)

Fe—chain/Pt(664)

Spin magnetization direction Spin Orbital Spin Orbital
0 ¢ mg 0 ¢ 0 ¢ mg 0 ¢ ny 0 ]
0 — 3.043 0 0.107 0 3.120 0 0.092 0
90 90 3.045 90 90 0.091 90 70 3.120 90 91 0.113 90 104

b4 90 0 3.045 90 0

0.098

90 18 3.120 90 -1 0.124 90 -2
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FIG. 8. The local density of states projected onto the Fe components of dyy, dxz, d3z2_g2, dyz, and dy2_y2 for the systems of Fe-chain/

Pt(111) and Fe-chain/Pt(664).

The experimental evidence of PMA might be confirmed by
our theoretical calculations. The latter notes that the sand-
wiched local structure is important for the PMA. While the
effects of the substrate may be almost included by judging
from a convergence test of MAEs with respect to the number
of layers in the substrate,3® the number of capping layers also
influences the MAE. The comparison between the results of
Pt/Fe/Pt(001) and Pt/Fe/Pt; yy (001) calls a decrease of
MAE with respect to the number of capping layers, as was
found in the system Cu/Co/Cu(001).’738 Indeed, an addi-
tional capping layer reduced the MAE of E[100]-E[001] to
1.2 meV per iron atom, but the PMA has been kept in the
system. The experimental Fe magnetic moment in the thin
films seems to be slightly reduced from the bulk value.'*
Correspondingly, both the spin and orbital magnetic mo-
ments estimated in our system Pt/Fe/Pt(001) (2.96u; and
0.036u) were decreased, compared with the respective bulk
values (3.02up and 0.067ug)."

The theoretical approach which uses a local density
approximation'> (LDA) usually underestimates orbital mag-
netic moments and MAEs. This is due to missing an explicit
orbital splitting in the theory. This effect should be contained
in electron correlations, and several approaches have been
performed to improve such a drawback in a usual LDA. The
explicit artificial introduction of an orbital polarization® was
discussed for a FePt bulk system and the LDA+U approach
was also performed to improve the absolute values of orbital
magnetic moments and MAEs. >4

V. CONCLUSION

In summary, we have estimated the MAE for the
Fe/Pt(001) and Pt/Fe/Pt(001) surfaces. The latter showed a
large perpendicular MAE. It was found that the capping Pt
layer much enhanced a perpendicular component of mag-
netic anisotropy and the atomic relaxation also enhanced it
with strong promotions of hybridization between the Fe 3d
and Pt 5d orbitals. The analysis of LDOS and band disper-
sion revealed that the PMA was induced with accompanying

a remarkable reduction of the d,, and d,, components at the
Fermi level. We presented the magnetic anisotropy of Fe
chain at the Pt(664) step edge. Our result by employing
pseudopotentials showed good agreement with the results of
all-electron approaches. The magnetic properties of the vici-
nal surface were compared with those of the flat Pt(111)
surface. The observation in the LDOS, that the dy, compo-
nent at the Fermi level was reduced, indicated that the Pt(I)
atom beside the Fe chain played a role of enhancement for
the magnetic anisotropy parallel to the [001] in the local
coordinate. The present work implies that the capping Pt
atoms possibly increase a magnetic anisotropy to a local
[001] direction.

We also estimated the spin and orbital magnetic moments.
For the system of Fe-chain/Pt(664), the spin and orbital mag-
netic moments well agree with the results of previous works.
It was found that the orbital moment which faces to the
vacuum seemed to be enhanced. In the Fe overlayer capped
by Pt layer [Pt/Fe/Pt(001)] the orbital moments on Fe were
remarkably reduced. The orbital moments were discussed in
a variation of the magnetic anisotropies observed for some
local atomic structures.

Experiences encountered in the present work contain re-
lationships between magnetic anisotropies and local struc-
tures of the Fe-Pt system. This information is useful for un-
derstanding the decorated magnetic surface system in
experiments and could be building blocks for a material de-
sign.
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