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Disordered state in first-order phase transitions: Hexagonal-to-cubic
and cubic-to-hexagonal transitions in boron nitride

M. I. Eremets*
National Institute for Research in Inorganic Materials, Tsukuba, Ibaraki 305, Japan;
CREST, Japan Science and Technology Corporation (JST), Kawagachi, Saitama, 332, Japan;
Institute of Spectroscopy, Academy of Sciences of Russia, Troitsk, Moscow region, 142092, Russia;
and Center for Superhard Materials, Ministry of Science, 142092, Troitsk, Moscow region, Russia

K. Takemura, H. Yusa, D. Golberg, and Y. Bando
National Institute for Research in Inorganic Materials, Tsukuba, Ibaraki 305, Japan

V. D. Blank
Institute of Spectroscopy, Academy of Sciences of Russia, Troitsk, Moscow region, 142092, Russia
and Center for Superhard Materials, Ministry of Science, 142092, Troitsk, Moscow region, Russia

Y. Sato and K. Watanabe
National Institute for Research in Inorganic Materials, Tsukuba, Ibaraki 305, Japan
(Received 10 June 1997; revised manuscript received 31 Octobe) 1997

The microscopic mechanism of diffusion-type solid-solid first-order transitions was studied in boron nitride.
This substance exhibits an extreme case of transitions between very different lattices, he(grgphéke-like
and cubic(diamond-like phases, accompanied by a large change in the volume. A boundary between the
hexagonal and cubic phases was produced by local heating of either a cBN or hBN sample in a diamond-anvil
cell under hydrostatic pressure with the aid of a laser so that the sample was partially transformed to another
phase. The boundary was studied with the aid of micro-Raman and high-resolution electron microscopy. In the
transient region between the two phases a mixture of highly fragmented disordered nanocrystallites and the
amorphous state of BN was found. BN nanotubes growing from the amorphous state were also discovered in
this region.[S0163-18208)04510-X

I. INTRODUCTION ume, fragmentation and disordering of substance between
the two phases can develop pronouncedly. In combination
First-order phase transitions cover a lot of phenomena. Awith the rigid lattices it leads to the very large hysteresis of
general theory has not been constructed and many questiotiee phase transitions and hence the phases created under
are uncleat. An important point is a microscopic picture of high-pressure high-temperature conditions can remain in the
the progress of the transition. A common feature of first-recovered samples. BN has also metastable rhombohedral
order transitions is the coexistence of nuclei of the new phasand wurtzite phases in addition to the stable hexagonal and
and the parent phase. The new phase is built through a layeubic modifications. The sequence of the phase transitions
around the nuclei. This layer is believed to be very thin, ofbetween these phases is determined not only by the equilib-
the order of a few atomic distances in the vapor-liquid andrium phase diagram, but also by kinetic factors and the start-
liquid-solid transitions. The solid-solid transitions, on theing materia®* In the present study we concentrate on the
other hand, have a specific feature: both the new and paredirect diffusion-type transitions between the equilibrium
phases have rigid lattices. These lattices can be of completepphases cBN and hBN. To make these transitions dominant
different structures in diffusion-type transition with large dif- the starting materials were chosen as partly disordered hBN
ference in volume. Because of this volume jump stresses willor the study of the hBN-cBN transition and single crystal-
appear around the nuclei of the new phase, which can lead tme cBN for the cBN-hBN one.
the fracturing and fragmentation of the surrounding single- Figure 1 shows the phase diagram of B). feature of
crystal parent phaselt is natural to expect a disordered the BN phase diagram is the large hysteresis of direct tran-
layer between the new and parent phases. Observation of the#tions without a catalyst: the lines for direct and back trans-
layer is however a difficult experimental problem, because iformations(thick solid lineg strongly deviate from the equi-
is metastable and exists at the transient stage of the phabkrium phase boundarydashed ling To bring cBN to the
transformation. It should be observéu situ at the corre- hBN state(path 1 it is necessary to apply a pressure and, in
sponding pressure or temperature. addition, a temperature to overcome the activation barrier.
Boron nitride is suitable for such studies. It has com-cBN ‘“graphitizes” only at ~1500 K at ambient pressure,
pletely different diamondlike cubi¢cBN) and graphitelike and at higher temperatures under elevated pres$trése
hexagonalhBN) phases with an extremely large change ofsame is valid for the back transformation: the lowest pressure
volume (AV/V=0.53). Because of this large jump in vol- for the direct hBN-cBN transformation is about 8 GPa at the
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14 heating by about 0—0.8 GPa. We refer to the lower value of
the pressure throughout the present study. Nitrogen was
12 + loaded into the DAC at low temperature and was used as a
—_ @ h pressure medium. It provides ideal hydrostaticity upon heat-
Q‘f 10 | ing and prevents dissociation of BN. The BN samples heated
&) in nitrogen did not change the stoichiometry: Raman spectra
o 8F and x-ray diffraction patterns of the heated samples are char-
; acteristic for hBN and cBN. The electron energy-loss spec-
w6 0 troscopy(EELS) spectra of the heated samples show the B to
o N ratio close to 1. On the other hand, if we use Ar as a
A 4r . high-pressure medium, it incorporates into the BN samples
//’ after heatind® The 10.6um CO,-laser radiation is directly
2 L7 ‘ absorbed by optical phonons in ¢cBN and through two-
0 . . ‘ phonon processes in hBN. The cw g&faser radiation

0 1000 2000 3000 4000 (~100W) was focused to a spot of diameter 8 at the
edge of the sample. The sample was heated over 1 min while
increasing the laser power until it shone brightly and
ghanged the shape. After that, the laser radiation was quickly
hut off in less than 1 s.

Temperature (K)

FIG. 1. The pressure-temperature phase diagram of BN. Th
dashed lines show equilibrium phase boundaries according 8 .
Bundy and WentorfRef. 5. The thick solid lines indicate the ap- Temperature W‘,"‘S not measured in the. present study. We
proximate boundaries for the direct cBN-hBN and hBN-cBN trans-€Stimate the maximum temperature achieved to be above
formations. The hatched area roughly indicates the regions wherd290 K (the melting temperature of hBN at a nitrogen pres-
the transformations are kinetically possible. Horizontal arrows showpure of 50 MPgRef. 11)), because traces of local melting

typical experimental runs at constant pressure, path 1 for cBN tavere observed at the edges of the heated area. At the periph-
hBN and path 2 for hBN to cBN transformations. ery of the laser spot the sample was nearly unheated and

remained unchanged. Thus the sample was subjected to a

temperature~3000 K, and the transformation pressure in-1a9€ temperature gradient. _ L
The recovered samples were studied with micro-Raman

creases with decreasing temperattités a result, if a cBN ! X A X
spectroscopy and high-resolution transmission electron mi-

sample is heated under a pressure bete®8GPa(path 1), it J
transforms to hBN and remains in this state under cooling?roscoDy(HRTEM)' Micro-Raman measurements were done

because the line of the back transition is not intersectedVith @ triple spectrometer Jasco NR-1800 with a %00b-

Similarly, if a hBN sample is heated above 10 Gpath 2,  Jective, which focuses a laser beam to a spot-dfum. The
it irreversibly transforms to the cubic phase. micro-Raman scanning over the sample gives information

To study the microscopic mechanism of the solid-soligabout the evolution of the phase transformation, however,

transformation, a boundary between cBN and hBN was crethe local picture below the submicron scale is potentially

ated. To do this, a single phase sample of cBN or hBN Wagvgraged over both crystalline and amorphous states. The
locally heated by a laser in a diamond-anvil c&lIAC). points of interest were then analyzed on the atomic scale

Because of the temperature gradient over the sample a nefth the HRTEM. A field-emission-type electron microscope
phase appeared in the heated region separated by a definte©OL 3000F was used operating at 300 kV equipped with

boundary from the unchanged cool part of the sample. UndetPpParatuses for energy-dispersive x-ray and EELS analysis.

laser heating, all parts of the sample are at the same pressuféigh-resolution images were obtained with40° times

but they transform to another phase according to the temMagnification.
perature in the particular place. The transformation “wave”
spreads out over the sample under heating. The boundary Ill. EXPERIMENTAL RESULTS
stops at the line corresponding to the lowest temperature
where the transition is still possible at the given pressure.
Thus the kinetics of the structural transformatiamghich Cubic BN single-crystal samples were heated at high
would occur with the sample as a whole being placed intgressures ranging from 5.1 to 7.7 GPa. They always kink at
uniform temperature fieldis spatially recorded over the the boundary between the heated and unheated(Biga2),
sample as a “snapshot” of the phase transformation. In thgrobably because of the large change of volume during the
present experiments a mixture of highly fragmented disor€BN-hBN transition. The remainder of the platelet shows an
dered nanocrystals and amorphous BN was found at thenchanged cubic single-crystal phase. The transformed part
boundaries both in the hBN-cBN and cBN-hBN transforma-of the sample was examined at atmospheric pressure with the
tions. angle-dispersive powder x-ray-diffraction technique by using
a 40um diameter beam from the synchrotron radiation
source at the Photon Factory, Japan. A diffraction pattern of
a perfect polycrystal of hBN was obtained. The samples were
The sample of hBNRef. 6 or cBN (Ref. 7) in the form  carefully scanned with micro-Raman. At the coolest and hot-
of a platelet of~10x100x 100 um was placed in a DAC test edges of the sample typical spectra for cubic and hex-
for pressurization and heatifigPressure was measured by a agonal phases were recorddtig. 2(b)]. In the transient re-
ruby gaug€. Usually, the measured pressure dropped aftegion from cBN to hBN the large increase of luminescence

A. Transformation from cubic to hexagonal phase

Il. EXPERIMENTAL
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FIG. 3. HRTEM data for the transient region between cBN and
hBN parts for the cBN sample heated at 5.1 G@x.A HRTEM
view of the transparent sharp edge of the sample similar to the point

. L 5 in Fig. 2c). A mixture of amorphous and turbostratic hBN is
500 1000 1500 typical. The interlayer distance of 0.33 nm in the turbostratic region
Wave numbers (cm) is in agreement with hBNb, ¢) Corresponding electron-diffraction
patterns from the marked points {g).

FIG. 2. Micro-Raman scanning of the transient region between

BN and hBN parts of the initially single crystal cBN samp®.A  mixture of apparently disordered structure and small crystals

SEM view of the cBN sample recovered after laser heating at 6.Qyf the hexagonal phase is typical for this regidig. 3.
GPa. The lower half of the sample was heated, which looks bright

in the photograph. The boundary between heated and unheated area _ _
is located around points 3 and 4. The initially platelet-form sample B. Transformation from hexagonal to cubic phase
kinked after heating(b) Raman spectra recorded from the marked A platelet of hBN (~ 10x 100X 100 xm) was split from a

points in(a). (c) The cBN sample heated at 5.1 GPa. This is a piece[amet of the pyrolytic BN. The hBN sample was heated at
split from the whole sample at the boundary between the heated al 1 GPa. Figure (4 shows a SEM view of the recovered

?nhﬁ?tef pnagt; l;]/l(;crg-%ar?avtprlozes argntmasrkendd)anﬂt]hersurfa%%mple, in which the laser radiation was focused to three
points - a and INSIAe(spit plane, points > and)a Ine re- points A, B, and C. The starting material looks dark, while

corded spectra are similar to ones shown(bih (spectra number S .
2_5. (d) Raman spectra recorded at the split edge similar to poinEhe transformed material is light. The shape of the sample did

5 in (c). Different wavelengths of the laser excitation were used a ot change significantly. Tfaces of melting were observed
indicated. only at the edges of the points A, B, and C. Because of the

low thermal conductivity of the hBN polycrystal the sample

obscures the Raman spectra. The luminescence sharply iwas not melted througfFig. 4(b)].
creases by more than two orders of magnitude within a To study the transient region between the hexagonal and
2 um scan just at the edge of the cubic phase and the tragubic parts, the sample was sflig. 4(c)] so that the inte-
sient region points 1 and 2 in Fig. @)]. This was observed rior of the sample could be scanned with a micro-Raman
for all cBN samples examined with micro-Raman after heatprobe. A surface scan was also done, which generally agreed
ing. This is not an effect of surface contamination: the samavith the interior one. A series of Raman spectra is shown in
was observed during scanning of a split plane, i.e., inside th&ig. 4(d). At a distance of~20 um Raman spectra change
sample[points 3 and 4 in Fig. @)]. The luminescence was from the typical spectrum of the partly disordered starting
partly eliminated with the aid of red excitation linggig. =~ hBN to the perfect spectrum of the cubic phase. The region
2(d)]. A broad Raman peak with width 6400 cm * de-  between the two phases is not a simple mixture of cubic and
veloped. hexagonal phasega) the 1365 cm* line is abruptly broad-

The transient region between the phases was examinezhed and shifts to 1358 cm. The width is 200—300 cit
also with HRTEM. The heated samples were split in a simi-for all points in the transient zonéb) A broad line appears
lar way as shown in Fig.(2), and a piece was placed onto a at 750 cm ! simultaneously with the broad 1358 ctline.
carbon grid for HRTEM. The sharp transparent edges of the HRTEM data showed a partly turbostratic structure for
samplegsimilar to point 5 in Fig. &)] were examined. A the starting hBN sample, a highly disordered phase mixed

Raman signal (arb. un.)




5658 M. I. EREMETSet al. 57

N

Raman signal, arb. un

FIG. 5. HRTEM views of the hBN sample laser heated at 10.1
GPa.(a) Typical view of the transient region between hBN and
o e T R cBN parts of the sample. The inset is the_electron-dlffractlpn pattern

c from the area approximately corresponding to the whole im@dge.
cBN crystallites from the transformed part of the sample.

Wave numbers (cm")

FIG. 4. Micro-Raman scanning over a boundary between the o o
starting hBN polycrystalline part of the sample and the cBN onedered. However, traces of crystallinity remain in the
created after the laser heating) A SEM view of the recovered €lectron-diffraction patterngFigs. 3b) and 5a)]. EELS
sample heated at regions A, B, and C at the pressure of 10.1 GPgpectra taken from the disordered region in Fig. 3 show hex-
The lower split part of the sample was used for micro-Raman scan@gonal B-N bonding. These data are therefore not sufficient
ning. (b) An enlarged side view of the sample in the region A. to show whether the region consists of a mixture of the true
Traces of melting can be seen at the bottom where the sample was
irradiated.(c) A cross section of the sample at the straight line in
(a). The upper half of the sample was heat@t.The Raman spec-
tra from the corresponding points (o). The Raman signal probes a
volume of diameter less than 2m and~1um depth. The Raman
spectra change from typical ones for hBNottom to those for
cBN (top). The bottom spectrum was recorded from a point which
lies below the margin of the view, in the unheated part.

with a turbostratic phase in the transient regjéig. 5a)],
and a highly crystalline cubic phase with numerous twins in
the cBN regionFig. 5(b)].

C. BN nanotubes

Unexpectedly, BN nanotubes were found in the transient
regions between the two phases both in the hBN-cBN and
cBN-hBN transformationgFig. 6).> The nanotubes grew
from the disordered material. We found that the basement for
this amorphous layer is either cBN or hBN.

IV. DISCUSSION

Our results give clear evidence for the existence of an

amorphoug(or disorderegl material together with nanocrys-  FiG. 6. A BN nanotube found in the transient region between
tals in the transient region both for cBN-hBN and hBN-CBN the hBN and cBN parts of the hBN sample, which was laser heated
transitions. First, it follows from direct atomic-scale obser-at 10.1 GPa as shown in Fig. 4. The distance between layers of the
vations with HRTEM that the structure is apparently disor-tube wall is about 0.33 nm.
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amorphous state and nanocrystals, or the amorphous statecompression at low temperatures. It was observed, for ex-
still contains a short-range ordering. ample, in some 1lI-V compounds.In these cases the amor-
Micro-Raman scanning measurements also show the exhous phase transforms to a low-pressure crystalline phase
istence of a disordered state in the transient region. Thapon heating at atmospheric pressure. However, this is not
broadening of the 1365 cnt Raman peakFigs. 2 and #is  the case of BN: cBN is stable over a largeT domain(Fig.
a characteristic feature. This broadening cannot be explainet), in particular, at low pressures and temperatures. cBN is
simply by the decrease in size of the hBN crystallites. Astable during decompression even from the pressure of 115
correlation has previously been observed between the size GPa at room temperaturés.
hBN crystallites and the width of their Raman pedk&x- Fragmentation of the starting material was observed with
trapolation to the present broadening of 250 ¢ngives a HRTEM at some stages of the phase transformatiéig.
crystallite size of~0.6 nm. This is not a realistic value. We 5). The fragmentation is accompanied by the creation of dan-
suppose that the broad spectra are not due to the size effagling bonds and other defects. Their formation can explain
of crystallites but represent an amorphous state. An inherenhe enhanced luminescence appearing just at the beginning
feature of Raman spectra of amorphous solids is a gap in thef the phase transformation in the single cry$Eid). 2). The
correlation length between amorphous and crystalline stategnhanced concentration of defects around the growing phase
the lowest limit is 1.2—-1.5 nm for Sf. Consequently, the is important for understanding the growth process limited by
Raman spectrum of amorphous Si is very broadself-diffusion. To build a new crystal the atoms have to have
(~200 cni't) while microcrystals of Si give a width of the high mobility along the boundary of the growing crystal. The
Raman line<40 cm ! even for the crystal dimension of 4 existence of an amorphous state with numerous defects
nm. Raman spectra of amorphous BN are unkn&Wwe can drastically increase the self-diffusion coefficient
notice that the recorded Raman spectra in the transient regidh~ exp(— zE/kgT). If the activation energf, which is es-
are very similar to those of the analogous material, amortimated to be about 5 eV from the value for diamond,

phous carbon®1® changes by 20%, the diffusion coefficiebtwill change by
Another feature of the Raman spectrum of BN is the ap4wo orders of magnitude.
pearance of additional peaks around 750 ¢rand the shift Fragmentation of a starting single crystal down to nano-

of the 1365 cm?! peak to lower energies in addition to its scale domains was observed during first-order phase
broadening. This can be explained by relaxation of the selearansitions?'~2> Amorphization under pressure has also been
tion rules in amorphous materials: most phonon modes befound in a number of solid¥ =27 We think that both phe-
come Raman active so the Raman spectrum reflects mainlyomena, the fragmentation and the amorphization under
the density of states of phonons. In particular, the out-ofpressure, are related to the present study and are the conse-
plane w;3=783 cm !, w;3=828 cmi ! modes(normally  quence of the microscopic mechanism of the solid-solid first-
only infrared activé’) can develop in the Raman spectrum. order transition. The following model can be proposed. Nu-
The amorphous state is also clearly evidenced by the obmerous nuclei of the new phase grow with pressure, causing
servation of the BN nanotubes. We have found nanotubes iffacturing and fragmentation of the parent phase. An amor-
three different cases: in the transient region during cBN-hBNphous layer appears around the nuclei of the new phase.
transition, hBN-cBN transition, and in BN microcrystals Through this layer, atoms from the surrounding parent phase
grown from a fluid at=8 GPa, around the triple point of diffuse to build the new phase. To do this in solid, it is
BN.2 The nanotubes apparently grow from the amorphousiecessary to provide the atoms with a high mobility along
state on the surface of the crystéisg. 6). In all these cases the growth boundary. Atomic layers at the growth boundary
the substance is in the region of instability between twohave to be disordered with a high concentration of vacancies
(hBN and cBN or three(hBN, cBN, and liquid phases. The and defects. The amount of layers depends on the material
finding of nanotubes is an indirect but strong evidence of theand the stage of the transformation. Importantly, since its
existence of the amorphous state in the hBN-cBN and cBNvolume is proportional to the surface area of the nuclei of the
hBN transformations. new phase, the total volume of the amorphous state has a
We suppose that the observed disordered state is inhemaximum at a certain stage of the phase transformation. The
ently related to the direct transformations between cBN an@morphous state decreases with the growth of the crystals of
hBN. An alternative explanation is its creation from BN the new phase and disappears upon full transformation. The
crystalline phases by rapid cooling. However, it seems unamorphous layer is a metastable state and usually recrystal-
likely because the disordered state weady observed at the lizes upon release of pressure. In some materials, as in the
boundary between the two phases, where temperatures goeesent case of BN, this metastable state remains and can be
the minimum needed to initiate the transformations. Coolingstudied in the recovered samples.
from these temperatures most probably cannot change the It is natural to suppose that the amorphous state is com-
rigid lattices of BN phases, especially at high cooling ratesmon in first-order diffusion-type phase transitions and exists
Amorphous BN can also be produced by chemicalat the boundary between strongly different crystal lattices.
reactions:>'8|t converts irreversibly to hBN at temperatures However, in the majority of cases such a state is difficult to
~1400 K This fact indirectly supports the idea that the detect for several reasons: it may be of extremely small
amorphous state was formed at high temperature anduantity and produce a very weak and broad x-ray-
guenched during rapid cooling. Otherwise, under slow cooldiffraction pattern or Raman spectrum; it is metastable and
ing it can transform to the crystalline phases. recrystallizes, and therefore has to be studiesitu or in the
Another possibility of the appearance of the amorphousnaterials with large hysteresis. BN and carbon are attractive
state is the amorphization of the high-pressure phase duringaterials for studying first-order transitions. Both the large
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change in the lattices during the transition and their hysterpanied by the fragmentation of the parent crystal and the
esis allow the detailed study of the lattice structure in atomicreation of a disordered amorphous layer between crystallites

resolution in the recovered samples. of the parent and new phases. This layer is saturated with
defects, and atoms diffuse from one lattice to the other one
V. CONCLUSIONS with a high mobility.
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