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The structural, electronic, and magnetic properties of the Fe/Ru(0001) system were determined by us-
ing the local-density total-energy full-potential linearized augmented-plane-wave energy-band method.
Structurally, Fe atoms are found to occupy the hcp sites on the Ru(0001) substrate. Compared with the
average of their bulk values, the nearest Fe-Ru distance contracts about 6% for the paramagnetic case
but expands 1% for the ferromagnetic and the antiferromagnetic configurations, indicating the strong
effect of magnetism and the lattice geometry. As the result of the strong overlayer-substrate hybridiza-
tion, the Fe atoms, which are coupled ferromagnetically in the case of the corresponding free-standing
Fe monolayer, favor antiferromagnetic coupling for Fe/Ru(0001). The predicted antiferromagnetic cou-
pling appears to explain the observation by Liu and Bader that Fe overlayers on Ru(0001) are “magneti-
cally dead” when the number of Fe layers is less than 2.

I. INTRODUCTION

Recent technical progress makes it possible to syn-
thesize high-quality ultrathin 3d transition-metal films.
In turn, the observation of magnetic properties such as
enhanced magnetic moments, perpendicular magnetic an-
isotropy, giant magnetoresistance, and lower-dimensional
critical phenomena are stimulating fundamental studies,
and are likely to open vast vistas for practical applica-
tions. ! ™2

Because of their technical and fundamental impor-
tance, ultrathin Fe films have received particularly close
attention. Many experimental and theoretical works
have been carried out to investigate the magnetic and
electronic properties of, e.g., clean Fe surfaces, Fe over-
layers on metal or ceramic substrates, and Fe superlat-
tices with various kinds of interlayers, etc.3™° Qualita-
tively, Fe retains its ferromagnetism in most of the sys-
tems, although the value of the magnetic moment varies
somewhat with details of the interaction with its sur-
roundings. However, recent experimental results re-
vealed unusual behavior in superlattice systems like
Fe/Cr and Fe/Cu, where the ferromagnetic (FM) ul-
trathin Fe films couple antiferromagnetically via the
magnetic or nonmagnetic intervening layers.!0713
Among such systems, Fe/Ru is especially worthy of
close attention because it was reported that the
[Fe(111)],/Ru(0001) overlayer system!* and the hcp
Fe,/ sRu,, !* superlattice are “magnetically dead” when
the number #n of Fe layers is less than 2 (on the surface) or
4 (in the superlattice). Furthermore, as deduced from the
thickness-dependent extrapolation, the ferromagnetism of
the first 2 (4) Fe layers is not activated by deposition of
successive FM Fe layers.

Four possibilities are proposed to explain these in-
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teresting experimental observations for Fe/Ru systems.
(1) The strong Fe-Ru hybridization may entirely destroy
the magnetism of the Fe layer since Fe atoms are
paramagnetic (PM), i.e., magnetically dead, in Fe-Ru
solid solutions when the concentration of Fe is less than
75%." (2) For the same reason, interfacial
interdiffusion, dislocations, etc., may also destroy the
overlayer ferromagnetism. (3) Due to changes in the en-
vironment, the Fe atoms may couple in other more com-
plicated ways, such as an antiferromagnetic (AFM)
configuration. (4) Fe atoms may lose their magnetism in
the hcp structure since the high-pressure e-Fe (hcp) is
nonmagnetic.!> The second possibility appears unlikely
because not only is the surface-free energy of Ru higher
than that of Fe, but it should influence the low-energy
electron diffraction (LEED) pattern or destroy the per-
pendicular magnetic anisotropy.? In fact, as deduced
from their Auger-intensity and LEED observations, Liu
et al. reported a layer-by-layer growth mode for
Fe/Ru(0001) at least for the first two Fe monolayers. 4
The fourth possibility should also be ruled out since the
epitaxial growth enlarges the Fe-Fe interatomic distance
(corresponding to a Wigner-Seitz radius R g of 2.7 a.u.);
Podgény et al.'® reported, using linear-muffin-tin-
orbitals—atomic-sphere-approximation (LMTO-ASA) ap-
proach, that the nonmagnetic-magnetic phase transition
occurs when Ry >2.65 a.u. (M=2.4uy) for hep Fe lat-
tice. Furthermore, we found that a free-standing hexago-
nal Fe monolayer is ferromagnetic. Therefore, the ob-
served “magnetically dead” phenomena should be attri-
buted to interfacial effects only. The goal for theoretical
work is thus to clarify whether the magnetics of the pseu-
domorphic Fe layers is entirely destroyed or whether
merely the magnetic ordering is modified by the influence
of the Ru substrate. In a recent LMTO-ASA calculation,
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Knab et al.'’ found that the Fe,/Ru,, superlattice is
magnetically dead only when n =1. For thicker Fe films,
the antiferromagnetic coupling through the intervening
Ru layers does become more favorable.

In this paper, the magnetic ordering and the electronic
structure of Fe(111) as an overlayer on Ru(0001) is inves-
tigated by using the all-electron full-potential linearized
augmented-plane-wave (FLAPW) total-energy method. '®
We found that in the in-plane AFM coupling is indeed
the most stable magnetic configuration due to the strong
Fe-Fu d-band hybridization, which explains the origin of
the observed “magnetically dead layers.”'*!> Further-
more, magnetic effects are very important in determining
the overlayer relaxation for such a combined magnetic-
nonmagnetic system. This “magnetic pressure” is espe-
cially pronounced when the magnetic moment depends
sensitively on the interatomic spacing. In the following,
the methodology and computational details are given in
Sec. II, results and discussions, including the total energy
analysis, magnetic moment and hyperfine field, valence
charge density, and density of states, etc., are presented
in Sec. III, and some conclusions are given in Sec. IV.

II. METHODOLOGY AND COMPUTATIONAL DETAILS

The Fe/Ru(0001) system is simulated by a six-layer
slab of an ideally constructed hcp Ru(0001) film covered
by (1X1) Fe(111) monolayers on each side. The 2D lat-
tice constant and the distance between adjacent Ru
planes are chosen from experiment (¢ =5.114 a.u.,
¢ =8.008 a.u.),' while the location of Fe atoms and the
overlayer relaxation are determined by total energy
minimization. The overlayer FM and AFM couplings
considered are sketched in Fig. 1, where the dashed lines
show the smallest unit cell for each case. To simplify the
calculations we obtain the structural properties by using
the small cell [the rhombus in Fig. 1(a)] for FM and PM
states. However, the supercell [the rectangle in Fig. 1(b)]
is used to determine the AFM relaxation, and to examine
part of the PM and FM results so as to minimize any sys-
tematic error.

As revealed by many Monte Carlo calculations based
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FIG. 1. Schematic ferromagnetic and antiferromagnetic

overlayer configuration for Fe/Ru(0001). The dashed lines

show the corresponding 2D unit cell.
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on the 2D XY model, the AFM triangular magnetic lat-
tice may exhibit very complicated configurations because
of the inherent frustration.!®2° The AFM configuration
provided in this paper is only the simplest possibility but
is not necessarily the lowest in total energy. To test the
possible ground state proposed by Lee et al.*° (with three
sublattices forming +120° angles leading to a V'3XV'3
periodicity) requires a larger unit cell and lower spatial
symmetry, and thus overwhelms the present computa-
tional ability.

In the FLAPW approach, no shape approximations are
made to the charge densities, potentials, and matrix ele-
ments. The core states are treated fully relativistically
and the valence states are treated semirelativistically (i.e.,
without spin-orbit coupling).?! We employ the Hedin-
Lundqvist and the von Barth—Hedin formulas for the
exchange-correlation potentials for the nonmagnetic and
the spin-polarized calculations, respectively.??> About 500
augmented plane waves (APW’s) for the small cell and
950 for the supercell (i.e., 60 APW’s per atom) are used as
a variational basis set, respectively. Within the muffin-tin
(MT) spheres, lattice harmonics with angular-momentum
/ up to 8 are employed to expand the charge density, po-
tential, and wave functions. Integrations over k space are
substituted by summations over 18 (16) special k points in
1/12 (1/4) irreducible 2D Brillouin zone (BZ) for the
small cell (supercell).” Convergence is assumed when the
average root-square distance between the input and out-
put charge densities is less than 5X 10* e /(a.u.)® Conse-
quently, total energy differences are reliable up to 1 mRy.

III. RESULTS AND DISCUSSIONS

A. Total energy analysis

As a first step we performed calculations for an fcc and
an hcp stacked PM Fe overlayer to determine the
structural ordering. We find that the total energy
minimum for the fcc stacked overlayer is about 0.15
eV/atom higher than the corresponding value of the hcp
one for the PM case. This energy difference is close to (or
even larger for the FM case) the magnetic energy of
0.08~0.2 eV/atom. It is thus reasonable to assume that
the energy ordering for these two kinds of stacking still
holds for the spin polarized states, since the difference in
the second neighbor interaction should not change the
magnetic energy too much. In support of the assumption
we should note that the spin polarization does not change
the energy ordering between the fcc and the hcp over-
layer stackings for both Co/Pt(111) and Co/Pd(111),%*
even though the magnetic energy is about four times
larger than the energy difference for different locations
for these two systems. Therefore, the Fe atoms occupy
the hcp sites on the Ru(0001) substrate; we thus will not
consider the fcc located overlayer in the results reported
below.

Figure 2 presents the calculated total energy difference
per Fe atom versus distance between the Fe and adjacent
Ru atoms (dg,_g,) for the PM, FM and AFM hcp locat-
ed Fe/Ru(0001). Obviously, the theoretical data can be
well fitted by a parabola (solid lines) — indicating the
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FIG. 2. Theoretical total energy difference per Fe atom of
the hcp located Fe/Ru(0001) vs. the nearest Fe-Ru distance.
The solid squares, solid and open circles represent the results
for the PM, FM, and AFM states, respectively. Solid lines are
the fitting parabolas. Arrows show the corresponding minimum
positions.

precision of the total energies. The minimum in each
fitted curve, pointed out by the arrows, gives the calculat-
ed equilibrium distances, dpy =455 a.u. and
dpy apm =485 a.u. Compared to the unrelaxed Fe-Ru
distance, 4.82 a.u. (defined as the average of the Fe-Fe
and Ru-Ru bond lengths in their hcp bulk forms), !’ the
PM Fe overlayer relaxes downwardly by 6%. Surprising-
ly, this large relaxation is entirely recovered by the mag-
netic polarization. As shown by the fitting curves for the
FM and AFM states, the dg._g, even expands 1% com-
pared to bulk average. This magnetically induced large
expansion (7%), as revealed for many other systems,?®
suggests the strong effect of magnetism on the structural
properties of Fe/Ru(0001).

Clearly, the total energy minima are found to order as
AFM < FM <PM. The energy minimum of the AFM
coupling is ~ 0.08 eV per Fe atom lower than that for
the FM case — indicating the stability of the AFM state.
This result explains why the experimental observations
by Liu and Bader'* cannot detect ferromagnetism for
Fe/Ru(0001). To derive the key factor (lattice strain or
substrate effect) which leads to AFM ordering in the
overlayer, a free-standing hexagonal Fe monolayer (ML)
with an expanded 2D lattice constant (to match the Ru
lattice) was also investigated. As a result the total energy
for the FM state lies about 0.18 eV/atom (1.0 eV/atom)
lower than that for the AFM (PM) state. Therefore, the
AF coupling in the Fe overlayer originates entirely from
the effect of the Ru(0001) substrate.
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B. Magnetism, spin polarization, and hyperfine field

The spatial distribution of the spin polarization, i.e.,
the spin densities, are presented in Figs. 3(a) and 3(b) on
the vertical (1120) plane for AFM and FM Fe/Ru(0001),
respectively. Around the Fe atoms, the plots display evi-
dent spatial anisotropy (extend more into the vacuum),
especially for the AFM state. The spin density decreases
rapidly toward the interfacial direction and becomes neg-
ative around the adjacent Ru atoms. Therefore, the
Ru(0001) substrate diminishes the overlayer magnetism.
The overlayer magnetic perturbation in the interior of the
substrate decays slowly (long-range effect), although the
amplitude is small.

The theoretical magnetic moments inside each muffin-
tin sphere (7 =2.05 a.u. for Fe, ry, =2.50 a.u. for Ru)
are listed in Table I for the FM and AFM Fe(111) ML’s
and for Fe/Ru(0001), respectively. For the FM Fe ML,
we obtain an enhanced magnetic moment of 2.90u, be-
cause of the expanded interatomic distance and lower
coordination number (6). When it is deposited on the
Ru(0001) substrate, the magnetic moment decreases
drastically to 2.24uy. For the AFM state, the giant mag-
netic moment of 2.87up for the Fe(111) ML is also re-
duced to 2.23up for Fe/Ru(0001). Obviously, the effect
of the overlayer-substrate hybridization diminishes the
overlayer spin polarization substantially. This effect is
more clearly seen by the strong dependence of the Fe
magnetic moment, M, on dg._g, shown in Fig. 4. At
small distances (dg,_g, <4.6 a.u.), the FM moment is
only ~1.3up —40% smaller than that in the FM hcp or
bee Fe bulk (2.0, 2.2ug )1>. At intermediate distance

FIG. 3. The theoretical spin density of (a) AFM Fe/Ru(0001)
and (b) FM Fe/Ru(0001). Contours shown on the vertical
(1120) plane start from +5X107* e/a.u.’ and increase succes-
sively in steps of £1X 1073 e/a.u..> The solid and dashed lines
indicate positive and negative spin density, respectively.
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TABLE I. The magnetic moment (in units of xp) for FM and
AFM Fe ML’s and Fe/Ru(0001).

System Layer FM AFM
Fe ML Fe 2.90 2.87

Fe 2.24 2.23

Fe/Ru(0001) Ru() -0.08 -0.01
Ru( —1) -0.08 0.6

Ru(C) 0.04 0.05

4.6-4.8 (a.u.), the FM moment jumps by 0.8up to 2.2up,
and shows a tendency to saturate thereafter. By compar-
ison, the variation of the AFM moment with the dg,_g,
is smaller. It is enhanced by 0.35up when dg._g, in-
creases from 4.5 to 4.9 a.u. Since this kind of magnetic
enhancement lowers the overlayer exchange energy (ap-
proaching the situation of the free-standing monolayer),
it may somewhat compensate the overlayer-substrate
chemical binding energy and thus is the chief factor driv-
ing the magnetically induced overlayer expansion.

The Fermi contact hyperfine field Hy, which describes
the coupling between the electronic spin and the nuclear
magnetic moment, is proportional to the electronic spin
density at the nucleus and is usually divided into contri-
butions from core and valence electrons. As a well-
established fact for magnetic transition metal bulks, sur-
face, and overlayers, the core contribution (negative in
sign) is proportional to the local magnetic moment.>?’
The calculated H at Fe nuclei for the FM and AFM Fe
ML’s and for Fe/Ru(0001) are presented in Table II. As
expected, the core electron contribution is indeed propor-
tional to the local magnetic moment; the ratio of the
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FIG. 4. The magnetic moment M of Fe/Ru(0001) vs. the
nearest Fe-Fu distance. Solid and open circles represent results
for the FM and AFM states, respectively.
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TABLE II. Fermi-contact hyperfine field Hcg (in units of
kG) for the FM and AFM Fe ML’s and Fe/Ru(0001) broken
down into valence and core contribution (given in units kG), the
ratio of the core to magnetic moment M (in units of kG per ug).

Fe ML Fe/Ru(0001)
FM AFM FM AFM
Hep —198 98 —214 —48
Valence 218 504 115 278
Core —416 —406 —329 —328
Core/M —143 —142 —146 —146

core-hyperfine field and the magnetic moment for the FM
and AFM Fe/Ru(0001) (146 kG/uy) are identical even
though their valence contributions are quite different.
This ratio is also very close to the results for the Fe ML
and moreover close to those obtained in other indepen-
dent calculations.>*7° By contrast, the valence (i.e., the
conduction electron) contribution varies greatly for the
different cases, as shown in Table II. Since the final Hp
values predicted also differ substantially (—214 kG for
the FM case, —48 kG for the AFM case), one has a
clear-cut means of confirming the predicted AFM order-
ing by means of conversion electron Mossbauer spectros-
copy experiments. 2’2

C. Charge density and overlayer-substrate interaction

In Figs. 5(a) and 5(b), total charge density contours are
shown on the vertical (1120) plane for AFM and FM
Fe/Ru(0001), respectively. Because of the expanded Fe-
Ru distance, the charge density in the region between the
Fe and Ru atoms is slightly smaller than that in the re-
gion between adjacent Ru atoms. Unlike the spin density

FIG. 5.

The total valence charge density of (a) AFM
Fe/Ru(0001), (b) FM Fe/Ru(0001), and (c) their difference
(parm—pPrm) On the vertical (1120) plane. Contours in panels
(a) and (b) start from 5X 10~ * e/a.u.’ and increase successively
by a factor of V2. Contours in panel (c) start from +2.5X107*
e/a.u.’ and increase successively in steps of £5X 10" % e/a.u.?
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contours, the short-range metallic screening in the
Ru(0001) substrate is evident, since the contours just un-
der the interfacial Ru atoms are very similar to those
around the center Ru atoms. This metallic screening
effect is also reflected in Fig. 5(c) for pspm—prm» Where
the difference of the charge distribution is large around
the interfacial Ru atoms but becomes very small in the
interior region.

In order to reveal the physics of the overlayer-substrate
interaction and its influence on the overlayer magnetism,
the differences between the charge density of the
Fe/Ru(0001) and the direct charge density superposition
of the two corresponding Fe ML’s and a clean Ru(0001)
six-layer film are presented in Figs. 6 and 7 for the FM
and AFM phases, respectively. In Fig. 6(a), strong bond-
ing between the Fe and the interfacial Ru atom is obvi-
ous. Both Fe and Ru atoms lose electrons to the bonding
region (covalent bonding). This bonding, as clearly
shown by spin decomposition in Figs. 6(b) and 6(c), arises
mainly from the minority spin states. For the majority
spin states, aside from the fact that the Fe atoms lose
electrons corresponding to the substrate induced decrease
of the magnetic moment, a small contribution to the
Fe—Ru bonding is also obvious. For the AFM case, as
shown in Fig. 7, the overlayer-substrate bonding is even
stronger for the total and the spin decompositions. The
adsorption energy, which is defined as the total energy
difference

E ,a=EFre,/Ru0001) ~Eru(0001)—2E g, pp. 1)

is 2.3 eV per Fe atom for the FM state and increases to
2.5 eV per Fe atom for the AFM case. The enhancement
of the chemical bonding from AFM state to FM state is
more clearly shown in Fig 5(c), where an excess occupa-

(a) (b) (<)

Ru(C)

|

FIG. 6. Charge density difference between the FM
Fe/Ru(0001) and the direct superposition of the free-standing
FM Fe monolayer and the clean Ru(0001) surface for (a) total
charge, (b) majority spin, and (c) minority spin. Contours on
the vertical (1120) plane start from £1X 1073 e/a.u.® and in-
crease successively in steps of +2X1073 e/a.u.® Solid and
dashed lines represent positive and negative differences, respec-
tively.
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(a) (b) (c)

FIG. 7. Charge density difference between the AFM
Fe/Fu(0001) and the direct superposition of the free-standing
AFM Fe monolayer and the clean Ru(0001) surface for (a) total
charge, (b) majority spin, and (c) minority spin. Contours on
the vertical (1120) plane start from +1X1073 e/a.u.? and in-
crease successively in steps £2X 1073 e/a.u.? Solid and dashed
lines represent positive and negative differences, respectively.

tion of a d,,-like state is apparent. The intrasublattice
Fe-Fe interaction is also strengthened indirectly via the
substrate for the AFM case whereas there exists a bond
in the region just over the interfacial Ru atom in Fig.
5(c). These enhancements of the Fe-Fe and Fe-Ru in-
teractions are responsible for the substrate induced stabil-
ization of the AFV configuration.

D. Density of states analysis

The d-like density of states (DOS) projected in the Fe
MT sphere for the FM and AFM Fe/Ru(0001), are plot-
ted in Fig. 8 (solid lines), compared with the correspond-
ing results for the Fe monolayer (dotted lines). For both
FM and AFM Fe monolayers, the majority spin bands
are almost fully occupied, and well separated from the
minority spin bands (the exchange splitting is above 3 eV)
— corresponding to the giant magnetic moment. Notice
that the Fermi energy lies just at a peak of the AFM
minority band, but is in the valley for the FM case. This
may be the reason why the AFM phase is not stable for
the free-standing Fe monolayer. For FM Fe/Ru(0001),
due to the overlayer-substrate hybridization, the Fe d
bands are significantly broadened. Both FM and AFM
DOS curves extend in a wider energy range from —6 eV
to 2 eV — the entire energy range of the substrate d
bands. The minority spin DOS at the Fermi energy de-
crease about two times from the value of the Fe mono-
layer for the AFM state but, by contrast, increase slightly
for the FM case. This is of course helpful to stabilize the
AFM state. As a result of the Fe-Ru interaction, majori-
ty (minority) spin bands lose (gain) some electronic occu-
pation and, hence, the Fe magnetic moments are dimin-
ished. Compared to the FM case, states for AFM



4454

AFM FM

€

& 1

€

8

> 0

<

0

i)

I

@

3

a8 27
3 3 |
-6 -4 -2 0 2 4 -6 -4 -2 0 2 4

E (eV) E (ev)

FIG. 8. The d-like density of states in Fe muffin-tin spheres
for (a) AFM Fe monolayer (dashed) and AFM Fe/Ru(0001)
(solid), (b) FM Fe monolayer (dashed) and FM Fe/Ru(0001)
(solid). Energy scales are shifted with respect to the corre-
sponding E, taken in each case as zero energy.

Fe/Ru(0001) lie in the lower energy region. As shown in
Fig. 8, the majority spin peak between —1 eV to the Ep
for FM Fe/Ru(0001) is gone in the AFM DOS curve,
while the AFM DOS is obviously larger at the d band
bottom (—4 eV to —2 eV).
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IV. CONCLUSION

The structural, electronic, and magnetic properties of
the Fe/Ru(0001) system has been investigated by using
precise FLAPW total energy calculations. We found that
the in-plane AFM coupling becomes the stable ground
state for Fe(111)/Ru(0001) due to strong Fe-Ru d band
hybridization — which explains the origin of observed
“magnetically dead layers.”'*!* Strong Fe-Ru bonding
results in a large adsorption energy of 2.4 eV per adatom
and diminishes the overlayer magnetic moment. The Fe
atoms occupy the hcp sites on the Ru(0001) substrate; the
overlayer relaxes 6% for the PM state but expands 1%
for the AFM and FM states. The pronounced “magnetic
pressure’” effect is attributed to the strong dependence of
the local magnetic moment on the interatomic spacing
for this system.
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