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Surface Brillouin scattering technique has been used to study the elastic properties of superhard amorphous
carbon, synthesized fromggunder high pressurel3—13.5 GPpand temperature (9@0100 °C). This is the
first reliable determination of bulk and shear elastic moduli for this type of amorphous carbon material, to the
best of our knowledge. The measured moduli are found to be close to those of diamond in agreement with the
general trend for elasticity, hardness, and density among the carbon phases, demonstrating as well the effi-
ciency of high-pressure fullerene technique for synthesispdfbased amorphous carbon materials.
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A recent interest in new superhard materials triggered by Fullerite materials obtained under high pressure are often
the discovery of the fullerene moleculgd®as led to a series not homogeneous and consist of several phases with different
of extensive experimental studies of amorphous and nanclastic propertied.Even in one specimen, the dimensions of
crystalline carbon phases and their propertiésSubjected the different phases vary from a few tens to hundreds of
to high pressures and temperatures fullerigg @ metastable microns. The surface Brillouin scatteringBS spectros-
phase of carbon, undergoes transformations to the moreopy, which provides high resolution in the elastic property
stable diamond and graphite through a sequence of previneasurements=5 um on a focal plang is ideally suited for
ously unknown intermediate phases. In particular, heating atharacterizing such specimens. The first experimental Bril-
relatively low pressures R<8 GPa) has revealed one- louin scattering study of the fullerene product resulted from
dimensional1D) and 2D polymerizatichof Cy, and subse- laser irradiation of a § single crysta® revealed that its
quent collapse of the fullerene structure into graphitelike dissound velocitie$280—700 m/s that are typical for slow poly-
ordered carboR Whereas, heating &>8 GPa has resulted mers or carbon gelsare substantially lower than the previ-
in formation of 3D polymerized amorphous phases gf, C ously reported values for solidgg
with a large number o§p® atomic site$* and nanocrystal- In this paper, we report the first successful measurements
line compositegnanoceramigsof diamond and graphite® by SBS of the elastic properties of the superhard amorphous
fueling the most recent debates on existence of ultrahardarbon synthesized fromggunder high pressurél3 GPa
fullerene-based phases with hardness higher thaand high temperatur¢800—900 °Q. The results of these
diamond°-12 measurements demonstrate the effectiveness of the SBS

The covalent bonds between carbon atoms are among thethod in accurate characterization of small superhard speci-
shortest and strongest, and this stimulates the developmentens and provide further insight into the interplay among
and search of new carbon superhard materials alongside withpnding nature, density, and elasticity of numerous carbon
the understanding of the correlations between structure arnghases.
physical properties of such phases. Since hardness and Two bulk amorphous carbora{C) samples, macroscopi-
strength depend on the method of measurements and samglelly homogeneous with glossy black color, were
morphology, elastic moduli, which can be measured by ulsynthesizetf from Cg, fullerite powder at 13 to 13.5 GPa,
trasonic techniqués? and acoustic microscopy; *® are of 800100 °C (sample A and 906 100 °C (sample B. The
greater importance for comparative characterization of carpristine fullerite powder had §g content not less than 99.9%
bon materials. Even though first measurements of elastiand consisted of 50—100m crystalline grains. The powder
propertie$? have shown rather high Young’s modulus val- of Cg, microcrystals was pressed into 2-mm high and 2-mm-
ues for superhard carboiis-400 GPa for the 3D polymer- diam cylinders. A new version of the large volume “toroid”
ized phases and-700 GPa for the amorphousp®-based chamber(up to 30 mni) (Ref. 1) was used for high-
structure} (Refs. 1 and 1Rand an extremely high value of pressure—high-temperature generation up to 13.5 GPa in the
the longitudinal velocity(26 km/9 in a specimen formed temperature range of 20—1700 °C. The samples were placed
under high pressurd3 GPa,*>'*more experimental work is into Pd or Pt cells and heated by passing electric current
necessary to unambiguously characterize the elastic propethrough the outer graphite container. The hardness was mea-
ties of superhard £-based materials and to understand theirsured by an indentation technique with the load on the in-
structural nature. In addition, previous studi&s™'did not  denter equal to~5 N. To investigate anisotropic properties
take into account the effect of possible directional anisotropyf the synthesized specimens two faces normal to each other
and, moreover, theoretical calculations produced a widevere polished in both samples: top fa@ehere pressure was
range of values for adiabatic bulk modulks (from 34 GPa applied and side facénormal to top face
(Ref. 17 to 270 GPa(Ref. 18 for the 3D polymerized A detailed description of the SBS experimental setup has
phases. been published elsewhef®?! In brief, light from an argon
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1600 - The SBS measurements on the side face of the sample A
1400 ] RW j RW reveal strong heterogeneity in the elastic properties across

the sample surface. It is reflected in the high vald®) of

the standard deviation of the measured Rayleigh wave veloc-
ity, which is well above the accuracy of the SBS measure-
1000 1 ments (1%). The highest measured value of the Rayleigh

wave was 7.21 km/s, and the lowest was 6.41 km/s. The

1 Sample B
1200

Intensity (arbitrary units)

800. Sample A variation of the elastic properties determined by SBS spec-
600 troscopy along the top face of the sampldmg. 1) is sig-
400; RW RW nificantly less than that on the side face of the sample A. The
] value of the standard deviatidiable |) of the RW velocity
200 4 in sample B is ten times smaller than in sample A.
0 Brillouin scattering results for tetrahedral amorphous car-
40 30 20 -0 0 10 20 30 4o bon films (ta-C (Ref. 26 and diamondlike carbon filr%
. suggested the possibility of detecting the longitudinal leaky
Frequency shift (GHz)

wave or longitudinal modéLM) (Ref. 29 in hard amor-
FIG. 1. Experimental SBS spectrum of samples A and B at Phous carbon samples. Indeed, the investigation of sample B
=60°. revealed Fig. 2(a)] a clear presence of symmetiiapproxi-
mately, —60 GHz and 60 GHz for 70° incident anglBril-
ion laser(\=514.5nm and beam power of 60 MmWas louin peaks. The LM wave has not been detected in sample
focused onto the film with a 1:1.4 lend£50mm). The A-As a result of extremely high intensity of elastic scattering
scattered light was collected with the same lens in a backof the sample and consequent saturation of the system, an
scattering geometry and analyzed using a high contrast arRPpearance of an asymmetric peak at abe0 GHz was
high-resolution Brillouin spectrometer, which incorporated adetected during experimental runs as well. Since overlapping
tandem six-pass Fabry-Perot interferométeFhe light was ~ Of the useful signal with the asymmetric component had oc-
detected by a single photon counting module and its outplﬁurred_ at h_|gher_ incident angles, an_accurate determination of
was stored in a multichannel scaler card for further analysisthe Brillouin shifts for the symmetric peaks was performed
Each spectrum was accumulated for 1-2 h. The frequencid#sing nonlinear least-squares fittiri@licrocal™Origin™,
corresponding to each of the peaks were determined by ¥ersion 5.0. The asymmetric peakBG) was treated as a
curve-fitting routine. single peak with a Lorentzian shape and was assigned by
The frequency shift from the SBS spectra obtained for curve fitting procedure at-62.92-0.06 GHz, making an
samples A and BFig. 1) is related to the surface acoustic €xcellent fit{Fig. 2(b)] to data(thick solid line with the less

wave (SAW) velocity Vsay as than 1% standard deviation for the peak positions. _
\v Curve fitting described above was applied to extract posi-
VSAW=m1 () tions of Brillouin peaks associated with inelastic scattering

on LM. This measurement provides bulk longitudinal veloci-
where ¢ is the scattering angle. The values of the Rayleighties (Table ) independently from refractive indé%.Know-
wave (RW) velocity Vg deduced from the spectra are com- ing the velocity of the longitudinal wavé, and the velocity
pared (Table ) to those for bulk polycrystalline cBN of the Rayleigh surface wave, it is possible to derive trans-
specimert; tetrahedral amorphous carbon filifta-C),>*and  verse velocityV;, which happened to be very close to that
calculated values for polycrystalline diamond from single-of a polycrystalline diamondTable ), from a Rayleigh dis-
crystal date® persion equation for SAW in isotropic half-spaCe.

TABLE |. Measured and calculated velocities and modulae€ samples and related superhard materials.

P Vew N Vi v
Specimen (glcnt) (km/9) (km/9) (km/9) (Poisson’s ratip
A (Top face 3.0£0.1 6.49
A (Side face 3.0+0.1 6.68:0.27
B (Top face 3.15+-0.1 9.79+0.07 10.9268 16.6+0.5 0.121
B (Side face 3.15+-0.1 9.99+0.06
ta-C% 3.26 9.128 10.175 15.508 0.122
cBNP 3500 9.31% 10.388 15.818 0.128
Diamond 3.515 10.944 12.329 18.144 0.071

8Reference 24.
bReference 23.
‘Isotropic (Voigt-Reuss-Hil) average(Ref. 26.
dcalculated from Rayleigh equatidiRef. 28.
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measurements of the anisotropic properties of the samples A
1800 and B by fixing the scattering angleat 60° for A and 50°
] for B with subsequent rotation of the samples about the nor-
"4 1600 mal to their side surfaces in steps of 20°. Since the side face
of the sample A has well pronounced elastic heterogeneity, a
cluster(~10-20um in diametey), with the lowest value of
Frequency shift (GHz) SAW velocity at 0°(when the top face of the sample is
perpendicular to the horizontal surfacevas chosen to per-
FIG. 2. (a) Experimental Brillouin spectrum of the sample B at form an anisotropy test. A noticeable increase in value of the
6=70°. (b) Curve fitting analysis: symmetric SBS pealsM),  SAW velocity with the maximum at about 100° and subse-
asymmetric peakBG) and resulting peaks are represented byguent decrease, confirmed by measurements at 140°, con-
dashed, dotted, and thick solid lines, correspondingly. trasts to the almost invariable angular behavior of sample B
(Fig. 3.
The second peak present at a higher frequéRay. 2(a)] Surprisingly, the spatial variation of the RW velocitg
corresponds to the bulk longitudinal-acoustic wék&). In  direct evidence of the mentioned elastic heterogenaity
the backscattering geometry, sound velocity relates to theéhe top surface of the sample A has the same range of values
frequency shift asV, =\ v/(2n), wheren is the refractive as the angular variation of that on the side féeig. 3). This
index of the scattering medium. For sample B, the frequencyndicates that the spatial variation of the RW velocity along
shift is nearly the same as that in a diamond along #¥®]  the surface of the samples can be explained by the anisotropy
direction, makingnV, =42.04+0.12 km/s. Inelastic scatter- of the roughly homogeneous elastic clusters randomly dis-
ing from the bulk longitudinal wavéLA) can only be ob- tributed in the sample.
served in sample B, implying that this specimen is not com- Longitudinal velocities obtained from Brillouin measure-
pletely opaque with dominansp® bonds in contrast to ments are close to those of diamof¥ble )). The longitu-
sample A with, presumablygp? dominant bonds. Assuming dinal velocity (V,) in sample B(16.6 km/$ is higher than
the refractive index to be close to that of a diamomd ( that in cBN (15.8 km/$ (Ref. 23 and in ta-C films(15.5
=2.42), the longitudinal velocity in sample B can be as highkm/s);?* in both cases the velocities are slightly lower than
as 17.4 km/s. On the other hand, taking into account théongitudinal wave velocity(18.6 km/$ in diamond in the
velocity of the LM, the refractive index of sample B should [110] direction®°
be about 2.53, which is close to the refractive index of pris- For sample B all elastic constants can be deduced from
tine Gy, single crystal(2.52.%° SBS measurement& = 375 GPa(adiabatic shear modulys
Recently, it was found that structural anisotropy of the 3Dand K¢ =368 GPa(adiabatic bulk modulys while an as-
polymers has a memory sign of nonhydrostatic loadthg. sumption thaV/gy= 0.9V is used to obtailG =171 GPa for
Our experimental setup allowed us to test the existence adfample A. The difference in shear moduli of samples A and B
elastic anisotropy in the synthesized samples. We carried omay result from a temperature-induced crossover between
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sp?- and sp3-based atomic bonding and, possibly, reflect aobservation of directional elastic anisotropy in amorphous
complex density-elasticity relation in carbon phases with bacarbon materials. The unusually high values of bulk modulus

. , 6 .
sically 2D covalent ordering2D Cy, polymers and graphi- (€-9- 1700 GPareported previous *®were not confirmed

telike phases®? However, this hypothesis needs to be further.by our measurements and resulted, probably, from strong an-

. N . isotropy and heterogeneity of the samples, unaccounted for
confirmed because of the large uncertainties in synthesis COES those studies. Our experimental values of sound velocity,

ditions. _ refractive index, bulk, and shear moduli are close to those for
The obtained Vicker’s hardnessi() values(68=4 GPa  diamond, indicating, basicallgp® diamondlike bonding in

and 122+ 9 GPa for samples A and B, respectivetyrrelate  these amorphous phases and demonstrating the efficiency of

with the measured shear moduli and fit well in the generahigg-pressure technique for the synthesis of diamondlike

density-hardness relationship for carbon ph4dés! in  (Sp’-based amorphous carbon. The measured density, hard-

which density appears to be directly related to #p8/sp® ness and elasn_c modull are in agreement _Wlth a prev_loulsy
. i . : discussed relationship among these physical properties for

ratio. The elastic moduli of sample B are also in accordanc

) . . _ %arbon materiald.
with theoretical calculation for amorphous carbon with the

variedsp?/sp° ratio The authors are thankful to John Balogh for technical
Summing up, we carried out the first accurate measureh9|p-O\I/-}[./-B-'fA-%L-,. a?qd |-A-Eﬁaf§ giatﬂw tggtgg lRéljggan

ments of the elastic properties of superhard bulk amorphous®Undalion Tor BasiC Researcirojects No. 959-Uz- ’

carbon synthesized fromggat a pressure of 13-13.5 GPa 0-15-99308, and 01-02-1754%r financial support. The
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