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Effects of the 3d transition metal doping on the structural, electronic,
and magnetic properties of BeO nanotubes∗
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First-principles calculations have been performed on the structural, electronic, and magnetic properties of seven 3d
transition-metal (TM) impurities (V, Cr, Mn, Fe, Co, Ni, and Cu) doped armchair (5,5) and zigzag (8,0) beryllium oxide
nanotubes (BeONTs). The results show that there exists a structural distortion around the 3d TM impurities with respect to
the pristine BeONTs. The magnetic moment increases for V- and Cr-doped BeONTs and reaches a maximum for Mn-doped
BeONT, and then decreases for Fe-, Co-, Ni-, and Cu-doped BeONTs successively, consistent with the predicted trend of
Hund’s rule to maximize the magnetic moments of the doped TM ions. However, the values of the magnetic moments are
smaller than the predicted values of Hund’s rule due to the strong hybridization between the 2p orbitals of the near O and
Be ions of BeONTs and the 3d orbitals of the TM ions. Furthermore, the V-, Co-, and Ni-doped (5,5) and (8,0) BeONTs
with half-metal ferromagnetism and thus 100% spin polarization character are good candidates for spintronic applications.
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1. Introduction

In the past few decades, half-metal ferromagnets (HMFs),
which have only one spin channel for conduction at the Fermi
level, have attracted increasing research interest because of
their potential applications in spintronics. HMFs were first
discovered by de Groot et al. in Heusler compounds in
1983.[1] After that, some HMFs have also been predicted theo-
retically or confirmed experimentally in ferromagnetic metal-
lic oxides,[2–4] in Heusler and half-Heusler compounds,[5–10]

and in dilute magnetic semiconductors (DMSs).[11–13] Though
many HMFs have been reported, it is still very important
to find new HMFs, especially nanoscale HMF materials, be-
cause magnetic nanostructures are a scientifically interesting
and technologically important area of research with many cur-
rent and future applications in permanent magnetism, mag-
netic recording, and spintronics.

BeO nanotubes (BeONTs) are of great importance due
to their high thermal and mechanical stability. Models of
pristine BeONTs were proposed, and their structural, cohe-
sion, and electronic properties were predicted.[13,14] It is found
that these nanotubes are wide-band-gap dielectrics with very
small helicity-induced differences in the gaps. In addition,
the BeONTs adopt interesting mechanical properties, namely,
their Young’s moduli are comparable with those of carbon

nanotubes. The BeONTs would be a wonderful candidate for
the host materials of half-metal ferromagnets.

In this paper, the structural, electronic, and magnetic
properties of seven 3d transition-metal (TM) (V, Cr, Mn, Fe,
Co, Ni, Cu) doped armchair (5,5) and zigzag (8,0) BeONTs are
investigated using the projector-augmented-wave (PAW) po-
tential within the generalized-gradient approximation (GGA).
The rest of the paper is organized as follows. Section 2 gives
the calculation method. In Section 3, we present the doped
configurations and the corresponding electronic and magnetic
properties. Finally, the conclusions of the work are given in
Section 4.

2. Calculation method

The calculations are performed within the framework of
density functional theory (DFT) using the PAW potential and
a plane-wave basis set, as implemented in VASP.[15–19] The
electron exchange and correlation are treated by using the
Perdew–Burke–Ernzerhof (PBE) formulation of the GGA.[20]

The models of (5,5) and (8,0) BeONTs are constructed in pe-
riodical tetragonal supercells with lattice constants of about
a = b = 18.5 Å and a = b = 17.8 Å, respectively. The 2s22p4

and 2s2 electrons are taken as the valence electrons of the O
and Be atoms, respectively. To minimize the interaction be-
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tween two adjacent TM atoms, the lattice constant c along
the tube axis is taken to be four and two times the periodic
length for the armchair (5,5) and zigzag (8,0) BeONTs, re-
spectively. The Brillouin zone integration is performed by
using the Gamma centered Monkhorst–Pack scheme[21] with
1×1×11 k points. To avoid the numerical instability due to
level crossing and quasi-degeneracy near the Fermi level, we
use the first-order Methfessel–Paxton method with a width of
0.2 eV. In order to find the ground geometries of the doped
systems, the conjugate-gradient (CG) minimization scheme is
utilized. The optimization will continue until the convergence
tolerance of the total energies of the last two sequential steps is
less than 10−4 eV/atom and the maximum force on each atom
is less than 0.02 eV/Å.

3. Results and discussion
We first optimize the structures of pristine armchair (5,5)

and zigzag (8,0) BeONTs. The calculated average Be–O bond
lengths of (5,5) and (8,0) BeONTs are about 1.615 Å and
1.660 Å, respectively. In detail, the Be atoms move inward
towards the tube axis, while the O atoms move in the opposite
direction. Thus, the relaxed armchair (5,5) and zigzag (8,0)
BeONTs can be characterized by two coaxial cylindrical tubes
with an outer O cylinder (in diameter of 6.992 Å for the (5,5)
tube and 6.778 Å for the (8,0) tube) and an inner Be cylin-
der (in diameter of 6.855 Å for the (5,5) tube and 6.632 Å for
the (8,0) tube), resulting in a radial buckling of 0.137 Å for
the (5,5) tube and 0.146 Å for the (8,0) tube. Similar radial
buckling phenomena between cations and anions were also
observed in SiCNTs and BNNTs.[22,23] Figures 1(a) and 1(b)
display the structure models of the 3d TM (V, Cr, Mn, Fe, Co,
Ni, Cu) doped (5,5) and (8,0) BeONTs, respectively, in which
the blue, yellow, and gray balls denote O, Be, and TM atoms,
respectively. The blue balls marked with white numbers 1, 2,
and 3 denote the three nearest-neighbor O atoms of the TM
impurity.

In order to avoid the interaction between adjacent 3d TM
atoms, the lattice constant c along the tube axis is taken to
be four and two times the periodic length for the armchair
(5,5) and zigzag (8,0) BeONTs, respectively. Be39(TM)O40

and Be31(TM)O32 correspond to 1.25 at.% and 1.56 at.% of 3d
TM impurities in (5,5) and (8,0) BeONTs, respectively. The
optimized local bond lengths around the substitutional 3d TM
impurity, including the bond lengths between the TM atom
and its three nearest-neighbor O atoms (dTM−O) as well as the
ranges of bond lengths between the three nearest-neighbor O
atoms and their nearest-neighbor Be atoms (dO−Be), are listed
in Table 1. It can be clearly seen that, firstly, all the TM–
O bond lengths (dTM−O) in the 3d TM-doped (5,5) and (8,0)

BeONTs are longer than the O–Be bond lengths of 1.615 Å
and 1.660 Å in pristine (5,5) and (8,0) BeONTs respectively
because the ionic radii of these 3d TM atoms are larger than
that of the substituted Be atom. Secondly, the bond lengths
between the three nearest-neighbor O atoms and their nearest-
neighbor Be atoms (dO−Be) around the 3d TM impurity in the
3d TM-doped (5,5) and (8,0) BeONTs are different from the
O–Be bond lengths in pristine (5,5) and (8,0) BeONTs, imply-
ing that the introduced TM impurity also changes the interac-
tion between near O and Be atoms. These results show that
there exists a structural distortion around the 3d TM impurity
in the 3d TM-doped (5,5) and (8,0) BeONTs.
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Fig. 1. (color online) Structure models of (a) TM-doped (5,5) BeONT and (b)
TM-doped (8,0) BeONT, where the blue, yellow, and gray balls denote O, Be,
and TM atoms, respectively. The blue balls marked with white numbers 1, 2,
and 3 denote the three nearest-neighbor O atoms of the TM impurity.

The calculated magnetic moments of the TM-doped sys-
tems and the TM impurities (in parentheses) are listed in Ta-
ble 1 for the 3d TM-doped (5,5) and (8,0) BeONTs. The
magnetic moments of the TM-doped systems are contributed
mainly by the TM impurities. Understandably, because the
ground states of the pristine BeONTs are nonmagnetic, the
magnetic moments of the TM-doped BeONTs should origi-
nate from the doped TM impurities. In Fig. 2, we plot the
calculated magnetic moments of the 3d TM-doped (5,5) and
(8,0) BeONTs versus the atomic numbers of the seven 3d TM
impurities. Interestingly, the magnetic moments and their vari-
ation trends versus the atomic number are nearly identical for
the 3d TM-doped (5,5) and (8,0) BeONTs. The magnetic mo-
ment increases for V- and Cr-doped BeONTs and reaches a
maximum for Mn-doped BeONT (4.43µB and 4.44µB for Mn-
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doped (5,5) and (8,0) BeONTs, respectively), and then de-
creases for Fe-, Co-, Ni-, and Cu-doped BeONTs with fur-
ther increasing atomic number. This is because the TM atom
substituting for a cation (Be) in pristine (5,5) or (8,0) BeONT
contributes two electrons to the anion (O). This results in the

doped ions having 3d3, 3d4, 3d5, 3d6, 3d7, 3d8, and 3d9 elec-
tronic configurations for V2+, Cr2+, Mn2+, Fe2+, Co2+, Ni2+,
and Cu2+, respectively. These remaining d electrons are local-
ized on the doped TM atoms and are mainly responsible for
the magnetic moments of the TM-doped BeONTs.

Table 1. Calculated local bond lengths around substitutional 3d TM impurities, including bond lengths between the TM atoms and
their nearest-neighbor O atoms (dTM−O1, dTM−O2 = dTM−O3) as well as the ranges of the bond lengths between the three nearest-
neighbor O atoms and their nearest-neighbor Be atoms (dO−Be), the magnetic moments µ of the TM-doped systems and the TM
impurities (in parentheses) for 3d TM-doped (5,5) and (8,0) BeONTs.

Type TM dTM−O1/Å (dTM−O2 = dTM−O3)/Å dO−Be/Å µ/µB

(5,5) BeONT

V 1.965 2.014 1.513–1.691 2.35 (2.30)
Cr 1.973 1.990 1.514–1.675 3.37 (3.29)
Mn 2.003 1.992 1.535–1.668 4.43 (4.17)
Fe 1.925 1.952 1.536–1.686 3.79 (3.47)
Co 1.926 1.962 1.525–1.681 2.84 (2.51)
Ni 1.875 1.918 1.514–1.683 1.86 (1.50)
Cu 1.926 1.943 1.521–1.677 0.9 (0.57)

(8,0) BeONT

V 1.939 2.043 1.503–1.645 2.34 (2.27)
Cr 2.000 1.981 1.547–1.668 3.35 (3.25)
Mn 1.964 2.107 1.480–1.641 4.44 (4.20)
Fe 1.963 1.943 1.568–1.692 3.74 (3.43)
Co 1.931 1.934 1.579–1.689 2.82 (2.48)
Ni 1.926 1.942 1.581–1.683 1.84 (1.48)
Cu 1.961 1.925 1.556–1.687 0.87 (0.52)
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Fig. 2. (color online) Variations of the total magnetic moments of the
3d TM-doped (5,5) and (8,0) BeONTs with the atomic numbers of the
seven 3d TM impurities.

The crystal field of the surrounding O ligands splits the
five-fold degenerate d states of the free TM ion into two low-

lying eg orbitals (dz2 and dx2−y2 ) and three high-lying t2g or-
bitals (dxy, dxz, and dyz). According to Hund’s rule, the de-
tailed electronic configurations, the spin states on eg and t2g

levels and the corresponding maximal net magnetic moments,
are schematically shown in Fig. 3 for 3d TM ions at substitu-
tional cation sites in II–VI DMSs. One can readily see that the
maximal net magnetic moments are 3µB, 4µB, 5µB, 4µB, 3µB,
2µB, and 1µB for V, Cr, Mn, Fe, Co, Ni, and Cu ions, respec-
tively, consistent with the variation trend in Fig. 2 for the 3d
TM-doped (5,5) and (8,0) BeONTs. The calculated magnetic
moments are smaller than the predicted values of Hund’s rule
due to the strong hybridization between the 2p orbitals of the
near O and Be atoms of BeONTs and the 3d orbitals of the TM
ions.

3d TM ions at cation sites in II-VI DMSs 

configuration

t2g

eg

net moment

V2+(3d3) Cr2+(3d4) Mn2+(3d5) Fe2+(3d6) Co2+(3d7) Ni2+(3d8) Cu2+(3d9)
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Fig. 3. (color online) Electronic configurations, spin states on t2g and eg levels, and the corresponding maximal net magnetic moments
for 3d TM ions at substitutional cation sites in II–VI DMSs.
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A better insight into the distribution of the electrons with
energy can be gained from an analysis of the electronic den-
sity of states (DOS). So the total DOS with the black (red)
lines representing the majority (minority) spins are shown in
Figs. 4 and 5. The Fermi level is set at zero energy and indi-
cated by the vertical blue dashed lines. From the total DOS
of the pristine BeONTs, we can see that the pristine BeONTs
are wide-band-gap nonmagnetic dielectrics because there is no
spin polarization around the Fermi level which is just crossing
the gap between the valence and the conduction bands. How-
ever, the asymmetry DOS near the Fermi level are obtained be-
tween majority and minority spins for all 3d TM-doped (5,5)
and (8,0) BeONTs, indicating that magnetic moments exist.
For V-doped (5,5) and (8,0) BeONTs, the majority spin elec-
tronic state crosses the Fermi level, which indicates a metallic
behavior, while the minority spin electronic state is a dielectric
because there is a large energy gap around the Fermi level. For

Co- and Ni-doped (5,5) and (8,0) BeONTs, on the contrary, the

minority spin electronic state crosses the Fermi level, while

the majority spin electronic state has an energy gap around the

Fermi level. Therefore, V-, Co-, and Ni-doped (5,5) and (8,0)

BeONTs may have a half-metal ferromagnetism with 100%

spin polarization and be good candidates for spintronic appli-

cations. It should be mentioned that for the materials with the

metallicity in the majority spin electronic state and a dielectric

in the minority spin electronic state, the half-metal ferromag-

netism is presented, while for the materials with the metal-

licity in the minority spin electronic state and a dielectric in

the majority spin electronic state, the metallicity may be in-

fluenced by their less density of the minority spin electronic

state. An experimental investigation is needed for the half-

metal ferromagnetism of the V-, Co-, and Ni-doped (5,5) and

(8,0) BeONTs.
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Fig. 4. (color online) Total density of states (DOS) with the black (red) line representing the majority (minority) spin for (a) pristine
(5,5), (b) V-, (c) Cr-, (d) Mn-, (e) Fe-, (f) Co-, (g) Ni-, and (h) Cu-doped (5,5) BeONTs. The Fermi level is set at zero energy and
indicated by the vertical blue dashed lines.

As is well known, in half-metal ferromagnets, the num-
ber of electrons in one spin channel is an integer. Since the
total number of the valence electrons is an integer, it follows
that the numbers of electrons in both spin channels are inte-
gers and so is their difference, and hence the integer spin mag-
netic moment. But from Table 1 we can see that the calculated
magnetic moments of 2.35µB (2.30µB), 2.84µB (2.51µB), and
1.86µB (1.50µB) for V-, Co-, and Ni-doped (5,5) BeONTs
(TM ions) as well as 2.34µB (2.27µB), 2.82µB (2.48µB), and
1.84µB (1.48µB) for V-, Co-, and Ni-doped (8,0) BeONTs

(TM ions) are not integers and smaller than the maximal net
magnetic moments of 3µB, 3µB, and 2µB (see Fig. 3) for
V2+(3d3), Co2+(3d7), and Ni2+(3d8) ions respectively pre-
dicted by Hund’s rule. To explain this inconsistency, the par-
tial densities of states (PDOS) projected onto the TM atom
(3d) as well as its nearest-neighbor O atom (2p) and next
nearest-neighbor Be atom (2p) are presented in Fig. 6. It can
be seen that the spin splitting mainly comes from TM (V, Co,
and Ni) 3d, O 2p, and Be 2p states, and the TM (V, Co, and Ni)
3d states are hybridized with the nearest-neighbor O 2p states
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and the next nearest-neighbor Be 2p states. This is one reason
to reduce the magnetic moments of V, Co, and Ni ions in (5,5)
and (8,0) BeONTs. Furthermore, the O and Be atoms around
the 3d TM impurity, i.e. the nearest-neighbor O atom and the

next nearest-neighbor Be atom, are polarized, while the other
O and Be atoms are not polarized. That is to say, the polariza-
tions are decided by the distance between the O (or Be) atom
and the TM atom.
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Fig. 5. (color online) Total density of states (DOS) with the black (red) line representing the majority (minority) spin for (a) pristine
(8,0), (b) V-, (c) Cr-, (d) Mn-, (e) Fe-, (f) Co-, (g) Ni-, and (h) Cu-doped (8,0) BeONTs. The Fermi level is set at zero energy and
indicated by the vertical blue dashed lines.
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Fig. 6. (color online) Partial densities of states (PDOS) projected onto the TM atom (3d) as well as its nearest-neighbor O atom (2p) and next
nearest-neighbor Be atom (2p) in (a) V-, (b) Co-, and (c) Ni-doped (8,0) BeONTs. The Fermi level is set at zero energy and indicated by vertical
blue dashed lines.

4. Conclusions

In conclusion, the structural, electronic, and magnetic

properties of seven 3d TM (V, Cr, Mn, Fe, Co, Ni, and Cu)

doped (5,5) and (8,0) BeONTs have been investigated by us-

ing the PAW potential within DFT under GGA. The optimized

structures show that the TM atom substituting a cation Be in-

duces a structural distortion around the 3d TM impurity with

respect to the pristine BeONT. The analysis of the DOS shows

that the pristine (5,5) and (8,0) BeONTs are wide band gap
nonmagnetic dielectrics, but asymmetry DOS near the Fermi
level are obtained between majority and minority spins for all
3d TM-doped (5,5) and (8,0) BeONTs, and the magnetic mo-
ments of these TM-doped BeONTs mainly originate from the
doped 3d TM impurities. The magnetic moments and their
variation trends versus the atomic number are nearly identi-
cal for the 3d TM-doped (5,5) and (8,0) BeONTs, implying
that they are independent of the tube chirality. The magnetic
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moment increases for V- and Cr- doped BeONTs and reaches
a maximum for Mn-doped BeONTs, and then decreases for
Fe-, Co-, Ni-, and Cu-doped BeONTs successively, consis-
tent with the predicted trend of Hund’s rule to maximize the
magnetic moments of the doped 3d TM ions. The magnetic
moments are smaller than the predicted values of Hund’s rule
due to the strong hybridization between the p orbitals of the
O and Be atoms of the BeONTs and the d orbitals of the TM
ions. Interestingly, the V-, Co-, and Ni-doped (5,5) and (8,0)
BeONTs with half-metal ferromagnetism and thus 100% spin-
polarization character seem to be good candidates for spin-
tronic applications.
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