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Abstract

Axial deformation of boron nitride nanotubes (BNNTSs) induced by an external electric field is
studied by density functional theory. It is found that the field-induced deformation can reach
1% at a field strength of around 10 Vnm~! due to both the converse piezoelectric effect and
the electrostrictive effect. This deformation is about nine times larger than that of traditional
piezoceramics and can be enhanced with increasing length or decreasing diameter of the
BNNTs. The corresponding volumetric work capacity is calculated to be two orders of

magnitude higher than those of traditional piezoceramics.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Materials for converting electrical energy into mechanical
energy are essential for nano-electromechanical devices [1].
Piezoelectric effects [3], electrostrictive effects [4] and
flexoelectric effects [5-8] have been found for electromechan-
ical coupling in bulk as well as nano materials. Piezoceram-
ics are the most widely used energy conversion materials, but
their typical deformation level is only about 0.1% strain with
a low fracture toughness. Polymer electrostrictive materials
can suffer from much higher strain levels than those of tradi-
tional piezoceramics materials but have low Young’s modu-
lus. Until recently, for most of the reported artificial energy
conversion materials, the volumetric work densities are below
34MIm73 [4). Ttis reported that carbon nanotubes (CNTs)
have giant electrostrictive deformation and can be stretched
by an external electric field (Ec) with strain up to 10%.
Since CNTs have high Young’s modulus, their volumetric work
densities are calculated to be three orders higher than those
of piezoceramics and polymer electrostrictive materials [4].
However, there are still some limitations for CNT-based ene-
rgy conversion materials. For example, CNTs are thought to
be chemically active and could be easily oxidized at a high
temperature [9-13]. What is more, they are either conductors
or narrow gap semiconductors [14, 15] and hence may not be
suitable for the situations where insulators are required. So

! Author to whom any correspondence should be addressed.

0022-3727/09/085403+04$30.00

seeking new energy conversion materials with a high work
density is of great significance.

BNNTs have Young’s modulus of about 0.7 TPa, similar
to those of CNTs [16,17]. Therefore, the volumetric work
densities of BNNTSs for energy conversion are expected to be
comparable to those of CNTs under the same strain. Moreover,
BNNTs have an onset temperature for oxidation up to 800 °C,
much higher than that of CNTs of only 400°C, and thus
are far more resistant to oxidation at high temperature [18,
19]. Finally, BNNTs are wide-gap semiconductors with a
quasiparticle band gap of about 5.5eV [20, 21], which makes
them liable to suffer from a high breakdown voltage [22—
24]. Therefore, BNNTs should be good energy conversion
materials if they have large electric-field-induced deformation
(Dinduced)-

Unfortunately, theoretical studies have predicted that
boron nitride nanotubes (BNNTSs) have a piezoelectricity with
response values much smaller than those of ZnO and the
piezoceramics materials [25]. However, it is known that zigzag
BNNTSs should have an electrostrictive effect except for a
piezoelectric effect [26-28]. Thus, for a full understanding of
the performances of BNNTSs as energy conversion materials,
the electrostrictive effect should not be ignored, especially
when the field strength is very high. In this paper. the axial
deformation of BNNTS in an external electric field is directly
investigated by first-principles calculations. It is found that
the longitudinal deformation can reach up to 1% when an
axial electric field around 10 Vnm~' is applied from the B

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. Electric-field-induced deformation of a 1.38 nm (4, 0)
BNNT obtained by the DFT calculations using the STO-3G and
6-31G* basis sets.

end to the N end, and it increases with increasing tube length
or decreasing tube diameter, at least in the narrow range of the
calculated zigzag BNNTSs. The Dijnguced arises from both the
converse piezoelectric effect and the electrostrictive effect, and
the electrostrictive deformation can be twice the piezoelectric
deformation.

2. Modelling and methods

The structure optimizations are performed using density
functional theory (DFT) within the linear combination of
atomic orbitals (LCAQO) assumption and the local density
approximation (LDA). The B3LYP exchange correlation
potential and the free-atom basis sets (STO-3G) [4] are used for
the DFT calculations. The STO-3G basis sets may be too small
for the electronic structure calculation, but it is enough for the
geometry structure optimization [29]. To verify the reliability
of the method we used, 6-31G* basis sets are also used for
the same system as a comparison. As shown in figure 1, for
a (4, 0) BNNT of 1.38 nm, the coincidence in the calculated
results of field-induced deformation by the two kinds of basis
sets is excellent, which demonstrates that the STO-3G basis
sets work sufficiently to study the field-induced deformation
of BNNTs. The relative energies are guaranteed to converge to
10~®eVatom™'. All the quantum mechanics calculations in
this work are carried out using the PCGAMESS package [30].

3. Results and discussion

To show the deformation behaviour of armchair and zigzag
BNNTs in axial electric field, a (2, 2) BNNT and a (5, 0)
BNNT with similar lengths are modelled as examples. The
small BNNTs are expected to be synthesized since recent
calculations have shown that even the (3,0) BNNT can be
stable well over room temperature [31]. The dangling bonds at
the tube ends are uniformly terminated with hydrogen atoms.
The initial lengths of the energy optimized (2, 2) and (5, 0)
BNNTs are about 1.41 nm and 1.38 nm (the hydrogen atoms

Figure 2. Axial deformation of the hydrogen-terminated open-end
(5,0) and (2, 2) BNNTSs in an external electric field (Eex). The
electric field is applied along the tube axis. For zigzag BNNTS, the
positive E.y, is defined from the B end to the N end in this work.

are not taken into account), respectively. E.y, is applied along
the tube axis and the positive direction is defined from the B
end to the N end for the zigzag BNNTs. Figure 2 shows the
deformation ratios of the (5, 0) and (2, 2) BNNTSs as functions
of E.,. The (5, 0) BNNT is elongated when a positive
E. is applied, and the deformation ratio increases with
increasing E.y. When E.y, reaches 12.4V nm™', strikingly,
the deformation ratio is found over 1%, which is about nine
times higher than that of traditional piezoceramics [4]. As
the (5, 0) BNNT has a Young modulus of about 0.724 TPa
when the thickness is taken as 0.34 nm [32], the corresponding
volumetric work density per cycle for a matched mechanical
load, which is proportional to ;Y&2, is calculated to be
36 MJ m 3 (here, Y is the Young modulus of the BNNTs and &,
is the maximum deformation ratio.). This value is only lower
than that of CNTs and is at least nine times higher than those
of other energy conversion materials in [4], with the highest
of 3.4MJm~3, and is over 100 times higher than those of
traditional piezoceramics materials. However, when a reversed
Ecx is applied, asymmetric deformation behaviour is found.
In this case, the BNNT is compressed when E.,, is smaller
than 3V nm~' and then it is elongated thereafter. In contrast,
the situation is different for the (2, 2) BNNT; it is always
clongated gradually as the field strength increases regardless
of the field direction, but with a much smaller deformation
ratio. A similar Ey,-deformation curve is also found for a (3,
3) BNNT of 1.26 nm, with only a slight difference from that
of the (2, 2) BNNT.

The different behaviour between zigzag and armchair
BNNTs in the clectric field arises from their distinctly
different structures. In zigzag BNNTSs, the B and N atoms
distribute along the tube axis layer by layer, giving rise to
axial spontaneous polarization [25,33]. Here the Djnduced
arises from both the converse piezoelectric effect and the
electrostrictive effect. But in armchair BNNTSs, each layer
has the same number of B or N atoms, no axial spontaneous
polarization exists and thus no axial piezoelectricity can be
found. These opinions are confirmed by the fact that the
calculated results can be fitted very well by the curves with
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Figure 3. (Colour online) Two deformation components as
functions of the electric field. The inset shows two cells in a (5, 0)
BNNT. The bright (grey) and dark (blue) balls denote the B and N
atoms, respectively. The positive electric field is indicated by the
thick arrow, which is applied from the B end to the N end.

the expressions of ¥ = 0.02157X + 0.00375X? and ¥ =
0.00254X2 for the (5, 0) and (2, 2) BNNTSs, respectively.
Here, the first and second order terms can be recognized as
the contributions of the converse piezoelectric effect and the
electrostrictive effect [26], respectively. When the electric field
is 12V nm™!, the electrostrictive deformation is about twice
the piezoelectric deformation.

To better understand the Djyguced Of the (5, 0) BNNT, a
detailed analysis of its structure is needed. According to the
atomic structure, each unit of the (5, 0) BNNT can be separated
into two cells, as shown in the inset of figure 3, with the axial
lengths denoted as D; and D, respectively. When a positive
electric field is applied, the former cell is shortened and the
latter cell is elongated. Our calculations show in detail that the
elongation of D is larger than the compression of D, giving
rise to the elongation of the BNNT. In contrast, D, is elongated
with a smaller deformation than the compression of D, in the
reversed field, leading to overall compression of the (5, 0) tube.

To study the size effect on the Djygucea Of zigzag BNNTS,
(5, 0) BNNTs with three different lengths (about 1.1 nm,
1.56nm, 1.77 nm, respectively) and (4, 0), (6, 0), (7, 0)
BNNTs with the same length of 1.38 nm are also modelled.
Figure 4(a) shows the Djpgucea Of the (5, 0) BNNTs with
different lengths as functions of the field strength. Tt is
found that the Djpgucea increases with increasing tube length
at a given positive E.. This trend can be well understood
by analysing the electronic properties of the BNNTs with
different tube lengths. As shown in table 1, the energy gap
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) decreases
with increasing tube length and finally leads to an increase in
polarizability. Therefore, it can be expected that the longer
tubes should be much more easily polarized and have a larger
converse piezoelectricity constant and hence exhibit larger
deformation in the same positive E.y. Figure 4(b) shows
the effect of the tube diameter on the deformation behaviour.
For the BNNTs with the same length, the Djygucca decreases

1.2 T T ey T T
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A )
1.0} " ]
1.1 nm h
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Figure 4. (a) Electric-field-induced deformation of the (5, 0)
BNNTs with different lengths. (b) Electric-field-induced
deformation of zigzag BNNTSs with different diameters.

Table 1. Energy gaps (Eg,,) between the HOMO and the LUMO
and axial polarizabilities (P..) of (5, 0) BNNTs with different
lengths. The polarizabilities are calculated using the time-dependent
HF (TDHF) [34] method with the STO-3G basis sets.

Length (nm) 1.1 1.38 1.56 1.77
Egyp (€V) 336 321 3.07 293
P.. (au/atom) 7.18 739 7.65 794

with increasing tube diameter at a given positive field strength.
This phenomenon originates mainly for two reasons. One is
similar to the reason referred to above, as shown in table 2,
the energy gap increases with increasing tube diameter due to
the weakened curvature effect [32], resulting in a decrease
in polarizability. Another reason is that larger tubes have
higher Young’s modulus [32] and are more difficult to deform.
The decrease in Djpgyced in larger BNNTs may hinder the
applications of large BNNTSs as energy conversion materials.
Fortunately, both the energy gap and the Young modulus will
gradually become stable with increasing tube diameter [32].
Consequently, it can be expected that with increasing diameter,
tubes with the same length will have smaller D;gyceq, but the
reduction in Djpgyceqd Will become slower for larger BNNTSs.

4. Conclusion

In conclusion, BNNTs, especially small and long zigzag
BNNTs, are predicted to be attractive energy conversion
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Table 2. Eg,, and P, of zigzag BNNTs with different tube
diameters at a length of 1.38 nm.

Tube type 4,00 (5,00 (6,00 (7,0
Egp (€V) 1.56 321 438 5.02
P.. (au/atom) 7.65 739 733 723

materials. In the zigzag BNNTS, the electric-field-induced
deformation, which arises from both the piezoelectric effect
and the electrostrictive effect, can reach up to 1% in an axial
electric field of around 10 Vnm~!, about nine times higher
than those of piezoceramic materials. The corresponding
volumetric work capacity is 36 MJ m~3, which is only lower
than that of CNTs, but nearly ten times higher than all the other
reported energy conversion materials [4]. Armchair BNNTSs
have no piezoelectric effect but still have an electrostrictive
effect. Considering the chemical inertness and electrical
insulation, BNNTs should be of great value in potential
applications.
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The thermal stability of written bits in a magnetic hard-disk medium has been investigated with a
magnetic force microscope (MFM), which was equipped with an in situ heating system capable of
heating the medium up to 300 °C. It is shown that both the annealing temperature and the duration
have significant effect on the decay of the MFM signal. No signal decay is observed when annealing for
30min up to temperatures of 200 °C. The MFM signal decays rapidly with increasing temperature, for
temperatures over 200 °C. Repeated annealing at 280 °C with a duration below 10 min does not cause

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In magnetic recording, the thermal stability of recording bits
and medium noise are critical factors that restrict the attainable
areal density [1,2]. High areal density and signal-to-noise ratio
(SNR) require a small grain size in thin-film media. However, if the
magnetic grains are small enough, thermal relaxation could be
caused even at room temperature and the magnetization of
magnetic grains is reversed. The spontaneous magnetization
reversal can result in magnetization decay and then recorded
information may be lost easily [3]. To overcome this problem, high
magnetic anisotropy materials are chosen. High thermal stability
factor (K,V)[kgT>100 (K, is the uniaxial anisotropy constant of the
magnetic media, V the grain volume, T the temperature in K) can
be possessed by magnetic recording disks and signal decay is
hardly observed at room temperature. In practice, however, the
operating temperature in hard-disk drivers ranged from 60 to
150°C or even higher and the operating duration may be up to
hundreds of hours. Under such situation, the signal decay can be
expected to be inevitable. Since the medium noise depends on the
state of the magnetization [4], the magnetization decay can cause
changes in medium noise [5], which will decrease the SNR and
influence reading of the recording signal. Therefore, it is necessary
to study the thermal stability of magnetic domains in hard disks
at high temperature and evaluate the lifetime of the disks.

To study the thermal stability of recording media, in situ
magnetic force microscope (MFM) observation is indispensable.

* Corresponding author.
E-mail address: wiguo@nuaa.edu.cn (W. Guo).

0304-8853/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jmmm.2009.04.063

Due to its very high sensitivity and resolution compared with a
read head, MFM can be used to characterize qualitatively the
magnetic domain structure and provide quantitative trends in the
signal and SNR of recording bits as well [6-8]. In the present work,
the signal decay of recording bits on a thin-film hard disk at
different temperatures has been investigated by systematical
MFM measurements. The signal characteristics of the hard-disk
sample after being annealed are studied by analyzing the MFM
images.

2. Experimental

A commercial hard disk (D540X-4K; Maxtor Co.) was used in
this work. The original recording bits on the hard disk were
observed at room temperature by MFM equipped with an in situ
heating system. The sample was fixed on a special heating stage
connected with a temperature controller that can be heated up to
300°C, and the temperature was measured by a thermoelectric
couple. The temperature of the magnetic film in the sample is
equal to that of the heating stage. To enhance the thermal
relaxation of magnetic media so that the signal decay can be
observed easily, the sample was heated to 100, 150, 200, 250 and
280 °C, respectively, and sustained for 30 min at each temperature.
At 280°C, additional intermittent anneal experiments were
carried out for 6 times and the sample was heated for 10 min
each time. The same recording bits after annealing were observed
by the MFM at room temperature. A commercial Si tip coated with
magnetic films was used for MFM imaging. The tip to sample
separation was 55 nm.
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3. Results and discussion

A series of MFM images of 1.2 x 1.2 um? area of hard disk
annealed at different temperatures for 30 min are shown in Fig. 1.
Well-defined rectangular bits can be observed, with the bit length
of about 260 nm and the bit width of 100 nm. No significant signal
decay in recording bits can be observed at the annealing
temperatures below 200°C. After a 30 min annealing at 200°C,
the edges of some recording bits become indistinct. And after
annealing at 250 °C, bridging between bits is observed due to the
reversal of the magnetic domains, especially along the long axis
direction of the bit, and the interspaces between the upper and
lower bits disappear. At the width direction of the bit, fewer
bridges occur and mainly appear at the portion of the bit closest to
the next one. In some bits, there are significant decays and most
tend to occur at the edges. After annealing at 280 °C, the profiles of
recording bits become blurry and MFM signals decay significantly.
It indicates that the signal decay increases with the annealing
temperature for the same sustaining duration. However, in Fig. 2,
clear MFM image of bits without apparent signal decay can be
seen after intermittent annealing at 280 °C for total 60 min, which
shows that under a short sustaining heating duration, apparent
signal decay will not occur with repeating anneal even at the
temperature up to 280 °C. This suggests that the signal decay can
be caused only when the annealing temperature and sustaining
heating duration are high enough.

For the thermal decay of the recording signal, it has been
found that the reduction of K,,V/kgT is a major factor responsible
for the serious thermal decay [9]. Each grain has one or two
energy minima. The probability per unit time of magnetic grains
successfully crossing the energy barrier is given by foexp(—K,V/kgT)
(fo represents the frequency of 10°Hz) [10], which increases with
the temperature. When the sustaining heating duration is long
enough, a lot of grains may cross the energy barrier and reach the
next energy minima, resulting in the reversed domain. While
during the intermittent annealing, the sustaining duration in each
heating cycle is not long enough for the grains to cross the energy
barrier.

The written signal R, was analyzed qualitatively by averaging
the signal over some arbitrarily defined track width. R, is defined
as the average peak-to-peak value of five highest peaks and five
lowest valleys. Fig. 3 shows the dependence of signal R, of three
areas outlined in Fig. 1(a) on the annealing temperature. Below
200°C, the signal R, appears to level off, which indicates that there
is little signal decay for the sustaining duration of 30 min at the
lower temperature. Above 200 °C, due to the magnetic domains

Fig. 1. MFM images of hard disk at different annealing temperatures. The size of
each image is 1.2 x 1.2 pm?,

Fig. 2. MFM image of hard disk after intermittent annealing at 280°C for
6 x 10 min.
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Fig. 3. Dependence of signal on the annealing temperature measured at three
regions outlined by the black solid boxes in Fig. 1(a).

reversing in the transitions, as shown in Fig. 1(e) and (f), the
valleys, relative to the ones before annealing, rise up; therefore
the peak-to-peak values of highest peaks and lowest valleys,
corresponding to R,, drop dramatically.

4. Conclusions

The signal decay due to thermal relaxation of the MFM signal
of written bits in a hard disk has been studied at temperatures up
to 280 °C. Measurements before and after annealing revealed that
the signal decay increases with increasing annealing temperature
and duration for temperatures over 200 °C. For annealing times up
to 30 min, the signal remains uninfluenced up to 200°C, but
decreases dramatically with increasing annealing temperatures
over 200 °C. However, repeated annealing with 10 min sustained
temperatures at 280 °C causes no signal decay. Repeated anneal-
ing with constant short duration has no significant accumulation
effect, at least under the tested conditions.
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