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Applying two-dimensional monolayer materials in nanoelectronics and spintronics is hindered by a lack of
ordered and separately distributed spin structures. We investigate the electronic andmagnetic properties of
one-dimensional zigzag and armchair 3d transitionmetal (TM) nanowires on graphyne (GY), using density
functional theory plusHubbardU (DFT1U). The 3dTMnanowires are formed on graphyne (GY) surfaces.
TM atoms separately and regularly embed within GY, achieving long-range magnetic spin ordering. TM
exchange coupling of the zigzag and armchair nanowires ismediated by sp-hybridized carbon, and results in
long-range magnetic order and magnetic anisotropy. The magnetic coupling mechanism is explained by
competition between through-bond and through-space interactions derived from superexchange. These
results aid the realization of GY in spintronics.

T
wo-dimensional (2D) monolayer materials have attracted much interest, because of their attractive prop-
erties and potential in nanoscale devices1–5. Manipulating the magnetic structures of 2D monolayer sheets
such as graphene and h-BN through transition metal (TM) adsorption is an important challenge for

realizing their application in spintronics and nanoelectronics6–8. The clustering of TM adatoms on suchmaterials
is energetically favorable9, because of the weak binding between TM adatoms and graphene or h-BN10–15.
Obtaining stable spin ordering by TM adatoms is therefore difficult on these materials, which hampers their
applications in spintronics. Developing new magnetic structures with ordered spin arrangements is highly
desirable for such applications. Zhou et al.16 embedded TM atoms in 2D phthalocyanine sheets, achieving
separate regularly distributed TM atoms within a monolayer. Graphyne (GY) consisting of hexagonal carbon
rings and acetylene linkages is a 2D carbon allotrope of similar symmetry to graphene, and its synthesis has been
theoretically predicted17,18. Much effort has been devoted to its synthesis, and numerous related polymeric
structures have been reported19,20. Graphdiyne (GDY) is closely related to GY, and was recently prepared on a
copper surface21,22. GY is energetically more stable than GDY, so its future preparation is expected.We previously
found that a single adsorbed 3d TM atom on GY (TM-GY) promotes the magnetization of the system, which
suggests its potential in spintronics23. The additional px2 pyp/p* state of sp-hybridized carbon in GY allows it to
strongly bind the TM adatom, and easily trap it within its alkyne rings23. In contrast to clustered TM adatoms on
graphene and h-BN, dispersed adsorbed TM adatoms are energetically favorable on GY. GY may be a potential
template for synthesizing ordered spin arrangements for future spintronics. Long-range indirect exchange
coupling between magnetic adatoms mediated by host atoms is important for achieving magnetic ordering.
For example, Ruderman-Kittel-Kasuya-Yoshida exchange coupling occurs between two magnetic impurities
in graphene, which originates from its semi-metallic nature24,25. Understanding the magnetic alignment of TM
adatoms on GY, especially their magnetic coupling mechanism mediated by sp-hybridized carbon, is important
for applying TM-GY in spintronics.

One-dimensional (1D) nanoscale magnetism with ferromagnetic (FM) spin order is desirable in nanoelec-
tronics and spintronics. Spin polarized 1D nanostructures such as graphene nanoribbons26 and organometallic
nanowires27,28 show strong potential in spintronics. Dimensionally reduced TM structures such as dimers29 and
chains30–32 have been shown to lead to large magnetic anisotropy. Magnetic anisotropy in TM nanowires leads to
interesting magnetic properties, including ballistic anomalous magnetoresistance33, and spin and magnetization
tunneling34.
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In view of the strong binding between TM adatoms and GY, we
construct 1D ordered TM nanowires on GY, and investigate their
stability, magnetic ordering and magnetic anisotropy. Advances in
STM tip manipulation35–37 suggest that TM nanowires on GY and
related surfaces may be experimentally achieved. The current results
show that exchange coupling of TM nanowires mediated by sp-
hybridized carbon gives rise to long-range magnetic ordering. Fe
and Co nanowires exhibit relatively large magnetic anisotropy ener-
gies (MAE) and orbital magnetic moments. These results aid the
realization of GY-related materials in spintronics.

Results
Geometry and stability of adsorbed TM nanowires. Before
investigating the magnetic properties of TM nanowires adsorbed
on GY (TM-chain-GY), we consider the stability of TM dimers
adsorbed on GY (TM-dimer-GY). We first investigate the most
stable TM (V, Cr, Mn, Fe and Co) dimer configurations on the GY
surface. Themost stable adsorption site for a single TM atom is at the
alkyne ring of GY23. Based on this configuration, the second TM is
located on the surface. Two possible initial adsorption sites for the
second TM are considered, as shown in Fig. 1. The H1 site is at the
neighboring hexagonal ring of the first TM atom. The H2 site is at
the neighboring alkyne ring of the first TM atom. CON2 is the most
stable configuration, as shown in Fig. 1. This configuration involves
both TM atoms trapped in the neighboring alkyne rings by -C;C-
bonds. The CON1 configuration involves one TM trapped in the
alkyne ring, and another adsorbed at the hollow site of the
hexagonal ring. The CON1 configuration energies are 1.097, 0.515,
0.573, 0.978, and 1.084 eV per TM atom less stable than those of the
CON2 configuration, for V, Cr, Mn, Fe and Co, respectively. All five
TM dimers are chemisorbed on GY. The configurations have large
adsorption energies of 22.780, 21.256, 20.942, 23.096 and
22.200 eV per TM atom for the V, Cr, Mn, Fe, and Co dimers,
respectively. The adsorption energies per TM adatom in TM-
dimer-GY are similar to those of single TM adatoms on GY.
Adsorption energies for single TM adatoms on GY are 21.672,
21.331, 21.433, 22.424, and 22.541 eV for V, Cr, Mn, Fe, and
Co, respectively. The V and Fe dimers are more stable than their
corresponding single adsorbed TM atoms. Stability is derived from
the -C;C- bonding. The px and py orbitals of sp-hybridized carbon in
GY contribute to s- and p-bonding, which facilitates bonding with
the TM adatom. Increasing the number of TM atoms yields

adsorption energies similar to those for the dimer configuration.
This suggests that regular TM nanowires could be constructed on
GY surfaces.
After obtaining stable TM-dimer-GY configurations, we now con-

sider TM-chain-GY. Zigzag transition metal nanowires (ZTMW)
and armchair transition metal nanowires (ATMW) are considered
as two TM-chain-GY types, and are shown in Fig. 1. Adsorption
energies and structural parameters of equilibrium ZTMW and
ATMW configurations are listed in Tab. I. Table I shows that
ZTMW and ATMW nanowires generally exhibit similar geometries
and adsorption energies. Therefore, the discussion is largely focused
on the ZTMW system. The considerable negative adsorption ener-
gies for all of the 3d ZTMW and ATMW nanowire systems indicate
chemisorption. The weakest chemisorption occurs in ZMnW, whose
adsorption energy is20.907 eV per TM atom. The strongest chemi-
sorption occurs in ZFeW, whose adsorption energy is22.914 eV per
TM atom. Table I shows that TM atoms in ZTMW and ATMW
exhibit similar stabilities. Stability in all cases originates from carbon
within -C;C- bonding, as reported previously23. Valence electrons
of the TM atom couple with the pz and px2y orbitals of carbon, in the
adsorbed TM nanowires. Table I indicates that the maximum and
minimum distances between the TM adatom and nearest carbon
atom (dAC) in ZTMWare 2.29 and 2.03Å for V andMn, respectively.
All TM adatoms of the TM chains protrude slightly from the GY
plane, except for Mn. The largest height (h) is 1.47 Å for V, and the
smallest h is 0 Å for Mn. The size of the Mn adatom is well-suited to
that of the acetylene ring of GY.

Magnetic ordering and electronic structure of TM nanowires on
GY. Magnetic coupling is investigated based on the most stable
adsorbed TM dimer and nanowire configurations. Distinct spin
polarization is found for GY with adsorbed TM dimers and
nanowires. Both collinear FM and antiferromagnetic (AFM) coupl-
ing are considered for all TM-dimer-GY and TM-chain-GY con-
figurations. The energy difference DE 5 EAFM 2 EFM between the
FM and AFM states per unit cell is shown in Tables I and II, for the
TM-nanowire-GY and TM-dimer-GY systems, respectively. Positive
and negative energy differences between the FM and AFM states
indicate FM and AFM ground states, respectively. The ground
states for the V, Mn, Fe and Co dimers are FM, whereas that for
the Cr dimer is AFM. DE for the Mn dimer is larger than 100 meV,
which is necessary for high temperature FM systems. In ZTMW and

Figure 1 | Schematic of the (upper) ZTMW and (lower) ATMW unit
cells. The CON1 and CON2 configurations of TM dimers are also shown

(lower). Cartesian and polar coordinates are used to define the

magnetization direction (z9). h and w represent the azimuthal and polar

angles.

Table I | Calculated results for ATMWand ZTMW. h represents the
height of the TM adatom above GY. dAC represents the distance
between the TM adatom and GY NN carbon. M is the total mag-
netic moment per TM atom. DE is the energy difference between
the FMandAFM states, defined asDE5 EAFM2 EFM, where EAFM
and EFM are the total energies for the AFM and FM states in the
same unit cell, respectively. Ea is the adsorption energy per TM
atom of TM-chain-GY. Te is the charge transfer from the TM toGY,
derived from AIM theory. Polarization (P) and magnetic states
(MS) are also shown

h(Å) dAC(Å) M(mB) DE(meV) Ea(eV) Te P MS

ZVW 1.47 2.29 3.36 271 22.787 1.16 63% FM
ZCrW 1.24 2.26 4.33 242 21.190 1.01 0% AFM
ZMnW 0 2.03 3.98 193 20.907 1.28 12% FM
ZFeW 0.74 2.14 2.95 11 22.914 0.94 14% FM
ZCoW 0.49 2.12 1.99 16 22.108 0.76 24% FM
AVW 1.43 2.27 3.38 134 22.731 1.15 0% FM
ACrW 1.26 2.23 4.34 293 21.121 1.04 0% AFM
AMnW 0 2.01 3.97 324 20.933 1.30 65% FM
AFeW 0.76 2.13 2.95 21 22.901 0.92 75% FM
ACoW 0.52 2.08 1.99 81 22.131 0.77 44% FM

www.nature.com/scientificreports
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ATMW, TM adatoms for V, Mn, Fe, and Co exhibit FM coupling
characteristics, whereas Cr exhibits AFM coupling with a zero
magnetic moment. The large DE for ZVW, ZMnW and AMnW
should stabilize their FM nature at high temperature. The band
structures for the ZTMW systems are shown in Fig. 2. It is evident
that the adsorption of TM nanowires on GYmodulates its electronic
properties, and that all ZTMW systems exhibit metallic
characteristics. The ZTMW systems all exhibit similar band
structures, as derived from their quais-1D electronic structure.
This is similar to the behavior of carbon nanotubes38, graphene
nanoribbons39 and Cr nanowires embedded in topological defects
in graphene40. Similar to ZTMW, the ATMW systems also exhibit
metallic characteristics. We previously reported that GY magneti-
zation emerged upon the adsorption of a single TMatom23. However,
magnetic ordering in TMnanowires arising frommagnetic exchange
coupling between TM atoms deserves a thorough investigation.
Table I indicates that the FM states of all non-Cr systems are
energetically more favorable than the AFM states. ZCrW and
ACrW exhibit AFM coupling with zero net magnetic moments.
ZCrW and ACrW exhibit 242 and 293 meV differences between
the FM and AFM states, respectively. TM nanowires on GY surfaces
exhibit robust FM or AFM ordering, indicating their suitability for
spintronics. ZFeW, ZCrW, AFeW and ACrW are used as examples
to visualize spin ordering in ZTMW and ATMW. The spin charge
densities (SCD) of these systems are shown in Fig. 3. The magnetic

moment of TM-chain-GY is largely distributed around the Fe and Cr
atoms. The sp-hybridized carbon carries a very small magnetic
moment, because of the hybridization between the TM and
carbon. The SCD results indicate that the spin polarized charge
density is largely localized within the TM chain region. This
suggests that coupling between neighboring chains is weak. This is
crucial for achieving controlled TM nanowire spin-polarized
currents for spintronics.
To understand the origin of magnetism in the TM nanowires,

partial densities of states (PDOS) of TM atoms and their nearest
neighbor (NN) carbon atoms are shown in Fig. 4. The results are
shown for ZTMW, and those of ATMW are similar. The PDOS of
ATMW are shown in Supplementary Fig. S1. The PDOS of only one
NN sp-hybridized carbon is shown, because eachNN carbon exhibits
similar characteristics. The magnetic moments of Cr, Mn, Fe and Co
in the dimers and nanowires are all lower than in their freestanding
states, except for that of V. A reduced magnetic moment originates
from electron transfer from the TM to GY, and also from electron
redistribution of the TM d state which is induced by the strong
coupling between the TM and GY. This is similar to our previous
report for single TM adatoms on GY23. ZFeW is used as an example,
to explain the origin of magnetism in TM-dimer-GY and TM-nano-
wire-GY. The PDOS of the Fe adatom and its NN carbon atoms for
ZFeW are shown in Fig. 4(e). The TM absorbed on GY possesses C3V

symmetry, in which the five d orbitals are generally split into A1 dz2ð Þ,
E1 (dyz, dxz), and E2 (dxy, dx2{y2 ). For the majority spin, the Fe d
orbital strongly couples with the in-plane px–y and out-of-plane pz
orbitals of its NN carbon atoms, in the range 26.4 , 22.1 eV. For
the minority spin, there is overlap of the A1, E1 and E2 states of Fe
and the px–y and pz states of the NN carbon atoms at 22.8 ,
21.2 eV. The TM-chain-GY systems exhibit strong coupling
between the TM d states and carbon out-of-plane pz and in-plane
px–y states. Such hybridization lowers the energy of the Fe d states to

Table II | Calculated results of TM-dimer-GY. M is the total mag-
netic moment per TM atom. DE is the energy difference

dimer V Cr Mn Fe Co

M(mB) 3.19 4.37 3.89 2.955 1.63
DE(meV) 48 222 122 17 8

Figure 2 | Band structures of (a) ZVW, (c) ZCrW, (d) ZMnW, (e) ZFeW and (f) ZCoW in the FM state, and (b) ZCrW in the AFM state.Dashed red and
solid green lines represent the majority and minority spin channels, respectively. The Fermi level is set to zero.

www.nature.com/scientificreports
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below the Fermi level, and induces electron redistribution within Fe.
The Hubbard U also severely influences the energy of TM d orbitals,
the details of which are shown in Supplementary Fig. S4. To evaluate
charge transfer between the TM adatom and GY, an atomic basin
charge based on the atoms in molecular (AIM) theory41 is adopted.
Charge transfer between the TM and GY is qualitatively determined
from comparing the valence electrons in the TM atomic basin of the
TM nanowire system, with those of corresponding free standing
state. Details of the electron transfer from the TM adatom to GY
(Te) are shown in Tab. I. There is considerable electron exchange
between the TM and GY. This originates from the strong coupling
between the TM d states and NN carbon p states, which determines
the magnetic moment of TM nanowire.
We now discuss the origin of the magnetic ordering of TM nano-

wires on GY. TM-chain-GY consists of weakly interacting TM
atoms. Their magnetic coupling follows the competition between
through-bond and through-space coupling, described by the super-
exchange mechanism. This mechanism has been used to explain the
origin of cation vacancies inGaN42, 2DTMdichalcogenides43 and 1D
organometallic wires28. The spin exchange parameter J for super-
exchange can be divided into FM and AFM components, as deter-
mined by the overlap integral and overlap density, respectively. The
through-bond (TM-C-TM indirect) and through-space (TM-TM
direct) interactions qualitatively originate from the FM and AFM
components, respectively. Mechanistic details are available else-
where44,45. The through-space interaction is favored when the inter-
action of TM atoms produces a large energy split. The through-bond
spin polarization can be considered as an indirect interaction me-
diated by ligand atoms. The magnetic coupling of TM nanowires on
GY is mediated by the sp-hybridized carbon. Thus, the magne-
tic coupling can be determined by the competition between the
through-bond and through-space coupling interactions. In through-
bond coupling, the TM atom with spin up (spin down) polarization
will induce spin down (spin up) polarization of its directly bound
carbons, and will further induce spin up (spin down) polarization of
its NN TM, forming the spin arrangement["#"#]n. This is shown in
Fig. 5(a). In through-space coupling, the TM atom with spin up
polarization will induce spin down polarization of its NN TM, form-
ing the spin arrangement ["2 #2 "2 #]n, as shown in Fig. 5(b). Fe
and Cr are used as examples, to elucidate the origin of magnetic
ordering in TM nanowires adsorbed on GY. For ZFeW and AFeW,
there is a localized magnetic moment for the NN carbons of Fe,
whose polarization is AFM with respect to that of the directly bound
Fe. The PDOS are shown in Fig. 4(e) and Supplementary Fig. S1(e),
and indicate that the NN sp-hybridized carbons of Fe exhibit
spin splitting. Through-bond spin polarization occurs along the

TM-C-TM path, by mediation of the p orbital of the NN sp-hybri-
dized carbons, forming the spin arrangement ["#"#]n. Therefore, all
Fe atoms in AFeW and ZFeW exhibit FM coupling, and maintain
long-range FM spin alignment, as shown in Fig. 3(a) and (b). The
PDOS in Fig. 4(e) and Supplementary Fig. S1(e) indicate that
although the bonding of these systems is largely dictated by the E1
and E2 states, their anti-bonding states admix with A1 states. Such
admixing enhances the through-space interaction, which reduces the
energy difference between the FMandAFM states. Similar results are
exhibited for ZCoW and ACoW, producing smaller DE values. For
ZVW, AVW, ZMnW and AMnW, bonding and anti-bonding states
largely originate from the E1 and E2 states, resulting in higher DE
values. In ACrW and ZCrW, carbon atoms surrounding Cr exhibit
largely symmetric majority andminority states, as shown in Fig. 4(b)
and Supplementary Fig. S1(b). AFM coupling of Cr in ACrW and
ZCrW follows the through-space interaction, in agreement with SCD
results in Fig. 3. Spin up polarized Cr induces spin down polarization
on its nearest neighbor Cr, forming the spin arrangement ["2 #2 "
2 #]n. The PDOS shown in Fig. 4(b) and Supplementary Fig. S1(b)
indicates that the A1 states strongly admix in their bonding states,
which enhances the through-space coupling and produces AFM
ordering. In summary, the magnetic coupling of TM nanowires
adsorbed on GY occurs via competition between through-bond
and through-space coupling, originating from the superexchange
mechanism. Through-bond coupling dominates in the FM coupling
between TM atoms. Through-space coupling dominates in ACrW
and ZCrW, producing AFM ordering. This is because the A1 state
admixes in the bonding state.

Magnetic anisotropy of TMnanowires onGY.The reduced dimen-
sionality of TM nanowires can enhance the magnetic anisotropy and
produce interesting properties. Previous studies31,32,46 indicate that
1D chains or wires on metal surfaces show larger MAE values than
those of their bulk 3D materials. Investigating magnetic anisotropy
in 1D TM nanowires on GY is of interest. Whether the easy axis is
parallel or perpendicular to the GY plane is an important question.
We performed noncollinear magnetic calculations using the GGA

(PBE) exchange-correlation functional for ZTMW and ATMW. The
MAE is induced by spin-orbit coupling (SOC), so SOC is included in
the MAE calculations. The spin magnetic moment under the easy
axis of magnetization, and the orbital magnetic moment under the
easy and hard axes of magnetization were calculated for the TM
chain. The results are shown in Tab. III. For the easy axis of mag-
netization, the sequence of orbital magnetic moments of TM ada-
toms is Co . Fe . V . Mn . Cr, for both ZTMW and ATMW.
ZFeW, AFeW, ZCoW and ACoW exhibit considerable orbital

Figure 3 | SCD distributions for (a) AFeW, (b) ZFeW, (c) ACrW and (d) ZCrW on GY. Light green and dark blue isosurfaces denote spin-up and

spin-down charge densities, respectively. The isosurface charge density is 0.004e/Å3.

www.nature.com/scientificreports
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magnetic moments of 0.112, 0.103, 0.230 and 0.153 mB, respectively.
ZTMW is used as an example, to characterize the MAE of the TM
nanowire systems. The total energy while rotating the magnetization
orientation (magnetization orientation is defined by the azimuth (h)
and polar (w) angles with respect to the z and x axes, respectively, as

shown in Fig. 1) is calculated (i) from the x (90,0) to z (0,0) axes
within the xz plane, (ii) from the y (90,90) to z (0,90) axes within the
yz plane, and (iii) from the x (90,0) to y (90,90) axes within the xy
plane, by 10 degree intervals using theMAE per unit cell definition as
follows:

Figure 4 | PDOS for (a) V, (c) Cr, (d)Mn, (e) Fe and (f) Co in the FM state, and (b) Cr in theAFM state. Positive and negative lines represent themajority

and minority spin channels, respectively. The PDOS of the (upper) NN carbon and (lower) TM adatom, respectively. The PDOS of only one of the two

TM atoms in the unit cell is shown. The PDOS of the adjacent Cr in (b) is positive. The Fermi level is set to zero.

www.nature.com/scientificreports
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MAExz~E 90,0ð Þ{E h,0ð Þ, h[ 90,0ð Þ ð1Þ

MAEyz~E 90,90ð Þ{E h,90ð Þ, h[ 90,0ð Þ ð2Þ

MAExy~E 90,90ð Þ{E 90,wð Þ, w[ 90,0ð Þ ð3Þ

where E(h, w) is the total energy per unit cell, when themagnetization
orientation is (h, w). Figure 6 showsMAExz,MAEyz, andMAExy as a
function of rotation angle, for all ZTMW systems. ZFeW and ZCoW
exhibit easy-axis anisotropy and easy-plane anisotropy with rela-
tively large MAE values of 2.422 and 22.076 meV, respectively, as
shown in Fig. 6. The ATMW systems exhibit similar results. The
MAE values of the Co and Fe nanowire systems are similar to that
of a Co chain on Pt(111)30, Co dimer on graphene, and Fe doped
carbon nanotubes46–48. Such MAE values cannot compare with those
of 4d and 5d TM-doped systems29, but are considerable for 3d TM-
doped systems. ZVW, AVW, ZCrW, ACrW, ZMnW and AMnW
exhibit easy-axis anisotropy with MAE values of 0.816, 1.028, 0.605,
0.906, 1.054 and 1.121 meV, respectively. Figure 6 shows that the
MAE is small, except for that of ZVWwith in-plane anisotropy and a
MAE of 0.522 meV, when the quantization axis lies in the xy plane.
ZTMW is used as an example to study the origin of the magnetic

anisotropy. Magnetic anisotropy is derived from the SOC of the

system. The spin-conserving term of the SOC Hamilton ĤSO~

lL̂:Ŝ is defined as45,49

Ĥsc
SO~lŜn L̂zcoshz

1

2
L̂ze{iwsinhz

1

2
L̂{eiwsinh

� �

ð4Þ

where l is the SOC constant and h is the azimuthal angle of the
magnetization direction with the coordinates of TM-GY (shown in
Fig. 1). By treating the SOC Hamilton as second perturbations, the
occupied (Yo) and unoccupied (Yu) states can interact via thematrix

element ÆYu Ĥsc
SO

�

�

�

�Yoæ. The associated energy lowering can be

expressed in simplified form as:

DESOC!
X

Yu,Yo

Yu Ĥsc
SO

�

�

�

�Yo
� �2

Eu{Eo
ð5Þ

The interaction between occupied and unoccupied states determines
the preferred spin orientation. d states with the same jmj value inter-

act through the operator L̂z to give the non-zero matrix element.

Different jmj values interact through the ladder operators L̂z and

L̂{45,49.
V nanowires on GY exhibit easy-axis anisotropy. The results

shown in Fig. 7(a) indicate that the HOMO and LUMO of V nano-
wires belong to the same spin channel (majority), and that they are
largely derived from the jmj 5 1(dyz,dxz) and jmj 5 2(dx2{y2 , dxy)
states. The energy lowering associated with the HOMO-LUMO
interaction induced by SOC depends on the matrix element

dyz,dxz Ĥ
sc
SO

�

�

�

�dyz,dxz
� �

, dx2{y2 ,dxy Ĥ
sc
SO

�

�

�

�dx2{y2 ,dxy
� �

ð6Þ

From equation 4, the nonzero matrix element, depending on the
magnetization direction, can be obtained as

Figure 5 | Schematic showing (a) through-bond and (b) through-space
spin polarizations.

Table III | Spin magnetic moments (ms) and orbit magnetic moments (mo) per TM adatom, and MAExz and MAEyz (meV) per unit cell of
ZTMW and ATMW. All spin magnetic moments are shown for the easy axis of magnetization

MAExz MAEyz mo(easy)(mB) mo(hard)(mB) Easy axis(h,w) Hard axis(h,w)

ZVW 0.294 0.816 0.094 0.047 (0,0) (90,0)
ZCrW 0.612 0.607 0.012 0.007 (0,0) (90,90)
ZMnW 1.065 1.054 0.040 0.005 (0,0) (90,90)
ZFeW 2.232 2.422 0.112 0.089 (0,0) (90,0)
ZCoW 22.076 21.750 0.230 0.105 (90,90) (0,0)
AVW 0.552 1.028 0.085 0.089 (0,0) (90,0)
ACrW 0.906 0.887 0.007 0.031 (0,0) (90,90)
AMnW 1.121 1.085 0.062 0.008 (0,0) (90,90)
AFeW 1.704 1.961 0.103 0.073 (0,0) (90,0)
ACoW 21.931 21.827 0.153 0.083 (90,90) (0,0)

Figure 6 | MAE as a function of magnetization angle from the hard to
easy axis for ZTMW. [x-z] represents from the x to z, [y-z] from the y to z

and [x-y] from the x to y axes.

www.nature.com/scientificreports
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Figure 7 | Majority (red) andminority (blue) spinml-resolved PDOS for (a) V, (c) Cr, (d) Mn, (e) Fe and (f) Co in the FM state, and (b) Cr in the AFM
state. The Fermi level is set to zero.

www.nature.com/scientificreports
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dyz Ĥ
sc
SO

�

�

�

�dyz
� �

! Y0
1 L̂z
�

�

�

�Y0
1

� �

cosh ð7Þ

When h 5 0u (easy-axis anisotropy), the energy is lowered to a
minimum, and V d states with jmj 5 1 interact with each other

through L̂z . This is in agreement with the easy-axis anisotropy for
ZVW. For Cr nanowires, the HOMO and LUMO states for AFM and
FM coupling largely originate from the jmlj 5 2 states, as shown in

Fig. 7(b) and (c). Equations 4 and 5 suggest that L̂z couples the
occupied and unoccupied states of dx2{y2 and dxy. Coupling lowers
the energy of the perpendicular magnetization direction, and the
system exhibits easy-axis anisotropy. Figure 7(d) shows that the
interaction between the HOMO and LUMO is largely contributed
by the dx2{y2 and dxy states of minority spins for ZMnW. The inter-

action between dx2{y2 and dxy through L̂z leads to the easy-axis

anisotropy. The jmlj-resolved PDOS of ZCoW are shown in
Fig. 7(e). The HOMO largely originates from the jmlj 5 1 and jmlj
5 2 states, whereas the LUMO largely originates from the jmlj 5 1
state. SOC induces the interaction between jmlj 5 1 of the HOMO

and LUMO by L̂z , so the system exhibits easy-axis anisotropy. The

interaction between the HOMO jmlj5 2 and LUMO jmlj5 1 by L̂z
favors easy-plane anisotropy. The easy-axis anisotropy for Fe-chain-

GY originates from competition between L̂z and L̂z . The jmlj-
resolved PDOS of ZCoW are shown in Fig. 7(f), and indicate that
the HOMO and LUMO are largely contributed by the jmlj 5 2 and

jmlj5 1 states. These states interact through L̂z and L̂z . The energy-
lowering associated with Ĥsc

SO approaches a maximumwhen h5 90u.
In summary, the magnetization direction for ZCoW is parallel to the
plane, indicating easy-plane anisotropy.

Discussion
Wehave performedDFT1Ucalculations on themagnetic exchange
coupling and anisotropy of 3d TM zigzag and armchair nanowires
adsorbed on GY. TM magnetic coupling mediated by sp-hybridized
carbon results in a robust long-range magnetic ordering of the nano-
wires. Magnetic coupling is explained by competition between
through-bond and through-space interactions, derived from the
superexchange mechanism. Fe and Co nanowires exhibit consid-
erable MAE values and orbital magnetic moments. V, Cr, Mn and
Fe nanowires exhibit easy-axis anisotropy, and Co nanowires exhibit
easy-plane anisotropy. The in-plane anisotropy energy is close to
zero, except for in V nanowires.
To investigate the dependence ofmagnetic properties on thewidth

of the TMnanowire system, we enlarged the configurations to double
zigzag and double armchair TMnanowires. The TMnanowires form
two types of graphene-like honeycomb nanoribbons: zigzag TM
nanoribbons (ZTMNs) and armchair TM nanoribbons (ATMNs).
These are shown in Supplementary Fig. S2, and are similar to zigzag
and armchair graphene nanoribbons. We investigated the magnetic
order of the ZTMNs and ATMNs configurations. The energy differ-
ences between the FM and AFM states of the interwire and intrawire
coupling are defined as DEinter 5 EAFM1 2 EFM and DEinter 5 EAFM2

2 EFM, respectively. EFM, EAFM1 and EAFM2 represent the energy of
FM coupling, interwire AFM coupling, and intrawire AFM coupling,
respectively. The results are shown in Supplementary Table S1. For
V, Mn, Fe, and Co, the ZTMNs and ATMNs exhibit FM coupling
characteristics, similar to those of ZTMW and ATMW. The ground
states of ZCrNs and ACrNs exhibit intrawire AFM coupling, with
zero magnetic moments. Intrawire coupling is generally stronger
than interwire coupling. The dependence of magnetic anisotropy
on nanowire width is also presented. Within the size investigated
in the current study, the dependence of the magnetic anisotropy on
nanowire size is slight. Only the results of ZFeNs and ZCoNs are
presented, because the magnetic anisotropy for the other systems is
small. Calculated MAE values and easy and hard axes for ZFeNs and

ZCoNs are shown in Supplementary Table S2. MAE values for
ZFeNs and ZCoNs are 2.038 and 22.378 meV, respectively. ZFeNs
and ZCoNs exhibit easy-axis anisotropy and easy-plane anisotropy,
respectively, similar to the results for the single TM nanowires.
This study has largely focused on the properties of TM nanowires

on GY. The above discussion indicates that TM atoms can be dis-
persed on GY surfaces. Thus, TM adatoms can also form 2D config-
urations such as hexagonal rings. Calculatedmagnetic properties and
adsorption energies of hexagonal TM rings on GY are shown in
Supplementary Fig. S3 and Supplementary Table S3. Hexagonal
TM rings on the GY surface exhibit similar magnetic coupling to
that of nanowires. The adsorption energy per TM atom indicates that
forming 2D clusters is as favorable as forming 1D nanowires. The
magnetic and structural properties of 2D TM clusters require further
investigation.

Method and computational details
For the single TM, TMdimer, ATMW, and ZTMWsystems, 23 2, 23 2, 23 3, and 2
3 3 super-cells were adopted, respectively. Such super-cells guaranteed that distances
between TM atoms within adjacent images were larger than 13 Å. This was sufficient
to avoid interactions between TM atoms in adjacent images. A vacuum space of 13 Å
perpendicular to the GY plane was chosen to avoid interaction between neighboring
images. First-principles calculations were performed using the Vienna ab initio
simulation package (VASP)50,51 within spin-polarized DFT52,53. To account for the
correlation energy of the localized 3d orbital of TM, the Hubbard U correction (DFT
1 U)54 was employed, based on the generalized gradient approximation of Perdew-
Burke-Ernzerhof55. Projector augmented wave (PAW) potentials56,57 described the
electron-ionic core interaction. A plane-wave basis set with a kinetic energy cutoff of
400 eV was employed. The Brillouin zone (BZ) was sampled using 53 33 1 and 93
53 1 gamma-centered Monkhorst-Pack grids, to calculate the relaxation and elec-
tronic structures, respectively. The criteria of energy and atom force convergence
were 1025 eV/unit cell and 0.01 eV/Å, respectively. The dipole correction58 was
considered to deal with the varying potential distribution introduced by TM
adsorption. All calculation parameters were systematically optimized. The rotation-
ally invariant DFT1U formalism proposed by Dudarev et al. was used. Ueff5U2 J
was used instead of individual U and J values59. Wu et al. reported a study of TM-
doped graphene systems, based on GGA 1 U. The Hubbard U of TM dimers could
safely use that of single TM atoms, because of localization of the TM dopant60. We
calculated the Hubbard U of the Fe-dimer and ZFeW, using linear-response theory.
The Ueff of the Fe dimer and ZFeWwere only 0.2 eV lower than that of a single Fe on
GY. This deviation in Ueff does not influence the conclusions of our study. The linear-
response method is very time-consuming, so we assigned Ueff5 4.84, 3.55, 5.01, 5.03
and 6.31 eV for V, Cr, Mn, Fe and Co adatoms, respectively, based on our earlier
calculations23 using the linear response method61. SOC was included in the magnetic
anisotropy calculations for self-consistency. The MAE was calculated from the
ground state energies, for the magnetization axis aligned along the most relevant
direction. Total energies were converged to a precision of 1027 eV in MAE
calculations.

To evaluate the stability of TM adatom configurations, the adsorption energy per
TM atom (Ea) was adopted and defined as

Ea~
1

n
ETMzGY{ EGY{nETMð Þ½ � ð8Þ

where ETM1GY denotes the spin-polarized total energy of the adsorbed TM, EGY is the
total energy of an isolated GY sheet, and ETM is the spin-polarized total energy of the
free TM atom.

To better understand the magnetic coupling of the TM-GY systems, SCDwas used
in all investigated systems and defined as

r ~rð Þ~r: ~rð Þ{r; ~rð Þ ð9Þ

where r: ~rð Þ and r; ~rð Þ are the spin up and spin down charge densities of the TM-GY
system, respectively.
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