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Pressure-induced phase transformations in diamond
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The stability of diamond under pressure and the structure of hypothetical high-pressure phases have
been a controversial issue for a long time. “Will diamond transform under megabar pressures?”
asked Yin and Cohen in the title of their papPhys. Rev. Lett50, 2006(1983 ] which attempted

to predict an answer to this question 15 years ago. Before and after that, many other scientists tried
to find the answer doing both modeling and experiments. However, the cubic structure of diamond
seems to be experimentally stable up to the highest static pressures that the modern high-pressure
technology can achieve. We addressed the problem by decreasing the contact area of pressurization
instead of increasing the total load. Experimentally this can be easily done in indentation tests using
a sharp diamond indenter. In addition to hydrostatic stresses, such a test creates shear stresses as
well. Here deformations may be realized, which are either impossible or would require much higher
pressures when utilizing only hydrostatic stresses. By coupling the indentation loading with
micro-Raman spectroscopy, we were able to drive and monitor phase transformations in diamond.
A very similar phenomenon can be observed by scratching a diamond with another diamond. Thus,
phase transformations in diamond may in fact be a very common feature of weat99®
American Institute of Physic§S0021-89788)08015-3

I. INTRODUCTION gap closure, but to cause the energy gap in diamond to in-
crease; only compression including shéaug., by uniaxial
Diamond is extremely hard, and although the discoverycompressionshould cause it to decrea¥&2Uniaxial com-
of carbon nitrides and ultrahard fullerifeseems to challenge pression along001] should lead to metallic carbon at about

the position of diamond as the hardest material known g5 Gpal! Nielser® predicted the formation of metallic car-
science, it is still the only available structural material that

concerned with the limit for the pressure stability of dia-
mond. The importance of this issue has motivated man
theoreticad™ and experimentalattempts to determine the
ultimate pressure limit for diamond.

Similar to other semiconductors, carbon is expected t

tallographic orientation in uniaxial compression in other ma-
Yerials has been given by Rudff.

Thus, there are many discrepancies in the published pre-
éjictions of the transition pressure. However, there is no ex-

undergo a phase transformation to a metallic phase at Ver@,erimental evidence pf the Herzft_ald—Mott transition for dia?
high pressures. Closure of the valence-conduction band gdpond- In contrast, diamond anvils can support hydrostatic
due to overlapping of wave functions and delocalization ofP"eSsures of up to 400-500 GPa. No transformation has been
the valence electrons is now known as Herzfeld—Mott'eported and the cubic diamond structure was retained at
transitior and has been experimentally verified for a varietyleast up to 378 GPH. The latest theoretical analysis per-

of semiconductors. Theoretically predicted values for thdormed by Gilman® suggests that diamond does not metal-
Herzfeld—Mott transition and a number of other transformadize in the range of pressures that might be achieved because
tions in diamond under hydrostatic and uniaxial compressiofit has too few valence electrons. Ultimately, complete struc-
vary from 170 to thousands of GPa. The band gap of dia-tural collapse must occur under extreme pressures.

mond is calculated to go to zero under hydrostatic compres- Nonetheless, an evidence for structural changes of dia-
sion at 760 GPa based on a dielectric mBdeid below 900  mond under pressure can be found in literature. For example,
GPa based on extrapolation of measurements to 405°GPajeformation twinning on(111) planes was observed after
However, predictions of a band gap closure of diamondplastic deformation of diamond at room temperattfr@he
based on hydrostatic compression have been recently chalolor of diamond anvils was reported to change from trans-
lenged. Numerical calculations based on band gap theoryarent to yellow, brown, and eventually red during pressur-
have shown that hydrostatic compression should not lead to@@ation to about 300 GPaThe red shift of the absorption
edge is consistent with a gradual closing of the band gap.
3E|ectronic mail: YGogotsi@uic.edu Pressure of about 560 GRRef. 8 closed the optical win-
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dow of diamond. However, no evidence of irreversible phase
transformations has been supplied.

It was demonstrated that combination of shear and hy-
drostatic stress leading to significant deformations is an effi-
cient way to drive phase transformations in matefiafst is .
known that indentation of materials with diamond indenters e o
creates high shear plus hydrostatic stresses under the in-
denter. In indentation experiments, the shear stress is higher
than in the case of uniaxial compression, and a much higher iy
displacement of atoms can be reached using a sharp indenter. a
High shear stresses in indentation experiments and the pos-
sibility to vary the loading conditions can drive phase trans- FIG. 1. Schematic of indentation/Raman experiments.
formation, that cannot occur under hydrostatic stresses in

high-pressure cells, or would occur at much higher pressure[i
e

+ .
Hardness tests using various indenters have been conduc {j (51‘?'.'5. nm and He—.Ne(632.8 nn Ia_sers at the Univer-
on diamonc?'"-2The values of up to 286 GPa have been>Y of Tubingen and using a Raman microprobe Ramascope

: 2000 (Renishaw, UK with a diode laser780 nm at the
reported at small loads on t§@01) plane® Thus, very high . : A . o .
stresses can be achieved by using the indentation techniquttén:]\/efrs;'g (IO:fT)IEIIg]OrI: f]‘t Chlc?rgcr)ﬁ "[Ad((lj\llglor:at”y,uas gour;er
The latest study conducted using ultrahard fullerite?tigs ansto aman . spectrometeriuicolet, a

ports the values of 1376 GPa and 16F%5 GPa for(001) 106_4_nm was used FO |_nvest|gate the dependepce .Of band
ositions on the excitation wavelength and distinguish be-

and (111) diamond faces, respectively. This demonstrate%/ .
: ; o een the fluorescence and Raman bands. Raman analysis
that a(111) diamond face is about 20% harder thdi0]) as conducted after indentati¢ifig. 1) or scratching, anéh

face and the stress under the indenter tip can approach tE

values predicted for the metallization of diamond. However,s';%gf%':;g.rt]?rzr'ggg_ﬁgog.?rsoge;‘gtrr'gsgomgﬁfé;j'U';/loAu”er'
we are not aware of any previous observations of phas ! ! b Pye!

transformations in diamond caused by indentation. The po -?10 micr oscop}ew?s. us]?d ;t:oﬂsgjpplelme.nt the F\g]':\rgan d_ata.
sibility of phase transformation was considered as a possible, € minimum spot size for =1/ analysis was A0 Scan

failure mode for a spherical diamond indenter pressednlng elgctron rmicroscopy and “g.ht microscopy were uged for
against a diamond fl&t, but no evidence of transformation analysis of the indenters and impressions on the diamond

i foun Thus,a drec observation of phase changes 112017 S montarng o he pentaton of o lemond
the material under or after loading was missing. 919 Py

The analysis of the transformation zone in the case 0fmd long-focus objective lenses with the total magnification

indentation is complicated by its small siggeveral microns 0f 100x to 500x.
or les3. Micro-Raman spectroscopy is probably the best
method of investigation of this question as it allows the non-
destructive phase analysis of materials to be conducted We used standard Vickers pyramidal indenters and dia-
within seconds with a spatial resolution in the order girh  mond cones sharpened to a po{80 deg angle, Lunzer,
on a nonprepared surface of the material or under th&/SA) to produce indentations and scratches on (thil)
surface???*Raman analysis can be conductedituas well, ~ surface of a large synthetic diamond single crygaayellow
i.e., in transparent materials such as diamond, Raman studibigh-pressure diamond from Russi&everal other synthetic
can be done while conducting the indentation experiment. (0.1-karat crystals, General Electric, USAnd colorless
Recently, we conducted Raman spectroscopy studies efatural diamonds of gem quality were studied to ensure that
indentations on several ceramics and semiconductors aritie obtained results can be generalized for all kinds of dia-
demonstrated that the combination of indentation tests wittmond. FTIR spectra of typical diamonds used in this re-
micro-Raman spectroscopy provides a powerful and fast togearch are shown in Fig. 2. Natural diamonds, including the
for monitoring pressure induced phase transformations, inindenters, were ofa type. GE diamond crystals were tj
cluding metallization. For SiRef. 22 and Ge?* metastable type. The Russian octahedral crystal waslbftype. This
phases in the hardness impressions were found. Since tlogystal was nitrogen free and had no metallic impurities.
observed phases can only form via metallic Si and Ge, thesilore than 20 diamond indenters of three different kinds
experiments produce direct evidence of the metallization ofvere broken during indentation experiments with the pur-
semiconductors under contact loadifidne objective of this pose to obtain reproducible results, and their fractured tips
work was to verify experimentally whether irreversible phasehave also been studied. Hundreds of Raman and FTIR spec-
transformations can occur in diamond under pressure. Herga have been recorded to obtain statistically reliable data.
we report on our findings in the attempt to apply the com-
bined indentation/micro-Raman method to diamond. IV. RESULTS

Spectrometer

indenter
Laser

Sample

Ill. MATERIALS

In situ light microscopy observation of the indentation
process demonstratgérig. 3) that diamond becomes non-

The experiments were conducted using a LabRam Itransparent to visible lighiwhite areas show the reflection of
micro-Raman spectrometdDilor, France equipped with light) in the loaded area. This is in agreement with closing

Il. EXPERIMENT



J. Appl. Phys., Vol. 84, No. 3, 1 August 1998 Gogotsi, Kailer, and Nickel 1301

4 GE synthetiC Synthetic
di d

iamony Type 1b

8 | Yellow synthetic
g1 diamond from Russia
E
=R Conical indenter atural
& Type 1

Natural colorless

Jdiamond
3000 2000 1000

Wavenumber (¢cm™!)

FIG. 2. FTIR absorption spectra of a conical indenter, colorless natural S5
diamond, GE synthetic diamond and Russian synthetic diamond.

the optical window in a diamond anvil that was observed af'G-h“- ?a'cu_'ated stress isg_bars "(‘j ?&(Ekersdi“d\e/mfm“_si’“ {Te‘(icrg)'
. . . rapns or an iImpression In dilamon , and a VicKers inaentd[c,

much higher pressures under hydrostatic loadiAdthough gﬁeﬁ a test undepr the load 6f30 N

microfracture and a double refraction of light can also be

responsible for this optical effect, a visible deformation of

the tip [Fig. 3(c)] is a good argument in favor of a high ,ym contact stresses occur in the center of the indentation
ductility of diamond under contact loading. The size of thisang decrease according to the stress isdiagich stress
reflecting area increases with pressure, and it noticeably dgaquction depends on the interfacial friction and on the
forms before the indenter collapses and pressure decreases;g{ount of plastic deformation or phase transformation. A
the same load. Only in certain spots, the reflecting phasgoiume increase during decompression must be the reason
remains after unloading, probably due to strong residudly the observed surface changes. We assume that a new
stresses and sluggish reverse transformation. It is importa%ase of carbon, which has a larger volume compared to
to note that only sufficiently sharp indenters produced th§jiamond, was formed during decompression along the edge
picture shown in Fig. 3. Otherwise, brittle fracture of the yhere the highest stress existed during indentatiég. 4).
indenter was observed. . The tip of the indenter was flattened and rounded with no

Optically, the indented or scratched surfaces of diamongjsiple brittle fracture in the contact argfig. 4(c)]. A ring
were bright and yellowish under the microscope, comparedyack was sometimes observed above the contact area on the
to dark-yellow translucent synthetic single crystals or color-ndenter. However. the flat top of the indenfBig. 4(c)] was
less and translucent diamond of the indenters. This distincd,,rounded by rounded particlgBig. 4@)] similar to that
optical effect changes after several hours, probably due to thgyserved on the diamond fleig. 4b)]. Thus, similar trans-
reverse phase transformation and stress relaxation, and dagkmations occurred in both the indenter and the crystal.
and opaque spots appear on the surface of diamond. Spectroscopic investigations demonstrated dramatic

Scanning electron microscopy demonstrated unusugjroadening and weakening of the Raman band of diamond at
features of the indentation site and indenter after t6Sits. 1332 ¢! after indentation, as well as increasing back-
4). Analysis of impressiongFigs. 4a) and 4b)] shows a  ground and appearance of several additional new bands in
significant amount of brittle fracture. In particular, cracksne Raman spectrufiFig. 5). A band of amorphous diamond
propagate along the edges of the pyrafiitdy. 4b)]. How- appeared at about 1100— 1130 ¢niFig. 5a)].
ever, the formation of ductile extrusions and small elevations ' This band has been observed in nanocrystalline diamond
in the same area along the edge of the Vickers impression igymples obtained by shock synthesis and chemical vapor
clearly visible. Thus, a S|gn|}‘|cant morphologmallchange. Ofdeposition(CVD).ZG It is not to be confused with another
the surface occurred only in the area of the indentationgirong and a broad band the position of which changes with
where the highest stress was appliédy. 4@)]. The maxi-  he excitation wavelength from 1045 cni't at 1064 nm to
~1110 cmt at 514.5 nm. The dependence on the excitation
wavelength suggests that the latter band may be similar to
the D band of graphite and can be considered as a similar
disorder-induced band of diamond. Additionally to the band
of cubic diamond, a band of hexagonal diamdlothsdaleite
appears at-1315 cm® [Fig. 5b)]. It is about an order of
magnitude stronger than that registered on cut surfdces.

: Since the Raman response of hexagonal diamond is many

@ ® © @ times smaller than that of cubic diamond, the presence of the
FIG. 3. Optical micrographs of the diamond cone in contact with(11€) Sr:ro.ng peak. of Ion;dalelte SqueftS. its significant fontent n
surface of a synthetic diamond single crystall prior to loading, (b,  the indentation region. Hexagonal diamond can be formed by
increasing load from the minimum to maximufad) collapsed diamond tip.  deformation-induced twinning of the cubic diamond struc-
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FIG. 5. (a) Typical Raman spectra
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ture. Twinning is the most elementary crystallographicthe material, which is in agreement with the optical observa-

change. Formation of hexagonal silicon from diamond-tions (Fig. 3), and not just on the surface of diamond. These

structure silicon by twinning mechanism has also beerstresses sometimes led to about 50—60tmpshifts of D

observed? and G bands. It is important to note that the highest shear
In spectra from the Vickers indentations, two strong andstress can be achieved under surface and thus result in a

broad bands appear at1580 and~1350 cni* (the posi-  phase transformation in the subsurface region.

tions for the 514.5 nm excitation wavelenpfFigs. 5a) and Two sharp Raman bands -at1450 and 1530 cit were

5(b)]. The former is referred to & mode and assigned to fqynd in the region between the diamond and graphite bands

C=C stretching vibrations of graphite?” The latter is [Fig. 5(c)]. These bands do not disappear after a week in

referred to asD mode of graphite, and known to become ,5c\,ym. Therefore, we suggest that these bands occur due to

active in small graphite crystallites. These bands confirm the .o iy carbon structure. Bands with similar positions have
formation of threefold-coordinated carbon during indentationbeen observed in Raman spectra of CVD diam@nihe

of d|a_mond. Both, well-crys?alllz_ed graphif@ narrow G additional feature observed on the Raman spectra at about
band in the lowest spec_trum_ in Figith] and amorphous p 1265-1275 cm?® [Fig. 5@)] can be ascribed to hexagonal
carbon[upper spectrg in Fig. (b)] were observed. In the (6H) and rhombohedral21R) diamond polytypes that ex-
extreme case, the signal frosp® carbon became strong hibit several Raman bands in that rarfgaNe observed a

enough to cover completely the diamond bdiice upper .
spectrum in Fig. &)]. Quantitative evaluation of the amount number of other weak bands that can be assigned to the 21R

of the graphitic carbon is complicated due to the fact that th?@lYyPe and to cubic diamond with twins and stacking
Raman cross section of graphite is approximately 50 timef2ults: A cilftlnctlve Raman spectrum with the strongest band
higher than that of crystaline diamond and hencedt 680 Cm™ has been registered from several sampfes.
spP-bonded regions dominate the Raman spectra even &d1 although only the strongest band at 680 crwas ob-
small contents ofsp? carbon. However, comparison with served in most of the measurements. It cannot be ascribed to
amorphous carbon coatings on diamond single crystaldny of the known carbon phases. We cannot rule out the
shows that the film must be about 100-nm thick to becomdossibility of the formation ofoc8 or r8 phasesiRaman
nontransparent for the laser light with these wavelengthsspectra unknownsimilar to such phases of &i,or new
Probably amorphous or graphitic carbon which have a lowephases built of botis p>- and sp*-bonded carbon atoms, as
density compared to diamond, formed the protrusions alongvell as linear p') carbon chains. However, we never ob-
the impression edg@ig. 4). Very high residual stresses that served a Raman band of carbine that is expected at about
were found in graphitic carbon after unloading supply evi-2100 cmi!. Thus, the assignment for these bands is only
dence that the transformation occurred within the volume opreliminary. In any case, the presence of new Raman bands
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is the most striking evidence of the phase transformation in ¢ .7 e ot oTy 110
diamond. 5 — ———{ a0 )

The additional important feature of Raman spectra of ] hydrestat] | () ”w L
diamond after indentation is the presence of peaks due t¢ \ g I\
mechanochemical reactions between the diamond surfacs N N\ viewers
and environmentambient aiy. The most prominent feature £ 2 [01) compression] 100 "N Y
was observed at 1730 crhand can be ascribed to=€0 a S a b LT
stretching(carbonyl group on the surface of carboit ap- o \Y .

0 100 200 300 400 500 ] 20 40 60 80 100

pears during indentation and can be obselivesity, as well
as after the indentation. The high intensity of this band may
be due to surface enhanced Raman effect. A band with BIG.- 6. (@ Calculated band gaps for diamond as a function of applied

L " —1 pressure for the case of hydrostatic compression and for compression along
similar position 61750 cm ) was also found on FTIR the fourfold axis of diamonécombined shear and hydrostatisee Ref. 10

spegtra from th? indenter .tip. Some other bands that can k) The experimental Knoop and Vickers microhardness of diamond on the
ascribed to various CH vibrations have been registered 001 (see Ref. 1¥. Metallization pressures are marked by arrows.

both Raman and FTIR spectra, but further discussion of the
mechanochemical reactions is outside the scope of this pa-
per.

Pressure (GPa) Indentation dimension (ym)

has been expressed regarding the conductivity measurements
on diamond, similar data obtained by the same research
V. DISCUSSION group on Si(Ref. 20 is widely used for illustration of its
metallization. The observed composition of the indented re-
The observed changes in the Raman spectra demonstrag®n is in good agreement with that of silicon and
the amorphization and graphitization of diamond and thegermaniunt®?? and with the theoretical predictions for
presence of other diamond polytypes in the impressionsdiamond*?
Transformations were observed for the first time on the sur- The above facts are in agreement with the hypothesis
face of both the indented diamond and the indenter. Howthat diamond experiences a phase transition upon contact
ever, these observations are in agreement with the previolsading. The question is remaining, whether the appearance
research. Thorough analysis and reevaluation of the pubsf the new phases after decompression supplies evidence for
lished data show that there may exist indirect evidence of th&ransition to metallic carbon or another high-pressure phase.
phase transformation in diamond under high shear stresGraphite and amorphous graphitic carbon were probably
and/or contact loading. formed upon unloading. Their formation upon loading would
For example, plastic deformation of diamond was ob-contradict to the Le Chatelier principle, because of a larger
served at about 150 GRRefs. 5 and 1punder hydrostatic specific volume of graphite compared to diamond. Although
pressure, and it was demonstrated in a number of indentatidhe analogy to Si and Ge would suggest that the pass through
studies at room temperatuté® In some of the studies, a the metallic phase is the most probable one, conventional
plateau on the temperature dependence of hardness of digressurization experiments have hitherto shown no sign of it.
mond was observed,which contradicts to the hypothesis of Some work has been done to predict metastable phases that
plasticity due to thermally activated motion of dislocatidhs. may be formed during decompression of metallic carbon. A
Silicon and germanium, which experience the transition tdody-centered cubibc8 structure that is stable in the case
the metallic8-Sn structure, have a very similar temperatureof Si (Ref. 20 was predicted to be unstable with respect to
dependence of hardne¥sin this plateau region, the hard- either diamond or8 at any given pressureOther calcula-
ness level depends on the stress needed to initiate the trarins show that metallic high-coordinated forms of carbon
formation, which is hardly dependent on temperafire. should be mechanically unstable against spontaneous trans-
Thus, the shape of the temperature dependence of diamomarmation to the cubic diamond structure, and should decay
hardness supplies additional evidence for the phase trands threefold-coordinated graphitic structures and to the hex-

tion. agonal form of diamond. These predictions are in agreement
Another important observation is that a diamond anvilwith our experiments.
fractured at above 300 GR®ef. 30 did not shatter into Comparison of the calculated pressures, that are neces-

small pieces, as would be expected for a brittle material, busary to close the band gap in diamond under the simulta-
retained its original shape. This can also be explained by theeous effect of shear and hydrostatic stress with the plot of
formation of a ductile phase in cracks due to high sheathe diamond hardness vs indent dimensibig. 6), shows
stresses. Additionally, fracture of this diamond anvilthat at small loads on the initial stage of indentation the
resulted® in the formation of nanocrystalline graphite and anstress can be sufficient to close the band gap. Thus, if the
unknown phase producing a Raman band at 1491'dmwe  theoretical prediction claiming that the metallization of dia-
can assume a disordered networksgf andsp® arranged mond can occur only under combined influence of shear and
carbon atoms The formation of 2H hexagonal diamond compression is true, the indentation experiments may lead to
(lonsdaleit¢ has been reported on the cut surfa¢skear metallization. The observed shift of graphite bands corre-
again of diamond crystalé’ Finally, a significant increase in  sponds to residual compressive stresses of about 10-15 GPa
electrical resistivity under contact loading has been reporteupshift of about 5 cmY/GPa has been reportett A graph-

for diamond by several researché&tsAlthough a disbelief ite layer on the surface cannot support stresses of this mag-
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nitude, thus excluding the possible explanation of the preslimit. No super-pressure cells are required—just a combina-

ence of threefold coordinated carbon by surfacetion of compression with shear. Anyone can perform this test

graphitization. Calculations based on the maximum shift ofat home, for example, by scratching one diamond ring with a

the diamond bandupshift of 13 cm') predict the residual sharp edge of another diamond.

compressive stress of 8 GRA.693 cm Y/GP&%. We mea-

sured stress vglues of up to 3 GPa in Si indentatipn_s, anRCKNOWLEDGMENTS
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