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Fig. 3. SEM and TEM images showing the MWNTs on the 1f electrode
under the conditions of (a) B,=0.03 Tand Vype=~200 V (floating) and (b)
B,=2 T and Vrpp=-—200 V.

corresponds to the energy of ions across the magnetic field
is described as

v 1
Vg = </.1E —D—£>

n )1+ (wer)

where E, Vn/n, ju, and D are the sheath electric field, a
density gradient in front of the rf electrode, mobility, and
diffusion coefficient of the ions, respectively. The effect of
the magnetic field is included as w.t, where w./27 is an
ion cyclotron frequency and t is a collision time between
ion and neutral gas. The magnetic field is found to
effectively decrease the ion drift velocity, i.e., ion energy.
The calculated ion energy is about 130 eV and almost
consistent with the sheath voltage (|Ven|=130 V) at
B,=0.03 T, while the ion energy is found to become
extremely low (~2 eV) at B,=2 T in spite of the existence
of the large sheath electric field. This is because the
acceleration of ions along the sheath electric field is
prevented by trapping around the magnetic-field lines, i.e.,
magnetization of ions.

In order to investigate the effects of the strong magnetic
field on the nanotube formation, the plasma system
for the nanotube growth is operated at (a) B,=0.03 T and
Vrpe=—200 V (floating) and (b) B,=2 T and Vrgg=—200
v, which are based on the experimental results of .measuring
the plasma parameter as shown by arrows with alphabetic
letters in Fig. 2. It is to be noted that the floating potential of
the 1f electrode (Vrrpe=—200 V) at B,=0.03 T is different
from the results in Fig. 2 (Frpe=— 110 V), because methane
and hydrogen are used for the nanotube formation instead of
argon and the rf power is increased to 1400 W. The carbon

nanotubes grow across the magnetic field lines in both the
cases of B,=0.03 and 2 T. This means that the carbon
nanotubes are aligned along the sheath electric field in front
of the 1f electrode as the substrate even in the strong
magnetic field.

Fig. 3 presents scanning electron microscopy (SEM)
images of the row soot deposited on the Ni 1f electrode
surface after the 60 min discharge in each case of the plasma
parameter described above. It is found that well-aligned
multi-walled carbon nanotubes (MWNTs) are successfully
formed in both the weak and strong magnetic fields.
However, it is noted that the nanotube structure at
B,=0.03 T is very thick as shown in Fig. 3(a). According
to the analysis by transmission electron microscopy (TEM),
which is shown in the inset, it is found that a few MWNTs
combine with each other and form the thick nanotube-like
graphitic material. In this case, since the ions are accelerated
by the negative Vg, in front of the 1f electrode as shown in
Fig. 2 and impinge on the rf electrode with high energy, the
generated MWNTs are considered to be deformed by the
bombardment of the high energy ions. When the strong
magnetic field is applied perpendicularly to the sheath
electric field, the magnetic field prevents the high energy
jons from directly impinging on the rf electrode due to the
magnetization of ions, even if the large sheath electric field
exists. Thus, the MWNTs formed at B,=2 T [Fig. 3(b)] are
found to be well-aligned by the sheath electric field and not
to be deformed due to the reduction of the ion bombardment
energy toward the rf electrode. Here, it is confirmed that
most of the products in the case of B,=2 T and Vgpp="float-

Fig. 4. Time evolutions of the nanotube growth in the SEM images under
the conditions of (a) ,=0.03 T and (b) B,=2 T. The 1f electrode is biased
at Vppp=—200 V.
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Fig. 5. Variations of nanotube (a) length and (b) diameter with growth time.
The 1f electrode is biased at Vyppe=—200 V.

ing (+60 V) consist of amorphous carbon, because the
positive ions as a carbon source for the nanotube formation
cannot reach to the rf electrode due to the positive Vy,, and as
a result, the nanotubes cannot be formed.

The time evolution of the nanotube growth is shown in
the SEM images in Fig. 4 at (a) B,=0.03 Tand (b) B,=2 T.
From Fig. 4(a), it is found that the MWNTs grow and also
become thick as time goes by in the weak magnetic field
(=0.03 T). In the case when the strong magnetic field (=2
T) is applied, on the other hand, the MWNTs grow in the
same way as the case of B,=0.03 T, but the thickness of the
MWNTs remains thin even after 60 min growth.

The variation of nanotube length and diameter with
growth time are summarized in Fig. 5(a) and (b), respec-
tively. The nanotube growth rates for 8,=0.03 and 2 T are
0.4 and 0.33 pm/min, respectively. There is no significant
difference in the growth rate when the applied magnetic
field is changed. However, the nanotube diameter is
drastically changed with the applied magnetic field. In the
case of B,=0.03 T, the nanotube diameter gradually
increases with an increase in the growth time, while the
diameter is temporally almost constant in the case of B,= 2
T, remaining the small diameter (~50 nm) which is
determined at the beginning of the nanotube formation.

Based on our experimental results of the time
evolution, MWNTs are formed in the same way in both
the weak and strong magnetic fields up to about 10 min
growth. After 10 min growth, however, MWNTs for
B,=0.03 T are found to be gradually deformed by the
bombardment of the high energy ions and combine with
each other, resulting in the thick nanotube like graphite
materials.

4. Conclusion

Our experiments demonstrate that the multi-walled
carbon nanotubes (MWNTs) are formed by plasma-
enhanced chemical vapor deposition directly on the 1f
electrode under the condition of the strong magnetic field.
When the magnetic field is weak (B,=0.03 T), the self-bias
voltage of the rf electrode attains to —200 V and the
MWNTs on the rf electrode are deformed and combined
with each other by the bombardment of the high energy
ions. When the strong magnetic field (B,=2 T) is applied,
on the other hand, the MWNTs are observed not to be
deformed and to grow well-aligned along the sheath electric
field. This result can be explained by the reduction of the
ion bombardment energy, which is caused by the magnet-
ization of the ions for B,=2 T. Finally, it is found that the
controls of the sheath voltage and the ion bombardment
energy by the magnetic field introduction have crucial
effects on the nanotube growth.
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Abstract

Size-controlied Mny ¢7Zng 33Fe204 nanoparticles in the wide range from 80 to 20 nm have been synthesized, for the first time, using the
oxidation method. It has been demonstrated that the particle size can be tailor-made by varying the concentration of the oxidant. The
magnetization of the 80 nm particles was 49 A m?kg™' compared to 34 Am> kg™ for the 20 nm particles. The Curie temperatures for all
the samples are found to be within 630+ 5K suggesting that there is no size-dependent cation distribution. The critical particle size for
the superparamagnetic limit is found to be about 25 nm. The effective magnetic anisotropy constant is experimentally determined to be

7.78kJ m~3 for the 25 nm particles, which is about an order of magnitude higher than that of the bulk ferrite.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Ferrite nanoparticles find important applications in heat
transfer devices, drug delivery systems and in medical
diagnostics [1]. Nanosize particles of ferrites can be
prepared using various synthesis techniques namely ball-
milling [2], citrate precursor [3], hydrothermal [4], copre-
cipitation [5,6], and other chemical methods [7]. The
magnetic properties of the ferrite nanoparticles are found
to undergo changes due to superparamagnetism, surface
spin effects and also with their cation distribution which
depends on the method of synthesis [8-10]. Ferrites of the
type AB,O4 where A and B are divalent and trivalent
cations respectively possess the spinel structure. The
oxygen ions form the fc.c. structure and the cations
occupy the interstitial positions. There are two interstitial
sites, one being the tetrahedral or A-site surrounded by
four oxygen ions and the other, octahedral or B-site
surrounded by six oxygen ions. The exchange interaction in
spinel ferrites where the antiparallel alignment of magnetic

*Corresponding author.
E-mail address: ansuom@yahoo.co.in (A. Narayanasamy).

0022-3697/3 - scc front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jpes.2005.11.015

moments of A-site with B-site is mediated by oxygen ions is
called superexchange interaction. The strength of the
antiparallel coupling between the metal ions depends on
the A-O-B bond angle with the strength being maximum
for an angle of 180°. The interesting magnetic properties
such as magnetization and Curie temperature of various
ferrites have been observed to depend on the super-
exchange interaction strength, which is determined by the
site occupancy of metal ions in the A- and B-sites.
According to the site occupancy of the metal ions, the
spinel ferrites are classified as normal spinel where the
tetrahedral sites are occupied only by divalent metal ions,
inverse spinel where all the divalent ions are present in the
octahedral site and mixed spinel where divalent ions are
present both in tetrahedral and octahedral sites. The
magnetization and Curie temperature are found to vary
with the distribution of cations in the A- and B-sites. The
net magnetization is the result of the difference in the
sublattice moments of the two sites, which depends upon
the cation occupancy. Méssbauer spectroscopy has been
effectively used in the study of cation distribution in spinel
ferrites [11-14]. The Mossbauer parameters are also influ-
enced by the type of ferrites and the superparamagnetic
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behaviour due to smaller particle size [14,15]. Méssbauer
spectroscopy has also been used to study the particle size-
dependent magnetic ordering in ferrites like Ni-ZnFe;O4
[5] and Mn—ZnFe,04 [16].

Small ferrite particles are found to exhibit superpar-
amagnetic behaviour with their coercivity approaching
zero. The critical particle size for superparamagnetism has
also been calculated for various ferrites with the sizes being
14, 25 and 50nm for the CoFe;0,, Fes04 and MnFe Oy,
respectively {17]. The blocking temperature for the super-
paramagnetism of the nanoparticles depends on their
magnetocrystalline anisotropy. A comparative study of
CoFe,0, and MgFe,O; with 20nm particle size has
suggested that the blocking temperature of CoFe,04 is
higher than that of MgFe,O4 by 150K which is due to the
higher magnetocrystalline anisotropy of the former [18}]
The blocking temperature not only depends on the
magnetocrystalline anisotropy, but also on the particle
size. The surface anisotropy adds to the total anisotropy in
the case of small particles {19]. The blocking temperature
increases with particle size due to increase in the anisotropy
energy, KV compared to the thermal energy, kgT. The
anisotropy constant of CoFe,O4 particles of size about
3.3nm is found to be 3.15 x 10°J m™* which is an order of
magnitude higher than that of the bulk materials [20].

The size-dependent magnetic properties of various
ferrites have been studied for particles with particle sizes
less than 25nm synthesized using aqueous methods. The
synthesis of larger particles involve heat treatment which
leads to particle agglomeration. But a modified oxidation
method yields non-agglomerated particles of size as large
as 100nm in CoFe,Os where the nucleation rate is
controlled by varying the concentration of ferric ions
[21]. The CoFe Q4 with particle size of 20 nm synthesized
through such methods is found to be non-superparamag-
netic [22] due to their high magnetocrystalline anisotropy
compared to Mn-Zn ferrites. Mn-Zn ferrites prepared
through the hydrothermal route have resulted in smaller
particle sizes [4]. The contro} over particle size to achieve
better magnetic properties was attempted for Mn-Zn
ferrites and a growth assisted coprecipitation had yielded
magnetization as large as 50 Am?kg™! compared to the
value of 37Am?kg™" for the coprecipitated samples [23]
with an average crystallite size of 12nm. Tamura and
Matijevic [24] have synthesized ferrite particles by using
oxidation method with an emphasis on the shape rather
than on the size of the particles. The maximum size that
could be achieved, so far, for the Mn-Zn ferrite
nanoparticles synthesized using oxidation method is
20 nm only [25].

Larger ferrite nanoparticles obtained from heat treat-
ment are found to suppress the superparamagnetism.
However, heat treatment would also enable the agglom-
eration of particles, which is not desirable. Hence it will be
interesting to synthesize Mn—Zn nanoparticles with a
higher upper limit for size in the as-prepared state itself
and study the size-dependent variation in their magnetic

properties. In this article we report the synthesis of
Mng ¢7Zng 33Fe204 nanoparticles with the particle size
ranging from 20 to 80nm. The nanoparticles were
characterized using X-ray diffraction and electron micro-
scopic techniques. The magnetic properties and relaxation
effects were also studied using a vibrating sample
magnetometer (VSM) and Mossbauer spectroscopy, re-
spectively. The magnetic nanoparticles were characterized
with an emphasis on the determination of the critical size of
the superparamagnetic particle and the effective magnetic
anisotropy constant.

2. Experimental

Mnyg ¢7Zng 33Fe,0,4 was synthesized by using analytical
grade reagents of FeSO,-7H,0, MnCl,-4H;0, ZnSO,-
H,0, and Fey(SO4); salts, wherever necessary, fixing the
ratio of Mn to Zn as 2. NaOH was used for the metal
hydroxide precipitation and KNO; was used to oxidize the
ferrous ions to the ferric state. The Fe, Mn, and Zn salts
were dissolved separately in water (250mL) and the
mixture of these solutions was allowed to react with NaOH
dissolved in an equal amount of water. The metal
hydroxide precipitate with a pH between 12 and 13 was
oxidized with various amounts of KNOj in a round bottom
flask at 363K under constant mechanical stirring for 2h.
The resulting ferrite precipitate was washed several times
with water and dried in an oven at 333K for 48h. The
crystallographic phase analysis was carried out using a
RIGAKU X-ray diffractometer with Cu-Ko radiation. The
measurements were performed at 293K in the 20 range
from 20° to 70°. The average grain size was calculated from
the width of the (311) peak using the Scherrer formula.
The average particle size was examined using a Hitachi
scanning electron microscope (SEM) and also a Hitachi
transmission electron microscope (TEM). The magnetic
properties were studied using a Tamakawa VSM in a
maximum applied field of 1 T. The M&ssbauer spectra were
recorded using a Wissel constant acceleration Mdssbauer
spectrometer with a >’Co/Rh source kept at 293K. The
low-temperature Mossbauer experiments were performed
from 293 to 16K using a CTI-make closed cycle helium
cryostat.

3. Results and discussion
3.1. The size-controlled synthesis of Mn—Zn ferrite

The ferrous hydroxide precipitate was oxidized with a
mild oxidant such as KNOj; The amount of KNO;
determines the rate at which ferric ions are generated and
determines the final particle size of the ferrites. Another
method used to prepare larger particles is to introduce
ferric ions along with ferrous ions at the beginning of the
reaction itself thereby separating the nucleation and
growth of the particles. The concentration of the ferric
ions will decide the number of ferrite nuclei formed which
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Fig. 2. The XRD pattern of Mng ¢7Zn¢ 33Fe20; (a) sample A, (b) sample
B, and (c) sample C with the average grain sizes of 30, 12, and 9nm,
respectively. (* represents MOOH impurity peak).

subsequently grow. Fig. 1 shows the particle size variation
with the concentration of ferric ions and KNO3. We shall
restrict our discussions only to the ferrite nanoparticles
with average particle size of 80, 25, and 20 nm synthesized
using 0.09, 0.20M of KNO;, and 35% ferric ions and
designated as sample A, B, and C, respectively for easy
reference.

Fig. 2 shows the XRD pattern of (a) sample A, (b)
sample B, and (c¢) sample C. The average grain size
decreases from 30nm for sample A to 12 and 9nm for
sample B and C, respectively. The formation of o-Fe,Os
during precipitation due to the loss of Zn®* or Mn®>™ ions
has been reported for the hydrothermally synthesized [26]
samples whereas only a small amount of MOOH impurity
phase is present in sample C in the present study. Fig. 3(a)
shows the SEM picture of sample A and Figs. 3(b) and (c)
show the TEM photographs of samples B and C,
respectively. For the sample A, the average particle size

Fig. 3. (a) SEM, (b) and (c) TEM pictures showing the particle size for
samples A, B, and C.

was estimated to be 80nm by fitting the particle size
distribution with a Gaussian function while it was 25 and
20nm for sample B and C respectively, as obtained from
the fitting of the particle size distribution with a lognormal
function. The decrease in particle size for higher concen-
tration of the oxidant is attributed to the faster oxidation
of ferrous ion to ferric state and consequently an increase
in the nucleation rate of ferrite nanoparticles. But lower
molar concentrations of the oxidant result in a wide
distribution of particles with larger diameter because of the
varying time intervals for nucleation {27].

3.2. Magnetic properties

3.2.1. Saturation magnetization and Curie temperature
Table 1 shows the variation of saturation magnetization
and coercivity of Mng ¢7Z1 33Fe;04 with particle size. The
saturation magnetization for the 80 nm particles is found to
be 49 Am?kg™! which decreases to 34 Am?kg™' for the
20 nm particles. The decrease in saturation magnetization
with the decrease in particle size is due to surface spin
effects of small particles [28,29]. The coercivity decreases
with particle size and becomes very small for the average
particle size of 25 nm and below because of the presence of
a considerable volume fraction of superparamagnetic
particles. Fig. 4 shows the temperature dependent magne-
tization in a field of 800 kA m™! for the samples A, B, and
C. These samples show close lying values of 63245, 62745
and 634+ 5K, respectively for their Curie temperature, 7
suggesting that there is no significant variation in the
composition and also no size-dependent cation distribu-
tion. Similar results have been obtained by Jeyadevan et al.
[23] in the case of Mn-Zn ferrite where the Curie
temperature does not change with the particle size. The
bulk Mng ¢sZng 35Fe204 shows a Curie temperature [30] of
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Table 1
The magnetic parameters such as saturation magnetization M, and
coercivity H as a function of average particle size for Mng 67Zng.33Fe,04

KNO; (M)/
Ferric ion (%)
concentration

Sample (Particle M H,
size in nm) (£2Am kg™) (+0.2kAm™)

0.09 A (80) 49 12.5
0.20 B (25) 39 1.5
35 C (20) 34 0.8

n [¢5] B 4]
o o [w] o
L 1 1 L 1

Magnetization (A m? kg™')

Py
(=]
1

O_
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Temperature (K)

Fig. 4. The temperaturc-dependent magnetization of (a) sample A, (b)
sample B, and (¢) sample C in a magnetic field of 800kA m™.

463K whereas the Curie temperature of the nanoparticles
of this ferrite is reported to be as high as 723 K, which is
attributed to the redistribution of the cations among the
two sites [4]. The cations Fe>*, Mn®", and Zn** have zero
crystal field stabilization energy and hence they can occupy
either tetrahedral or octahedral sites randomly. Their site
occupancy is found to depend on the synthesis conditions
as reported in Refs. [6,10,31]. However, a few Zn*>" ions
are found to occupy the octahedral site due to the synthesis
conditions and they are shown to return to tetrahedral site
on heating [32,6]. Thus the variation in cation distribution
could explain the observed differences in the values of T
reported in Refs. [4,33]. The heating during thermomag-
netic measurements can facilitate cation redistribution and
hence the metastable cation distribution in the as
synthesized particles starts transforming to a thermally
induced stable distribution as could be easily visualized
from the change in the shape of the thermomagnetization
curve (a), as indicated by the arrow in Fig. 4, resulting in an
increase in 7.

3.2.2. Particle size determination from langevin function

For an assembly of small particles exhibiting super-
paramagnetic behaviour, the sample magnetic moment is

1.0 ~

fitted line

MM,

[ ' I T i
0.0 0.2 0.4

Applied field (kA m™")

Fig. 5. The Langevin fit of the initial magnetization curve of sample B.

given by [34]
M o
_A%Q = /o L(x)P(r)dr, €))

where M, is the saturation magnetization, L(x) is the
Langevin function given by L&) = coth(x) — 1/a,
o= VHM,/kgT, V is the volume of the particle and the
other symbols having their usual meaning, and P(r) is the
weight function representing the distribution in particle
size. The particle size distribution is fitted with a lognormal
distribution function given by

l 2 2
P(r) = m‘mexp( In(r/ro)* /207), )
where ¢ is the standard deviation, r is the radius and ry is
the mean radius of the particles.

The initial magnetization curve is fitted well, as seen
from Fig. 5, with Eq. (1) in the low-field region using the
particle size distribution function given by Eq. (2). An
average particle diameter of 25+ 1 nm was obtained from
the fitting for the sample B which agrees well with the TEM
results. The deviation of the Langevin fitting from the
magnetization curve in the high field region is due to the
surface anisotropy of small particles [35].
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3.2.3. The zero-field-cooled and field-cooled measurements
Fig. 6 shows the zero-field-cooled (ZFC) and field-cooled
(FC) magnetization for samples A, B, and C, respectively
in an applied magnetic field of 16 kA m~". The ZFC curve
for sample C is almost flat below 135 K whereas for sample
B it branches off from the FC curve at 265K and peaks at
165K. The large curvature in the ZFC curve for the latter
suggests a broad distribution in the particle size. The large
curvature in the ZFC curve for sample A compared to that
observed for the other samples suggests the presence of
smaller particles with a distribution in blocking tempera-
ture. The temperature at which the ZFC and FC curves
separate represents the blocking temperature for larger
particles [36,37). The ZFC and FC curves for sample A do
not merge together at 293K due to the presence of a large
number of bigger particles with an average particle
diameter of 80 nm whose blocking temperature is expected
to be above 293K whereas for samples B and C the
separation between the curves takes place at lower
temperatures due to the smaller particle sizes.

3.3. Méssbauer studies

Fig. 7 shows the M&ssbauer spectra at 293 K of samples
A, B, and C and their corresponding Mdssbauer para-

Transmission (a.u.)

Velocity (mm s7)

Fig. 7. The Méssbauer spectrum at 293K for (a) sample A, (b) sample B,
and (c) sample C.

meters obtained from the least-squares fitting of the
experimental data are shown in Table 2. The signal-to-
noise ratio is poor due to relaxation effects with a wide
distribution in relaxation times arising from the distribu-
tion in particle sizes of the small particles. The relaxation
effects are significant if there is a distribution in particle
sizes with close lying blocking temperatures [38,39]. It is
significantly present in systems with low anisotropy and at
temperatures above 0K [40]. However, we could observe
that a significant number of particles in samples A and B
are magnetically ordered at 293K as seen from the
appearance of two sextets corresponding to the A and B
sites of the spinel structure whereas all the particles in
sample C are superparamagnetic at this temperature. The
percentage volume of the magnetically ordered particles in
sample A, as observed from the relative area of the sextet
to the doublet, is 82% which decreases to 52% for sample
B. The occurrence of only a superparamagnetic doublet at
293K indicates that the blocking temperature of all the
particles in sample C is below 293 K. It has been reported
in Ref. [41] that the superparamagnetic limit for the
Mn-Zn ferrite particles is 20nm. The coexistence of the
sextet with the superparamagnetic doublet for sample B
with an average particle diameter of 25nm and the
occurrence of only a doublet for sample C with an average
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Table 2

The Méssbauer parameters namely hyperfine field (Hyy), isomer shift (9),
quadrupole splitting (4), line width (I'), and the relative intensity (/) at
293K for samples A, B, and C

Samples Hy £ 01 6°+005 4 +006 I +£005 11

(Particle size  (T) (mms™)  (mms™") (mms™") (%)

in nm)

A (80) 458 0.39 -0.04 0.41 20
428 0.48 0.02 0.58 24
37.3 0.49 0.04 1.32 38
— 0.38 0.51 0.47 18

B (25) 38.6 0.46 0.14 1.55 52
— 0.31 0.68 0.88 48

C (20) o 0.39 0.67 0.68 100

*Relative to o-Fe at 293 K.

particle diameter of 20 nm suggest that the particle size for
the superparamagnetic limit is around 25nm. The appear-
ance of a broad sextet and a doublet for sample B at 293K
indicates that the blocking temperature of the particles lies
near 293 K.

The hyperfine fields for the A and B sites are distinctly
seen for sample A as shown by the splitting of the sextets.
The largest hyperfine field with a smaller isomer shift is
characteristic of Fe>* jons in tetrahedral A site, whereas
the other two sextets with relatively larger isomer shifts
represent Fe> ™ ions at two different environments in B-site.
The A-site isomer shift is expected to be smaller than the
B-site isomer shift due to a higher degree of covalency at
A-site [42]. It is well known in literature that the A-site
hyperfine magnetic field is greater than the B-site hyperfine
field in the case of MnFe,O, and Mn—Zn Fe,O, ferrites
[13,43-45]. The relative magnitudes of the hyperfine fields
of two sites depend upon the type of nearest neighbours
that the Fe*™ ions at these two sites have. A tetrahedral
Fe3" ion has all its twelve nearest neighbours from B-site
whereas a B-site Fe>* ion has six nearest neighbours from
A-site and the other six from B-site itself. In Mn—Zn ferrite,
Mn2* and Fe** ions occupy both A- and B-sites whereas
Zn?** ion has a strong preference for A-site. Hence an
A- site Fe3™ ion has more number of nearest neighbour
Fe** ions from B site than a B-site Fe* ™ ion could have.
Since the Fe?*(A)-O-Fe®*(B) superexchange interaction
strength is stronger than the Fe®*(B)-0,-Mn>"(A)
superexchange interaction strength and since Fe™*
(B)-0,-Zn>*(A) bond is nonmagnetic the superexchange
interaction strength experienced by a Fe** (A) ion is
greater than that by a Fe** (B) ion. This results in a higher
hyperfine magnetic field at A-site than that at B-site. The
A- and B-site hyperfine fields are also identified from the
larger line widths and rapid fall in the hyperfine fields of
B-site with temperature as mentioned in Ref. [46]). The
value of 45.8 T for the hyperfine field of A-site obtained in
the present study is in close agreement with the previous
report [32] in the case of Mng ¢sZng 35Fe,04 nanoparticles.

Transmission (a. u.)

Velocity (mm s°')

Fig. 8. The Méssbauer spectra of sample B at various temperatures.

The average value for the hyperfine fields of A- and B-sites
for sample A is found to be 42T which decreases to 38.6 T
for sample B compared to the value of nearly 44 T for the
bulk Mn~Zn ferrite reported in Ref. [47]. This reduction in
the average hyperfine fields for the nanoparticles compared
to their bulk values is due to particle size effects [48].

Fig. 8 shows the Mdssbauer spectra at various tempera-
tures for sample B. The Mdssbauer spectra consist of
magnetically ordered sextets along with a superparamag-
netic doublet at all temperatures of measurement. The
A- and B-site sextets are not well resolved due to relaxation
effects in almost all spectra. But we could estimate the
fraction of the magnetically ordered component from the
least-squares fitting of the spectrum. The fitted Mdssbauer
parameters are given in Table 3. More and more particles
are magnetically ordered as the temperature is lowered
from 293 K. It is to be noted that partial magnetic ordering
is seen for these particles even at 293K as shown in
Fig. 7(b). A superparamagnetic doublet with a small
relative intensity of 6% is seen even at 16K suggesting
that a small volume fraction of particles with a blocking
temperature less than 16 K is present in the sample which
increases to 15% at 250K and to 48% at 293K. The
Méssbauer spectra at 200 and 16 K for sample C are shown
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Table 3

The Méssbauer parameters namely hyperfine ficld (Hy), isomer shift (8),
quadrupole splitting (4), line width (I'), and the relative intensity (J) for
sample B at various temperatures

Table 4

The Méssbauer parameters namely hyperfine field (Hyy), isomer shift (4),
quadrupole splitting (4), line width (I'), and the relative intensity (/) for
sample C at various temperatures

Temp. Hye +0.1 6*4+0.05 4 +0.06 I +0.05 I +1 Temp.(K) Hy 0.1 §*+ 005 4 40.06 I +0.05 I+1
(K) (T) (mms™") (mms™)  (mms™') (%) (T) (mms™) (mms™") (mm s7h (%)
250 43.7 0.41 0.01 0.70 18 200 433 0.32 0.01 0.87 13
38.9 0.46 0.04 0.96 30 37.8 0.41 0.03 1.75 28
24.7 0.43 0.02 2.82 37 17.3 0.33 0.01 3.32 39
— 0.29 0.51 0.61 15 e 0.38 0.47 0.89 20
165 47.0 0.58 0.03 0.56 24
422 0.58 ~0.07 1.13 41 16 51.8 0.53 0.13 0.33 19
21.9 0.60 0.02 362 27 30.4 0.59 0.01 0.47 30
o 0.38 0.38 0.51 g 48.4 0.53 0.00 0.58 47
16 50.6 0.59 0.09 0.42 28 - 0.37 0.4 0.38 4
48.4 0.55 -0.02 0.52 45 N ]
443 0.63 0.07 0.83 21 Relative to a-Fe at 293 K.
— 0.46 0.35 0.34 6

"Relative to «-Fe at 293 K.

Transmission (a. u.)

Fig. 9. The Méssbauer spectra of sample C at 200 and 16 K.

in Fig. 9. The corresponding Mé&ssbauer parameters are
given in Table 4. The low-field sextet with a large linewidth
of 3.32mms™" at 200K for the 20 nm particles represents
the gradual transformation of the superparamagnetic
doublet to a magnetically ordered sextet. This broad sextet
with a low field for sample C is due to the relaxation time
being nearly equal to the Mdssbauer time window (7 = 1,)
[34]. Since the direct use of ferric ions in the synthesis has
resulted in a smaller particle size compared to the samples
synthesized using KNOj, the sample C has a blocking
temperature which is less than 293 K. The large line width
of the sextets even at 200 K is due to relaxation effects. The
large line width of the Md&ssbauer spectrum of this sample
even at a lower temperature of 200K compared to that of
the Mossbauer spectrum of sample B at a higher
temperature of 250K is because of its smaller blocking
temperature due to smaller particle size and a larger
particle size distribution compared to sample B.

3.4. Magnetic anisotropy constant determination

The blocking temperature T'p, the temperature below
which the superparamagnetic particles become magneti-
cally ordered, is given by

7 = goeker V/ksTs, (3)

where, K. is the effective magnetic anisotropy constant, V’
is the volume of the particle, kg is the Boltzmann constant,
7 is the relaxation time, and 7, is the relaxation time
constant. The Mossbauer measurement time scale is of the
order of 107%s. If the relaxation time, of the nanoparticles
is less than t,, then the thermal fluctuations make the
moment fluctuate rapidly resulting in a doublet in the
Mossbauer spectrum. However, the relaxation time 7
increases as the temperature is lowered and at the blocking
temperature, Tp the relaxation time is larger than the
Mossbauer time window resulting in the appearance of a
sextet. Since there is always a distribution in the relaxation
times due to particle size distribution, the blocking
temperature is usually taken as that temperature at which
the doublet and sextet intensities are equal [49]. The Tg,
therefore, as measured from the Mdssbauer experiments is
293K for sample B. Similarly T, from magnetic measure-
ments (ZFC) using VSM with a measurement time of 1s,
was found to be 135 K. Using these data one could estimate
the effective magnetic anisotropy constant by simulta-
neously solving Eq. (3), and it is found to be 7.78 kJm™>,
This value is about an order of magnitude higher than the
value of about 1kJm™ reported for the bulk Mn-Zn
ferrites [50], and also is in accordance with the values
reported in the literature for other nanocrystalline ferrites
and this is attributed to the surface anisotropy of small
particles [51]. The site occupancy of the cations also can
influence the magnetocrystalline anisotropy [52}.

4. Conclusion

Mnyg ¢77n¢ 33Fe;04 nanoparticles with size ranging from
80 to 20 nm have been synthesized, for the first time, using
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the modified oxidation method. The 80nm particles
showed a magnetization of 49Am?kg™" at 293K which
reduced to 34Am’kg™' for the 20nm particles. The
significance of this study is that the cation distribution
does not depend on the particle size as seen from the Curie
temperature remaining constant independent of the particle
size. The critical particle size limit for superparamagnetism
is found to be 25nm at 293K. The larger value of
7.78kJ m~ for the effective magnetic anisotropy constant
of the 25nm particles is attributed to the surface spin
anisotropy of small particles.
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Abstract

The formation of DNA encapsulated carbon nanotubes, which are expected to modify electronic properties of carbon nanotubes, is
for the first time demonstrated using a modified electrophoresis method. Radio-frequency and direct-current electric fields are applied to
the DNA solution in order to stretch random-coil-shaped DNA and irradiate DNA to carbon nanotubes that are coated onto electrodes
immersed in the DNA solution, respectively. Transmission electron microscopy and Raman scattering spectroscopy analyses reveal that
DNA can be encapsulated into the carbon nanotubes. In this procedure, the key for the formation of DNA encapsulated carbon nano-
tubes is found to irradiate the stretched-shaped DNA to the carbon nanotubes.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Much attention and a variety of studies have been
devoted to electronic, chemical, and physical modifications
of single-walled carbon nanotubes (SWNTs). The modifi-
cation modes of SWNTs are roughly divided into two
approaches. One is intercalation of materials between bun-
dles [1-3] or attachment to outside walls of SWNTs [4-6].
The other is encapsulation of materials in the inside of
SWNTs [7-12]. Intercalation can modify electronic proper-
ties of SWNTs, which does not require so complicated pro-
cedure in general. However, intercalation is inevitably beset
with problems for future applications, for example, air-sta-
bility of the intercalated SWNTSs is one of the most fatal
issues for the realization of novel electronic devices because
the intercalated functional materials are exposed to the air.
On the contrary, functional-material encapsulated SWNTs
are expected to ensure this air stability, because the func-
tional materials are inserted inside the hollow regions of

" Corresponding author. Fax: -+81 22 263 9225.
E-mail address: okada@ecei.tohoku.ac.jp (T. Okada).

0009-2614/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2005.10.030

SWNTs and are isolated from the air. Although the alkali
metal [13], Ceo [14], and organic molecules [12] have been
used as the encapsulated functional materials so far,
DNA is also an interesting material for the future applica-
tions not only in biology but also other fields because of
their unique properties. DNA consists of four kinds of
bases, each of which has a different electronic property
[15], and the base sequence has come to be easily controlled
in recent years.

To the best of our knowledge, there have been some
papers which relate to the combination between SWNTs
and DNA [16,17]. However, the approaches of the papers
are limited to the utilization of outside wall of SWNTs.
On the contrary, our viewpoint is focused upon the utiliza-
tion of inside nano-space of SWNTs innovating DNA.
Thus, DNA is expected to reflect its electronic properties
in characterizing SWNTs when DNA is encapsulated into
SWNTs. As a result, encapsulated DNA is predicted to
modify electronic properties of the SWNTs in accordance
with changing length and base sequence of DNA. Here,
we demonstrate for the first time the formation of DNA
encapsulated SWNTs (DNA@SWNTs) that are expected
to yield great potential for nano-scale electronics.
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2. Experimental

In this study, SWNTs are purified in advance, which
were produced by an arc discharge method {18]. After puri-
fication, SWNTs are treated by heat for the opening of
SWNTs tips. The heat treatment is performed in the air
for 30 min at 750 K. The formation of open-ended SWNTs
is confirmed by the formation of Cgq encapsulated SWNTs
in the same way as reported by Bandow et al. [9]. The pur-
ity of SWNTs remains high even after heat treatment for
the opening of the tip. The peak intensity ratio of G band
to D band (G/D ratio) in Raman spectra of SWNTs after
heat treatment is more than 50 when excitation energy of
laser is 2.54 eV. The average diameter of SWNTs is about
1.5nm and the diameter is distributed in the rage of 1.2
1.7nm. We adopt two kinds of single-stranded DNA
(ssDNA) with different lengths as a material for the inser-
tion into SWNTs. One ssDNA consists of 15 adenines
(15A-DNA) and the other consists of 30 adenines (30A-
DNA). Since the length of 10 bases is estimated to be
3.4 nm on the assumption that DNA molecules make up
a helix conformation, the lengths of 15A-DNA and 30A-
DNA are about 5 and 10 nm, respectively.

Fig. 1 shows schematic of an experimental apparatus to
irradiate ssDNA which is dissolved into water to open-
ended SWNTs. Open-ended SWNTs are coated onto alu-
minum electrodes (anode and cathode) which are sub-
merged in the ssDNA solution. The distance of the two
electrodes is I mm and the volume of the ssDNA solution
is 5ml. When a direct current (DC) bias voltage (Vpc) is
applied to the anode electrode, ssDNA is considered to
be irradiated to it in the same way as an electrophoresis

ssDNA Solution  open-cnded SWNTs

Al Electrodes

Fig. 1. Schematic of an experimental apparatus for the formation of DNA
encapsulated carbon nanotubes, where both the DC and RF electric fields
can independently be applied to the ssDNA solution. Open-ended SWNTs
are considered to be oriented perpendicularly to the anode electrode along
the electric field, which is formed by applying the DC and/or RF voltages
to the electrodes.

method because DNA molecules constitute the phosphoric
acid group which has a negative charge. Since DNA mole-
cules make up the random-coiled conformation in solution,
however, it is difficult to encapsulate DNA molecules
directly into SWNTs. When an radio frequency (RF) elec-
tric field is externally applied to DNA, on the other hand,
dominant dipole moment is induced along DNA axis
because of their high anisotropicity, resulting in stretching
DNA molecules parallel to the external electric field due to
the interaction between the external field and the induced
dipole. In addition, this kind of ponderomotive force [19]
generated by the RF electric field is supposed to work on
moving the stretched and orientated DNA molecules to
both the anode and the cathode. Thus, we superimpose
the radio frequency voltage (Vrg) upon Vpe in order to
stretch DNA molecules and irradiate them to the elec-
trodes, as given in Fig. 1 {20,21]. Furthermore, in the case
that the DC and/or RF electric fields are applied, SWNTs
are considered to stand on the electrodes along the electric
fields and the orientation of the SWNTs is expected to be
perpendicular to the electrodes [14,19].

3. Results and discussion

After the irradiation of the DNA molecules to the elec-
trodes, they are adsorbed onto the aluminum surface of the
electrodes and the adsorption is maintained semiperma-
nently [15]. Furthermore, the aggregation of ssDNA is ini-
tiated at the aluminum surface by the existence of the
aluminum ions coming from the Vpc and/or Vrr applied
electrodes. Therefore, the amount of the irradiated DNA
molecules to the anode-electrode surface can be estimated
by measuring the concentration of the DNA solution after
applying Vpc and/or Vyg. Here, UV-vis absorption spec-
tra of the DNA solution are available for calculating the
DNA concentration.

Fig. 2a presents a typical UV-vis absorption spectrum
of the ssDNA solution, where we can find a specific absorp-
tion peak around 260 nm originating from the DNA mol-
ecules. Then, the concentration of the solution is
obtained using the peak intensity dependence under the
normalization that the value of 1 in absorbance corre-
sponds to about 35 ug/ml. The time evolution of the calcu-
lated concentration of the DNA solution with Vpe as a
parameter is plotted in Fig. 2b, where the concentration
decreases with the irradiation time and an increase in
Vpe. The results indicate that the DNA irradiation is con-
trolled by changing the DC bias voltage and irradiation
time. In the case of Vpc= 10V, almost all of the DNA
molecules appear to be irradiated to the anode. Based on
the DNA-concentration results, the irradiation of DNA
to the open-ended SWNTs to form the DNA encapsulated
SWNTs is performed within 10 min for Vpe= 10V in the
following measurements.

Fig. 3 shows spectra of Raman scattering spectroscopy
in the range of the radial breathing mode of SWNTs, which
are measured by using different laser excitation energies (a)
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Fig. 2. (a) Typical UV-vis absorption spectrum of ssDNA solution. (b)

Time evolution of the concentration of ssDNA solution with Vpe as a
parameter.
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Fig. 3. Raman spectra of SWNTs after ssDNA (15A-DNA) irradiation.
Excitation energies of laser are (a) 2.41 eV and (b) 2.54 eV, respectively.

2.41 eV and (b) 2.54 eV. The Raman spectra of SWNTs
after the ssDNA irradiation are obtained under the dried
condition after the removal of DNA attached on the sur-
face of SWNTs by washing with water. The shape of the
spectra and the peak intensity are found to be different

between the cases with and without applying electric fields,
especially in the case of the excitation energy of 2.54 eV.
The changes of the peak intensity in the range of the radial
breathing mode (RBM) are considered to be one of the
phenomena associated with charge transfer between
ssDNA and carbon nanotubes. Although the effect of
charge transfer may be very small, the signal of RBM is
considered to be very sensitive to the condition of the
SWNT inner region. As a result, even a slight effect of
the charge transfer has the possibility of changing RBM,
giving indirect evidence of the encapsulation of other mate-
rials inside SWNTs.

When only the DC electric field is applied (DC), the
spectra shapes become sharp (Fig. 3a, b) and the intensity
ratio of two peaks observed in Fig. 3b is changed compared
with the case where no electric field is applied (w/o E-field).
Since the DC electric field is predicted to induce the driving
force enhancing the insertion of the DNA molecules as
described above, such features in the Raman spectra are
due to the effect of the DNA irradiation triggered by the
DC field application. According to observations by high-
resolution transmission electron microscopy (HR-TEM),
however, the yield of DNA@SWNTs seems to be not so
high under this condition.

On the other hand, an appreciable difference is recog-
nized between the cases with and without RF electric field
applied SWNTs (RF). In this situation, a part of 15A-
DNA can be stretched by the RF electric field and inserted
into SWNTs even in the absence of strong external driven
force such as a DC electric field, because the length of 15A-
DNA is about S nm and its diameter is comparatively sim-
ilar to the diameter of SWNTSs (1.2-1.7 nm). It is plausible
that ssDNA can be inserted to some extent into opened-
SWNTs without the positive DNA irradiation, which is
not inconsistent with a simulation study reported by Gao
et al. [22). Based on the Raman analyses, however, the yield
is estimated to be quite low when only the RF electric field
is applied in the absence of the DC electric field.

Furthermore, in the case that both Vpe and Vrg are
applied simultaneously, in other words, stretched ssSDNA
is irradiated (RF + DC), the spectrum shape becomes shar-
per, for example, a hump around 185 em™! in Fig. 3b dis-
appears. In addition, we can perceive some changes in the
peak intensities around 180 cm™ in Fig. 3a and at 164 and
178 cm ™! in Fig. 3b. These results imply that the encapsu-
lation yield of ssDNA into open-ended SWNTs is consider-
ably enhanced when both the DC and RF electric fields are
superimposed.

Based on the results in Fig. 3, the rate of encapsulation
of ssDNA into SWNTs is considered to be estimated with a
decrease in the peak intensity at 164 cm™' compared with
the peak intensity at 178 cm~ . The ratio of peak intensity
at 164 cm ™! to that at 178 cm™! in the Raman spectrum is
plotted as a function of Vpc for Vrr= 50V in Fig. 4,
where laser excitation energy is 2.54 eV. The ratio decreases
with an increase in the applied DC electric field. As already
shown in Fig. 2, the amount of irradiation of DNA nega-
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Fig. 4. The peak intensity ratio of 164-178 cm™' in Raman spectra of

SWNTs after ssDNA irradiation as a function of Vpe for Vrp=50V.
Laser excitation energy is 2.54 eV.

tive ions is found to depend on the applied DC electric
field. Thus, when the conformation of DNA is stretched
by the RF electric field, the encapsulation ratio resultantly

Fig. 5. HR-TEM images of SWNTs after ssDNA irradiation in the cases
of using (a) 15A-DNA (about 5 nm lengths) and (b) 30A-DNA (about 10
nm lengths). The black lines in images indicate encapsulated materials.

depends on the DNA ion irradiation. Therefore, the large
amount of stretch-shaped ssDNA irradiation leads to the
improvement of the yield of DNA@SWNTs.

The intensive observation of SWNTs undergoing the
DNA irradiation is performed using HR-TEM, where the
acceleration voltage is 200 kV. Fig. Sa presents HR-TEM
images of SWNTs after the DNA irradiation under the
condition of Vpc=10V and Vrr=20V in the case of
15A-DNA. The one-dimensional materials appear to be
encapsulated in SWNTs, where the black lines in the
images indicate the encapsulated materials. The length of
the encapsulated material is about 5 nm which corresponds
to that of 15A-DNA. In the case of using 30A-DNA, the
HR-TEM image is shown in Fig. 5b, where the DNA irra-
diation condition is Vpc=10V and Vgr=150V. The
encapsulated material is also observed and its length is esti-
mated to be about 10 nm. Besides, 30A-DNA is found to
form a helical conformation inside SWNTs and seems to
be adsorbed onto the inner wall. Based on the TEM obser-
vation, it 1s likely that the bases, hydrophobic part of
DNA, and the certain length of ssDNA tend to be
adsorbed onto the inner wall and to form the helical con-
formation in SWNTs, respectively [23].

Since the ssDNA 1rradiation method described here uti-
lizes negatively charged part of ssDNA molecules, i.e.,
phosphoric acid group in the ssDNA molecules and the
stretch of ssDNA molecules is caused by the interaction
of the permittivity of ssDNA with applied external electric
fields, the effect of irradiation and stretch is independent of
the base sequence. Therefore, this formation method of
DNA encapsulated SWNTs can be applied to not only spe-
cific base sequence of DNA consisting of, for example, only
adenines, but also any base sequence.

4. Summary

In conclusion, the ssDNA encapsulated SWNTs are cre-
ated for the first time by applying DC and RF electric fields
to the DNA solution. Based on the Raman spectrum and
HR-TEM analyses, the encapsulation of ssDNA into
open-ended SWNTs is enhanced when both the DC and
RF electric fields are simultaneously superimposed. It is
found that ssDNA is adsorbed onto the inner wall of
SWNTs and exists in the form of helical conformation
when the length of ssDNA is enough decisive. These results
lead to a claim that a process of superimposing RF electric
field upon DC electric field plays a decisive role in the
DNA encapsulated SWNT formation in this solution-
phase procedure. The ssDNA encapsulated SWNTs could
have a possibility of novel electrical modification of
SWNTs.
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Abstract

The unique properties of diamond are well known a long time ago and therefore are extensively used. However, the most general aspects of
diamond origin are not yet clearly determined. Hydrothenmal synthesis as any heterogeneous reactions occurring under the conditions of high-
temperature--high-presswe (>100 °C, > 1 atm) in aqueous solutions in closed system has a growing interest among the scientists in particular due
to a possibility of synthesis of new phases or crystals growth. During this study the diamond particles or films were produced through
hydrothermal interaction of [,1,1-Trichloroethane and 10 M NaOH in the presence of diamond or cubic BN seeds at temperature 300 °C and
pressure | GPa. Synthesized diamond was thoroughly characterized by TG-DTA, SEM (EDX) and had (220) preferable orientation according to
XRD pattern. These results demonstrate that the hydrothermal growth of diamond in like manner with quarts and emerald is possible.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Amorphous carbon; Diamond film; Cubic BN; Diamond

1. Introduction

At present diamond is effectively produced by melt (HPHT)
[1], gas (CVD) [2] and shock-wave [3]. However, the question
about natural diamond genesis is still debated and the
accumulation knowledge in alternative methods of diamond
growth is continued. Recently some attempts to overcome the
limitations of usual synthesis methods through radically
different processes, for example, rapid nonhydrostatic com-
pression of Cgq at room temperature [4], extracting silicon from
silicon carbide in chlorine-containing gases at ambient pressure
[5], selective leaching of silicon carbide by high-pressure, high-
temperature water [6] have been done. A review of liquid phase
systems pertinent to diamond synthesis was adduced [7] and
hydrothermal synthesis of diamond by low-pressure [8,9] and
high-pressure [10] liquid phase epitaxy on seeds was presented.
Hydrothermal growth of diamond in metal-C—H,0 system was
achieved [11]. However, as fairly noted [12] for both [8,11], the
problem is proving that there is a new growth of diamond in the
presence of diamond seeds. Here we report that diamond
structured carbon has been synthesized through namely
hydrothermal reaction of liquid according to P-T conditions
[13] reagents: 1,1,1-Trichloroethane and 10 M NaOH solution

* Corresponding author.

0167-577X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/.matlet.2005.07.092

in the presence of hydrogenated natural diamond or cubic BN
seeds at 300 °C and 1 GPa pressure without any catalyst metals.

2. Experimental details

Hydrothermal reaction has been fulfilled in piston-cylinder
device [14]. Two types of copper container 0.6 and 7 ml volume
were used in our experiments. Natural diamond powder 5000
and 325# (Osaka Diamond Industrial Co., Ltd.) have been
firstly hydrogenated similarly to Ref. [15] while 325# cubic BN
(Sumitomo Electric Industries Ltd.) was preliminary treated in
H, plasma.

Our approach was to conduct hydrothermal reaction at the
certain artificially created surfaces. So, several pellets contain-
ing 2 g/em® of 50004 or 4 g/em® of 325# diamond seeds have
been prepared after mixing with Cu powder (Wako Pure
Chemical Industries, Ltd.) by pressuring in steel mold at
150 MPa load. In contrast with free seeds in the case of fixed
ones the new growth can easily pass only on the surface of
pellets preferably as film.

Hydrogenated (h-diamond) powder and/or Cu-combined
seeds were placed on the bottom of copper container with liquid
reagents 1,1,1-Trichloroethane (C,H5Cl3) and 10 M NaOH both
(Wako Pure Chemical Industries, Ltd.) in proportion 1:2. Then
sealed copper container was loaded up to 1 GPa m piston-
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Fig. 1. DTA curves of non-isothermal oxidation in air with heating rate 10°/min.
Hydrothermal h-diamond was firstly subjected to two steps acid treatment.

cylinder type high-pressure vessel and slowly heated up to
300 °C with different heating rates (0.1-1.2°/min). After 1-3
days exposure the reaction products have been extracted,
ultrasonic cleaned in distilled water and acetone. Then two steps
of acid treatment were applied. Firstly ballast products NaCl,
CuCl,-Cu(OH),, NaCuO were eliminated after treatment in
Aqua regia during 24 h at room temperature.

3. Results and discussion

Hydrothermal conditions are far from equilibrium for diamond
growth, therefore some non-diamond carbon naturally appears. For

example, in the experiments without diamond seeds we found only
amorphous carbon, no other carbon forms regardless of different
organic precursors. For effective removing of amorphous carbon we
used two approaches. One is boiling in mixture of sulfuric acid and
K,Cr,0; during 2—-4 h. Another is elimination of surface non-diamond
carbon by oxidation in atr.

After two steps of acid treatment (experiment with free seeds) the
reaction products had white color and did not reveal any differences in
X-ray diffraction (XRD) and Raman shift data in comparison with initial
diamond seeds. However, during air oxidation test (Thermoplus TG
8120) some features become discernible. The data of differential
thermal analysis (DTA) are shown in Fig. 1. So, hydrogenation of initial
diamond causes shift of oxidation reaction rate maximum (708 °C DTA
effect) to higher temperature region in comparison with initial seeds.
Increasing of oxidation resistance occurs due to removing of surface
defects during hydrogenation at high temperature. The products after
hydrothermal synthesis are characterized by small amount of amor-
phous carbon, which completely bumed out until 600 °C, peak at 727 °C
corresponding to S000# h-diamond seeds. However, peak at 858 °C is
important because it means that some coarse diamond grains appeared.
Thus, DTA data are very effective for separation of different carbon
materials. Moreover, during modeling tests we have found that DTA
data are also sufficiently sensitive to the grain size of diamond subjected
to air oxidation, and we have been able to make easily the apparent
coarse diamond grains mixed with fine as base component.

The suggestion about coarsening initial seeds through hydrothermal
reaction was confirmed after careful optic and electron microscopy
studies of samples treated with two steps of acid processing. Fig. 2(c)
demonstrates the scanning electron microscopy (SEM) images
(HITACHI S-4700T) of diamond polycrystals shaped as globules and
initial seeds (a, b) at approximately same magnification. It is obvious
that globules were produced through sintering of initial 5000# seeds
(Fig. 3(a)) and according to energy dispersive X-ray microanalysis
(EDX) have no impurities besides carbon and oxygen similar to initial
h-diamond seeds (Fig. 3(b)).

Fig. 2. SEM images showing size and shape of hydrothermal synthesis products after two steps acid weatment: c, d and initial seeds: a — 50004 and b — 3254
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Fig. 3. Surface structure of hydrothermal products a, ¢, d and initial 5000# seeds b with appropriate EDX data; a — produced by sintering of independent seeds and c,
d — grown on the surface of Cu-diamond pellets; a, ¢ — after two steps acid treatment and d — after 24 h exposure in Aqua regia and heating up to 1000 °C in air.

More interesting results were obtained after experiments with fixed
seeds. Brittle as ceramics transparent plates considerably differed in
size, shape and surface morphology from used seeds have been elicited
in acid treated reaction products (Fig. 2(d)). These carbon based 200
500 pm size plates (average size of 5000# and 325# seeds composes 1
and 45 um, respectively) are certainly new growth, characterized by
raised oxygen concentration in comparison with seeds and sintered
globules (Fig. 3(c)). Furthermore, they have exhibited high stability
similar to coarse 325# natural diamond seeds in air oxidation condition
heating up to 1000 °C with heating rate 10°/min. Fig. 3(d) demonstrates
the surface structure of large hydrothermal carbon plate after air
oxidation with appropriate EDX data.

Sufficiently, large size of carbon plates has permitted us to separately
expose to micro X-ray diffraction (;-XRD) of everyone. So, according
to p-XRD data (JEOL JDX-3530, 30 um collimator) and (M21X MAC
Science Co., Ltd, 100 pm collimator) these plates have contained
amorphous (Fig. 4) or perhaps nanocrystalline diamond phase, because
the diamond growth outside its thermodynamic stability is preferably
continued as nanocrystalline diamond-structured carbon with average
size nanocrystals of 5-10 nm [5]. However, some plates were displayed
(111) and (220) diamond peaks (Fig. 4(b, c)) even after heating up to
1000 °C in air (Fig. 4(b)). Of course, during growth the new phase can
involve in some amount of seeds from the surface of copper templates.
However, we did not find any presence of initial seeds on the surface of
large plates, which were analyzed by 1-XRD. Moreover, the number of
diamond grains in Cu-pellets surface layer was very few and cannot be
estimated XRD. In addition, starting diamond powder 5000#
completely disappeared after heating up to 1000 °C in air while

hydrothermal produced diamond structured plates remained in
unbumed rest.

For full characterization of our process we have conducted the
Raman analysis (at 532.07 nm laser wavelength) of reaction products
grown on substrate other than diamond. In this case the 325# cubic BN
was used as seeds. The Raman spectrum of two-step cleared
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Fig. 4. Micro XRD patterns of hydrothermal carbon plates b, ¢ and initial 5000#
seeds a; b — after 24 h exposure in Aqua regia and air oxidation at 1000 °C; ¢ —
after two steps acid treatment.
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Fig. 5. Raman spectrum from diamond layer grown on cubic BN substrate during hydrothermal reaction at 1 GPa, 300 °C, 72 h. Sample was acid treated by two steps.

hydrothermal reaction products shown in Fig. 5 demonstrates a weak
broadened TO peak from the BN substrate [16] and single narrow
1332 ¢m™' peak that gives obvious evidence on the formation of
diamond under hydrothermal conditions.

At this stage we do not know a mechanism for hydrothermal growth
process. Perhaps, the mechanism of new diamond growth is
condensation—polymerization. Firstly, 1,1,1-Trichloroethane easily
decomposed under alkaline hydrothermal conditions [17], as a result
the colloidal solution containing unstable and very active carbon can be
produced according to the following equation:

C,H;Cl3 + 3NaOH = 2C + 3NaCl + 3H,0

Then diamond growth may occur by insertion of active C species
into C~H bonds of hydrogen terminated diamond surface. For
example, according to Ref. [18], the energy barriers for addition of
C, to diamond surface are small during diamond thin film growth from
fullerene precursors, and (110) hydrogen terminated diamond surface
[18] or even bare substrate [18,19] is energetically very favorable for
joining of carbon dimer. There is evidence that the growth proceeds
mainly on the (110) face [20], and obviously this is a reason why
hydrothermal products mostly revealed (220) reflection in p-XRD
pattern (Fig. 4(b, c)).

It should be noted that we did not use any catalyst metals (usual Ni—-
Fe—Mn or Co). Pure copper is not catalyst for diamond synthesis [21]
and produced diamond is certainly free of metallic elements (according
to EDX data) similar to natural diamond [12].

4. Conclusions

There are only few publications on the hydrothermal dia-
mond synthesis. At present, only Szymanski etal. have produced
the real low-pressure liquid phase epitaxy of diamond seeds.
This study coordinates with the results of Szymanski’s group
and confirms that hydrothermal diamond growth is possible and
should be involved in the origination of natural diamond.

As diamond-structured carbon has been synthesized using
liquid organic precursor in soft hydrothermal conditions then
the growth of diamond in Nature can be continued in colloidal
pneumatolytic—hydrothermal environment [8].
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