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We present a theoretical study of the magnetic properties of the spin-1/2 dicyclopentadienyl metallocene
�MCp2� and phthalocyanine molecules that contain the transition-metal atoms M =Co, Cu, and Au. We find that
the spin-density pattern of gold molecules shows a fully delocalized and oscillating behavior. This spin pattern
is to be contrasted with the well-known cases of cobalt or iron molecules, where the magnetic moment is
strongly localized at the transition-metal ion.
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I. INTRODUCTION

The efforts devoted in the past few years to fabricate and
characterize new nanoscale objects have helped to uncover a
wealth of fascinating geometric, mechanical, electronic,
magnetic, optical, or dissipative properties that are brought
about in many cases by the laws of quantum physics. More
specifically, the multidisciplinary field of nanomagnetism
aims at the fabrication of devices with tailored magnetic
properties. Indeed, there exists an intense activity in the mi-
cromagnetic community to extend its reach to the nanoscale
by reducing the size of their room-temperature magnetic dots
well below the 100 nm mark. Gold nanoparticles of diam-
eters in the 2 nm range have been found recently to show
room-temperature magnetism when capped with organic
molecules.1–3 Interestingly, the experiments have found that
the magnetism of these nanoparticles is localized at their
surface, where Au atoms are in chemical contact with the
capping molecules. The different experiments produce differ-
ent estimates for the spin moments MS of the surface gold
atoms, which vary from 0.002 to 0.3�B,3 but they agree on
the very high value of the magnetic anisotropy energy
�MAE�, which is of about 0.4 eV/atom. Huge orbital mo-
ments ML at the surface gold atoms have been proposed to
exist and originate that large MAE,4 but the actual measured
moments seem to be modest, of order ML /MS�0.15.1,3

Molecular magnets are in some ways superior to nanopar-
ticles, since they have a well-defined number of atoms with
precise chemical identities, and do not suffer from particle
number dispersion. Further, molecules are not so prone to
conformational changes, since these require breaking a siz-
able number of covalent bonds, as opposed to the metallic
bonds of atomic clusters. Finally, the chemical activity of
molecules can be engineered by oxidation or reduction, or by
the attachment of end groups. Molecular magnets containing
single rare-earth ions have been studied in the past,5,6 but late
5d elements such as iridium, platinum, or gold are possibly
better candidates for room-temperature magnetism since
these are heavier elements, which means that they have
higher spin-orbit coupling constants. Our previous calcula-
tions for platinum dimers found MAEs on the order of 0.1
eV/atom,7 which are consistent with the experimental values
in gold nanoparticles referred above.

We present here a theoretical study of the spin-density
patterns of metallocenes and phthalocyanines molecules con-

taining the transition-metal atoms M =Co, Cu, and Au. The
rationale behind our choice is the following. First, the three
molecules have the same spin �S=1 /2� because of the un-
paired electron supplied by the M atom, so that their mag-
netic properties can be meaningfully compared. Second, co-
balt is a strong ferromagnet while copper and gold have a
noble metal electronic shell structure. Third, copper and, to a
larger extent, gold, have more delocalized s-wave functions,
so it is expected to show a weaker magnetism than the other
two. Fourth, we wish to understand better the magnetic prop-
erties of small gold molecules in view of the recent experi-
ments mentioned above.1–3

We find that the spin-density pattern of these molecules
depends strongly on the identity of the M atom. We find that
the atomic moments of cobalt molecules are strongly local-
ized at the cobalt atom. In contrast, the distribution of mag-
netic moments across gold molecules is very delocalized and
shows an oscillatory behavior. The atomic moment at the
gold atom in AuCp2 is reduced from one Bohr magneton to
0.13�B, while in AuPc, the atomic moment at the gold atom
fully vanishes. We have also found that the spin orientations
of all the atomic moments are essentially collinear with only
slight noncollinearities. The orbital moments are between
three and 30 times smaller that the spin moments.

It is relevant to point out here that the magnetism of co-
balt compounds has indeed been studied extensively in the
past, both within the physical and the physicochemical com-
munities. The magnetism of copper compounds has also
been studied, albeit to a lesser degree. The aspects of the
magnetism of gold phthalocyanine and metallocene mol-
ecules that we analyze in this paper, to the best of our knowl-
edge, have not been studied before. We have displayed our
results on cobalt and copper molecules just to show that
there is a gradation in the spin-density pattern which goes
from fully localized at the transition-metal atom �for Co� to
truly delocalized throughout the molecule for gold mol-
ecules. In this last case, the gold atom might become even
fully demagnetized, as in gold phthalocyanine. Therefore the
spin-density pattern of gold molecules is very different from
that found in the extensively studied Fe-, Co-, or Ni-based
molecular complexes.

II. COMPUTATIONAL DETAILS

The structural and electronic properties of metallocene
molecules in the gas and crystalline phases have been re-
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ported to be well captured by density-functional theory.8 We
have double checked that this is the case by carrying out
simulations of metallocene molecules containing the
transition-metal atoms M =Fe, Co, Ni, Cu, Zn Ir, Pt, and Au.
Our tool has been the molecular-dynamics SIESTA suite,9

which uses norm-conserving pseudopotentials and a basis set
of localized atomiclike wave functions. We have used a
triple-zeta doubly polarized basis set for transition-metal ions
�Fe, Co, Ni, Cu, Zn, Ir, Pt, and Au�, and a double-zeta polar-
ized basis set for the carbon, nitrogen, and hydrogen atoms.
We have checked explicitly that our simulation boxes for
metallocenes, having 20 Å of lateral size, were large enough
to avoid spurious boundary effects of the electric field. For
the larger phthalocyanine molecules, the boxes were cuboids
of size 28�28�20 Å3. We have used a very fine grid for
the real-space integrals to ensure that egg-box effects were
absent. We found it essential to set a rather strict tolerance of
5�10−4 eV /Å in the force relaxation procedure of the at-
oms, in order to escape from local minima of the energy
landscape. We took between 5 and 10 different initial seeds
for the geometry/spin arrangements in our sampling of the
Hilbert space of each quantum system to ensure that we
would reach the ground-state configuration. We have con-
firmed that the local-density and the generalized gradient ap-
proximations, respectively,10,11 shed the same results for the
ground-state and first excited isomers of all the molecules
with only small quantitative differences. We have also
double checked our results for gold molecules with the alter-
native code QUANTUM ESPRESSO,12 which uses ultrasoft
pseudopotentials and a plane-wave basis set. Since both SI-

ESTA and PWSCF take account of the spin-orbit interaction
inside the self-consistency cycle, we have also checked that
the magnetic anisotropies of these spin-1/2 systems were
zero, or better to say, below the accuracy required in our
simulations. Indeed, the energy differences of the molecule
for different final orientations of the total and the atomic
spins of the molecules were of about 0.1 K.13

III. DISCUSSION

A. Metallocene molecules

Metallocenes, denoted MCp2, are organometallic mol-
ecules that contain two cyclopentadyenil rings Cp, which

sandwich a transition-metal atom M. Figure 1 �left� shows its
eclipsed geometrical structure, which has the standard �5

coordination, whereby the central metal ion bonds with all
five carbon atoms in each ring. The staggered configuration
corresponds to a rotation of 36° about the molecule axis of
one of the carbon rings with respect to the other. There exist
other possible geometrical arrangements, where the rings are
displaced laterally, or even tilted, so that only one, two, or
three carbons in each ring bond to the metal ion; the coordi-
nation is called �1,2,3, accordingly. All of the metallocenes
that we have simulated have been synthesized, except for
AuCp2, and possibly CuCp2. The geometrical structures for
the gas phase have been determined experimentally for Fe,
Co, Ni, and Zn.14,15 Detailed quantum chemistry simulations
of the geometry and total spin of isolated Fe, Co, Ni, Cu, and
Zn metallocenes have been performed,8,16–18 which agree
with the experimental data. Our results both for the geometry
and the spin ground state, which are summarized in Table I,
agree in detail with the available experimental and theoreti-
cal data.

We plot in Fig. 1 �left� a schematic view of the geometri-
cal structure and atomic spin moments of CoCp2. We have
found that the most stable isomer has basically D5h symme-
try, with small Jahn-Teller distortions, which favor �2 coor-
dination. More important for the present discussion is the
crude size of the atomic moments in the molecule, which the
figure shows to be localized in the cobalt atom. Table I in-
deed shows that Co carries 75% of the total moment of the
molecule �MCo=0.75�B�. Notice that the �1−�2 coordina-
tion is reflected in the small moment of two of the carbon
atoms in each carbon ring.

FIG. 1. �Color online� Geometry and atomic spin moments of
the most stable isomers of �left� CoCp2; �middle� CuCp2; and
�right� AuCp2. The atomic spin moments are marked by black ar-
rows, whose size is proportional to the modulus of the moment, and
whose direction indicates the orientation of the corresponding
atomic spin. Notice that the energy is unaffected by a global spin
rotation since the magnetic anisotropy energy is essentially zero in
the three molecules. We have chosen to display here a case where
the spins are oriented perpendicular to the cyclopentadienyl rings.
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FIG. 2. �Color online� Charge and spin moments in AuCp2,
estimated by integrating the charge and spin densities on spherical
contours. The abscissa in the graph corresponds to an imaginary
line that begins at the Au atom, and goes to one of the cyclopen-
tadyenil rings, where it passes first through the closest carbon atom
�C�1��, then through the following one �C�2��, and ends up on the
farthest �C�3��. The position of each of these carbon atoms is
marked by a vertical line in the graph. The colored rectangular bars
indicate the Mulliken population results for the charge and spin
moments for each atom. The different data points correspond to
increasing integration radii for the spherical integration contours.
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One of the two atom rings in the D5d geometry of CuCp2
has been displaced and shows �2 coordination; the other ring
shows a much more slight displacement, which leads to �3

coordination, as we show in Fig. 1 �middle�. Furthermore,
the two rings are not coplanar. The magnetic configuration of
this molecule is rather interesting. The transition-metal atom
has a much lower magnetic moment than in the case of
CoCp2, which amounts to only 20% of the total moment of
the molecule, see Table I. Figure 1 �middle� shows that the
magnetization of the carbon atoms follows a nonmonotonic
dependence with the distance to the copper atom. Indeed,
two of the carbon atoms in the displaced ring have spin mo-
ments of 0.25�B while the other three are very weakly mag-
netized �M �0.02�B�. A similar situation happens in the
other ring, where two carbon atoms have sizable magnetiza-
tions of about 0.13�B, while the moments of the other three
are tiny.

This nonmonotonic pattern is more apparent in AuCp2,
that we show in Fig. 1 �right�. The two cyclopentadyenil
rings are displaced in opposite directions by the same dis-

tance, which leads to �2−�2 coordination. The two rings are
coplanar in this case, which makes a much more symmetric
molecule than CuCp2. The figure clearly shows that two car-
bon atoms in each ring have a much larger magnetization
�0.21�B� than the one shown by the central gold atom
�0.13�B�. The magnetization profile shows an oscillatory be-
havior: the two carbon atoms in each ring which are directly
bonded to the gold atom are almost unmagnetized while the
carbon atom furthest apart shows antiparallel magnetization.

We note now that we have used a Mulliken population
analysis to draw the above conclusions on the atomic mag-
netic moments of metallocene molecules. To dispel fears on
the possible inaccuracies of this analysis, we have estimated
also the atomic charge and spin moments by integrating the
charge and spin densities inside spheres centered in each
atom, for a number of different integration radii, that we
show in Fig. 2. We find that the spin-density curves show
plateaus for radii slightly larger than the interatomic dis-
tances. The values of the spin moments at these plateaus
coincide almost quantitatively with the estimates provided by
the Mulliken analysis. The plateaus are not present for the
atomic charges, apart from a small shoulder in the case of
gold. This fact indicates that the charge is well delocalized
within the two carbon rings and, to a lesser degree, around
the gold atom. The lower panel of Fig. 2 illustrates very
clearly the oscillatory behavior of the spin-density across
AuCp2.

To illustrate better the spatial distribution of the spin and
charge densities, we plot in Figs. 3 the density isocontours.
The charge isocontours show the charge conjugation appro-
priate to the covalent � chemical bond among the pz orbitals
in the carbon rings. This is the reason why the integrated
charges of the carbon atoms do not show plateau behavior. In
contrast the charge about the central gold atom has a spheri-
cal shape, which points toward a more ionic character of the
gold-carbon bond. This is also reflected in the shoulder re-
ferred above. The spin isocontours have a lobular structure.
The four lobes that appear for Au correspond to the dzy or-
bital, which is the most directly involved in the gold-carbon
chemical bond responsible for the �2 coordination. The lobu-

TABLE I. Structural and magnetic properties of the metallocene
molecules simulated in this paper. The total spin moment of the
molecules is denoted by MT and is measured in Bohr magnetons.
The spin moment of the transition-metal atom MM is estimated
from a Mulliken population analysis and is also measure in Bohr
magnetons.

Molecule Exp. geometry Our geometry MT MM

FeCp2 Eclipsed �5 Agree 0.0 0.0

CoCp2 Eclipsed �1,2 Agree 0.99 0.75

NiCp2 Eclipsed �5 Agree 1.99 1.22

CuCp2 Not synthesized Staggered �2−�5 0.99 0.22

ZnCp2 Staggered �1−�5 Agree 0.0 0.0

IrCp2 Not available Eclipsed 0.95 0.50

PtCp2 Not available Staggered �3−�3 0.0 0.0

AuCp2 Not synthesized Staggered �2−�2 0.99 0.13

FIG. 3. �Color online� �Left� Charge and �right� spin isocontours in AuCp2.
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lar structure of the carbon atoms corresponds to the pz orbit-
als; the lobes point slightly toward the adjacent carbon at-
oms, which indicates a larger delocalization due to the
conjugation present in the ring. We note that the atoms that
showed antiparallel spin moments in each ring in Fig. 1
�right�, show here a negative spin density. This is clearly
seen in Fig. 4, where we plot the spin density in one of the
cyclopentadyenil rings of orocene. This figure illustrates
even better that this density is largely spread throughout the
ring, as opposed to being strongly localized about the carbon
atoms, and shows wide regions of negative spin orientation.

Further insights about the oscillatory spin-density pattern
are found by looking at the density of states �DOS� of the
molecule, which shows the energy position of the molecular
orbitals �MO� of AuCp2. Figure 5 displays the spin-polarized
DOS in a restricted energy window around the Fermi energy
�which is set to zero�. This figure shows that one can trace a
one-to-one correspondence between spin-up and spin-down
MO, although each pair is subjected to a different exchange
splitting. The unpaired electron of the molecule, responsible
for its spin 1/2, is placed at the highest-occupied molecular
orbital �HOMO� in Fig. 5, and corresponds to an up-spin
orbital. The spin density of the molecule can be written in
terms of all the occupied MO of the molecule as

��r�� = �
n

��n,↑�r���2 − �
n�

��n�,↓�r���2

= ��HOMO,↑�r���2 + n↑�r�� − n↓�r�� , �1�

where we have split the contribution of the HOMO, which is
a positive definite function.

To shed some light on the striking difference between the
atomic moments in AuCp2 and CoCp2, we have decided to
plot ��HOMO,↑�r���2 for both molecules in Fig. 6. We find that
this charge distribution is much more concentrated around

the central transition metal ion for cobaltocene than for
AuCp2, because the 3d orbital of cobalt hybridizes less with
its surrounding carbon orbitals than the 5d orbital of AuCp2.
The HOMO for AuCp2 is pretty much distributed across the
whole molecule, providing therefore a very extended spin
distribution. We note that although the integrals over all the
space of n↑ and n↓ are equal, their spatial distribution must be
different, if one is to account for the oscillatory behavior of
the spin density of AuCp2, that we have displayed in Fig. 4.
This fact can be verified explicitly by plotting separately
each of the MO, although these curves are not shown here to
avoid cluttering too much the discussion.

We finally note that the magnetic moments are essentially
collinear. We have computed the expectation value of the
atomic orbital moments, which we find to be 0.02–0.03�B at
the gold atom, and below 0.001�B at most for the surround-
ing carbon atoms �as otherwise expected since the spin-orbit
coupling constant is only large for Au�. We therefore find
that the ratio ML /MS is of the order 0.2–0.3 at most. This
conclusion agrees with the experimental results for gold
nanoparticles.1,3

FIG. 4. �Color online� Spin isocontours across one of the carbon
rings in AuCp2.
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FIG. 5. �Color online� Spin-polarized density of states of AuCp2

in a restricted energy window around the Fermi energy �which has
been set to zero�. The figure shows the most relevant molecular
orbitals and, in particular, the HOMO and the lowest-unoccupied
molecular orbital.

FIG. 6. �Color online� Plot of the spatial distribution of the
charge of the HOMO ��HOMO,↑�r���2 in �a� AuCp2 and �b� CoCp2.
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B. Phthalocyanine molecules

The above trends on the magnetic behavior of metal-
locenes molecules can be found in other organic molecules
containing transition-metal ions, such as phthalocyanines.
Metallic phthalocyanines, denoted MPc, are macrocyclic
molecules that have an alternating nitrogen atom-carbon
atom ring structure, and contain a metal ion M in its center,
which bonds with the four isoindole nitrogen atoms. Phtha-
locyanine molecules were our preferred choice to illustrate
the oscillatory behavior of the spin density for the following
three reasons. First, they can contain a single transition-metal
atom at the center of the molecule, as is the case for metal-
locene molecules. Second, they are rather dissimilar to met-
allocenes in other relevant aspects: they have a two-
dimensional geometry on the one hand, and on the other the
transition-metal ion is bonded to the molecule via chemically
active nitrogen atoms. Third, relevant work on the Kondo
behavior of cobalt phthalocyanine molecules has appeared in
the recent literature,19,20 which could be extended to CuPc
and AuPc.

We have found that the geometry of these molecules does
not change during the force relaxation cycle and only the
positions of the central atoms are slightly modified. Cobalt,

copper, and gold phthalocyanines �CoPc, CuPc, and AuPc,
respectively� all have spin 1/2 and zero magnetic anisotropy,
as we desired. We have therefore chosen to plot in Fig. 7 our
results for molecules laying in the XY plane, with spins ori-
ented along the z axis for CoPc and CuPc; for AuPc in con-
trast, we found it more illustrative to plot a case where the
spins were oriented in the plane of the molecule, along the x
axis. We find that the atomic spin moments are very strongly
localized at the cobalt atom for CoPc but that they are spread
toward the neighboring nitrogen atoms in CuPc.

Gold phthalocyanine is specially interesting again. The
spin moments are spread throughout the central core and all
along the benzene rings in one of the arms of the molecule
while the atomic moments at the benzene rings in the other
arm are negligible. Hence, the spin configuration in the
ground state breaks the C4v symmetry of the molecule down
to C2. The moment at the gold atom vanishes in this mol-
ecule. Its role is only to provide the extra electron of the
molecule and to produce the oscillatory spin-density pattern
in the surrounding atoms. It is rather plausible that this an-
isotropic and oscillatory character of the spin density in
AuPc will have a strong impact on the emergence of Kondo
features when these molecules are deposited on adequate
metallic substrates that do not quench the spin of the
molecule.19

As in gold metallocene, we find that the orientation of the
magnetic moments in AuPc is collinear to a first approxima-
tion. Interestingly, we have found slight noncollinearities
when we orient the spins in the plane of the molecule, as is
apparent in Fig. 7 �right�. In contrast, the noncollinearities
disappear when the orientation of the atomic spins is perpen-
dicular to that plane. We plot in Fig. 8 �left� the charge den-
sity of AuPc, which shows the covalency of the benzene
rings, and the more ionic character of the bonds linking ni-
trogen and gold atoms. A lateral view of the spin density in
AuPc �not shown� indicates that the magnetization is local-
ized in the pz nitrogen and carbon orbitals. A top view of the
molecule in Fig. 8 �right� illustrates again the delocalization
of the spin density across the molecule. The figure shows
small regions of negative spin surrounded by much larger
regions where the spin density is positive.

FIG. 7. �Color online� Geometry and atomic spin moments of
the most stable isomers of �left� CoPc; �middle� CuPc; and �right�
AuPc. The atomic spin moments are marked by black arrows,
whose size is proportional to the modulus of the moment, and
whose direction indicates the orientation of the corresponding
atomic spin. The plane of the CoPc and CuPc molecules is tilted in
the figure on purpose. Notice that the spins in AuPc show small
noncollinearities.

FIG. 8. �Color online� Top view of the �left� charge and �right� spin isocontours in gold phthalocyanine. The color code is such that red
�blue� color indicates positive �negative� spin densities. The color intensity indicates how positive or negative is the spin density.
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IV. CONCLUSIONS

As a summary, we find that small gold organic molecules
show unconventional magnetic features. We find that the role
of the gold atom is to magnetize the surrounding atoms while
displaying themselves small or even vanishing magnetic mo-
ments. The spin-density pattern shows an oscillatory behav-
ior, whereby the spin profile is fairly delocalized across the
molecule, and presents regions with positive and with nega-
tive spin density. We find that the orbital moments are much
smaller that the spin moments. Our study should encourage

further efforts in the synthesis and characterization of
AuCp2, and AuPc molecules. It also sheds light on the origin
of the magnetism in small gold nanoparticles.1–3
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