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X-ray difFraction and transmission-electron microscopy of natural
polycrystalline graphite recovered from high pressure
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Natural polycrystalline graphite was compressed using a 6-8-type multianvil and a Drickamer cell,
and the recovered samples were examined by x-ray difFraction and transmission-electron microscopy.
Diamond was formed in the samples from 14-20 GPa and 800-1200'C generated by the rnultianvil.
These P-T conditions are included in the region where the formation of hexagonal diamond was report-
ed by Bundy and Kasper. Hexagonal diamond was not apparent in any of the recovered samples. In-
stead, the formation of n-diamond, which is a new carbon phase recently identified in a shock-wave
study, by static compression was confirmed in the samples from 40 GPa, 25'C and 14 GPa, 1200'C.

I. INTRODUCTION

Many in situ electrical, x-ray, and optical studies'
have been carried out on graphite under high pressures at
room temperature. All of them agree so far as some tran-
sition takes place in graphite in the pressure range from
12 to 22 Gpa. As to the high-pressure phase, however,
various results have been reported: an undetermined
crystalline phase, an amorphous phase or hexagonal di-
amond. ' Bundy and Kasper synthesized hexagonal di-
amond by heating pyrotic graphite under static compres-
sion in the direction of the c axis.

These results may be ascribed to the starting samples
of graphite and/or the types of high-pressure apparatus
used in their experiments. Two disadvantages seemed to
prevent a coincident conclusion. One is the low atomic
scattering factor of carbon, which makes it dificult to ob-
tain a clear x-ray diffraction pattern from the small
amount of sample in a diamond-anvil cell. The other is
related to the pressure values at which the transition is
observed; a diamond-anvil cell or sintered diamond anvils
must be used to generate such high pressures, then
Raman-scattering signals and x-ray-diffraction lines of
the samples are often not distinguishable from those of
the diamond forming the anvils.

Previous studies at room temperature have indicated
that none of the high-pressure phases were quenched to
ambient pressure. In this study, we have performed x-
ray-diffraction analyses and electron microscopy to ob-
serve the samples recovered from high-pressure compres-
sion at room temperature and to search for traces of the
high-pressure phase. In addition, we examined the sam-
ples from various pressures and temperatures to clarify
the relationship between this high-pressure phase and the

hexagonal diamond phase, which can be quenched from
high pressures and high temperatures. '

II. EXPERIMENTAL PROCEDURE

The graphite samples used in many previous studies
were single crystals or polycrystals oriented in the direc-
tion of the c axis. They were compressed parallel to the c
axis using a diamond-anvil cell or a Drickamer cell. In
the present study we compressed polycrystalline samples
using two kinds of apparatus. One was a Drickamer cell
with sintered diamond anvils, " and the other was the 6-
8-type double-staged multianvil' made of WC-Co alloy
which can generate quasihydrostatic pressure by using a
solid medium. The pressure was calibrated on the basis
of the electrically detected u-c transition in Fe-V alloys'
for the former and of the lattice parameter of NaCl mea-
sured by x-ray diffraction for the latter.

The polycrystalline sample used in this study is a well
crystallized natural graphite with lattice parameters of
a =2.46 A and c =6.71 A. Using the same sample,
Takano et al. detected two transitions accompanied by
a volume reduction at 18 and 22 GPa, respectively, at
room temperature from the interruption of the generated
pressure in the loading process of the diamond-anvil cell.

First, the electrical resistance was measured and the x-
ray diffraction was studied under pressure at room tem-
perature. Next, x-ray-diffractio analysis using a
microdiff'ractometer (Rigaku) and transmission-electron
microscopy (TEM) were performed upon the samples
recovered from high pressures at ambient and high tem-
peratures. TEM specimens were prepared by crushing
the recovered samples in an agate mortar and skimming
them on microgrids from an ethanol suspension.
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III. IN SITU RESULTS

A. Electrical resistance at room temperature

The electrical resistance of the natural polycrystalline
graphite was measured at room temperature by the mul-
tianvil and the Drickamer cell up to 23 and 30 GPa, re-
spectively. The result by the multianvil is shown in Fig.
1, in which the resistance is the value after an elapsed
time of 30 min, since each pressure was achieved. Initial-
ly the resistance decreased with increasing pressure, then
at around 17 GPa, it started to increase. The resistance
at 23 GPa increases by a factor of 1.4 after a 12-h pas-
sage, which indicates that the transition related to the
resistance increase is relatively slow. The pressure (17
GPa) at which the resistance begins to increase is higher
than 12-13 Gpa (the values by the revised pressure
scale) by Aust and Drickamer' and Bundy and Kasper.
To clarify the origin of the difference, a similar experi-
ment was performed using the Drickamer cell. In this
experiment, the resistance increased at about 13 GPa, in-
dicating that the point where the resistance begins to in-
crease depends on the high-pressure apparatus.

B. X-ray di8'raction at room temperature

X-ray-diffraction patterns were obtained under high
pressure at room temperature by the multianvil ap-
paratus equipped with an x-ray diffractometer. ' An en-
ergy dispersive system combining a solid-state detector
(pure Ge) and a white x-ray from a rotating-anode (W)
type generator (Rigaku RU-300) was adopted. A finely
crushed polycrystalline sample was packed in a boron-
epoxy octahedral cell. Some of the patterns are shown in
Fig. 2. The abscissa is the 28 angle of the Cu Ea radia-
tion converted from the x-ray energy for the convenience
of the computer program. At 18 GPa a new diffraction
line corresponding to d =2.04 A begins to appear be-
tween the two lines of graphite, g(100) and g(101), and
its intensity becomes stronger with increasing pressure up
to 26 GPa. Although this line seems to be a diffraction
line, 002 of h-diamond, ' only one line is insufhcient to

identify the structure of the high-pressure phase. The
sample recovered to ambient pressure was a single phase
of graphite according to the x-ray-diffraction profile.

IV. OBSERVATION OF SAMPLE RECOVERED
FROM HIGH PRESSURE

A. Formation of c-diamond at high pressure
and high temperature

0

To identify the unknown x-ray peak at -2.04 A ap-
pearing at 18 GPa at room temperature, we accelerated
the transition by heating. A heater was included in the
boron-epoxy octahedral cell for the 6-8-type multianvil.
The samples recovered from various high-pressure and
high-temperature conditions were examined by the x-ray
microdiffractometry and the transmission-electron mi-
croscopy.

The x-ray diffraction patterns obtained for the samples
heated at 20 GPa are shown together with that of the
original graphite in Fig. 3. Although no apparent change
is seen in the pattern of 600 C, the appearance of the
peaks belonging to c-diamond, c (111), c (220), and
c(311), is confirmed in the patterns of 800 and 1000'C.
At 14 GPa, these diffraction lines of c-diamond were also
observed in the patterns from 800 and 1200'C.
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FIG. 1. Electrical resistance change of natural polycrystal-
line graphite as a function of pressure generated by the 6-S-type
multianvil at room temperature.

FIG. 2. In situ x-ray-diffraction patterns of graphite under
high pressure at room temperature. g indicates graphite and ~
a new peak.
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In the patterns indicating the formation of c-diamond
in Fig .3, two peaks overlap with c (111)of d =2.06 A at
both sides. The peak at the low-angle side is identified as
that of graphite, g (100) of d =2. 13 A. One of the main
peaks of h-diamond, h(100) of d =2. 19 A, ' cannot be
seen in the 800 and 1000 C patterns in Fig. 3. However,
there remained the slight possibility that some h-diamond
is formed under the above conditions. Thus, the
recovered samples were observed by transmission-
electron microscopy (TEM). A TEM image and an
electron-diffraction pattern for the sample from 20 Gpa
and 800'C are shown in Figs. 4(a) and 4(b), respectively.

The many small particles in Fig. 4(a) are c-diamond
with average dimensions of 10-30 nm. The spotty De-
bye rings in Fig. 4(b) are a mixture of c-diamond and
graphite. The h-diamond was not found by TEM obser-
vation in any of the pressurized and heated samples.
Another peak at the high-angle side of c(111) in Fig. 3
was identified as g (101)of d =2.03 A. Although the un-

known high-pressure phase appearing at room tempera-
ture should increase by heating, new peaks useful to
determine its structure were not obtained from the
recovered samples.

The P-T conditions where c-diamond was formed in
the present experiment are represented by closed circles
in Fig. 5, which is the diagram previously presented by
Bundy. ' Dashed area represents the P- T condition

where h-diamond was formed by Bundy and Kasper,
who heated single crystalline or polycrystalline graphite
compressed in the direction of the c axis. However, the
present results indicated that, instead of h-diamond, c-
diarnond is formed in the same area by heating polycrys-
talline graphite under quasihydrostatic pressures. The
previous two results indicating the formation of c-
diarnond in the neighborhood of the present P-T condi-
tions are also plotted in Fig. 5; Wentorf' used the belt-
type apparatus and Higashi' used the 6-8-type multian-
vil. The difference of the formation of c-diamond and h-
diarnond may be attributed to the method of compres-
sion. Special compression in the direction of the c axis
seems to be effective for the graphite~A-diamond transi-
tion. ' ' The temperature, 800'C, at which c-diamond
was formed in the present study, is probably the lowest
reported for a direct graphite ~ c-diamond transition.

However, Yagi et al. ' reported that x-ray-diffraction
lines of h-diamond were observed at pressures above 17.5
GPa at room temperature in an experiment using kish
graphite as the starting material and the multianvil in-
stalled at National Laboratory for High Energy Physics.
They also describe that h-diamond formed by heating up
to SOO'C returned to graphite at ambient conditions, but
that heated to 800'C or higher was quenched. The c-
diamond was not formed by heating up to 1400'C under
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FIG. 3. X-ray-diffraction patterns of the original graphite
and of those recovered from high temperatures at 20 GPa. The
formation of c-diamond is confirmed in the samples from 800
and 1000'C.

FIG. 4. A transmission-electron micrograph (a) and an
electron-diffraction pattern (b), showing the formation of c-
diamond in a sample recovered from 20 GPa and 800'C.
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FIG. 5. The diagram of carbon presented by Bundy (Ref. 16).
The P-T conditions in which c-diamond was formed from
graphite in the present study is included in the region where h-

diamond was formed by Bundy and Kasper (Ref. 2). The condi-
tions for c-diamond obtained by Wentorf (Ref. 17) and Higashi
(Ref. 18) are also shown.

FIG. 6. Formation of n-diamond in the sample recovered
from 14 GPa and 1200'C. (a) A TEN micrograph, (b) a dark
field electron micrograph taken from the 200 spot of (d), (c) a
selected area diffraction pattern of a grain of (a), and (d) an
electron-diffraction pattern showing a strong excitation of the
200 reflection after a slight rotation about the [100]axis of (c).

compression up to 18 GPa. Their results are obviously
different from those reported here, although their experi-
ment was performed with a multianvil similar to ours.
The appearance of h-diamond may be ascribed to the fact
that the powdered kish graphite had a strong preferred
orientation when it was compacted into a cylindrical
shape by a piston-cylinder-type jig before their experi-
ment.

65 GPa and 3700 K by shock-wave compression accom-
panied by rapid cooling. They considered that n-
diarnond may be transformed martensitically from graph-
ite and may be a metastable intermediate phase appearing
before the transition to c-diamond. They also suggested
the structure and the chemical bonds based upon various
models. A similar phase has been synthesized by chemi-
cal vapor deposition and physical vapor deposition
methods. ' However, the present study is a synthesis

B. Formation of "n-diamond"

Under TEM, grains identified as neither c-diamond nor
graphite were found together with a large amount of c-
diamond in the sample recovered from 14 GPa and
1200'C. Examples of TEN images and the electron-
diffraction pattern of a grain of —1 pm are shown in
Figs. 6(a)—6(d). The pattern of Fig. 6(c) is of an fcc struc-
ture for the electron beam in the [011]direction, and the
d values agree with those of c-diamond. However, a for-
bidden spot of c-diamond, 200, is clearly observed in Fig.
6(c). When two 111 reflections are simultaneously excit-
ed, a double reflection may result in the appearance of a
200 reflection. Thus, the specimen was rotated along the
100 axis not so as to satisfy the diffraction condition of
111 reflections, however, the strong 200 reflection
remained as seen in Fig. 6(d). Therefore, it is concluded
that the 200 reflection in Fig. 6 is not a multiple
reflection, but is real. In addition, another forbidden
reflection for c-diamond, 222, was confirmed in the same
sample.

These characteristics of the electron-diffraction pattern
agree with those of the "n-diamond" named to a new car-
bon phase by Hirai and Kondo, ' who quenched it from
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FIG. 7. TEM micrographs and an electron-difFraction pat-
tern showing the formation of n-diamond in the sample
recovered from 40 GPa at room temperature. (a) A TEM image,
(b) an electron-diffraction pattern of (a) showing a sharp 200
spot of n-diamond, and (c) a dark field image taken from the 200
spot of (b).
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TABLE I. Electron-diffraction data of n-diamond formed by the present static compression and the
shock compression. Intensities are classified as strong (s), medium (m), or weak ( w).

Reflection
hkl

Static compression
14 GPA 40 GPa
1200 C 25 'C

d (A) I d {A) d (A)

Shock compression'
65 GPa
3700 K

I
111
200"
220
311
222b

400
331
420

2.06 s
1.789 s
1.274 s
1.073 m

1.040 w

0.902 w

0.822 w

2.06 s
1.80 s
1.261 s
1.064 m

1.029 w

0.890
0.820 w

2.06
1.78
1.26
1.07
1.04
0.898
0.818
0.796

s m
s-m
m-w

'Reference 19.
Reflection forbidden for c-diamond (Fd 3m ).

of n-diamond by static compression of graphite. While
the grain size of the n-diamond formed by Hirai and
Kondo was -0. 1 pm, ours was in the order of 1 pm,
which gives the diffraction pattern with clear spots as
shown in Figs. 6(c) and 6(d). However, the amount of n

diamond in the sample recovered from 14 GPa and
1200'C is very small as shown in the x-ray-diffraction
patterns of Fig. 3, where the diffraction line of n-

diamond, 200, is not apparent.
Furthermore, another result was obtained by using the

Drickamer cell. The n-diamond grains of 0.05-0. 1 pm
were recovered from 40 GPa and room temperature.
Figures 7(a) —7(c) are the TEM images and the electron-
diffraction pattern of a polygonal grain smaller than
-0.1 pm. The diffraction data of the n-diamond formed
under our condition of static compression are listed in
Table I, together with those of the shock-wave experi-
ment by Hirai and Kondo. ' Thus, we showed that n-

diamond is formed by static compression of graphite even
at room temperature.

The n-diamond, however, may not be the main phase
appearing under high pressure at room temperature, be-
cause n-diamond is quenchable to ambient conditions and
the amount formed by static compression is too small.

V. CONCLUSION

Natural polycrystalline graphite was compressed using
a multianvil and a Drickamer cell, and the following re-

suits were obtained.
(i) The so-called hexagonal diamond was not found in

all the samples recovered from high pressures and tem-
peratures.

(ii) Instead, diamond was formed in the P Tregion -of
14-20 GPa and 800-1200'C, which almost agrees with
that for the graphite~hexagonal diamond transition pre-
viously reported by Bundy and Kasper.

(iii) 800'C is probably the lowest temperature among
those hitherto reported for a direct graphite ~ diamond
transition.

(iv) n-diamond is formed under conditions of 40 GPa,
room temperature, and 14 GPa, 1200'C. We report the
formation of n-diamond from the static compression of
graphite.

(v) The attempt to confirm the structure of the high-
pressure phase that appeared at room temperature, was
unsuccessful.

ACKNOWLEDGMENTS

The authors wish to thank K. Inosako who did the ex-
periments with a Drickamer cell. Preliminary experi-
ments using synthetic graphite for spectroscopic analysis
were carried out at the Photon Factory, National Labo-
ratory for High Energy Physics. One of the authors
(R.O. ) is pleased to acknowledge a partial financial sup-
port of this research by the Nippon Sheet Glass Founda-
tion for Materials Science.

*Present address: Electrics Research Laboratories, Nippon
Steel Co., Sagamihara, Kanagawa 229, Japan.

R. B.Aust and H. G. Drickamer, Science 140, 817 (1963).
F. P. Bundy and J. S. Kasper, J. Chem. Phys. 46, 3437 (1967).
M. Hanfland, H. Beister, and K. Syassen, Phys. Rev. B 39,

12 598 (1989).
4M. Hanfland, K. Syassen, and R. Sonnenshein, Phys. Rev. B

40, 1951 (1989).
~Y. X. Zhao and I. L. Spain, Phys. Rev. B 40, 993 (1989).
A. F. Goncharov, I. N. Makarenko, and S. M. Stishov, Zh.

Eksp. Teor. Fiz. 96, 670 (1989) [Sov. Phys. JETP 69, 380
(1989)].

W. Utsumi and T. Yagi, Science 252, 1542 (1991).
~K. J. Takano, H. Harashima, and M. Wakatsuki, Jpn. J. Appl.

Phys. 30, L860 (1991).
9W. Utsumi and T. Yagi, Proc. Jpn. Acad. 67(B), 159 (1991).

T. Yagi, W. Utsumi, M. Yamakata, T. Kikegawa, and O. Shi-
momura, Phys. Rev. B 46, 6031 (1992).

' K. Yamamoto, M. Asano, S. Endo, and G. Oomi, Mater.
Trans. JIM 32, 305 (1991).



X-RAY DIFFRACTION AND TRANSMISSION-ELECTRON. . . 27

S. Endo, Y. Akahama, and W. Utsumi, Jpn. J. Appl. Phys. 26,
L1419 (1987).
S. Endo, N. Toyama, A. Ishibashi, T. Chino, F. E. Fujita, O.
Shimomura, K. Sumiyama, and Y. Tomii, in High Pressure
Research in Mineral Physics, edited by M. H. Manghnani and
Y. Syono (TERRAPUB, Tokyo/Am. Geophysical Union,
Washington, D.C., 1987), p. 29.
S. Endo, H. Sato, J. Tang, Y. Nakamoto, T. Kikegawa, O. Shi-
momura, and K. Kusaba, in High-Pressure Research: Appli-
cation to Earth and Planetary Sciences, edited by Y. Syono
and M. H. Manghnani (TERRAPUB, Tokyo/Am. Geophysi-
cal Union, Washington, D.C., 1992},p. 457.

'sPowder Digraction File (JCPDS International Center for
Diffraction Data, Swarthmore, PA), Inorganic 19-268.

F. P. Bundy, in Solid State Physics under Pressure: Recent Ad-

vance with Anvil Devices, edited by S. Minomura (KTK Sci-
ence, Tokyo/Reidel, Dordrecht, 1985), p. 1.

7R. H. Wentorf, Jr., J. Phys. Chem. 69, 3063 (1965).
~8K. Higashi, M.S. thesis, Osaka University, 1985.

T. Hirai and K. Kondo, Science 253, 772 (1991}.
H. Hirai, K. Kondo, and H. Sugiura, Appl. Phys. Lett. 61, 414
(1992).
L. S. Palatnik, M. B. Guseva, V. G. Babaev, N. F. Savchenko,
and I. I. Fal'ko, Zh. Eksp. Teor. Fiz. 87, 914 (1984) [Sov.
Phys. JETP 60, 520 (1984)].
M. Frenklach, R. Kematick, D. Huang, W. Howard, K. E.
Spear, A. Phelps, and R. Koba, J. Appl. Phys. 66, 395 (1989).








