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We present density-functional-theory calculations of structural, electronic, and magnetic properties of
platinum-alloy strings templated on a boron-doped single-wall carbon nanotube �6,6� model, B-SWCNT�6,6�.
Our calculations show that the alloy strings demonstrate strong molecular recognition, forming well-defined
covalent bonds with the substrate and lead to the self-assembly of stable monatomic chains. The electronic and
magnetic features of the Pt-alloy string/B-SWCNT�6,6� composite systems are mainly controlled by the pres-
ence of a magnetic alloying element �i.e., Fe, Co, and Ru�. By changing the composition of the Pt alloy, the
easy magnetization axis of the system can oscillate between the directions parallel and perpendicular to the
tube axis. Our studies suggest that pure transition-metal �TM� or TM-alloy strings anchored on a substrate via
strong molecular interactions can still possess sizable magnetic anisotropy due to spin-orbital coupling effects.
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I. INTRODUCTION

As a one-dimensional �1D� material, carbon nanotubes
�CNTs� have demonstrated remarkable versatility and wide
applicability in emerging nanotechnologies,1–3 such as
components in field-effect transistors, optoelectronics, and
spintronic devices. In parallel, the unusual electronic and
magnetic properties of 1D transition-metal �TM� systems
have also attracted considerable research interest from
both experimentalists4–9 and theoreticians.10–36 For in-
stance, intriguing phenomena, such as spontaneous spin-
polarized transport8 and quantum ballistic anisotropic
magnetoresistance,10 have been observed in 1D TM nano-
wires having strong magnetic anisotropy. Unfortunately,
there is a great deal of important information about the fun-
damental magnetic and electrical properties of low-
dimensional materials that still remains unknown.

Magnetic anisotropy originates primarily from the orbital
magnetization via spin-orbit coupling �SOC� between the
spins and the lattice of the material, which introduces pref-
erential magnetization from one crystallographic direction to
another, i.e., magnetocrystalline anisotropy. In bulk TMs,
magnetic anisotropy is typically very weak. The orbital mag-
netic moments are quenched by strong crystal-field splitting
and the hybridization of the d orbitals with that of neighbor-
ing atoms, and the spin-magnetic moments are substantially
reduced by the large kinetic energies of the electrons at finite
temperature. These contributions result in nonmagnetic
ground states for most TMs. By contrast, in low-dimensional
TM systems �e.g., 1D TM nanowires�, Hund’s rule is mani-
fested by the reduced coordination of the atomic sites, giving
rise to enhanced spin- and orbital-magnetic moments. Thus,
strong magnetic anisotropy is most likely to be found from
low-dimensional TM structures at nanometer length scales
since there is an intrinsic tendency of the magnetization to
align along the easy axis at zero magnetic field. Examples
include monatomic chains of Ru, Rh, and Pd,13 Os, Ir, and
Pt,16 Fe,18 and Ni,10 as well as Fe monatomic chains depos-
ited on a Au �Ref. 6� or Cu �Refs. 32 and 33� substrate, and

Co chains deposited on a Pt �Refs. 4, 5, 22–24, 27, 31, and
37� or Pd �Ref. 26� substrate. Advanced experimental tech-
niques have made it possible to prepare these novel, low-
dimensional TM nanostructures and simultaneously probe
their structural, electronic, and magnetic properties at the
atomic level.4–9

Compared to their bulk counterparts, freestanding 1D TM
nanowires are energetically less stable with respect to ther-
mal fluctuations, which can destroy their long-range mag-
netic order in the absence of an external magnetic field. For
this reason, the giant magnetic anisotropy of isolated 1D TM
nanowires predicted by theoretical studies is unlikely to be
achieved in a real system. Therefore, for any future applica-
tions, it is critical for 1D TM nanowires to be stabilized on
an appropriate substrate, which would maintain the funda-
mental electrical and magnetic features of these systems.

Our recent studies38 have shown that TM strings tem-
plated on boron-doped single-walled carbon nanotubes �B-
CNTs� demonstrate strong molecular recognition, leading to
the self-assembly of TM atoms with well-defined covalent
bonds with the substrate. Such B-CNT-templated TM strings
exhibit high stability and unexpected electronic properties.
These promising results have prompted further investigations
into the structural, electronic, and magnetic features of TM-
alloy monatomic chains anchored on B-CNTs.

Monatomic chains, composed of TM alloys, have also
been a subject of active research since there exists a great
deal of electronic and magnetic tuneability that can be
achieved on very small length scales.39–43 For instance, a
previous study showed that the quantized conductance in
AuPd and AuAg alloy nanocontacts can be modified by the
alloying element in Au.42 Very recently, suspended alloy
monatomic chains have been experimentally realized by me-
chanically stretching a binary alloy Au1−xAgx �x=0.2, 0.4,
0.6, and 0.8� �Ref. 40� and this success sheds light on the
potential synthesis of other monatomic TM-alloy chains.

II. COMPUTATIONAL METHODS

Our density-functional-theory �DFT� calculations were
carried out using the Vienna ab initio simulation package
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�VASP�.44,45 The models and computational details have been
described elsewhere.38,46 Particularly, spin-polarized DFT
with projector augmented wave potentials,47 the generalized
gradient approximation Perdew, Burke, and Ernzerhof �PBE�
functional,48 and a plane-wave-base set with an energy cutoff
of 400 eV were employed for all of the calculations. Three
unit cells of B-SWCNT�6,6� along the tube’s c axis were
included to build the hexagonal supercell with a=b=22 Å in
the other two directions of the tube. These dimensions are
sufficiently large to avoid the interactions between the tube
and its periodic images. The Brillouin zone of the supercell
was sampled by 1�1�5 k points within the Monkhorst-
Pack scheme in structural optimization and first-order
Methfessel-Paxton smearing49 of 0.2 eV was used in the in-
tegration. The initial configurations were arranged in such a
fashion that the interaction between the B-CNTs and the Pt-
alloy chains are to be maximized. Consistent with our previ-
ous study of pure monatomic chains,38 we aligned the chain
axis with the tube axis �atop the B-doped sites� with a sepa-
ration distance of 3 Å. All atom positions in the supercell
were fully relaxed using the conjugate-gradient algorithm
and the convergence threshold was set to be 10−4 eV for the
total energy and 10−2 eV /Å in force on each atom. Only the
lowest-energy configurations are presented in this work. The
density of states �DOS� was calculated using 1�1�10 k
points based on the optimized structures. The binding ener-
gies �BEs� between the Pt-alloy strings and the
B-SWCNT�6,6� �tube� is defined as BE= �Etotal�tube
+TM-string�−Etotal�tube�−Etotal�TM-string�� /n, where Etotal
and n are the total energy of the system and the number of
metal atoms per supercell, respectively. The relativistic ef-
fects of the third-row heavy-metal Pt is taken into account by
performing fully relativistic calculations of the core electrons
and a scalar-relativistic approximation for the valence elec-
trons, as implemented in the default mode of VASP.

Furthermore, we calculated the magnetic anisotropy using
noncollinear DFT �including SOC effects�45,50 by aligning
the spin-quantization axis parallel to and perpendicular to the
tube axis. The magnetic anisotropy energy �MAE� is defined
as the difference in total energies from self-consistent calcu-
lations for parallel and perpendicular direction of the mag-
netic axis, i.e., MAE=Etotal�� �−Etotal� � �, where Etotal�� �
and Etotal� � � are the total energy of the system per supercell
with magnetization directions to be perpendicular �� � and
parallel � � � to the tube axis, respectively �see Fig. 1�. Thus,
positive �negative� values of MAE correspond to the parallel
�perpendicular� easy magnetization axes. Note that the mag-
netocrystalline anisotropy, which is the primary contribution
to magnetic anisotropy, is taken into account by our
electronic-structure calculations. However, the shape aniso-
tropy arising from magnetostatic effects, i.e., the magnetic
dipolar interaction, is not included in our calculations.

III. RESULTS AND DISCUSSION

The justifications of the models used in this study have
been detailed elsewhere.38 In this work, we mainly focus on
a B-SWCNT�6,6� model, with boron doped in a locally con-
centrated fashion. This dopant arrangement is more likely to

stabilize the linear chain structures, as shown in Fig. 2. Al-
though the experimental realization of these exact structures
is unclear, our study is intended to establish a benchmark for
the properties of these composite structures, including the
lowest limit for the MAE. Since previous experimental
groups have synthesized �separately� TM monatomic
chains4–9 and B-doped CNTs,51,52 it is plausible that some
similar composite systems could eventually be realized.
Here, we simply refer to this substrate model throughout the
text as B-CNT since there are no other diameters or doping
patterns investigated in the present study.

A. Structural features

Several studies of TM monatomic chains supported on Pt
substrates have been previously reported.4,5,7,11,21–24,27 For
example, Gambardella et al.4 revealed the existence of both
short- and long-range ferromagnetic orders at 45 K for 1D
Co chain segments constructed on the steps of the vicinal
Pt�997� surface. Dallmeyer et al.7 observed monatomic Co
and Cu chain grown by step decoration of the vicinal Pt�997�
surface and the presence of a 1D exchange-split band, and
the presence of local magnetic moments. Rodrigues et al.
prepared suspended Co, Pd, and Pt atomic chains using me-
chanically controlled break-junction methods, and provided
certain experimental evidence for their spin-polarized
conduction.8 Although, the presence of impurities may have
been an influencing factor.

Our calculations show that pure Fe, Co, and Ru mon-
atomic chains retain most of their magnetic moments after
anchored on B-CNT, i.e., �0=3.09 and �=2.62�B /Fe atom,
�0=1.76 and �=1.33�B /Co atom, and �0=1.12 and �
=1.08�B /Ru atom, respectively, as shown Table I. Thus, in
this study, Fe, Co, and Ru were selected to create binary
Pt-alloy chains with different compositions. In these models,
alloy chains with the formula Pt2M, PtM, and PtM2 were
tested �where M =Fe, Co, and Ru�, and we investigated the
alloying effects on the electronic and magnetic properties of
the TM-alloy-string/B-CNT composite materials.

As shown in Fig. 2, the Pt-alloy-strings templated on
B-CNT demonstrate strong molecular recognition, forming
well-defined covalent bonds with the substrate �see BEs in
Table I� and lead to the self-assembly of stable monatomic
chains. These interactions are consistent with our recent
studies of pure TM strings on B-CNT substrates.38 The BEs
of the Pt-alloy chains on the B-CNT range from −1.34 to

xy

z x y

FIG. 1. �Color online� Diagram of the magnetization directions
along x�100�, y�010�, and z�001�, respectively. The z direction is
parallel to the tube axis while the x and y directions are perpendicu-
lar to the tube axis. The gray color represents carbon, pink repre-
sents boron, and the other species correspond to a representative
TM-alloy-string. A larger supercell is presented in the figure to help
guide the readers’ eye.

WEI AN AND C. HEATH TURNER PHYSICAL REVIEW B 81, 205433 �2010�

205433-2



−1.99 eV, and these values are similar to those of pure TM
chains �BE=−1.70 eV, −1.75 eV, −1.45 eV, and −1.93 eV
for Pt, Fe, Co, and Ru, respectively�. The binding nature of
the binary Pt-alloy-strings on the B-CNT can be identified as
chemisorption, as evidenced by the formation of multiple
TM-C and TM-B bonds, as well as the short binding dis-
tances �BDs�, as seen in Table I.

The isolated Pt-alloy chains studied in this work adopt
either a zigzag �Pt2Fe, PtFe, PtFe2, Pt2Co, and Pt2Ru� or

quasilinear �PtCo, PtCo2, PtRu, and PtRu2� structure under a
zero-strain condition. This is in contrast to the pure TM mon-
atomic chains, which predominantly adopt zigzag configura-
tions. After anchored on top of the B-CNT adsorbent, the
equilibrium structures of the chains are reconstructed to
match the lattice parameter of B-CNT, forming a continuous
stringlike geometry. This suggests that the self-assembly
phenomena of TM atoms deposited on B-CNTs is a general
feature, regardless of the TM composition �pure or alloy�.
Undoubtedly, the enhanced binding strength of the B-CNT
plays a key role in such atomic reconstruction since this be-
havior cannot be reproduced on a pristine CNT model. The
underlying chemical binding trends should also hold for
larger single-walled or multiwalled B-CNTs, which contain
similar levels of boron.

B. Electronic and magnetic features

The calculated total density of states �TDOS� and
projected-DOS �PDOS� for the Pt-alloy-string/B-CNT com-
posite materials are displayed in Fig. 3. It can be seen that all
of these systems remain magnetic, though the formation of
multiple TM-C and TM-B bonds generally leads to reduced
magnetic moments, as compared to those of pristine Pt-alloy
monatomic chains �see Table I�. As two extreme cases, gas-
phase TM atoms possess the maximum spin- ��S� and
orbital- ��L� magnetic moments, which is solely mediated by
the intra-atomic Coulomb interactions. In stark contrast, the
�S and �L for a three-dimensional bulk structure are partially
or even totally quenched due to electron delocalization and
crystal-field effects. Essentially, the 1D freestanding TM
monatomic chains and their deposited structures retain a
large fraction of their magnetic moment due to their reduced
dimensionality.

As mentioned in Sec. I, the magnetic anisotropy is a criti-
cal parameter when considering the applicability of a mate-
rial for a magnetic or spintronic device. The MAE serves as
an energy barrier which represents the stability of the mag-
netization aligning along a specific spatial direction, and
without a high barrier, the magnetic properties can be
compromised by stochastic thermal fluctuations in the mate-
rial. For simplicity and for maintaining a reasonable compu-
tational cost, most previous theoretical studies of the mag-
netic anisotropy of TM systems have been performed on
freestanding monatomic chains10–20,25,28–30 and on single
TM atoms or finite monatomic chains deposited on a
substrate.11,21,23,26,27,31–33 Such calculations are able to pro-
vide the maximum possible magnetic anisotropy for TM
structures deposited on substrates via weak molecular inter-
actions. However, in reality, the components of an actual
magnetic or spintronics device would need to be connected
by well-defined bonding, if reliable performance is to be ex-
pected. Hence, there are several questions that must be ad-
dressed in order to obtain preliminary indications of perfor-
mance, following device integration: �1� can the magnetic
anisotropy survive after establishing well-defined interac-
tions between the TM and the substrate? and �2� if so, how
does the magnetic anisotropy evolve?

In order to address these questions, we performed compu-
tationally expensive calculations on the magnetic anisotropy

(a) Pt2Fe

(b) PtFe

(c) PtFe2

(d) Pt2Co

(e) PtCo

(f) PtCo2

(g) Pt2Ru

(h) PtRu

(i) PtRu2

(j) Fe
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2.3352.333

2.508 2.507

2.293 2.292

2.485 2.486

2.3932.046 2.392

2.3362.050 2.337

2.642 2.4122.419

2.635 2.4222.424

2.279 2.5922.594
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2.349 2.6052.662

2.377 2.5452.544

2.485

FIG. 2. �Color online� Side view of the TM-alloy string/B-
SWCNT�6,6� and isolated monatomic TM-alloy chains. Equilib-
rium TM-TM bond length �Å� and angles � �� are labeled. Carbon
atoms are shown in gray and boron atoms are shown in pink. A
larger supercell is shown to help guide the eye.
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for our composite systems by including SOC effects. The
MAE for a magnetic system mainly arises from the magne-
tocrystalline anisotropy �known also as the electronic contri-
bution�, originating from the orbital magnetization and SOC
effects, which are captured using noncollinear DFT calcula-
tions. It is known that a sizable MAE arises from large spin-
and orbital-magnetic moments and a strong SOC. Large spin
moments can be found among the ferromagnetic 3d metals
Fe and Co, as well as 4d metal Ru, but unfortunately, these
metals have small orbital moments and SOC effects are thus
weak. In general, strong SOC can be found in the heavy 5d
metals, e.g., Pt, which however is nonmagnetic. Monatomic
chains of Pt alloys with varied composition of Fe, Co, and
Ru may lead to tunable MAE and spin- and orbital-moments.

As shown in Fig. 3, the TDOS at the Fermi level �EF� of
our systems are spin polarized and this is mainly attributed to
the spin-down d states of the alloying elements. The spin-up
d states of Fe, Co, and Ru are nearly completely filled below
EF, resulting in a small or negligible PDOS at EF. In contrast,
the spin-down d states are only partially occupied, resulting
in a large PDOS at EF. The d states of Pd contribute little to
the spin-polarized states of the system, as seen from their
location �i.e., below EF�. In particular, the PtCo-string/B-
CNT composite acts as a half-metal, which is a conductor to
electrons with a spin-down orientation but an insulator to
electrons with a spin-up orientation, as shown in Fig. 3�e�.
Therefore, the magnetic properties of our systems are mainly
controlled by the magnetic alloying element �i.e., Fe, Co, and
Ru�.

A previous study reported that free and deposited Pt mon-
atomic chains have increasingly larger magnetic moments
��0=0.36–0.95�B /Pt atom� and stronger magnetic aniso-
tropy as the interatomic distance is increased, especially be-

yond the equilibrium interatomic distance.11 Our recent stud-
ies have shown that a Pt-string/B-CNT model is nearly
nonmagnetic ��0=0.60 and �=0.018�B /Pt atom�.38 As
shown in Table I, as the alloying-element composition is in-
creased, the magnetic moment for the Pt-alloy-string/B-CNT
is also increased: Pt2Fe �1.13�B /TM atom�, PtFe
�1.52�B /TM atom�, and PtFe2 �1.95�B /TM atom�. Thus, the
nonmagnetic Pt-string/B-CNT can be tuned to be magnetic
by alloying with magnetic elements, such as Fe, Co, and Ru.
Considering that spin-current transports are mainly deter-
mined by the electron channel across EF, our calculated re-
sults suggest that alloying, which is commonly used in bulk
materials to enhance their electrical and magnetic properties,
can also be applied to nanomaterials for tailoring their spin-
polarized properties.

Moreover, one can see that spin- and orbital-magnetic
moments of the Pt alloy systems along the magnetization
directions can be tuned by changing the alloy component and
the composition �Table I�. This mainly arises from the inter-
actions of the 5d states of Pt with the 3d states of Fe and Co
�see Figs. 3�a�–3�f�� and the 4d states of Ru �see Figs.
3�g�–3�i��. Interestingly, the easy axes for the Pt-alloy/B-
CNT systems are generally in accordance with those of the
alloy component in the system �i.e., Fe, Co, and Ru�. As
shown in Table I, the MAEs for the Pt-Fe alloy systems are
negative, which indicates perpendicular easy magnetization
axes. This corresponds with the perpendicular direction of
maximum orbital moments �i.e., �L�. The negative MAEs
could be induced by Fe in the systems, which also have
negative MAEs. Similar cases can also be found for the
Pt-Co and for the Pt-Ru systems. In Table II, we also list the
spin- and orbital-magnetic moments �in �B� for each TM
atom in Pt-Fe/B-CNT systems when the magnetization direc-

TABLE I. Calculated BE �in eV/TM atom�, BD �in Å�, magnetic anisotropy energy �MAE, in meV/TM atom�, and spin- and orbital-
magnetic moments ��, in �B /TM atom� for TM-alloy-string/B-CNT systems.

BE BD �Bond�a MAE �S� �L� �S� �L� � b �0

Pt −1.70 2.007 �Pt-C� 0.00 0.01 0.00 0.01 0.00 0.02 0.60

Fe −1.75 1.854 �Fe-C� −0.20 2.62 0.08 2.62 0.10 2.62 3.09

Co −1.45 1.833 �Co-C� 1.05 1.32 0.19 1.33 0.12 1.33 1.76

Ru −1.93 1.985 �Ru-C� −2.53 1.09 0.12 1.07 0.12 1.08 1.12

Pt2Fe −1.44 1.872 �Fe-C� −1.79 1.11 0.06 1.12 0.07 1.13 1.33

PtFe −1.70 1.873 �Fe-C� −0.46 1.52 0.07 1.53 0.10 1.52 2.36

PtFe2 −1.34 1.866 �Fe-C� −1.10 1.95 0.06 1.95 0.08 1.95 2.67

Pt2Co −1.50 1.842 �Co-C� 0.80 0.59 0.12 0.59 0.06 0.64 1.03

PtCo −1.69 1.833 �Co-C� 0.24 0.78 0.14 0.79 0.08 0.79 1.56

PtCo2 −1.73 1.849 �Co-C� 0.90 0.99 0.18 0.99 0.08 0.98 1.87

Pt2Ru −1.62 1.961 �Ru-C� −0.73 0.64 0.10 0.64 0.04 0.67 1.10

PtRu −1.99 1.956 �Ru-C� 3.53 0.64 0.17 0.62 0.04 0.60 0.83

PtRu2 −1.80 1.963 �Ru-C� −2.39 1.07 0.10 1.07 0.07 1.10 1.10

aOnly the shortest BD is listed with the specific bond in parentheses.
b�S� and �S� denote the calculated spin-magnetic moment with the magnetization directions to be parallel and perpendicular to the tube axis,
respectively; while �L� and �L� are the corresponding orbital-magnetic moments, respectively. The �S� and �L� are defined as a vector
sum of contributions from the x and y directions, as shown in Fig. 1. The calculated magnetic moments �based on an atomic-sphere
approximation� for a freestanding monatomic TM-alloy string and a TM-alloy-string/B-CNT are listed as �0 and �, respectively. The MAEs
corresponding to the largest �L are highlighted in bold.
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(a) Pt2Fe-string/B-SWCNT(6,6)
[C66B6Pt2Fe]

(e) PtCo-string/B-SWCNT(6,6)
[C44B4PtCo]

(b) PtFe-string/B-SWCNT(6,6)
[C44B4PtFe]

(d) Pt2Co-string/B-SWCNT(6,6)
[C66B6Pt2Co]

(f) PtCo2-string/B-SWCNT(6,6)
[C66B6PtCo2]

(g) Pt2Ru-string/B-SWCNT(6,6)
[C66B6Pt2Ru]

(i) PtRu2-string/B-SWCNT(6,6)
[C66B6PtRu2]

(h) PtRu-string/B-SWCNT(6,6)
[C44B4PtRu]

(c) PtFe2-string/B-SWCNT(6,6)
[C66B6PtFe2]

FIG. 3. �Color online� Calculated TDOS �right� and PDOS �left� for TM-alloy-string/B-SWCNT�6,6� composites of one supercell with
the composition included in brackets. The solid and dashed lines represent spin-up and spin-down states, respectively. Black, blue, and red
lines represent TDOS, PDOS for the d-states of Pt, and the d states of the other TMs �i.e., Ru, Fe, and Co�, respectively. The Fermi level
�horizontal black dashed line� is shifted to zero eV.
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TABLE II. The spin- and orbital-magnetic moments �in �B� for the transition-metal atoms in the monatomic chain/B-CNT systems when
the magnetization directions are along x�100�, y�010�, and z�001�, respectively, as shown in Fig. 1. All of the values for the Pt3 /B-CNT
system are essentially zero �hence, not shown�. The maximum spin- and orbital-magnetic moments are shown in a bold font.

�a� Pt2Fe/B-CNT

x�100� Y�010� z�001�
Sx Sy Sz Sx Sy Sz Sx Sy Sz

Pt1 0.16 0.00 0.00 0.01 0.16 0.00 0.00 0.00 0.15

Pt2 0.14 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.14

Fe3 2.79 −0.02 0.00 0.01 2.79 0.01 0.00 −0.01 2.78

Lx Ly Lz Lx Ly Lz Lx Ly Lz

Pt1 0.03 0.03 −0.01 0.03 0.07 0.00 −0.01 0.00 0.04

Pt2 0.02 0.03 0.00 0.03 0.06 0.00 0.01 0.00 0.04

Fe3 0.06 0.03 0.00 0.03 0.07 −0.01 −0.01 0.00 0.09

�b� PtFe/B-CNT

x�100� y�010� z�001�
Sx Sy Sz Sx Sy Sz Sx Sy Sz

Pt1 0.16 0.00 0.00 0.00 0.16 0.00 0.00 0.00 0.16

Fe2 2.79 0.00 0.00 0.00 2.79 0.00 0.00 0.00 2.79

Lx Ly Lz Lx Ly Lz Lx Ly Lz

Pt1 0.04 0.02 0.00 0.02 0.09 0.00 0.00 0.00 0.05

Fe2 0.04 0.02 0.00 0.03 0.10 0.00 0.00 0.00 0.09

�c� PtFe2/B-CNT

x�100� y�010� z�001�
Sx Sy Sz Sx Sy Sz Sx Sy Sz

Pt1 0.11 0.01 0.00 0.00 0.12 0.00 0.00 0.00 0.11

Fe2 2.61 0.00 0.00 0.01 2.61 0.00 0.00 0.01 2.61

Fe3 2.62 0.00 0.00 −0.01 2.63 0.00 0.00 −0.01 2.63

Lx Ly Lz Lx Ly Lz Lx Ly Lz

Pt1 0.02 0.02 0.00 0.01 0.06 0.00 0.00 0.00 0.03

Fe2 0.04 0.01 −0.01 0.02 0.09 −0.01 −0.01 0.01 0.07

Fe3 0.04 0.01 0.01 0.03 0.09 0.01 0.01 −0.01 0.07

�d� Fe3 /B-CNT

x�100� y�010� z�001�
Sx Sy Sz Sx Sy Sz Sx Sy Sz

Fe1 2.41 0.00 0.00 0.00 2.41 0.00 0.00 0.00 2.41

Fe2 2.41 0.00 0.00 0.00 2.41 0.00 0.00 0.00 2.42

Fe3 2.41 0.00 0.00 0.00 2.41 0.00 0.00 0.00 2.41

Lx Ly Lz Lx Ly Lz Lx Ly Lz

Fe1 0.05 0.01 0.00 0.01 0.10 0.00 0.00 0.00 0.08

Fe2 0.05 0.01 0.00 0.01 0.10 0.00 −0.01 0.00 0.08

Fe3 0.05 0.01 0.00 0.01 0.10 0.00 0.01 0.00 0.08
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tions are along x�100�, y�010�, and z�001�, respectively, as
shown in Fig. 1. One can see that the maximum orbital-
magnetic moments for every TM atom are parallel to their
spin-magnetic moments.

We also found that the SOC effects are mainly contributed
from the d-electron spin- and orbital-magnetic moments of
the alloying atoms, which, in general, have sizable �S and
�L. The Pt atoms in the Pt-alloy-string/B-CNT systems have
much smaller �S but comparable �L �see Table II�. Despite
the strong bonding interactions mentioned above, the sizable
spin- and orbital-magnetic moments survive for both magne-
tization directions ��L� and �L��. There is the notion that the
energy induced by SOC can be assumed to be proportional to
the projection of the spin on the orbital momentum, leading
to an easy magnetization axis in the direction of maximum
orbital moment. Indeed, most of the Pt-alloy-string/B-CNT
systems agree with this notion �highlighted in bold in Table
I�. However, exceptions were found for the Pt-Ru alloy sys-
tem. One can see that the orbital momentum �L� is larger
than �L�. However, their MAEs �except PtRu-string/B-
CNT� are negative, suggesting the perpendicular easy axis. It
has been experimentally observed that the maximum orbital
moments are not always obtained along the easy axis under
the influence of ligand states.53

Our calculations suggest that by changing the composi-
tion of the Pt-alloy, the easy axis of the Pt-alloy/B-CNT
can oscillate between the magnetization directions parallel
to and orthogonal to the tube axis. In fact, previous theoret-
ical studies34,35 have predicted that the MAE of Fe and
Co nanowires oscillates with respect to chain width and de-
pends strongly on the transversal structure. The oscillatory
magnetic anisotropy in 1D Co atomic wires grown on
Pt�997� has also been experimentally observed by x-ray
magnetic circular dichroism.5 Furthermore, several theoreti-
cal studies11,21,23,31–35 have predicted that TM monatomic
chains �e.g., Fe, Co, and Pt�, have an easy magnetization axis
changed from the direction parallel to the wire axis to that
perpendicular to the wire axis after they are deposited on a Pt

or Pd substrate, suggesting the importance of the substrate on
the magnetic anisotropy. Here, our calculated results further
confirm the impact of the alloying element on the magnetic
anisotropy.

IV. CONCLUSIONS

Our calculations show that B-CNT-templated Pt-alloy
nanostructures, like their pure TM counterparts, demonstrate
strong molecular recognition, leading to the self-assembly of
Pt-alloy monatomic chains having well-defined covalent
bonds with the substrate. The density of states of our systems
at the Fermi level �EF� are spin polarized, which are mainly
controlled by the spin-down d states of the alloying element
�i.e., Fe, Co, and Ru�. The easy axes for the Pt-alloy/B-CNT
systems are generally determined by those of the alloy com-
ponent in the systems �i.e., Fe, Co, and Ru�. By changing the
composition and component of the Pt alloy, the easy axis of
the composite material can oscillate between the magnetiza-
tion directions parallel to and perpendicular to the tube axis.
Our calculations also suggest that the TM-alloy strings an-
chored on a B-CNT substrate via strong molecular interac-
tions �i.e., chemical bonds� could still possess magnetic an-
isotropy with sizable MAE. The high stability and interesting
electronic and magnetic features could render these Pt-alloy-
string/B-CNT composites useful in a wide variety of next-
generation device components.
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