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Cobalt-doped B-peptide nanotubes: A class of spintronic materials
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We report a density functional theory based ab initio investigation of protein nanotubes formed by a stacking
of B-peptide rings. We have optimized the structure of B-peptide rings arranged in a nanotube geometry. The
calculated interatomic bond distances are found to agree with observations as is the equilibrium inter-ring
separation. The electronic structure has been analyzed by calculating the density of states and band structures,
which reveal wide band gap semiconducting properties of the tube. The possibility of doping B-PNT (peptide
nanotube) with transition metal atoms is found to be energetically possible, and Co-doped B-PNT is found to
be a strong ferromagnetic material, with relatively high ordering temperature and with impurity states just
below the conduction band edge. This makes Co-doped B-PNT a very good potential candidate as an n-doped

material in spintronics applications.
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I. INTRODUCTION

Novel materials for use in spintronics applications are
continuously sought after. The attention is caused by the po-
tential of manipulating the electron spin in semiconducting
devices, which may offer an improvement compared to con-
ventional charge controlled devices. Currently, most of the
attention is paid to diluted magnetic semiconductors (DMSs)
for which applications in, e.g., nonvolatile memories and
smaller electronic components have been suggested.!?> The
main goal which this research strives for is to develop a
ferromagnetic semiconductor which is operational at room
temperature. To realize this, it is necessary to identify a com-
pound or an alloy with a magnetic ordering temperature well
above room temperature and where at least one atomic spe-
cies has a rather substantial magnetic moment. In addition,
the material should have semiconducting properties. The
main problem with DMS materials is that it has been shown
to be difficult to synthesize a material which shows robust
and undisputable magnetic properties. Instead, most materi-
als which have been investigated have been reported to have
either vanishing ferromagnetism or extremely high ordering
temperatures in combination with low magnetic moments.
The wide spread in properties is most likely connected to
difficulties in controlling the crystal chemistry of the dopants
(often 3d elements), and it is not possible to rule out any of
the conflicting experimental results.

In addition to DMS materials, other groups of materials
are currently being investigated.® For instance, organometal-
lic molecular materials have recently been under focus. The
conductivity of ferrocene-based molecular materials has, for
instance, been both experimentally and theoretically
investigated.*~® These molecules contain transition metal at-
oms with unpaired spins, resulting in a molecular building
block which naturally contains a magnetic moment. In addi-
tion, organometallic spintronics has been investigated in di-
cobaltocene switches,’ and a combination of correlated oxide
materials and an organic semiconductor (sexithienyl)® have
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been experimentally investigated. In these spintronics mate-
rials encouraging results have been obtained. A large magne-
toresistance found in these spintronic materials brings the
hope for fabricating functional devices for the future. How-
ever, a problem with molecular electronics is connected to
difficulties in controlling physical properties of single mol-
ecules in contact with Ohmic leads. Nevertheless, encourag-
ing results have recently been demonstrated for the metallor-
ganic porphyrine molecules on a Co or Ni substrate, where a
superexchange mechanism was found to be responsible for
the observed strong magnetic coupling between the molecule
and the substrate.’

A class of materials which have potential in this field is
peptide nanotubes (PNTs), and they are the focus of this
paper. Here, the methodology we employ is theoretical, since
all our results are based on density functional theory.'® How-
ever, it should be noted that such material specific calcula-
tions have been well established to reproduce electronic,
structural, and magnetic properties of any material or mol-
ecule, with remarkable accuracy.'!

Let us now describe the host material of our study,
namely, B-peptide based PNT (B-PNT). B-PNTs composed
of B-amino-acid building blocks differ from those composed
of a-amino-acids due to the special inherent ability of form-
ing a parallel assembly of dipolar columns in which all
amide groups of the PNT are oriented parallel to the tube
axis; this generates a large dipole along the tube axis which
may have a potential application to molecular devices.
B-peptides actually have gained wider attention during the
last couple of years predominantly due to a large variety of
promising properties for applications in biomedical
research.'> However, B-peptides, especially cyclic analog,'?
also show potential as building blocks for molecular nano-
wires fabricated by molecular self-assembly. Cyclic peptides
are capable of stacking into peptide nanotubes through inter-
molecular hydrogen bonds between the rings.'* The size and
length of such molecular nanowires are controllable by vary-
ing the ring size and side chains of the building blocks."
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B-peptides are composed of B-amino-acids instead of the
a-amino-acids found in natural proteins. As such, these pep-
tides contain one additional methylene group in their back-
bones, which render special properties to the peptide and
allow substitutions to be placed at four desired three-
dimensional positions, in contrast to the two stereochemi-
cally distinct positions present in normal a-peptides. A few
ab initio calculations of peptide nanotubes exist. Carloni et
al.'® studied the structural and electronic properties of oc-
tapeptide cyclo[-(D-Ala-Glu-D-Ala-Gln),] in the solid phase
using plane wave based density functional theory'® calcula-
tions. They obtained a large gap (~4 eV) in the low-energy
electronic excitation spectrum with the presence of extended
and localized states near the gap. Okamoto et al.'” have pre-
viously theoretically studied the electronic conductivity of
PNT composed of @-amino-acids of alternating chirality (a
prerequisite for tubular stacking of peptides composed of
a-amino-acids). They used the Hartree-Fock molecular or-
bital and density functional theories to study the electronic
and molecular structures of PNTs.

II. COMPUTATIONAL DETAILS

In the present work, the theoretical calculations were per-
formed using density functional theory as implemented in
the Vienna ab initio simulation package (VASP)'® within the
projector augmented wave method.!® The plane wave cut-off
energy was set to be 450 eV. We have used both local den-
sity approximation (LDA)? as well as generalized gradient
approximation (GGA)?! for the treatment of exchange-
correlation functional.?> A periodic supercell having a lateral
dimension of 15X 15X 15 A® was used with the molecule in
the center of the cell. For the determination of the intermo-
lecular separation, we varied the size of the cell in the z
direction and calculated the total energies. Equilibrium ge-
ometry of the molecular and the intermolecular separations
was determined by relaxing the atomic positions using the
Hellmann—Feynman forces with a tolerance of 0.01 eV/A.
We considered the I' point only for the isolated molecule
whereas a set of 2X2X3 k points was used in the
Monkhorst-Pack scheme?® for the calculations of an infinite
stacking of peptide rings. A Gaussian smearing method was
used to calculate the density of states with a broadening pa-
rameter of 0.2 eV.

III. RESULTS

We start by comparing our theoretical results with exist-
ing experimental data of isolated peptide rings as well as for
peptide nanotubes. We then proceed with discussing the main
result of our study, namely, transition metal doped peptide
nanotubes and their potential as spintronics materials.

A. Isolated peptide ring and undoped peptide nanotubes

An isolated peptide ring has 15 H, 9 C, 3 N, and 3 O
atoms, as shown in Fig. 1. Starting from an experimental
geometry,>* we have relaxed the atomic positions in a ring
and have calculated the ground state geometrical structure.
The calculated bond distances of the equilibrium structure
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FIG. 1. (Color online) (Left) Structure of the isolated peptide
ring: (right) the infinite stacking of rings. Red, blue, green, and
yellow colors indicate O, C, N, and H atoms, respectively.

are given in Table I. It is clearly seen that the calculated
average bond distances tally very well with the experimental
ones.

Let us now proceed to discuss the results regarding
B-PNTs formed by the stacking of peptide rings. In the
B-PNT, the equilibrium inter-ring distance is dictated by the
hydrogen bonding between the H and O atoms of two adja-
cent rings. In our calculation, we have varied the distance
between adjacent rings and have calculated the total ener-
gies. In this case also, the atomic positions of the ring were
relaxed for each inter-ring separation. We have used both
LDA and GGA to calculate the equilibrium inter-ring dis-
tance. As is evident from Fig. 2, both methods give similar
values of the position of minimum in the total energy curve.
A closer inspection reveals that GGA is slightly better in
determining the equilibrium separation as 4.8 A, which is in
good agreement with experiment.?* Therefore, we have
adopted GGA for further calculations to be reported in the
next sections.

TABLE I. Average bond distances between atoms for an isolated
B-peptide ring. Both theoretical and experimental values (Ref. 24)
are given. Different atoms are designated by their atomic symbols.

Bond distance

(A) C-0 N-H c-C C-N C-H
Theory 1.23 1.02 1.51 1.36 1.11
Expt. 1.22 1.01 1.53 1.41 1.10
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FIG. 2. (Color online) Total energy vs inter-ring separation for
(a) LDA and (b) GGA exchange-correlation functionals. The solid
curves are obtained by fitting the calculated values with a Morse
function.

In Fig. 3, we show the band structure, density of states
(DOS) of the B-PNT along with energy resolved charge den-
sities. An inspection of Fig. 3(a) reveals that close to the
highest occupied molecular orbital (HOMO) level, bands
with O p/N p character have some dispersion resulting in a
small width in the DOS. However, two bands in this energy
range (0 to —1 eV) show much less dispersion, signifying
that the states are quite localized. In the energy range of
2-7 eV below the HOMO, the C p DOS shows a broad fea-
ture with several bands with noticeable dispersion. In this
energy range, C p states mainly hybridize with O p states
along with N p and H s states. A significant energy gap of
around 4 eV is present between the HOMO and lowest un-
occupied molecular orbital (LUMO). The unoccupied part of
the DOS around an energy span of 2 eV above LUMO is
dominated by C p states. There also, hybridization leads to a
significant dispersion in the bands. This demonstrates that
the lowest conduction band states can carry a current through
the B-PNT, by electron hopping from one peptide ring to
another, primarily via C p states. Figure 3(a) shows that
B-PNT should be characterized as a wide band semiconduct-
ing material.

The bonding properties of S-PNT are best illustrated from
an energy resolved charge density. In Fig. 3(b), we hence
show the isosurface charge density for states in an energy
interval of -2 to —7 eV with respect to HOMO. It was men-
tioned above that for this energy interval, the dominant con-
tributions in the DOS come from C p and O p states. From
the charge density, one may observe that these two orbitals
dominate the charge density plot. For HOMO [Fig. 3(c)], the
O p orbitals are primarily a combination of p, and p, types,
resulting in density contours (and chemical bonds) mostly
lying in the x-y plane. Finally, in Fig. 3(d), charge density for
LUMO is shown. The presence of p states of C, O, and N is
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prominent. The analysis for states of the occupied DOS es-
tablishes that the chemical bonding of B-PNT is best de-
scribed as being covalent between atoms within one ring
structure of a B-amino-acid group and a Coulomb attraction
between negatively charged O atoms of one ring structure
and the positively charged H atoms of the neighboring ring.

B. Transition metal doped peptide ring

The results mentioned above serve to demonstrate that the
theoretical method is successful in reproducing the chemical
bonding and electronic properties of this class of materials.
We now proceed with an analysis of doping this material
with transition metal atoms and the potential of using it as a
spintronics material. Dopants were selected from the 3d tran-
sition metal series (Cr, Mn, Fe, and Co) and were introduced
in a central position in B-PNT. The final position of each
dopant was then determined by a total energy minimization,
much in the same way as the calculations behind the results
of Table 1. The final positions of the dopants were found in
all cases to be close to the O atoms of a B-amino-acid ring,
in a centered position of S-PNT.

In Fig. 4, we show the calculated energy difference be-
tween ferromagnetically and antiferromagnetically coupled
transition metal atoms in B-PNT. In order to achieve func-
tionality of spintronics devices, it is important to have a fer-
romagnetic material,” preferably with an ordering tempera-
ture above room temperature. Hence, Fig. 4 shows that out of
the selected group of dopants, Co stands out as the successful
candidate. It should also be noted that the strength of the
magnetic (exchange) coupling is quite strong since the cal-
culated energy difference between ferromagnetic and antifer-
romagnetic couplings is 40 meV/atom. A mean field
analysis,” which is appropriate in the present case of strong
neighboring magnetic atoms, reveals an ordering temperature
of 350 K, which demonstrates an ordering temperature
above room temperature.

The trend exhibited in the stability of the ferromagnetic
states has its counterpart in the transition metal doped
CoAlO, system. This material was theoretically studied in
Ref. 26. The trend is explained by the fact that the superex-
change mechanism dominates in the early part of the 3d
transition metal series, whereas for the later part, the double
exchange mechanism dominates. The electronic structure
shown in Fig. 6 shows that the d states are in the band gap
and that the Fermi level cuts through both the spin-up and
spin-down states. As discussed in connection to other spin-
tronics materials,?’ the broadening of levels when atoms are
ferromagnetically arranged lowers the total energy in this
situation. The double exchange mechanism can hence be
quite strong for Co-doped B-peptide.

Details of the magnetic state become clear by an inspec-
tion of the calculated magnetization density, which is shown
in the spin density plot in Fig. 5 along with the geometrical
positions of the Co atoms in the peptide nanotube. In Fig. 5,
one may note that most of the spin density is located around
the Co atom, which is expected, since the magnetic moment
of Co is 1.13up/atom, which is much bigger than the mo-
ment of any other atom in the material. However, some po-
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FIG. 3. (Color online) (a)
Band structure along with the pro-
jected DOS of the infinite chain
for an inter-ring separation of

v
v
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larization is found also on the O atoms, which due to hybrid-
ization with Co d states pick up a moment of 0.02ug/atom
parallel to the moment on Co atom. The total magnetic mo-
ment of the unit cell with two Co atoms is 2.00up, an integer

value which is expected from the DOS. From the analysis of
the projected charge and magnetic moment inside the Co
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FIG. 4. Calculated energy difference between ferromagnetic and
antiferromagnetic alignments of transition metal atoms in S-PNT.
Values below zero indicate that ferromagnetism is preferable.

48 A. The dashed line corre-
sponds to the HOMO, (b) isosur-
face charge density corresponding
to an energy interval of -2 to
—7 eV with respect to HOMO, (c)
isosurface charge density for
HOMO, and (d) same for LUMO.

atomic spheres, one notes that Co has around four and three
d electrons in the spin-up and spin-down channels, respec-
tively, yielding a magnetic moment of about 1ug. The s-p
state of a Co atom has around 0.8 electron in our calculation.

The calculated DOS of Co-doped B-PNT is shown in Fig.
6. Most of the structures of this DOS are similar to the DOS
features shown for undoped B-PNT (Fig. 3), with a major
exception being the Co derived states which are located in
the band gap of B-PNT. It may be noted that donor states
with a strong spin polarization, being derived from Co 3d
orbitals, are found just below the conduction band edge of
B-PNT. There is also some hybridization between the Co d
states and the conduction band states, up to several eV above
the conduction band edge. A close vicinity of the energies of
the impurity states to the conduction band edge is the neces-
sary criterion for a material to be used as an n-doped semi-
conducting devices. Although there is an energy gap between
the Fermi level and the conduction band edge, the presence
of small concentration of defects can easily push the impu-
rity states close to the valence or conduction bands.?® Fur-
thermore, the fact that the dopant levels are strongly spin
polarized, with an expected ordering temperature above
room temperature, is the necessary criterion for materials to
be used in spintronics devices. Hence, Fig. 6 shows evidence
that for B8-PNT doped with Co is a very promising candidate
for spintronics materials.
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FIG. 5. (Color online) Calculated isosurface of the magnetiza-
tion density of Co-doped B-PNT in the ferromagnetic alignment of
the Co atoms.

Finally, we have calculated the formation energy of the
impurity Co atom in the 8-PNT host. The formation energy
is defined as

E/*™ = E[PNT — Co] - (E[PNT] + E[Co]), (1)

where E[PNT-Co], E[PNT], and E[Co] are the total energies
of the Co-doped SB-PNT, undoped B-PNT, and metallic Co,
respectively. The calculated formation energy is around 3 eV
signifying the fact that the energy cost of creating Co impu-
rities in B-PNT is similar to the energy cost of impurity
doping of conventional semiconducting materials.? Hence,
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FIG. 6. (Color online) Calculated DOS of Co-doped B-PNT.
The Co d states are marked in green. The states associated with the
Co doping are found in the band gap of the B-PNT and are marked
by a rectangular dashed frame.

the energetics of the presently suggested spintronics material
is not prohibitive for its successful synthesis.

IV. CONCLUSION

In conclusion, we have investigated the electronic struc-
ture and chemical binding of B-peptide nanotubes, with and
without Co doping. The optimized geometry of undoped
B-PNT compares well with the experimental structure, both
concerning bond distances of atoms within a peptide ring as
well as the inter-ring distance (4.8 A). B-PNT is further
found to be a wide band semiconductor, with an energy gap
of 4 eV. The possibility of doping S-PNT with transition
metal atoms is found from the theory to be energetically
possible, and Co-doped B-PNT is argued from the theoretical
calculations to be a strong ferromagnetic material, with rela-
tively high ordering temperature (above room temperature)
and with impurity states just below the conduction band
edge. This makes Co-doped 3-PNT a very good potential as
an n-doped material in spintronics applications.
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