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We report calculations indicating the presence of a surface magnetic moment for Rh�001�, motivated by the
detection of a finite moment by magnetic linear dichroism experiments. We show that, while the density
functional with the local density or generalized gradient approximations �GGA� for exchange and correlation
yields a nonmagnetic ground state, the application of the GGA plus on-site Coulomb interaction U method
predicts surface magnetism, thus offering a solution to the long-standing discrepancy between experiment and
theory. The calculated moment on the outermost Rh atom increases with the strength of the effective on-site
parameter Ueff=U−J, for Ueff�1.2 eV, and is as large as 1.24 �B for Ueff=2.5 eV.
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The finding of a surface moment for a material which is
non-magnetic in the bulk could have far-reaching conse-
quences. It would give valuable directions for design of
novel nanostructured materials and could have technological
implications for the magnetic storage industry in the future.
So far, the only experimental evidence of a magnetic surface
on a nonmagnetic material has been obtained for the rhodium
�001� surface.1 Goldoni et al.1 measured the linear magnetic
dichroism in 3d core-level photoemission of Rh�001� sur-
face. They applied an external magnetic field and reversed it
by 180°, which caused a difference in the core-level intensity
and shape, indicating the presence of a magnetic moment. In
a later study,2 the same authors concluded that the rhodium
�001� surface displays either a weak ferromagnetic ordering
or superparamagnetism at 100 K. The conclusion is based on
their finding that a small residual magnetic field is necessary
for the dichroic signal, but, at the same time, the intensity of
the effect does not depend on the magnitude of the applied
residual field. Earlier spin-polarized photoemission study by
Wu et al.3 found a weakly ferromagnetic Rh�001� surface at
room temperature with an estimated moment per surface
atom between 0.1 �B and 0.2 �B.

The experimental findings are in line with the expectation
that the tendency toward magnetism increases near metal
surfaces, because of the narrowing of the density of states
which yields a Stoner enhancement in the susceptibility. The
elements which are close to satisfy Stoner criterion in the
bulk phase are likely to form magnetic ordering in a reduced
dimensionality. In particular, there are theoretical and experi-
mental efforts directed toward investigation of surface mag-
netism in some 4d and 5d transition metals. For a few de-
cades now, many theoretical studies have examined the
properties of rhodium surfaces4 and possibilities of surface
magnetism in rhodium.5–8 Rhodium clusters have been in-
vestigated theoretically9–11 and experimentally.12 Overall, it
has been found that the moment depends on the size and the
geometrical structure of the cluster, with the calculated val-
ues of the moments somewhat larger than the measured
value of 0.8 �B per atom for a ten-atom cluster.12 Rh mon-
atomic wires have also been shown theoretically to be
magnetic.13 Calculations of rhodium overlayers on Ag and

Au �Refs. 14 and 15� yielded a moment on Rh atoms. Re-
cently, ferromagnetic order has been found theoretically in
bulk Rh at the optimum lattice constant in the body centered
cubic lattice.16 So far, no realistic ab initio study has found a
ferromagnetic solution for the rhodium �001� surface. Cho
and Scheffler5 found a nonmagnetic ground state which was
practically degenerate in energy with the ferromagnetic state,
obtained as a solution of the constrained, fixed spin-moment
calculations, for moments below 0.5 �B. Similar results have
been obtained more recently,7 with an imposed moment lim-
ited to the surface layers. These calculations indicate a high
susceptibility on the rhodium surface and suggest that sur-
face structures with defects might be magnetic. Cho and
Scheffler5 also solved a long-standing problem of anoma-
lously large theoretical surface relaxations compared to the
experimental data, by taking into account the thermal expan-
sion of the surface, within the quasi-harmonic approxima-
tion.

In this paper, we explore the possibility for magnetism in
rhodium �001� surface within the framework of the density-
functional theory �DFT�, using the generalized gradient ap-
proximation �GGA� of the exchange-correlation potential,
and the GGA plus on-site Coulomb interaction approach �de-
noted as local density approximation �LDA�+U from this
point on�. As the discrepancy between theoretical and experi-
mental results on the surface magnetism of rhodium persists
for all previously attempted band-structure approaches, it
seems likely that the approximation used for exchange and
correlation may be the reason for the nonmagnetic solution.
There are various examples in the literature, not limited to
strongly correlated systems, for which the LDA+U was
originally designed, where application of this method cor-
rected the DFT solutions by yielding results in agreement
with experiments.17 The LDA+U is a method going beyond
the LDA by treating exchange and correlation differently for
a chosen set of states, in this case, the rhodium 4d orbitals.
The selected orbitals are treated with an orbital dependent
potential with an associated on-site Coulomb and exchange
interactions, U and J. In the LDA, the electron-electron in-
teractions have already been accounted for in a mean field
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way, and, therefore, one needs to apply a double counting
correction. There are several existing versions of this
correction.18–20 We apply the most commonly used one,
introduced by Anisimov et al.18 which satisfies the LDA
atomiclike limit to the total energy. It is known as the self-
interaction corrected �SIC� LDA+U method.

We solve the DFT equations using the WIEN2K

implementation21 of the full potential linear augmented plane
wave �FLAPW� method in a supercell geometry. We model
the surface using an 11-layer slab with a vacuum thickness
corresponding to six layers. For the surface layer relaxation,
we applied the previously calculated result5 of −1.4%, com-
patible with the experimental finding of −1.16±1.6%.22 We
used the optimized lattice constant of 3.84 Å, sphere radius
of 1.28 Å, energy cutoff equal to 13.8 Ry, and k-point sam-
pling with �22�22�1� k-points mesh in the full Brillouin
zone �66 k-points in the reduced Brillouin zone�. The calcu-
lations have been performed utilizing the GGA in the form
given by Perdew, Burke, and Ernzerhof.23 From convergence
tests with the number of k-points and energy cutoff, we es-
timate the numerical accuracy of the energy difference be-
tween magnetic and non-magnetic solution to be 2 meV and
of the surface magnetic moment to the 0.02 �B. We have
also assessed the effect of the topmost layer relaxation on the
energy difference and the surface moment. Changing the re-
laxation to −2.8%, changes the surface magnetic moment by
0.05 �B and the difference between magnetic and nonmag-
netic surface energy by 6 meV per surface atom within the
LDA+U.

Considering the fact that the Stoner criterion for bulk
rhodium is close to being fulfilled, we first checked for the
effects of the inclusion, within the GGA, of the spin-orbit
interaction in Rh�001� surface calculations, which was not
included in previous calculations. It did not result in a sur-
face moment. A similar conclusion was obtained by checking
the influence of steps and line defects on the surface, within
the GGA. The removal of every other line, or a pair of lines
of surface atoms, parallel with the �110�-direction, gave only
a nonmagnetic solution. Structures with a few lines of sur-
face atoms removed, simulating a step, also yielded no mag-
netic moment.

In contrast, the LDA+U method did induce a magnetic
moment on the clean defect-free surface. Table I gives the
information on how the magnetic moments in the surface and
subsurface layers change as a function of the strength of the

on-site parameter Ueff, given by: Ueff=U−J.24,25 We esti-
mated the values of the Coulomb and exchange parameters
for bulk rhodium utilizing the tight-binding linear muffin-tin
orbital code26 in the atomic sphere approximation �TB-
LMTO-ASA� and obtained U�3.4 eV and J�0.6 eV, i.e.,
Ueff=2.8 eV. Solovyev et al.27 calculated U and J using the
same TB-LMTO code for rhodium impurities in Rb. They
obtained a value of U=3.6 eV, J=0.6 eV, and Ueff=3.0 eV
for the monovalent Rh1+ impurity, which is not too different
from the value we find. It is known that the calculated values
of U and J tend to depend somewhat on the method used to
calculate them and consequently have relatively large error
bars �of the order of 1 eV�. Therefore, the calculated values
are to be used as guidance toward a reasonable physical
range of U values and an effort should be made to observe
and analyze trends as a function of U. In Table I, we reported
the magnetic moments calculated for Ueff up to 2.5 eV, to-
gether with the corresponding difference between the mag-
netic and nonmagnetic surface energies: �Esurf=Esurf

FM −Esurf
NM.

The nonmagnetic energies were obtained using fixed-spin
calculations with moment set to zero.

For values of Ueff below 1.2 eV, there is no ferromagnetic
solution. Starting with Ueff of 1.2 eV, the ferromagnetic so-
lution has lower energy than the nonmagnetic state. The sur-
face energy difference for the case with Ueff=2.5 eV is sig-
nificantly larger than thermal-fluctuation energy at room
temperature, thus indicating that the effect could be observ-
able even at higher temperatures. With the increase of Ueff up
to 2.5 eV, the magnetic moment on the surface and subsur-
face layers increases, and the ferromagnetic solution be-
comes more stable. We note that already for Ueff�1.5 eV,
our calculated magnetic moments are one to two orders of
magnitude greater than those obtained by Niklasson et al.28

from LDA calculations for Rh overlayers of comparable
thickness on Ag�001�, and do not disappear with increasing
thickness.29

The magnetic moments per atom are presented in Fig. 1
as a function of the layer position inside the slab for the case
Ueff=2 eV. The center of slab �denoted as layer 0� has a
vanishing magnetic moment and the values of the moment

TABLE I. Magnetic moments on the surface �m5� and subsur-
face �m4� layers, and difference of surface energies between mag-
netic and nonmagnetic solutions, �Esurf, as a function of effective
Coulomb parameter Ueff.

Ueff �eV� m5 ��B� m4 ��B� �Esurf �meV/surf unit cell�

0.5 0 0

1.0 0 0

1.2 0.07 0.01 −1.8

1.5 0.55 0.16 −5.0

2.0 0.86 0.37 −21.0

2.5 1.24 0.89 −57.1

FIG. 1. Distribution of magnetic moments per atom inside a
11-layer Rh�001� slab. Layer 0 is the center and layer 5 the surface
of the slab.

STOJIĆ, BINGGELI, AND ALTARELLI PHYSICAL REVIEW B 73, 100405�R� �2006�

RAPID COMMUNICATIONS

100405-2



are clearly increasing toward the subsurface and surface lay-
ers �layers 4 and 5�. We have also performed LDA+U cal-
culations on bulk rhodium and found that, for all values of
Ueff used in this work, the nonmagnetic solution is the stable
state for the bulk. Considering the fact that the Rh 4d orbitals
are not very localized, we performed a test using a different
basis for the LDA+U in a pseudopotential plane-wave
code.30 In this case, the localized-orbital basis consisted of
the orthonormal atomic tight-binding orbitals, while in the
FLAPW approach, the orbitally dependent potential was ap-
plied to the atomic truncated orbitals �and was zero outside
the muffin-tin radius�. In the plane-wave scheme, we used an
ultrasoft pseudopotential31 with a nonlinear core correction
and Perdew–Burke–Ernzerhof exchange and correlation
potential.23 The calculations gave similar results, with the
values of magnetic moments somewhat larger than in the
FLAPW code. For the sake of completeness, we did tests
using the LDA for exchange and correlation and keeping all
the other parameters of the FLAPW calculation the same.
Just like in the case of GGA, the magnetic moment on the
surface atom increases and the ferromagnetic solution be-
comes more stable with increasing Ueff, albeit with slightly
smaller value of the moment on the surface Rh atom.32 Fi-
nally, we also checked for the robustness of the Rh surface
magnetism using another version of the LDA+U, with a dif-
ferent double counting correction, implemented in the
WIEN2K code, the so-called mean-field correction.19 For
somewhat higher values of Ueff it also resulted in a ferromag-
netic solution.33 Hence, in all cases, we obtain a stable sur-
face magnetic solution, with a significant moment on the
outermost atomic layer, for values of Ueff smaller than, or
comparable to the calculated Ueff. Larger values of the on-
site interaction Ueff induce thicker magnetic surface regions,
requiring the use of thicker slabs.

To gain further insight into the microscopic arrangement
of magnetic moments, in Fig. 2 we show the spin density
difference map within a �100� atomic plane perpendicular to
the surface for the case Ueff=2 eV. The spin density is very
localized on the atoms of the surface and subsurface layers
and is vanishing toward the center of the slab �bottom line of
atoms in Fig. 2�. The spin polarized density on the outermost
atoms derives mostly from dxy, d3z2−r2, dxz and dyz orbitals,
with a contribution of �30% from the dxy orbitals and of
21–22% from each of the other three types of d orbitals. In
fact, these four types of d orbitals dominate the local density
of states on the Rh surface atoms at energies around the
Fermi energy �with comparable weights�, both when Ueff
=0 and at finite Ueff �2.5 eV�. Inspection of Fig. 2 also indi-
cates that the states which contribute to the spin density map
have predominantly antibonding character, which is consis-
tent with the character of the d states found near the Fermi
energy in bulk Rh.

Intuitively, the magnetic ground state of the LDA+U
method in this system can be understood by considering the
effect of the on-site Coulomb interaction: It tends to favor
the solution in which two spin states of the same d-orbital are
separated in energy, with an energy separation roughly equal
to U. To additionally check the reliability and stability of this
method and its implementation, we applied it to �001� �or
�0001� for hexagonal systems� surfaces of some 4d and 5d

elements, namely Mo, Ru, W, and Ir. All of these surfaces
were found to be nonmagnetic. We used a relaxed geometry
for all systems and, where appropriate, we took into account
the surface reconstruction �Mo and W�. In all cases, we used
the U−J values estimated in Ref. 27 which should be an
upper bound for Ueff.

At present, a truly quantitative comparison between the
experimental results and theory is not possible. Our solution,
for which energy difference is greater than room-temperature
fluctuations �Ueff=2.5 eV�, has a magnetic moment on the
outermost Rh atom of 1.24 �B at 0 K. Goldoni et al.1,2 could
not give a measure of surface moment, but concluded that
their results are consistent with weakly ferromagnetic or su-
perparamagnetic surface. The only other experiment3 esti-
mated the surface moment to be between 0.1 and 0.2 �B.
Experiments were done at 100 K and room temperature, re-
spectively. As we are unable at present to include the tem-
perature effects in our calculations, numerical comparison is
not justified. It is also possible that a stronger ferromagnetic
ordering in the experiment of Goldoni et al.1 would be de-
tected, had the 4d states been probed directly. Their 3d core-
level photoemission experiment probed the 4p polarization
induced by the 4d moment.

In summary, we have shown that a magnetic ground state
for the rhodium �001� surface is obtained by using the
LDA+U approach. A stable solution with a significant mag-
netic moment on the outermost Rh atom is obtained for Ueff
smaller than, or comparable to the calculated Ueff, with a
trend of increasing moment and stability of the magnetic
solution with increasing Ueff. We believe that our results on
the rhodium �001� surface prove that the corrected nonlocal
exchange and correlation in the LDA+U method is the key
ingredient toward an accurate solution in density functional
formalism and in agreement with experiment for this rela-

FIG. 2. Spin density difference map �in e /Å3�, for the case
Ueff=2 eV, within a �100� atomic plane perpendicular to the
surface.
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tively weakly correlated system. It is our hope that similar
approaches could be applied to other problems related to
magnetism, even in the cases of relatively weakly correlated
materials and including systems of lower dimensions,34 in
situations where the DFT method itself cannot fully repro-
duce the experimental results.
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