
Substrate-induced antiferromagnetism of a Fe monolayer on the Ir(001) surface

Josef Kudrnovský,1,2,* František Máca,1,2 Ilja Turek,3 and Josef Redinger4

1Institute of Physics ASCR, Na Slovance 2, CZ-182 21 Praha 8, Czech Republic
2Max-Planck Institut für Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

3Institute of Physics of Materials ASCR, Žižkova 22, CZ-616 62 Brno, Czech Republic
4Department of General Physics, Vienna University of Technology, Getreidemarkt 9/134, 1060 Vienna, Austria

�Received 22 May 2009; revised manuscript received 20 July 2009; published 13 August 2009�

We present detailed ab initio study of structural and magnetic stability of a Fe monolayer on the fcc�001�
surface of iridium. The Fe monolayer has a strong tendency to order antiferromagnetically for the true relaxed
geometry. On the contrary an unrelaxed Fe/Ir�001� sample has a ferromagnetic ground state. The antiferro-
magnetism is thus stabilized by the decreased Fe-Ir layer spacing in striking contrast to the recently experi-
mentally observed antiferromagnetism of the Fe/W�001� system which exists also for an ideal bulk-truncated,
unrelaxed geometry. The calculated layer relaxations for Fe/Ir�001� agree reasonably well with recent experi-
mental low-energy electron diffraction data. The present study centers around the evaluation of pair exchange
interactions between Fe atoms in the Fe overlayer as a function of the Fe/Ir interlayer distance which allows for
a detailed understanding of the antiferromagnetism of a Fe/Ir�001� overlayer. Furthermore, our calculations
indicate that the nature of the true ground state could be more complex and display a spin spiral like rather than
a c�2�2�-antiferromagnetic order. Finally, the magnetic stability of the Fe monolayer on the Ir�001� surface is
compared to the closely related Fe/Rh�001� system.
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I. INTRODUCTION

Magnetic overlayers, i.e., the thin films of magnetic ma-
terials on the nonmagnetic substrate are systems with great
technological potential. Magnetic overlayers are also a con-
venient system for a deeper understanding of the origin of
magnetism in the solid state. The prototypical system is a
magnetic monolayer �ML� on a nonmagnetic substrate which
was the subject of many theoretical and experimental studies
in the past.1–13 Yet, a technological preparation, experimental
study, and detailed theoretical understanding of the overlayer
magnetism are still a challenge to solid-state physics.

There are a few important features which distinguish
magnetic overlayers from conventional magnetic materials.
This is, first of all, the presence of an external agent, namely,
the presence of a nonmagnetic substrate, which can strongly
modify the magnetic state and properties of the overlayer
system: �i� the reduced coordination on the surface induces
geometry as well as chemical binding changes. �ii� Magnetic
atoms adapt to the underlying lateral substrate lattice spac-
ings, particularly true for a monolayer case. �iii� The sub-
strate electronic structure, in particular, the position of the
substrate Fermi level is relevant for overlayer magnetism.
�iv� The position of Fermi level can be tuned by the substrate
electron concentration, e.g., by growing the overlayer on an
alloy substrate with varying concentration of the constitu-
ents. Alternatively, one could consider a substrate alloy
which contains magnetic and nonmagnetic species or only
magnetic species, and/or a partial coverage of the substrate to
vary the properties of the magnetic overlayer. Theoretical
and experimental studies on the above trends help to estab-
lish a deeper understanding of the origin of surface magne-
tism.

First-principles calculations represent a powerful tool for
such studies, as they allow to determine reliably the under-

lying lattice structure �possible layer relaxations, surface re-
constructions, etc.� which can be directly compared with ex-
periment �low-energy electron diffraction �LEED��. They
also allow to find out the underlying magnetic structure al-
though in this respect the situation is much more complex. In
addition to collinear magnetic configurations �ferromagnetic
�FM� and antiferromagnetic �AFM� ones� more complex
configurations may exist �e.g., recently observed chiral struc-
tures in bcc-Fe/W�001�,1 magnetism of random overlayers,2

etc.�. Consequently, an estimation and discussion of ex-
change interactions is very useful to gain a deeper under-
standing of properties of both overlayer and bulk magnets
and magnetic alloys, including the diluted magnetic
semiconductors.14,15 Surprisingly and in contrast to bulk sys-
tems, studies of exchange interactions for magnetic overlay-
ers are still very rare3,4 despite of their obvious importance.
In particular, the distance dependence of exchange integrals
can be very different from that in the bulk if, for example,
adatoms can interact via the host surface state as, e.g., Co
adatoms on the fcc�111� faces on noble metals.4,5

Great emphasis, both theoretical and experimental, has
been put recently on the study of the magnetic properties of
Fe overlayers on the �001� and �110� faces of bcc tungsten.
An unusual AFM state was predicted theoretically7,8 and
confirmed experimentally for the bcc-Fe/W�001� system8 �in
fact, the true ground state seems to be a more complex one
exhibiting a chiral state1�. There is also evidence from theory
that the ground state of the Co/W�001� overlayer is AFM,
whereas Mn and Cr overlayers have a FM ground state.9 This
means that a �Fe, Mn�-alloy overlayer on the bcc-W�001�
should exhibit a crossover from an AFM to a FM ground
state.2 Finally, a similar AFM-to-FM crossover was predicted
for the bcc-Fe/�Ta, W��001� alloy substrate system,10 where
the ground state of the bcc-Fe/Ta�001� is FM. However, only
the leading exchange integrals were estimated in the latter
case.10
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The �001� faces of the fcc and bcc substrates exhibit a
simple rectangular array of lattice sites and differ essentially
by the d :aL ratio, where aL is the lateral lattice constant and
d is the interlayer distance. Therefore an investigation of the
magnetic properties of Fe overlayers on the �001� faces of
fcc transition metals poses an interesting problem. A particu-
larly suitable system is the fcc-Fe/Ir�001� where very thin
overlayers were grown successfully with negligible Fe-Ir
intermixing.11 Furthermore, there exist reliable LEED
measurements11 elucidating the detailed geometry, while pre-
liminary magneto-optic Kerr effect studies11 indicate no
magnetic signal in the limit of a monolayer coverage; a situ-
ation similar to the bcc-Fe/W�001�.

The clean Ir�001� surface undergoes the �5�1� quasihex-
agonal reconstruction. The finite Fe coverage �larger than
0.25 ML� lifts the reconstruction.11 In order to avoid possible
corrugation and Fe-Ir intermixing the metastable unrecon-
structed �1�1�-Ir�001� surface was prepared which is, how-
ever, stable for room temperatures and below �for details see
Ref. 11�.

The aim of the present study is a comprehensive first-
principles investigation of the properties of an fcc-Fe/Ir�001�
monolayer system. In a first step we perform a structural
study of Fe/Ir�001� by using two highly accurate DFT meth-
ods, namely, the WIEN2K �Ref. 16� and VASP �Refs. 17 and
18� codes. In the next step we investigate the magnetic struc-
ture of the geometrically relaxed system by comparing total
energies of the nonmagnetic �NM�, FM, and AFM configu-
rations �c�2�2�-AFM�. Here, the main problem is the large
number of possible magnetic configurations �including the
noncollinear ones� to be considered. Instead of a brute-force
search, we evaluate the total energy of the disordered local
moment �DLM� state similarly to Ref. 10. The DLM state is
a model state with zero total magnetic moment which results
from the disorder of spin orientations of otherwise nonzero
local magnetic moments.19 A strong indicator for a more
complex magnetic state of the system under consideration is
a lower total energy of the DLM state as compared to the
NM and FM states. One should note, however, that if some
specific magnetic state is the ground state, e.g., the
c�2�2�-AFM, its total energy is usually lower than that of
the DLM state. On the other hand, in random magnetic sys-
tems, noncollinear states can be the ground state as found,
e.g., in fcc-NiMn alloys20 or in �Cu,Ni�MnSb Heusler
alloys.21 The usefulness of the DLM concept was demon-
strated recently for both overlayer studies10 and disordered
magnetic semiconductors.22 The DLM picture may be
straightforwardly implemented in the framework of the
coherent-potential approximation �CPA�.22 Therefore in a
third step, we perform studies based on the Green’s function
implementation of the TB-LMTO-CPA method23 in the
framework of the surface Green’s function �SGF� approach,
in addition to the above mentioned collinear WIEN2K and
VASP calculations. The TB-LMTO-SGF approach employs a
realistic semi-infinite sample geometry �no slabs or periodic
supercells� and allows to implement the DLM model. The
one-electron potentials are treated within the atomic sphere
approximation; the dipole barrier due to the sample electrons
in the vacuum is included in the formalism. TB-LMTO-SGF
even allows to include the effect of layer relaxations,10 pro-

vided, they are known either from full-potential calculations
or from experiment. An important advantage of the TB-
LMTO-SGF approach is the possibility to estimate exchange
interactions between magnetic atoms in the overlayer by a
straightforward generalization of the well-approved bulk
concept.15,24 Summarizing, the TB-LMTO-SGF approach is
a very useful tool for a qualitative understanding of the re-
sults while the full-potential approaches are superior con-
cerning the quantitative values and thus provide so to say the
corner stones. We will demonstrate that at least in the present
case the results of both types of calculations are in a good
quantitative agreement which justifies our assumptions and
reinforces our conclusions.

II. COMPUTATIONAL DETAILS

First-principles density-functional theory calculations
were performed using both the all-electron full potential lin-
earized augmented plane wave �FP LAPW� code WIEN2K and
the Vienna ab initio simulation package �VASP�,17 using the
projector augmented wave scheme.18 In the FP LAPW cal-
culations the Fe/Ir�001� systems were modeled by the
eleven-layer repeated slab with �10 Å vacuum in between.
All slabs were symmetric with respect to the middle layer.
We allowed the relaxations for top three layers, the remain-
ing interlayer distances were fixed to the bulk values of
1.92 Å. For VASP repeated asymmetric slabs with seven lay-
ers Ir and a single Fe monolayer on one side and also sym-
metric slabs with eleven substrate layers and Fe monolayers
on both sides were used, which were separated by at least
19 Å vacuum. All layer distances have been relaxed, and
turned out to be essentially the same for both setups. Two
DFT potential approximations have been employed: the local
density approximation25 �LDA� and the generalized gradient
approximation26 �GGA� for WIEN2K; the GGA according to
Perdew and Wang �PW91� �Ref. 27� as well as the LDA as
given by Perdew-Zunger28 �Ceperley-Alder�29 for VASP. We
have tested NM-, FM-, and c�2�2�-AFM magnetic arrange-
ments, all performed in the c�2�2� structure for a reliable
comparison of total energies. Technically, we have used a
Brillouin zone sampling with 21–36 special k points in the
irreducible two-dimensional wedge. The difference between
input and output charge density in the final iteration was
better than 0.1 me a.u.−3. The total force on single atoms
was in every case smaller than 1mRy/bohr.

In all TB-LMTO-SGF calculations the LDA approxima-
tion and experimental layer relaxations11 were used. The
vacuum above the overlayer was simulated as usual by
empty spheres �ES�. Electronic relaxations were allowed in
four empty spheres adjoining the overlayer, the overlayer
itself, and in five adjoining Ir substrate layers. This finite
system was sandwiched self-consistently between a frozen
semi-infinite fcc-Ir�001� bulk and the ES vacuum space in-
cluding the dipole surface barrier. Additionally to NM-, FM-,
and c�2�2�-AFM configurations, we have studied DLM ar-
rangements.

In the framework of the TB-LMTO-SGF method the ex-
change integrals Ji,j

Fe,Fe between sites i , j in the magnetic over-
layer may be expressed as follows:15,24
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Ji,j
Fe,Fe =

1

4�
Im�

C

trL��i
Fe�z�gi,j

↑ �z�� j
Fe�z�gj,i

↓ �z��dz . �1�

Here, the trace extends over s , p ,d , f basis set, the quantities
�i

Fe are proportional to the calculated exchange splittings,
and the Green’s function gi,j

� describes the propagation of
electrons of a given spin ��= ↑ ,↓� between sites i , j. It
should be noted that both the direct propagation of electrons
in the magnetic overlayer and the indirect one via the Ir
substrate are included in Eq. �1� on an equal footing. Finally,
the energy integration extends over all occupied valence
states up the Fermi energy EF which is technically performed
by integrating over the contour C in the complex energy
plane. For more details see Ref. 15. Once the exchange in-
teractions were known, we constructed a two-dimensional
�2D� classical Heisenberg Hamiltonian to describe the mag-
netic behavior of the Fe overlayer on a nonmagnetic fcc-
Ir�001� substrate

H = − �
i�j

Jij
Fe,Feei · e j . �2�

In Eq. �2�, ei denotes the orientation of the Fe magnetic
moment at the site i. By construction, the value of the cor-

responding magnetic moment is included in the definition of
Jij

Fe,Fe, and positive �negative� values denote FM �AFM� cou-
plings. An early study of exchange interactions in fcc-Fe,
Co/Cu�001� systems is found in Ref. 3, whereas some recent
estimates of exchange integrals for a bcc-Fe/W�001� over-
layer were obtained either by a supercell approach10,30 or by
an approach closely related to the present one.31,32

A Green’s function approach such as the present one to
calculate exchange interactions has a particular advantage
over a supercell approach:10,30 Exchange interactions can be
evaluated easily and reliably even for disordered overlayers
and partial coverages.

III. RESULTS AND DISCUSSION

A. Structure and magnetism

The results of the total energy calculations are summa-
rized in Tables I–IV. In Table I we present results of the
structural minimization and compare our results with experi-
ment. We found that the ground state is antiferromagnetic
and that the interlayer distances obtained for this order in
GGA approximation agree very well with the results of

TABLE I. Calculated �LDA/GGA, WIEN, and VASP, respectively� and experimental �Ref. 11� �LEED�
interlayer distances dij between top three sample layers �1-Fe overlayer, 2-top Ir layer, 3-s Ir layer� for
fcc-Fe/Ir�001� in the NM, FM, and c�2�2�-AFM states. Hb AFM displays the influence of 0.5 ML hydrogen
adsorbed on favorable bridge positions. The interlayer �001� distance in the bulk iridium is 1.92 Å.

dij

d12

�Å�
d23

�Å�
d34

�Å�

LDA GGA LDA GGA LDA GGA

NM WIEN 1.52 1.61 1.95 2.00 1.86 1.93

VASP 1.51 1.58 1.99 2.05 1.88 1.94

FM WIEN 1.64 1.78 1.91 1.95 1.88 1.94

VASP 1.60 1.76 1.94 1.98 1.89 1.97

AFM WIEN 1.59 1.69 1.93 1.98 1.88 1.93

VASP 1.55 1.66 1.97 2.02 1.88 1.94

Hb-AFM VASP 1.58 1.67 1.97 2.01 1.88 1.94

LEED 1.69 1.96 1.91

TABLE II. Calculated work functions � in eV for Ir�001� �neglecting a possible lateral reconstruction�
and of Fe/Ir�001� in various magnetic states. Symbols Ir, NM, FM, AFM, DLM, Hb AFM, and Hb FM denote,
respectively, the Ir�001� surface, and nonmagnetic, ferromagnetic, c�2�2�-antiferromagnetic, and disordered
local moment states of the Fe/Ir�001� overlayer, as well as the FM and AFM states with 0.5 ML hydrogen
adsorbed on bridge positions. The values correspond to the respective calculated relaxed geometries �see
Table I� for WIEN/VASP, and to the experimental one �Ref. 11� for LMTO. The experimental value for the
Ir�001� surface is 5.67 eV �Ref. 33�.

�
�eV� Ir NM FM AFM DLM Hb FM Hb AFM

WIEN-GGA 5.65 4.86 4.38 4.45

VASP-GGA 5.62 4.82 4.29 4.37 4.71 4.65

WIEN-LDA 5.92 5.14 4.58 4.66

VASP-LDA 5.89 5.13 4.59 4.66 5.01 5.04

LMTO-LDA 6.22 5.05 4.79 4.76 4.67
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LEED structure analysis.11 For all calculations we used the
experimental lattice constant a=3.84 Å in layers, which lies
between the calculated LDA bulk value �3.81 Å� below and
the GGA �3.87 Å� above. For this reason, the calculated
substrate interlayer distances are slightly underestimated in
LDA ��0.04 Å� and overestimated in GGA ��0.03 Å�, as
the system tries to keep its respective equilibrium volume.
The magnetic state influences the equilibrium surface geom-
etry considerably at the Fe/Ir interface, while the changes in
the substrate are less pronounced. A possible contamination
with hydrogen, due to the preparation process should be hard
to detect, as the hydrogen-induced changes in the spacings
are rather small and around the experimental error limit. The
differences for first interlayer distance between the FM and
c�2�2�-AFM configurations amount to �0.10 Å, while the
NM Fe/Ir spacing is even smaller by 0.08 Å. The calculated
top layer relaxations �about 12%� is smaller than the one
obtained for the similar bcc-Fe/W�001� system �about
14 %–19 %�.9

The first Ir-Ir distance is slightly expanded with respect to
its bulk value, where one has to keep in mind that the bulk
spacing is enhanced for GGA and decreased for LDA. The
next spacing is reduced leading to an oscillatory pattern of
interlayer distances found in many metallic systems.

The calculated work functions are presented in Table II.
The experimental value of 5.7 eV for the fcc-Ir�001� is rea-
sonably reproduced by the present calculations �no surface
reconstruction�. Our calculations show that the iron over-
layer reduces the sample work function by �1 eV �no ex-
perimental data have been found�. Hydrogen adsorbed on the
overlayer should increase the work function by �0.4 eV.
The calculated values for the overlayers are close to the work
function of bcc Fe �about 4.5 eV� obtained for a polycrystal-
line sample.33 While the full potential VASP and WIEN codes
agree very well with each other, the TB-LMTO-SGF ap-
proach slightly overestimates the values.

The results of magnetic stability calculations are pre-
sented in Tables III–V. Different theoretical approaches were
used and compared in tables for the unrelaxed geometry
�Table III� as well as for the realistic, relaxed case �Table IV�
including the possibility of residual adsorbed hydrogen
�Table V�. It should be noted that one may only compare
different LDA or GGA energies directly to each to other. Our
calculations clearly show, that the nonmagnetic case can be
safely excluded. All models with local magnetic moments
have a substantially lower total energy. The most striking
result, obtained by all methods, is the fact that while the FM
is the ground state for an unrelaxed geometry, the layer re-
laxations stabilize the c�2�2�-AFM phase. This is in a strik-
ing contrast to the closely related bcc-Fe/W�001� case7,8

where the antiferromagnetism of bcc-Fe/W�001� is robust
with respect to the structural relaxations. Interestingly ad-
sorbed hydrogen also does not change the picture as evident
from Table V. Differences only get smaller, but the general
trend is preserved. However, strictly speaking, the c�2�2�
AFM may not be the true ground state of fcc-Fe/Ir�001�.
Similar to bcc-Fe/W�001� one should consider other possi-
bilities, e.g., the p�2�1� AFM or even some noncollinear
configurations, such as spin spirals or a chiral state.1 To shed
some light on this issue we included in Tables III and IV the
results of DLM calculations as performed in the framework
of the TB-LMTO-SGF approach. The sufficient reliability of
the TB-LMTO-SGF approach for the present purpose is con-
firmed by a comparison with accurate full potential calcula-
tions for NM-, FM-, and c�2�2�-AFM configurations in
both the ideal and relaxed geometries. This also justifies the
use of the TB-LMTO-SGF approach to obtain exchange in-
teractions in the Fe overlayer in the following. It is quite
obvious that, if the DLM state is the ground state compared
to the NM and FM states, then a more complex, AFM-like
state can exist and this conclusion can be reached without
performing calculations for many possible candidates. But

TABLE III. Calculated stabilities �in mRy/Fe atom� of the various magnetic phases of Fe/Ir�001� as
obtained by the WIEN, VASP, and LMTO codes for the unrelaxed geometry �dFe-Ir=1.92 Å�. The ferromagnetic
ground state has the lowest energy and serves as the point of reference.

�
�mRy� NMLDA AFMLDA DLMLDA NMGGA AFMGGA

WIEN 49.1 2.2 62.7 2.2

VASP 44.5 3.8 60.4 3.9

LMTO 42.5 5.1 2.1

TABLE IV. Calculated stabilities �in mRy/Fe atom� of the various magnetic phases of Fe/Ir�001� as
obtained by the WIEN, VASP, and LMTO codes for relaxed geometries. The stabilities correspond to the
respective calculated relaxed geometries �see Table I� for WIEN/VASP, and to the experimental one �Ref. 11�
for LMTO. The antiferromagnetic ground state has the lowest energy and serves as the point of reference.

�
�mRy� NMLDA FMLDA DLMLDA NMGGA FMGGA

WIEN 25.8 7.8 38.4 5.3

VASP 22.1 8.6 38.7 5.5

LMTO 27.7 5.0 0.8
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clearly, this fact does not render the necessity of searching
for the true ground state of the system obsolete, but rather
represents a reliable qualitative indicator for a more complex
magnetic state of the system.

One can speculate about the structural origin of such an
AFM order. As already mentioned, both bcc�001� and
fcc�001� have a common square-lattice structure of magnetic
atoms which differ by the ratio d :aL, where aL is the lateral
lattice constant and d is the layer spacing. For bcc�001� we
have d=aL /2=a /2 �where a is the bulk lattice constant�
while for fcc�001� d=a /2 and aL=a /�2 leading to a larger
d :aL. The reduction in the d :aL ratio stabilizes the AFM/
DLM state for this fcc�001� surface. This ratio is sufficiently
small for comparable bcc�001� surfaces even in the unre-
laxed geometry �see e.g., Fe/W�001�8�. It is well known that
the exchange interaction between Mn spins becomes antifer-
romagnetic for smaller distances, a trend we observe here for
exchange interactions in the Fe overlayer as detailed below.
This is a first strong indication that indirect interactions of Fe
spins via the Ir substrate play an essential role for the fcc-
Fe/Ir�001� magnetism. A dominant character of indirect in-
teractions as compared to direct ones between Fe spins in the
overlayer will result in a strong dependence of exchange in-
teractions on the Fe-Ir interlayer distance as we shall see
below.

B. Densities of states and exchange interactions

In Fig. 1 we present the layer-resolved densities of states
�DOSs� for the various magnetic states. Compared to the Ir
bulk, the most important feature observed for all cases is an
extra contribution to the overlayer DOS around the Fermi
energy due to the minority Fe states. The large exchange
splitting of majority and minority Fe states is due to the
enhanced overlayer magnetic moment �about 2.65�B in all
cases� which illustrates the rigidity of the Fe moment with
respect to changing spin orientations. The large Fe moment
is due to the large lateral overlayer lattice constant as given
by the Ir substrate as well as to the reduction in coordination
number at the surface typical for overlayer systems. There is
also a relevant extra peak in the DOS in the vacuum close to
the sample surface which gives a possibility to detect it in
STM measurements. We also observe a strong reduction in
the Fe-overlayer imprint on the deeper Ir-substrate layers:
already the second Ir-substrate layer is almost bulklike.
There is a small induced moment on the first-substrate Ir
layer of the order of 0.1 �B while other induced moments

are strongly damped in an oscillatory manner �the Friedel-
type oscillations� into the Ir substrates and their values are of
the order of 0.01 �B and smaller. It should be noted that
induced moments in the Ir substrate and in the vacuum are
much smaller and more strongly damped in both substrate
and vacuum for the c�2�2�-AFM case as compared to the
FM case, while they even collapse to zero for the DLM state.
The induced moment in the substrate/vacuum are more than
two times smaller as those in the bcc-Fe/W�001�.10 The
above results are confirmed by full-potential slab-model cal-
culations using both WIEN and VASP codes.

Exchange interactions JFe,Fe�d� have been determined by
the TB-LMTO-SGF method for Fe/Ir�001� as a function of
the interatomic Fe-Fe distance d for both unrelaxed and re-
laxed geometries, and FM-, DLM-, and AFM-reference
states. Additionally we present results in the DLM state for a
simple layer-relaxation model where only the Fe-Ir interlayer
distance is reduced from the unrelaxed value �1.92 Å� to
values of 1.82 Å, 1.72 Å, and 1.62 Å corresponding to a
reduction of 5%, 10.5%, and 16%. These results are shown
in Fig. 2.

Calculated exchange integrals are rather similar, e.g., all
leading to the AFM interactions for the relaxed case irrespec-
tive of the reference state. The problem of the choice of
reference state for estimate of exchange integrals in the
present context was also addressed in Ref. 34. We have cho-
sen the DLM reference state �with self-consistently calcu-
lated spin-polarized potentials and with corresponding modi-

TABLE V. Influence of 0.5 ML adsorbed hydrogen on the cal-
culated stabilities �in mRy� of the various magnetic phases of Fe/
Ir�001� as obtained by VASP for relaxed geometries �see Table I�.
The antiferromagnetic ground state has the lowest energy and
serves as the point of reference.

�
�mRy� NMLDA FMLDA NMGGA FMGGA

Clean 22.1 8.6 38.7 5.5

Bridge H 14.4 3.7 29.5 2.4
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FIG. 1. Total layer-resolved DOSs for the fcc-Fe/Ir�001� over-
layer and experimental layer relaxations �Ref. 11� based on the
LMTO approach. In the case of the Fe overlayer the total DOSs are
additionally split into majority �dashed lines� and minority �dotted
lines� contributions: �a� the FM case, �b� the DLM case, and �c� the
c�2�2�-AFM case. Only one spin orientation �denoted as Fe+� is
plotted for the DLM and AFM cases. Symbols Vac, Fe, S-1, S-2,
and bulk denote the first vacuum layer, Fe overlayer, first and sec-
ond substrate Ir layers, and the fcc bulk Ir host DOSs, respectively.
The Fermi energy is shifted to the energy zero.
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fication of Eq. �1�� for the magnetic stability study below as
it assumes no magnetic ordering and for our purposes is thus
most suitable. We admit that to estimate, e.g., the critical
temperatures other choices may be more suitable.

With increasing layer relaxations we observe a clear ten-
dency toward dominating AFM interactions which stabilize
the AFM-like state in the overlayer. The dominating role of
indirect interactions between Fe atoms via the Ir substrate is
obvious: the only varying quantity is the Fe-Ir distance and
thus the Fe-Ir hybridization. Results for experimental layer
relaxations �inset in Fig. 2� are between model cases of
1.72 Å and 1.62 Å. The fact that strong AFM coupling in
the layer-relaxed case were obtained from a reference FM
state indicates the robustness of the AFM order �more pre-
cisely, of a more complex magnetic state� for the relaxed
Fe/Ir�001� overlayer.

To further investigate this point we present in Fig. 3 the
result of the lattice Fourier transformation of exchange inte-
grals �1� as obtained for the DLM reference state. It should
be noted that the DLM state is neither the ground state for
the ideal geometry nor for the experimental layer-relaxed
model. On the other hand, possible magnetic phases of 2D-
Heisenberg model �2� can be obtained by studying its stabil-
ity with respect to the periodic excitations. A similar ap-
proach was successfully used in the study of the complex
magnetic stability of bcc Eu: starting from the FM reference
state, a proper spin-spiral ground state was obtained in good
agreement with the experiment.35 Due to the sign convention
in Eq. �2� the maximum of J�q	� corresponds to the ground
state �the energy minimum�. It is obvious that the ground
state for the unrelaxed model is the ferromagnetic state �the
maximum of J�q	� is obtained for q	 =2� /aL�0,0��. With re-
duced Fe-Ir interlayer distance we observe a quick decrease

in the stability of the FM state and the ground state is found
for the ordering vector q	 =2� /aL�1 /2,1 /2� which corre-
sponds to the c�2�2�-AFM state �for the Fe-Ir interlayer
distance d=1.82 Å or reduced by 5%�. If the Fe-Ir interlayer
distance further decreases �by 10.5% and 16%� the stability
of the FM state further decreases and a new, complex spin-
spiral-like magnetic state becomes more stable as compared

to the c�2�2�-AFM state �ordering vector on the line X̄-M̄
in the irreducible surface Brillouin zone�. On the other hand,
the c�2�2�-AFM state becomes more and more stable as
compared to the FM state in accordance with the total-energy
calculations. Also, both for the experimental layer-relaxation
model11 and for the model with the largest reduction in the
Fe-Ir interlayer distance �by 16%� the p�2�1�-AFM state
�the ordering vector q	 =2� /aL�1,0�� has lower energy as
compared to the FM- and c�2�2�-AFM states.

In order to advance the understanding of the present sub-
strate induced coupling a comparison with an otherwise
similar 4d substrate would be beneficial. Rhodium, crystal-
lizes also in the fcc structure, has the same number of va-
lence electrons �Eq. �9�� as iridium and a similar lattice con-
stant �3.80 Å�, while the value of the work function, 5.11
eV,36 is smaller as well as the spatial extent of the 4d wave
functions of Rh as compared to 5d wave functions of Ir. The
results of a similar study of the magnetic stability for fcc-Fe/
Rh�001� overlayer as a function of the Fe-Rh interlayer dis-
tance will be presented in the following. The same relative
interlayer reductions as for fcc-Fe/Ir�001�, namely, by 5%,
10.5%, and 16% will be used.

The results are summarized in Fig. 4. The FM state is
again the ground state for the unrelaxed case, and we observe
a similar Fe-Rh interlayer distance reduction effect on the
magnetic stability as for fcc-Fe/Ir�001�. The reduction in the
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FIG. 2. Exchange interactions among Fe atoms in the Fe/Ir�001�
overlayer for the unrelaxed case and model layer relaxations evalu-
ated as a function of the reduced interatomic distance �d /a�, where
a denotes the lattice constant. Numbers attached to symbols indi-
cate the reduction in the Fe-Ir interlayer distances in % as compared
to the bulk value of 1.92 Å. The inset shows exchange interactions
for AFM and DLM state for the experimental layer relaxations �Ref.
11�. All results were obtained assuming the DLM-reference state.
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FIG. 3. Lattice Fourier transformation of the real-space ex-
change interactions Jij

Fe,Fe, J�q	�, for the ideal unrelaxed geometry,
the experimental layer relaxations �Ref. 11� as well as for three
model Fe-Ir layer relaxations �same as in Fig. 2� which were ob-
tained for the reference DLM state of the Fe/Ir�001� overlayer.

Here, q	 = X̄=2� /aL�1 /2,1 /2�, q	 = �̄=2� /aL�0,0�, and q	 =M̄
=2� /aL�1,0�.

KUDRNOVSKÝ et al. PHYSICAL REVIEW B 80, 064405 �2009�

064405-6



Fe-Rh interlayer distance by about 5% seems to be the point
where the FM state is no longer the ground state and the
c�2�2�-AFM state is stabilized �the ordering vector q	

=2� /aL�1 /2,1 /2��. However, with increasing reduction in
the Fe-Rh distance the more complex AFM state is stabilized
until for an interlayer reduction of 16% this state become the
ground state �see an indication of this case in the Fig. 4:
maximum in the neighborhood of the q	 =2� /aL�1,0� order-
ing vector representing the p�2�1�-AFM state�. Again the
AFM state is stabilized but for a relatively larger reduction in
the Fe-Rh interlayer distance as compared to fcc-Fe/Ir�001�,
but otherwise there is a large similarity between the two
overlayer systems. The larger reduction is in agreement with
previous total energy study.13

IV. CONCLUSIONS

We have investigated the experimentally prepared Fe/
Ir�001� system by a combination of different first-principles
methods for both supercell slab geometries �WIEN and VASP

codes� and semi-infinite boundary conditions �TB-LMTO-
SGF codes�. Using the latter approach we investigated the
magnetic phase stability of the system by calculating the
exchange interactions between Fe atoms in the overlayer.
The following conclusions can be drawn. �i� Calculated re-
laxed geometries agree well with available experimental
data. A better agreement is obtained for the Fe-Ir distance
using GGA rather than LDA potentials. The calculated ge-
ometries depend on the magnetic state �nonmagnetic, FM,
and AFM states� but the most important result is the reduc-
tion in the Fe-Ir interlayer distance as compared to the bulk

value by about 12% for the AFM order. A possible residual H
contamination on the overlayer has practically no effect on
the distances. �ii� The local Fe moment is enhanced to about
2.65�B as compared to its canonical value of 2.15�B in the
bcc Fe metal. The enhancement is due to both the enlarged
lateral lattice constant of the Fe overlayer on fcc-Ir�001� and
the reduction in nearest neighbors there. The work function
of the system with Fe overlayer is reduced more than 1 eV as
compared to the value found for pure Ir surface. Hydrogen
on the overlayer increases the work function by �0.4 eV.
�iii� Both full potential supercell methods found the c�2
�2�-AFM state to be stable as compared to the nonmagnetic
and ferromagnetic states for the correctly relaxed structure.
On the other hand, they find an FM ground state for an
unrelaxed geometry. Hence, the stability of the AFM state is
induced by the substrate via layer relaxations. The above
results were confirmed both qualitatively and quantitatively
by the TB-LMTO-SGF approach assuming a semi-infinite
sample geometry and experimental layer relaxations as ob-
tained in LEED. �iv� The related fcc-Fe/Rh�001� system be-
haves similarly to fcc-Fe/Ir�001�, although the tendency to-
ward the formation of the AFM state upon reduction in the
Fe-Rh interlayer distance is weaker. We found an indication
that a p�2�1�-AFM state is stabilized for larger reductions
in Fe-Rh interlayer distances. �v� A detailed study of the
magnetic stability based on the 2D-Heisenberg Hamiltonian
derived from the first-principles total energies confirms the
stability of the c�2�2�-AFM state as compared to the FM
for relaxed model but indicates that more complex, spin-
spiral-like state can be stabilized by reducing the Fe-Ir inter-
layer distance. Since Ir is a heavy element, the spin-orbit
interaction can have non-negligible effect on the exchange
interactions �in analogy to the Mn/W case1�, and can lead to
chiral magnetic order induced by Dzyaloshinskii-Moriya in-
teraction. �vi� We have shown that increasing Fe-Ir hybrid-
ization stabilizes the AFM state. This seems to be a robust
effect to warrant similar stabilization on a much more com-
plex reconstructed Ir�001� surface. However, such a study
goes beyond the subject of the present paper.

Experimentally no magnetization was found for iron over-
layers thinner than �4 monolayers on fcc-Ir�001�11 and �6
monolayers on fcc-Rh�001�.13 Our study indicates that this is
not the result due to disappearing of the local iron magnetic
moments in the top surface layers but rather due to a more
complex “antiferromagneticlike” order in the fcc-iron over-
layer.
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