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The magnetic properties of gold nanotubes encapsulated transition metal �TM, TM=Co and Mn�
and monoatomic chains �TM@Au� are studied using first-principles density functional calculations.
The TM chains are significantly stabilized by the gold nanotube coating. TM–TM
distance-dependent ferromagnetic-antiferromagnetic phase transition in TM@Au is observed and
can be understood by Ruderman–Kittel–Kasuya–Yosida �RKKY� model. The magnetocrystalline
anisotropy energies of the TM@Au tubes are dramatically enhanced by one order of magnitude
compared to those of free TM chains. Furthermore, the stronger interaction between Mn chain and
gold nanotube even switches the easy magnetization axis along the tube. © 2009 American Institute
of Physics. �DOI: 10.1063/1.3055520�

The miniaturization of electronic devices is essential to
fabricate high speed and low power electronic circuits.1,2

Motivated by this goal, low-dimensional nanoscale structures
have been studied intensively for a few decades.3 The one-
dimensional �1D� transition metal �TM� monoatomic chain
�MAC�, whose magnetic properties are much different from
those of bulk solid because of significant reduction in dimen-
sionality from three dimensional to real 1D, attracts exten-
sive attention recently.4–7 For example, MACs of Sc, Ti, Fe,
Co, and Ni are ferromagnetic �FM�;4,5 whereas the V, Cr, and
Mn chains are antiferromagnetic �AFM�.4,5 Spin polarization
of Sc, V, Mn, Fe, Co, and Ni MACs is around 90% or
above.4 The giant magnetic anisotropy energies of Ni, Tc,
Ru, Rh, and Pd MACs suggest that they are promising can-
didates for ultrahigh density magnetic storages.4,6

It is known that all these freestanding MACs are natu-
rally metastable4 and are hard to be used directly in applica-
tion. So stabilizing these MACs without significantly chang-
ing their unique magnetic properties is a critical step toward
application. One solution is to encapsulate them into a stable
tubular structure.8–15 Carbon nanotubes �CNTs� or boron ni-
trogen nanotubes �BNNTs� have been proposed as good can-
didates of capsules because of their high stability.8,11–14

Whereas recent density functional theory �DFT� study on
Fe 5d �Os, Ir, and Pt� nanowires encapsulated in CNTs has
indicated that the magnetocrystalline anisotropy energies
�MAEs� of the hybrid structures are reduced markedly.16 Fur-
thermore, the MACs are generally bonded weakly in CNT/
BNNT or even endothermic in the formation of the hybrid
structures.8,9,13

Gold nanotubes, which have been theoretically proven
stable and synthesized experimentally,17,18 might be another
type of candidate to encapsulate MACs. Recent DFT inves-
tigation has revealed that the Fe nanowires encapsulated in
Au �6,0� nanotube have large spin polarization at Fermi level

and greatly enhanced MAE.15 Different from CNT and
BNNT, although gold nanotubes are very stable, they are
chemically active19 and thus can interact strongly with the
guest atoms. The strong tube-TM interaction is expected to
modulate the electronic structures of the guest atoms to en-
hance their magnetic properties. Motivated by possible en-
hanced magnetic properties upon encapsulation, our study
focuses on the Co and Mn MACs encapsulated in �5,5� gold
nanotube �denoted as TM@Au, TM=Co or Mn�. To address
the advantages of the encapsulated MACs, freestanding TM
MACs are also investigated for comparison. Similar to CNT,
conceptually, gold nanotube can be made by rolling up a
sheet of gold triangular lattice. The notation �n ,m� denotes
the chiral vector C=na1+ma2 where a1 and a2 are the basis
vectors of a two-dimensional gold triangular lattice.20 The
gold nanotube with indices �5, 5�, which has enough hollow
to accommodate a MAC inside, has been predicted as the
most stable tube theoretically.20 The reason for choosing Co
and Mn chains is based on the following considerations.
Freestanding Co and Mn MACs are quite different in their
magnetic nature, of which ground states are FM and AFM,
respectively.4,5,21 The magnetic order of Co MAC retains FM
configuration in a long interatomic distance range.21 In con-
trast, Mn MACs’ magnetic order changes from AFM to FM
with increasing interatomic distance.21 In addition, when de-
posited on the �110� surface of Cu, Pd, NiAl, and Ag, the
ground state of Mn MACs is AFM, whereas the Co MAC on
NiAl �110� surface has almost degenerated FM and AFM
solutions �slightly favor FM�.21 But, when it is deposited on
Cu �110� surface, Co MAC favors the FM state.21 Briefly,
depending on the substrate, the deposited Co and Mn MACs
show different distance-magnetism correlations. More pre-
cisely, Co MACs always favor FM states whereas the ground
state of freestanding Mn MACs changes from AFM to FM
with increasing interatomic distance but keeps AFM states if
they are deposited on a substrate. On the experimental side
Co MACs were successfully deposited on Pt surface and thea�Electronic mail: jlwang@seu.edu.cn.

THE JOURNAL OF CHEMICAL PHYSICS 130, 064706 �2009�

0021-9606/2009/130�6�/064706/5/$25.00 © 2009 American Institute of Physics130, 064706-1

Downloaded 02 Feb 2012 to 158.132.161.9. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3055520
http://dx.doi.org/10.1063/1.3055520
http://dx.doi.org/10.1063/1.3055520


striking enhanced MAE was observed by Gambardella et
al.22 Moreover, the oscillatory FM-AFM transition with re-
spect to Co–Co distance was predicted in Co ad-atoms on Cu
substrate.23 Thus we expect that Co and Mn MACs would
exhibit new magnetic properties upon gold nanotube coating
such as the increased MAE and FM-AFM phase transition
with TM interatomic distances.

All the results presented in this work were calculated
within the framework of plane-wave DFT implemented in
Vienna ab initio simulation package �VASP�.24,25 The
exchange-correlation potentials were treated by spin-
polarized generalized gradient approximation with PBE �Ref.
26� functional. The interaction between valence electrons
and ion cores was described by projected augmented
wave27,28 method. The conjugate gradient algorithm was
used to relax structures until the force acting on each atom
was less than 0.01 eV/Å. An energy cutoff, 380 eV, based on
convergence tests on total energies of TM@Au systems, was
adopted with Methfessel–Paxton29 smearing method to im-
prove self consistent field �SCF� convergence.

The TM@Au was placed in a supercell with the dimen-
sion of 20�20�C Å3 where C is the lattice constant of
supercell alone z �along the axis of Au tube or TM chain�
direction. We also considered the low symmetric configura-
tions, in which the Co or Mn atoms are initially placed away

from the central axis of Au tube; however, such configura-
tions are less stable; and all TM atoms optimized back to
central axis of the tube. The Au tube between the adjacent
periodic images is at least 15 Å, which should be large
enough to ignore the interaction between the nearest neigh-
boring tubes. Two different configurations �denoted as
TM@Au_1 and TM@Au_2, separately, shown in Fig. 1� are
studied in order to investigate the TM–TM distance-
dependent magnetic behavior. Each unit cell of the TM chain
contains two TM atoms to examine both FM and AFM solu-
tions. The Brillouin zone was meshed by gamma-centered
Monkhorst–Pack30 method with 1�1�25 and 1�1�15
grids for TM@Au_1 and TM@Au_2, respectively. For spin-
orbital coupling, we used denser k-points, 1�1�41 and
1�1�21 for TM@Au_1 and TM@Au_2, respectively and
the MAE was computed as the full self-consistent total en-
ergy difference of the two possible magnetization orienta-
tions �parallel and perpendicular to the chain�.

The optimized unit length and radius of pure Au �5, 5�
tube are 4.57 and 2.48 Å, respectively, which are in good
agreement with previous calculations �4.63 and 2.44 Å�.20

The calculated Co–Co distances and the FM and AFM
Mn–Mn distances in freestanding MAC are 2.16, 2.62, and
2.37 Å, consistent with earlier values of 2.154, 2.60, and
2.29 Å5, respectively. For a TM MAC encapsulated in a
tube, the TM–TM distance is mainly determined by the lat-
tice parameter of gold nanotube due to the strong tube-TM
chain interaction. As seen from Table I, the lattice constant of
Co@Au_1 is slightly shorter than that of Mn@Au_1; in
TM@Au_2, the discrepancy in the lattice constant is negli-
gible and independent of spin ordering. Thus, the Co–Co
distance is also a little shorter than that of Mn–Mn in
TM@Au_1 and they are comparable in TM@Au_2. This is
because increasing TM–TM distance weakens the TM–TM
interaction in TM@Au_2, and as a consequence the encap-
sulation has less influence on the lattice constant and Co–Co

FIG. 1. �Color online� Top view �a� and side view of TM@Au_1 �b� and
TM@Au_2 �c�. The spheres represent TM and Au atoms.

TABLE I. Equilibrium geometry of freestanding TM wires and TM@Au tubes: MP, lattice constant C �in Å�,
interatomic distance of TM atoms TM–TM �in Å�, and energy difference between AFM and FM �EAFM-FM

�in eV�.

System MP C TM–TM d1 d2 �EAFM-FM

Co chain FM 4.31 2.155 ¯ ¯ 0.74
AFM 4.31 2.155 ¯ ¯

Mn chain FM 5.24 2.620 ¯ ¯ �0.13
AFM 4.74 2.370 … …

Co@Au_1 FM 4.75 2.25/2.50 1.125 1.250 0.48
AFM 4.79 2.395 1.198 1.198

Co@Au_2 FM 9.33 4.665 2.348 2.317 �0.08
AFM 9.33 4.665 2.347 2.318

Mn@Au_1 FM 4.91 2.455 1.213 1.213 �0.24
AFM 4.85 2.425 1.228 1.228

Mn@Au_2 FM 9.28 4.640 2.338 2.302 0.05
AFM 9.28 4.640 2.338 2.302
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distance. Interestingly, the Co MAC in Co@Au_1 is dimer-
ized, but the TM–TM distance is uniform in the rest three
encapsulated MACs. This difference can be understood by
the strong Co–Co interaction and the longer Co–Co distance
in tube than that in a free MAC.

We compute the binding energy �BE� of TM MACs and
TM@Au, defined as

BE�TM chain� = 2E�TM� − E�TM chain� , �1�

BE�TM @ Au� = 2E�TM� + E�tube� − E�TM @ Au� , �2�

separately, where E�·� is the energy of a single TM atom,
optimized TM MAC, Au nanotube, and TM@Au.As shown
in Table II, the BEs of the TM@Au hybrid structures are
remarkably higher than those of free TM MACs, indicating
these hybrid structures are very stable. In particular, these
BEs are much larger than those of TM@CNT and
TM@BNNT, which are usually less than 1 eV per TM atom
and some are even endothermic in the formation of hybrid
structures �e.g., Fe@CNT�9,0� and Co@BN�9,0��.8,9,13 The
large BE might stem from the strong hybridization between
Au and TM atoms which will be discussed below. Moreover,
if we define interaction energy �IE� as the energy differences
between TM@Au and the sum of fully optimized gold nano-
tube and TM MACs, �IE�TM@Au�=E�TM MAC�
+E�Au tube�−E�TM@Au��, the IEs for Co@Au_1,
Co@Au_2, Mn@Au_1, and Mn@Au_2 are 4.77, 5.00, 5.80,
and 7.42 eV, respectively. This implies that the TM MACs
are significantly stabilized and the tube-MAC interaction is
as strong as the TM–TM interaction. Therefore, TM@Au
tubes are very stable against disintegrating into their con-
stituents; and thus it is possible to synthesize these hybrid
structures experimentally.

The FM state of Co@Au_1 is 0.48 eV lower in energy
than the AFM state and has a total magnetic moment of
4.16�B per unit cell. In the FM state, the spins on a Au atom
��0.02�B� is negligible compared to that on a Co atom
�1.90�B�. However, the AFM state of Co@Au_2 is 0.08 eV
lower in energy than the FM state, showing a magnetic phase
�MP� transition from FM to AFM. In contrast, the AFM state
of Mn@Au_1 is more stable than the FM one with an energy
difference of 0.24 eV per unit cell. The two Mn atoms in the
AFM state have opposite spins of 3.63�B on each one. The

FM state of Mn@Au_2 is the ground state and has a giant
magnetic moment �9.62�B per unit cell�. Inverse to that in
Co@Au, MP transitions from the AFM state to the FM state
are identified in Mn@Au. Density of states �DOS� analysis
results show that the TM–TM interaction plays a dominant
role in TM@Au_1 and the TM–TM interaction is negligible
in TM@Au_2 due to the elongated TM–TM distance �see
Figs. 2 and 3�. As a consequence, the ground magnetic or-
dering of TM@Au_2 is dominated by the indirect exchange
interactions, which the TM atoms interact through the inter-
mediate of the hybridization of Au s electrons and TM d
electrons �also see Fig. 2�. This is a typical Ruderman–
Kittel–Kasuya–Yosida �RKKY� type exchange interaction,
which is characterized with a damped oscillation over a rela-
tively long atom-atom distance range, and transition from
FM/AFM to AFM/FM may happen.31,32 The negative �posi-
tive� exchange integral of Co@Au_2 �Mn@Au_2� will thus
give rise to the AFM �FM� ground states. Calculating the
RKKY exchange integral quantitatively is beyond this study.
Therefore, the transitions from FM to AFM in Co@Au and
from AFM to FM in Mn@Au take place when the TM–TM
distances increase.

The spin orbit coupling �SOC� is taken into account as
well to examine the magnetocrystalline anisotropy. The
MAE is defined as the energy difference between the mag-
netizations oriented along x and z directions, namely, MAE
=E�x�−E�z�, where z is the tube axis direction. The MAEs
for both freestanding Co and Mn MACs are negative, indi-
cating that the magnetization prefers to be perpendicular to
the chain axis, which is in agreement with the previous the-
oretical result.4 When encapsulated in a Au tube, the MAEs
are all remarkably enhanced by one order of magnitude and a
trend that longer TM–TM distance results in a larger MAE is
observed. In application of ultrahigh density information
storage, the notably enhanced MAE is important to over-
come the disorder resulted from thermal fluctuation. Besides,
in contrast to Co@Au, the easy magnetization axes of the
Mn@Au switch from that perpendicular to the axes in the
free Mn MAC to that along the axes. The possible reasons
for the change in easy magnetization directions in Mn@Au
might stem from the stronger interaction between Mn wires
and Au tubes as discussed above �5.80 versus 4.77 eV for
TM@Au_1, and 7.42 versus 5.0 eV for TM@Au_2 for Co
and Mn, respectively�. The easy magnetization direction

TABLE II. MGS, BE �in eV�, total and local spin moments on TM and Au without and with SOC when the magnetization along easy magnetization axis MS,
MTMS, and MAuS, orbital moments MO, MTMO, and MAuO �in �B�, and MAE �in meV� of TM chains and TM@Au tubes.

System MGS BE

Without SOC With SOC

MAEMS MTMS MAuS MS MTMS MAuS MO MTMO MAuO

Co chain FM 4.15 4.32 2.10 ¯ 4.39 2.12 ¯ 0.32 0.16 ¯ �0.88
Mn chain AFM 2.03 0 �3.74 ¯ 0 �3.74 ¯ 0 �0.04 ¯ �0.85
Co@Au_1 FM 8.92 4.16 1.90 0.02 4.14 1.89/1.91 0.02 0.20 0.07 0.01 �5.9
Co@Au_2 AFM 9.15 0 �2.14 �0.03 0 �2.10 �0.03 0 �0.05 0 �7.08
Mn@Au_1 AFM 7.83 0 �3.63 0 0 �3.60 0 0 0.07 0 1.79
Mn@Au_2 FM 9.45 9.62 4.15 0.03 9.62 4.12 0.03 0.05 �0.08 0.01 9.41
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along the tube axes in Mn@Au makes them possible for
practical application.16

Figures 2 and 3 present the spin-polarized partial density
of states �PDOS� and charge density of Co@Au_1,
Co@Au_2, Mn@Au_1, and Mn@Au_2 in the magnetic
ground states �MGSs�, respectively. The states of Au atoms
strongly hybrid with those of TM atoms between �6 and
�2 eV; while around Fermi level the states are mainly con-
tributed by TM atoms. One can see that the TM d states
strongly interact with Au d states but minor Au s–TM d
states overlapping indicating the weak s-d hybridizations
�Fig. 2�. The strong hybridization of TM d states and Au d
states are responsible for the high stability of TM@Au tube.
The s electrons of Au atoms are the intermediate of the

RKKY exchange interaction between TM atoms. The d states
can be divided into three groups: nondegenerate dz

2 states,
double degenerate �d

x2−y2
,dxy� states, and �dxz ,dyz� states.

The double degenerate �d
x2−y2

,dxy� and �dxz ,dyz� states of TM

bond with those of Au, while the dz
2 states of the TM atom

form strong � bonds.
The bond features can also be intuitively demonstrated

by the charge density distribution. As shown in Fig. 3, the
charge distributed between the nearest neighboring Co pair is
denser than that between the second nearest neighbors in
Co@Au_1 �Fig. 3�a��. Therefore, the dimerization, probably
due to Peierls instability,33 in Co@Au_1 occurs. For
TM@Au_2, the larger TM–TM distances diminish the or-
bital overlap between neighboring TM atoms and thus the �
bond �dz

2� between TM atoms breaks. This also can be seen
from the charge density distribution as shown in Figs. 3�b�
and 3�d�. The TM atoms, as a result, only bond with the
nearest ten Au atoms. Therefore, the dz

2 states become much
sharper than in TM@Au_1 �see Fig. 2�, which eventually
leads to greatly enhanced electron localization in
TM@Au_2.

To summarize, we have carried out spin-polarized ab
initio computations to study the hybrid structures of the Co
and Mn MACs encapsulated in gold nanotubes. The strong
d-d hybridization of TM@Au significantly stabilizes the TM
MACs. Increasing Co–Co distances in Co@Au nanotube re-
sults in a transition from FM to AFM, whereas Mn@Au
nanotubes exhibit a totally opposite transition from AFM to
FM. Moreover, the MAEs of encapsulated MACs are one
order of magnitude larger than those of free MACs owing to
the increased TM-TM distances. The larger MAE suggests
that the hybrid structures can be used in ultrahigh density
magnetic storage. Because of the stronger interactions be-
tween Mn wires and Au tubes, the easy magnetization direc-
tions of Mn@Au change from that perpendicular to the axes
in the free Mn MAC to that along the axes.

FIG. 2. �Color online� Atom resolved
partial DOS of Co@Au_1 �a�,
Co@Au_2 �b�, Mn@Au_1 �c�, and
Mn@Au_2 �d�. The dotted line refers
to the Fermi level.

FIG. 3. �Color online� Contours of charge density on a plane parallel xz and
passing TM atoms of Co@Au_1 �a�, Co@Au_2 �b�, Mn@Au_1 �c�, and
Mn@Au_2 �d�.
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