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Room-temperature transition of rhombohedral-type boron nitride under high static pressure
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Rhombohedral-type boron nitride (#zBN) has been studied to pressures of 61 GPa at room temperature
in a diamond-anvil cell by in situ x-ray diffraction. Synchrotron radiation was employed as an x-ray
source. A precursory structural change occurs at ~5 GPa. A transition to the cubic zinc-blende form
(cBN) takes place at ~8 GPa and is completed above 20 GPa. For pressurization above 55 GPa, the cu-

bic phase can be quenched to the ambient pressure.

I. INTRODUCTION

The rhombohedral form of boron nitride (¥BN) is simi-
lar to the graphitelike modification (ABN) in that hexago-
nal networks are stacked parallel to each other. The
stacking sequence is different; in BN it is threefold
(ABCABC - - - ), whereas twofold ( ABAB - - - ) stacking
is constructed in ABN. This difference leads to an expec-
tation that, when compressed, the two forms would un-
dergo transitions into different dense modifications, zinc-
blende form (¢BN) and wurtzitic form (wBN), respective-
ly, by keeping those stacking sequences. Figure 1 demon-
strates that the transitions could be achieved by ap-
proaches of the hexagonal networks followed by move-
ment of atoms along the arrowed directions. The transi-
tions are basically of the diffusionless type.

Some relevant results have been obtained from re-
trieval experiments. Shocked BN transforms into ¢BN, !
whereas static pressure in combination with high temper-
ature converts *BN into either ¢cBN or wBN.? Likewise,
transition of ABN into wBN has been observed both un-
der dynamic® and static* pressures. Specifically, the stat-
ic compression studies have revealed that the hABN-to-
wBN transition takes place at room temperature,* keep-
ing the crystallographic orientation between the two
phases,® implying that the diffusionless mechanism
operates in this transition. The suggested room-
temperature transition of BN into ¢cBN has not been re-
ported previously to our knowledge. This paper de-
scribes an x-ray-diffraction study of BN in a diamond-
anvil cell up to 61 GPa at room temperature.

II. EXPERIMENTAL

Our rBN sample was prepared by chemical vapor
deposition (CVD),% and the sample was the same as that
used in the retrieval experiment.? X-ray-diffraction
analysis showed that the lattice parameters of the present
BN were a =2.506+0.004 A and ¢ =10.03+0.02 A, in
agreement with earlier reports. "

The sample was pressurized at room temperature in a
gasketed diamond-anvil cell. Two different culet sizes
were employed for the diamond anvil, 0.6 mm below 23
GPa and 0.4 mm up to 61 GPa. A Ni-based alloy, U-700,
was used for the gasket. A hole with diameter 0.28 or
0.12 mm, depending on the culet size, was drilled in the
gasket for the sample chamber. Ruby chips to monitor
the pressure’ were incorporated into the gasket hole. A
mixture of methanol and ethanol was used as the
pressure-transmitting medium.

The sample in the diamond-anvil cell was x-rayed in
situ under pressure using synchrotron radiation from the
Photon Factory (PF) at the National Institute of High
Energy Physics with collimation to 0.08 mm in diameter.
The wavelength of the incident x rays was 0.6888 A. An
imaging plate (IP) (Ref. 10) was employed as the detector.
The exposure time was typically about 5 h. Diffraction
profiles were obtained by laser scanning of the Debye-
Scherrer patterns recorded on IP’s. In some cases the
sample could be retrieved after release of pressure. The
retrieved samples were subjected to transmission electron
microscopy (TEM).
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FIG. 1. Structures of boron nitride and modes of transitions.
(a) BN and ¢BN with a three-layered stacking sequence
(ABCABC - - -); (b) hBN and wBN having a two-layered stack-
ing sequence (ABAB - - - ).

III. RESULTS

A. X-ray data

Figure 2 shows a typical example of x-ray-diffraction
patterns. Three characteristic reflections from rBN ap-
pear in the pattern taken at 5.21 GPa. An unidentifiable
peak also appears in this pattern. The rBN(003)
reflection becomes significantly weakened at 14.2 GPa
and, instead, the (111) reflection from ¢BN appears. The
(101) and (102) reflections of rBN merge into the
¢BN(111) reflection. At 35.4 GPa and higher, no
reflections from rBN can be observed. The ¢BN(111)
reflection is slightly intensified with increasing pressure.
The diffraction pattern at the top in Fig. 2 was obtained
at 0.1 MPa but inside the diamond-anvil cell after release
of pressure from 61 GPa. The d value obtained from the
strongest peak is 2.090 A, in fair agreement with the stan-
dard data for cBN at the ambient conditions. !!

Figure 3 shows the relative intensity of the rBN(003)
reflection plotted against pressure. The intensity de-
creases rapidly with increasing pressure to 8 GPa. Above
8 GPa, the yBN(003) reflection is quite weakened and vir-
tually unaltered with pressure.

Figure 4 shows d spacings obtained from Fig. 2 and
from additional experimental data. The d spacing of the
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FIG. 2. Representative x-ray-diffraction patterns taken for
the BN sample. Each pattern was obtained by laser scanning
of the Debye-Scherrer rings recorded on imaging plates. X-rays
from synchrotron radiation were employed at a wavelength of
0.6888 A. The small letters r and ¢ denote BN and ¢BN, re-
spectively.

rBN(003) reflection drastically decreases with increasing
pressure, while those of rBN(101) and rBN(102)
reflections exhibit decreases by amounts less than half.
Evidently the rBN(003) reflection disappears at about 20
GPa. On the other hand, the cBN(111) reflection appears
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FIG. 3. Change of relative intensity of rBN(003) reflection
with increasing pressure. Each intensity was calculated from
the x-ray-diffraction pattern recorded on imaging plates and
normalized to the value at 1 GPa.
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FIG. 4. Change of d values with pressure. The solid line is to
guide the reader’s eye. The dotted line is after Knittle et al.
(Ref. 12) for the compression of ¢BN(111). Each point was tak-
en on the loading process unless otherwise stated. In the inset,
the small letters 7 and ¢ denote ¥BN and ¢BN, respectively.
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FIG. 5. TEM photographs and electron-diffraction patterns
of samples retrieved from 55 and 61 GPa. (a) and (b) 55-GPa
sample; (c) and (d) 61-GPa sample.
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TABLE 1. Comparison of the d values and lattice parameter
obtained from the electron-diffraction patterns in Figs. 5(b) and
5(d).

dgs (A) JCPDS(25-1033)

hkI  Fig. 5(b) Fig. 5(d) d (A  Relative int.*
111 2.10 2.08 2.09 100
200 1.84 1.81 20
220 1.28 1.26 1.28 60
311 1.10 1.09 1.086 40

o

a=3.65A a=360A a=3.62A

?Reference 11.

at 8 GPa. The d value of ¢BN(111) is in fair agreement
(within 1%) with data of Knittle et al.'? throughout the
pressure range covered in this study.

We note that the d value of unidentifiable peak in Fig.
2 is as compressible as the rBN(003) reflection (Fig. 4).
Also, this peak disappears at a pressure similar to that of
the disappearance of the rBN(003) reflection. These simi-
larities suggest that the unidentifiable reflection presum-
ably arises from the hexagonal network planes like
rBN(003).

B. TEM observation

Figure 5 shows TEM photographs and electron-
diffraction patterns of samples retrieved from pressures of
55 and 61 GPa. Figure 5(a) shows that the sample re-
trieved from 55 GPa is made up of very small particles
with sizes about 300 A in diameter. The electron-
diffraction pattern of this sample, Fig. S(b), exhibits
reflections from the fcc lattice. Figure 5(c) shows that the
sample retrieved from 61 GPa consists of two parts, one
with fine grains and the other with a blocky grain. From
the blocky grain an electron-diffraction pattern was ob-
tained as shown in Fig. 5(d). The pattern can be indexed
on the basis of cBN. Table I compares the d spacings and
lattice constant of the two samples with the standard
data.!' The lattice constants from the two samples
bracket the standard value.

IV. DISCUSSION

The present in situ x-ray-diffraction measurements
have unequivocally shown that ¢BN appears at room
temperature at ~8 GPa. In our previous retrieval exper-
iment on rBN,? the samples pressurized to 15 GPa at
room temperature did not contain any trace of ¢BN;
however, the present study has shown that ¢cBN can be
retrieved when the samples are compressed beyond 55
GPa. Thus the rBN-to-cBN transition at room tempera-
ture is reversible below 15 GPa and irreversible, at least,
above 55 GPa. There may of course be a threshold pres-
sure for the irreversible change between 15 and 55 GPa.

The disagreements in the pressures for the disappear-
ance of the rBN reflections and for the appearance of the
¢BN(111) reflection need some remarks. In Fig. 4, the
rBN(101) and rBN(102) reflections disappear at about 5



45 ROOM-TEMPERATURE TRANSITION OF RHOMBOHEDRAL-TYPE . ..

GPa, while the yBN(003) reflection persists up to 20 GPa.
An appearance of the cBN(111) reflection takes place at
about 8 GPa. In this connection, our preliminary
Raman-scattering study of rBN (Ref. 13) has shown that
a band assigned similar to the E,, mode in ABN exhibits
a change at 3—-4 GPa, which corresponds to the pressure
where the rBN(101) and rBN(102) reflections vanish.
From these observations it is likely that at 5 GPa, forma-
tion of a three-dimensional sp* bond is not yet achieved.
The transition of BN to ¢BN can be completed after the
disappearance of the rBN(003) reflection above 20-25
GPa.

A recent first-principles calculation within the local-
density-functional theory has simulated the mechanism
of the yBN-to-cBN transition.!* The simulation suggests
that the rBN-to-cBN transition occurs with buckling of
the layered networks and stretching of the intralayer
bond length. The calculation demonstrates that when the
interlayer distance of rBN (R) reaches a critical value,
the buckling angle (6) and the intralayer bond length (r)
rapidly increase. This buckling takes place in our study
and it may start at pressures of 3—-5 GPa at which
rBN(101) and rBN(102) reflections disappear and the Ra-
man mode of BN changes.

The room-temperature transition pressure and a reac-
tion boundary from the retrieval experiment are summa-
rized in the phase diagram of BN in Fig. 6. The reaction
boundary has a negative slope relative to the pressure or-
dinate at temperatures below 1300 °C and can be extrapo-
lated to 20-30 GPa at room temperature. The present
result at room temperature (20-25 GPa) eventually falls
on this extrapolation.

No transformation to wBN has been observed in this
study. However, our previous study? has shown that, at
high temperature but above 10 GPa, wBN can be ob-
tained from BN and the yBN-wBN boundary has a small
negative slope. Because of the smaller slope, the ¥rBN-
wBN boundary meets the room-temperature axis at pres-
sures higher than 30 GPa. Then, in principle, the rBN-
to-wBN transition could take place above 30 GPa at
room temperature; however, the ¥rBN-to-cBN transition
has been already completed around this pressure, and, in
view of the fact that ¢cBN is more stable than wBN, cBN
cannot be converted into wBN. Consequently, wBN will
not appear from our BN at room temperature.

A recent study in a cubic press has shown that above 7
GPa, wBN can be formed from rBN at room tempera-
ture.!> Their samples were prepared from a solid-state
reaction of NaBH, and NH,Cl in N, gas, whereas ours
were prepared by CVD. A comparison of the powder x-
ray-diffraction patterns indicated that the (101) and (102)
reflections were a little less well defined in our sample.
At high pressure, most of the reflections in our sample
became asymmetric as exemplified by the 5.21-GPa pat-
tern in Fig. 2. This suggests that ¥BN becomes partly tur-
bostratic'® upon compression. In the cubic press experi-
ment, the x-ray-diffraction pattern of the samples has
been degraded to a greater extent. !> The degradation can
presumably be caused by the pressurization with a solid
pressure-transmitting medium in the cubic press. Since
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FIG. 6. Phase and reaction diagram of boron nitride. The
solid line is a reaction boundary for the transition from BN to
¢BN (Ref. 2). The shaded band surrounded by the broken lines
is an extrapolation of the solid line. The dash-dotted line is
after a thermodynamic calculation for equilibrium between
hBN and ¢BN (Ref. 17). The solid line with arrows represents
the result of the room-temperature transition of BN to ¢cBN ob-
tained in this study.

the degradation of the diffraction pattern concerns the
stacking sequence, this will prevent the formation of cBN
and, instead, the wBN formation will prevail. Thus the
difference in the modes of pressurization governs the
transition paths in a much more effective manner than
does the difference in the starting material.

V. CONCLUSION

In situ x-ray diffraction at high pressures along with
post-compression electron-diffraction studies have re-
vealed that BN transforms at room temperature into
¢BN at pressures higher than 8 GPa. Prior to the transi-
tion, a structural change of rBN takes place at about 5
GPa, as evidenced by the disappearance of the rBN(101)
and rBN(102) reflections. The hexagonal network of rBN
persists up to 20 GPa, above which the transformation is
achieved.
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FIG. 5. TEM photographs and electron-diffraction patterns
of samples retrieved from 55 and 61 GPa. (a) and (b) 55-GPa
sample; (c) and (d) 61-GPa sample.
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FIG. 6. Phase and reaction diagram of boron nitride. The
solid line is a reaction boundary for the transition from rBN to
cBN (Ref. 2). The shaded band surrounded by the broken lines
is an extrapolation of the solid line. The dash-dotted line is
after a thermodynamic calculation for equilibrium between
hBN and ¢BN (Ref. 17). The solid line with arrows represents
the result of the room-temperature transition of BN to ¢BN ob-
tained in this study.



