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Coverage and strain dependent magnetization of titanium-coated carbon nanotubes
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First-principles, spin-relaxed pseudopotential plane wave calculations show that Ti atoms can form a con-
tinuous coating of carbon nanotubes at different amounts of coverage. Fully relaxed geometry has a complex
but regular atomic structure. The semiconducting tube becomes ferromagnetic metal with high quantum con-
ductance. However, the magnetic properties of Ti- coated tubes depend strongly on the geometry, amount of Ti
coverage and also on the elastic deformation of the tube. While the magnetic moment can be pronounced
significantly by the positive axial strain, it can decrease dramatically upon the adsorption of additional Ti atoms
to those already covering the nanotube. Besides, the electronic structure and the spin-polarization near the
Fermi level can also be modified by radial strain.
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I. INTRODUCTION tional Ti atoms on the Ti-coate@,0) SWNT causes a 44%
Continuous Ti coating of varying thickness, and quasicon_reduct|on of the magnetic moment. The radial strain leading

tinuous Ni and Pd coating of single-wall carbon nanotubed® the elliptical deformation of the circular cross section

(SWNT) have been obtained by using electron beam eV‘,jlpor_nodifies the spin-dependent electronic structure Beaflhe

ration technique$. Calculations have provided theoretical manipula.tion of t'he spin'-dependgnt properties of aTi-coqted
support for those experimental findings showing that SWNT: WNT with applled_ strain a_nd W'th L coverage suggest in-
can be covered continuously by Ti atdiisnd form a com- eresting technol_oglcal_ apphcathns such as spin f_||ters, spin-
plex but regular atomic structure with a squarelike Crossresonantl tunnelmtg d'OdteS' unipolar spin transistors, and
section? Upon Ti coating, a semiconducting SWNES- nanoscale magnetism, etc.

WNT) becomes metallic with high density of stat€&09) at

the Fermi level,D(Eg), and high quantum conductance. Il. METHOD

More importantly, Ti-coated SWNTs have ferromagnetic . ) -
round states with large magnetic moment$While metal- . We performed spln—r.elaxed,.flr.st-pr|nC|pIe.s pseud_opoten—
9 al plane wave calculatiods™within the density functional

. . : |
coated SWNTs with a controllable size and high conductanc%ﬁeory_13 We used a spin-polarized generalized gradient

have been considered very promising as interconnects in fu- L g s
ture nanoelectronics, nanostructures, or nanowires havinapprOXImatIOFH (GGSA and ultrasoft pseudopotentiaf

) . - \%{ith a uniform energy cutoff of 300 eV. Calculations have
ferromagnetic ground states and large spin polarizations &oen performed in momentum space by using periodically
the Fermi energyEr have been a subject of interest in

. . 45 repeating tetragonal supercells with lattice constaeshg
spmtrpmcs‘!j . . . . ~20 A andc,=c [c being the one-dimension&lD) lattice
Spintronics aims to increase the information transport ca- S

pacity and versatility of electronic devices by using the spinCOﬂStant of SWNT. The Brillouin zone of the supercell is

degrees of freedom of conduction electrén$.0wing to the sampled by using the Monkhorst-PaElspecial k-point

; . ; scheme. All atomic position@.e., all adsorbed Ti atoms and
broken spin degeneracy in a magnetic ground state, enerdy. 1 on atoms of a SWNT as well asc, have been opti-
bandsg,(k 1) and E,(k |) split, and may lead to different : S P

density of states for different spin orientations. In this pa ermized. In order to_further test that the structures of
y P ' PaPElr_adsorbed or Ti-coated SWNTs obtained through geometry

we eluc_|dat_e our fm_dmgs repo_rted earlier as a ShortOptimization are stable, we carried oab-initio molecular
communicatiofi by placing emphasis on the electronic struc—OlynamiCS calculations &F=500 K using the Nosé thermo-

ture of a Ti-coated SWNT corresponding to its ferromagnetic tat. All structures reported in this paper are maintained
ground state, and by further investigating its spin—dependenztat;Ie aff=500 K for a sufficient number of time steps
properties. We, in particular, are concerned with the spin po- '
larization atEg,

. | lll. RESULTS AND DISCUSSION
ID'(Ep) - D'(Ep)|

D'(Eg) + DY(Ep) @) Adsorption of an individual Ti atom above the center of
hexagon(i.e., H site) is found to be energetically most favor-

in terms of majority (minority) spin density of states able; it has a binding energy &,=2.2 eV and a magnetic

D'(Er) [D'(ER)]. We investigate how the magnetic moment moment of x=2.2 ug (Bohr magnetohn in the magnetic

u, and P(Eg) can be modified with the applied strain and ground staté.Ti 3d orbitals play a crucial role in the bond-

amount of Ti coverage. We found that as well asP(Eg),  ing, and electrons are transferred from Ti to SWATSIg-

depends strongly on the applied strain and on the Ti covemificant adsorption energy d,=2.2 eV indicates a rather

age. While a strain 0%,,=0.1 along the axis of the tube strong Ti-SWNT chemisorption bond formed by charge re-

induces a 25% increase @f, the adsorption of four addi- arrangement between Ti and C atoms. This way, one of the

P(Eg) =
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a uniform coating, the Ti-C interaction has to overcome the
Ti-Ti interaction. Otherwise, adsorbed Ti atoms would be
clustered to form small Ti particles on the surface of the
SWNT so that continuous coating would be hampered as one
experienced for other adsorbed transition metal atoms. A sig-
nificant C-Ti interaction occurs through Td3&and C-2 hy-
bridization; it is comparable to Ti-Ti coupling and is almost
unigue to Ti among transition metal elements. This makes Ti
an important element in the coating of SWNTBepending

on the radius and chirality, the circular cross section changes
to either a squarelike or polygonal form as described in Fig.
1.4 The magnetic moments were calculated at 15.3, 13.7, and
9.5 ug for Ti-coated(8,0) (i.e., C;,Tiqg), (9,0 (i.e., CgTiqg),

and (6,6) (Cy,Ti;») SWNTs, respectively. While spin-
unpolarized band structure calculatibrmave indicated that
these systems are quasi-one-dimensional niétaish high
DOS atEg, spin-polarized bands corresponding to the ferro-
magnetic ground state have been studied in the present paper.

We investigate now the effect of the adsorption of addi-
tional Ti atoms on the §Ti g surface. Whether the regular
atomic structure and the electronic properties gfTG g are
affected will be the issue we shall clarify. To this end, we
consider that four additional Ti atoms are attached at the
corners of the squarelike cross section a5l to make
Cs,Tiye. The fully optimized, stable atomic structure of
C3,Tiyg is shown in Fig. 2d). The adsorption of four addi-
tional Ti atoms corresponds to the initial stage of a second Ti
atomic layer to cover the SWNT surface. The average bind-
ing energy of these additional Ti atoms was found to be
~4.6 eV/atom. It is larger than that of;(Ti,¢ Owing to the
necessary conditions needed to form a continuous metal coynset of the Ti-Ti coupling in three dimensions. The effect of
erage ha_s been met. ~ these four Ti atoms on the structure o§,Ti g iS minute.

The Ti coverage of8,0) SWNT has been analyzed first However, the calculated magnetic moment undergoes a dra-
subsequently by optimizing the atomic structfildere, we  from 15.3 to 6.8ug/cell in Cs,Tis. This important result
examine the role of coupling among adsorbates, which beimplies that the net magnetic moment of a Ti-covered SWNT
comes pronounced by the increasing number of adsorbed T4 strongly dependent on the amount, as well as geometry, of

cluster formation, but endangering the continuous coating ofan be engineered by varying the numberand the deco-
the SWNT. The relaxation of the SWNT lattice has beenyation of adsorbed Ti atoms.

found to be crucial in obtaining stable structures; the frozen Next, we examine the effect of Ti coverage on the spin-

lattice constant _has led to instabilities. The average bi”dingiependent electronic properties. The spin-polarized energy
energy, of the Ti-coate@,0) SWNT described in Fig. @  pand structure and densities of states for majority and minor-
(which is specified as £Tig), ity spin states of the Ti-coate@®,0) SWNT are presented in
o Fig. 2. The band structure of the ba(®,0 sSWNT has
Ep={16E4[Ti] + E;[SWNT] - E{{Ti+ SWNT]}/16, (2)  changed dramatically; the band gap between conduction and
valence band diminished because of several bands crossing
has been foundn terms of the total energies of individual Ti the Fermi level. The total current in magnetic systems can be
atoms, optimized bare SWNTs, and Ti-covered SWN®s obtained ad=1"+1!, wherel' (1!) is the contribution to the
be 4.3 eV for the equilibrium lattice parametercy,. Be-  current from majority(minority) spin-current-carrying states.
cause of the attractive interaction among nearest-neighbor Tihe current for a given spin orientation is obtained using the
atoms E, comes out much higher than the binding energy ofLandauer formulg~?
the adsorbed single Ti atom. The charge transferred from Ti
to C is approximately 0.4 electrons in the case of continuous OV, = e_zfm OB, ~ fTV(E V) @
coating, G,Ti;e This value is about 0.6 electrons smaller 7 hl, - b
than the charge transferred from a single Ti atom adsorbed
on an (8,00 SWNT. It appears that the interaction betweenin terms of the bias voltag¥,, the Fermi distribution func-
individual Ti and a SWNT is decreased by the Ti-Ti cou- tion of left and right electrodef andfg, and their chemical
pling, causing a back transfer of the charge. Nevertheless, fqrotentialsy, and ug. 7 'W(E,V,) is the transmission func-

FIG. 1. Optimized atomic structures of Ti-coveré¢a) (8,0)
SWNT (Cs,Tige); (b) (9,00 SWNT (CggTigg); (c) (6,60 SWNT
(CoaTiny).
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constriction, where the electrons are confined in the transver-
sal direction, but propagate freely along the axis of the
wire.” Then the current, for examPIe, for majority spin states
can be expressed as=3; n'ev/[D](Ec+eV,)-D/(Ep)],
where degeneracy, group velocity, and density of states of
each subband crossirigg for spin-up electrons are given by
7', vl, D!, respectively. Since D/(Er+eV,)-D/(Eg)
~(evb)aDJ(E)/aE|EF and 1/UJ:haDJ/aE|EF, then G!
=1"/Vy=3; n/€?/h. Accordingly each subband crossing the
Fermi level is counted as;im) current-carrying state for a
given spin direction with channel transmissigh!V=1.
Then the maximum “ideal” conductance of a defect-free
Ti-covered ideal tube become&!'=e?N/"'/h, where
NIW=3,7/"Y. We found G'=4e?/h, G'=5€/h for Cy,Tiye

and G'=6€?/h, G'=8e?/h for Cg,Tiy, Apparently, more
bands that cross the Fermi level incre@8¢E;) andD'(Ef)

-— upon the adsorption of the additional four Ti atoms.

We note that the regular structure shown in Fig. 2 may
occur under idealized conditions; normally irregularities are
unavoidable, in particular for a thick Ti coating. While the
transmission coefficient can decrease in the thick but inho-
mogeneous Ti coating; is expected to be still high owing
to the new conductance channels openelgat

L il Densities of states corresponding to majority and minority
E k Z20030 T k 4=20 9 20 spin states in Fig. 2 indicate th&Eg) is low and hence
Cs,Tige and GyTiyg Structures, apart from being high con-

FIG. 2. (Color online (a) Fully optimized atomic structure and ducting, may not be of interest for spintronics applications.
squarelike cross section of Ti-coaté’0) zigzag SWNT including  Present results indicate that the spin-dependent electronic
16 Ti atoms per unit cellC;,Ti;g). Ti and C atoms are indicated by structure and the magnetic moment of these nanostructures
large-light and small-dark circlestb) The spin-polarized band can be modified also by applied axial and radial strajp,In
structure of G,Tig at €,,=0 with the Fermi level set to zero of Fig. 3@ the magnetization of a Ti-coverd®,00 SWNT is
energy. Majority spinE,(k 1) and minority spinE(k | ) bands are  plotted as a function of. Each theoretical data point corre-
shown by continuous and dotted lines, respectively. The spinsponds to the magnetic moment of,Ti,s System relaxed
polarized density of states for the majoriy/(E) and minority  under the constraint of a fixet) hence under a given axial
DY(E) spin states(d) The fully optimized atomic structure of a gtrain €, Figures 3b) and 3c) also show the change of
Ti-covered (8,00 SWNT including four additional Ti atoms ad- gtress and total energy as a functioncofThe equilibrium
sorbed at the corners of the squarelike tibe, Cs;Tiz). (€) and  |atiice parameter occurs ah=4.17 A. The axial strain is
(d) show the corresponding spin-polarized band structure and Do%efined ase,,=(c—cy)/c. Starting from a compressive range

respectively. The nearest Ti atoms to the four additional adsorbed -I\-}vith ¢,,<0, the net magnetic momeptof Cs,Tiyg increases
7z ' 321116

atoms are indicated by nni. with increasinge, and continues to increase by stretching the
tion for the majority or spin-uggspin-down electrons calcu- System along the tube axis in the tensile range with
lated using the Green’s function approach!V(E,V,) is  €,>0.

reduced due to the scattering of carriers from the abrupt Ferromagnetism in magnetic structures is generally ex-
change of cross sections, irregularities at the contacts to eleplained in terms of the Heisenberg model, which considers
trodes, and also from the imperfections, impurities, andspin-spin coupling between magnetic atoms at different lat-
electron-phonon interaction in the tube by itself. In a self-tice sites through exchange interaction. First-principles cal-
consistent treatment, the contact potential also cadses culations based on the discrete Fourier transfdifT),
decrease. Therefore, a rigorous treatment of the conductanegich treat the magnetism of metallic structures from the
of a finite-size Ti-coated SWNTdevice requires a detailed viewpoint of itinerant electrons, reveal that a ferromagnetic
description of electrodes and the contact structure. In thetate is energetically favorable. In fact, whemcreases, the
above expression the mixing of spin channels, namely thaverage Ti-Ti distance will increas@ee inset in Fig. 3
spin flip from one orientation to the other, is not allowed. In Here parallel spin alignment is promoted by-a hybridiza-
reality, owing to the coupling with phonons, the spin flip cantion, hence by electron transfer between the localideut-
take place. Here, since we are concerned with transport projitals of Ti atoms and extendeg drbitals of C atoms. The
erties of nanowire rather than with a particular device, wemportant role of C atoms is also pointed out in recent DFT
infer G from an ideal Ti-covered SWNT. Under these cir- calculations; where p orbitals of C are found to interact
cumstances, the mean free path of electignBecomes in-  strongly with thed orbitals of adsorbed Ti. The stronger the
finite at T=0, and the electronic transport occurs ballistically p-d hybridization, the lower thel-d exchange interaction
and coherently. This situation has been treated as an ideal 1&nhd so as the resulting magnetic moment. Here, increasing
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FIG. 4. (Color online Calculated spin-polarized band structure
of Cg,Tiyg Undere,,=0.04 atc=4.34 A E(kT) and E,(k |) are
shown by continuous and dotted lines, respectively. The corre-
sponding densities of the majority and minority spin states are
shown in the panel on the right-hand side.

o(GPa)

action between existing Ti atoms at their close proximity
with the nearest C atoms of the SWNT. These Ti atoms are
specified as nnTi atoms in Fig.(d. Increasing coupling
among Ti atoms by forming three-dimensional-like Ti par-
ticles at the corners causes an electronic charge that was
donated to nearby C atoms to be back donated to nnTi atoms
. and hence to decrease tiped hybridization. A detailed
* * ' charge density analysis show that the excess charge08
4.0 4.2 4.4 4.6 electrons at each carbon atom interacting with nnTi atoms of
C(A) Cs,Ti, decreases te-0.2 electrons upon the adsorption of
four additional Ti atoms. At the end, nnTi atoms, which ini-
tially carry majority spin as others, have their spin flipped
upon the adsorption of additional Ti atoms. This situation
implies that the magnetic moment of the Ti-coated SWNT
will decrease further as Ti coverage increases.

o = n ow s
o = n ow

26 2.8 3.0 32 34 2.6 2.8 3.0 32 34

B

FIG. 3. (Color onling Top inset: a side view of the Ti-covered
(8,00 SWNT (i.e., G;,Tiyg) strained along its axise,,>0 corre-
sponds to the stretched structure with c,. (a) A variation of the

magnetic momenj per unit cell of G,Ti;g as a function of the 10 . -
lattice parametec or strain.(b) The calculated axial stress in the Half-metal$~'° are another class of materials that exhibit

system as a function af. (c) A variation of the total energg with  SPin-dependent electronic properties relevant for spintronics.
c. The minimum ofE occurs atcy=4.17 A. The insets iric) show  Half-metals, where the bands exhibit metallic behavior for
the distribution of Ti-Ti bond lengths correspondingdg=4.17 A One spin direction but become semiconducting for the oppo-
andc=4.34 A. site spin direction, provide the ultimate spin polarization of
P=1 atEg. Accordingly, the difference between the majority
the Ti-Ti distance decreases thid coupling between and minority spin electrons per unit cell should be an integer
Ti-Ti atoms, but increases the-d hybridization. The fact number. Interestingly, as seen in FigaBthe magnetic mo-
that in the absence of Ti-Ti coupling the magnetic momentment of G;,Ti g becomes equal to 1idg under the strain
of C4,Tiyg could be 16 times the magnetic moment of T, €,,~0.04 corresponding to=4.34 A. An integeru per unit
i.e., 16X 2.2 ug instead of 15.3ug, corroborates our argu- Cell reminds of the possibility of a half-metallic behavior. In
ments. Fig. 4 the band structure and DOS of,Ti, corresponding
The decrease of the magnetic moment afTC,s from  to €,~0.04 are illustrated. Here, since boHy(k 1) and
15.3 to 6.8ug owing to the adsorption of four additional Ti En(k |) cross the Fermi level, the system is a ferromagnetic
atoms can be explained also by using similar arguments. Imetal, butP(Er) is significantly increased as compared to the
Fig. 2(d), additional Ti atoms adsorbed at the high curvaturecase ofe,,=0 [shown in Fig. 2b)]. Hence, whereas the half-
sites of squarelike cross sections of,U;¢ affect the inter- metallic behavior did not occur, the spin polarization has
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been enhanced significantly and becomes suitable for spin- 19 . .
tronic applications. The analysis of spin-polarized bands of majority
Cg,Tijgfor cp=4.17 A andc=4.34 A shows that in the latter [
64% (36%) of the current is carried by majorityminority)
spin states. Whereas, in the casecgf4.17 A (i.e., €,,=0)
the shares of majority and minority spins are almost equal.
This is clearly another interesting effect of applied strain.
Finally, we explore the effect of radial straig,=(b
-R)/R, which is defined in terms of the mindy, and major,
a, axes of the elliptically deformed cross section and the
radiusR of the bare tube. Earlier studies have revealed im-
portant effects of the radial deformation of SWNTs on their
electronic and chemical properti&s?! For example, a sS-
WNT has become metallic, and the electronic charge distri- 8
bution on its surface has undergone a significant change. It _
has been also found that the chemical activity of SWNT at 10
the high curvature site has increased to lead to a stronger
bonding with foreign atoms such as H, ZlHere we expect
that the spin-dependent electronic structure of Ti adsorbed 6l
on the SWNT is affected by radial deformation. In Fig. 5, we
show the calculate®'(E) andD!(E) of the Gy,Ti, where Ti 4
is adsorbed on the bare, as well as at the high curvature site 21
of a radially deformede,,~0.3) (8,00 SWNT. Radial defor-
mation had a minute effect on the value of the net magnetic
moment. However, the dispersion of bands &6H) nearEr 2

DOS

minority

T maj ority

DOS
o
T
|
i
i
|
i
|
i

have been affected by radial deformation. The forms of -4 ;' I: \
D'(E) and D'(E) near Er suggest that the spin-dependent ] Y e 51 ¥
transport under bias voltagé, can be monitored by,,. 6! l f g no
adt minority Ly ’E "
IV. CONCLUSION -10 H ‘ A A
-2 -1 0 1 2

First-principles spin-relaxed calculations showed that the o
chemical interaction between SWNTs and the Ti atom ad- z(A)
sorbed to the hollow site is significant and favors the con- _ - o o )
tinuous coating of the tube surface. A semiconducting SWNT  FIG. 5. (Color onling Densities of majority and minority spin
is metallized upon the adsorption of Ti atoms. Zigzag, astates of GTi showing the curvature effect dA(E). (@) The den-
well as armchair, SWNTs are metallic and have a ferromagSiy Of spin states for a single Ti atom adsorbed on a 8@
netic ground state when they are continuously covered wittpWN1- (P) The density of states for a single Ti atom adsorbed on
Ti atoms. Spin-relaxed calculations predict interesting spin—t e_h'gh curvature site of af8,0) SWNT under rad.'al deformat.'or.'
dependent electronic and magnetic properties. The magnetlféy_o's’ ;vhlch tt’ranﬁcn‘olrms the circular cross section to an elliptical
moment of thg(8,00 SWNT can increase with the increasing onhe as shown by the insets.
number of adsorbed Ti atoms to a value as large as /1§.3 . ) .
it, however, decreases if additional Ti atoms are adsorbed oWe found the dispersion of the spin-dependent bands and
the Ti coating on SWNT surface. On the other hand, elecl€sulting density of states near the Fermi level of a single
tronic conduction channels for each spin direction undergo d -atom-adsorbe@®,0) SWNT is modified upon radial defor-
change; whileG'=4€?/h (G'=5€?/h) for Cs,Tiy, it changes ~Mation. We expect that these coverage- and strain-dependent

to G'=6€?/h (G!=8€?/h) for Cs,Tin We showed that the electronic and magnetic properties of Ti-coated SWNTs can

magnetic properties of the Ti-covered SWNT can be modi-lead to interesting applications in spintronics and nanoscale

fied also by applied axial strain; the magnetic moment in-nagnetism.

creases with increasing,, (hamely by stretching the tupe

Not only the net magnetic moment, but also the spin polar- ACKNOWLEDGMENTS

ization at the Fermi level can be increased by increasing
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