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Equations of state of12C and *C diamond
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X-ray powder-diffraction measurements performed at the ESRF betweéhah@l 22 GPa have been used
to infer the equations of stat&09 of both *C and*C diamonds. The experiments were carried out with a
diamond-anvil cell and care was taken to obtain the most hydrostatic pressure conditions using nitrogen, argon,
or ethanol:methanol:water mixtures as pressure transmitting media. The cell parameter determinations were
precise enough to distinguish the small volume differences between the two isotopic end members. Fits of the
data to Birch-Murnaghan EOS vyield an isothermal bulk modulu¥@fdiamond[K o =446(4) GPa foiK {;
fixed to 4, in excellent agreement with the values inferred from ultrasonic and Brillouin scattering measure-
ments. The EOS ofC is very close to that of*C diamond[ K or=438(8) GPa foK j;=4]. This result is at
variance with previous acoustic measurements which suggested that the bulk modd@isliaimond is 17%
higher than that of?C diamond[S0163-18209)03545-§

[. INTRODUCTION the behavior of the quantum isotope effect at high pressures.
Moreover, a significant difference in the EOS of both isoto-

A precise knowledge of the equation of stdE0S of  pic end members may change the isotopic fractionation fac-
diamond is fundamental in both physics and Earth sciencedor of diamond at high pressures and thus modify the current
Diamond is an archetypal simple covalent material. The waynterpretation of the*C/*C composition of natural dia-
it responds to high-static pressures provides important inmonds which is made on the assumption of a null pressure
sights on the repulsive part of the covalent bond-interactior¢ffect on the isotope quantum effect.
potential* Natural diamonds are also unique samples coming Therefore the purpose of the present work is to provide
from the deep Earthfrom depths down to 700 km, i.e., the most accurate measurements of the EOS of bFatrand
pressures in excess of 25 QBaMinerals elastically con- 13C diamonds under hydrostatic pressure conditions using
strained are often observed in diamonds. Elastic stresses deigh-pressure powder x-ray-diffraction techniques.
velop in response to the relative compressibility and thermal

expansivity of the diamond and the host mineral, and provide Il. EXPERIMENTAL PROCEDURE
direct informations on the depth at which diamonds have
grown. A. Diamond samples

There exist few direct measurements of the room- pFor12C diamond, a powder of synthetic diamond with a
temperature EOS of diamond using x-ray diffractibrand  mean grain size of 2-4m was used. Thé3C diamond
the EOS was retrieved from a limited number of experimenpowder has been synthesized in a multianvil piéssalized
tal points. Acoustic(ultrasonic and Brillouin techniques iy Clermont-Ferrand, France, UMR 6524 CNRS, Magmas et
give strong constraints on the values of the adiabatic bulk/g|cang from 99% 3C graphite powder. Synthesis condi-

. .

modulus® Apart from these measurements there are alsgons were 10 GPa and 1800 K. These starting products were
many theoretical calculations of the EOS of diamond whichcnaracterized by Raman spectroscopy and powder x-ray dif-
need t(l)Gbg tested against extensive and reliable experimeni@hction. The cell parameters and the frequencies of the
values.™~ Raman-active modes are in agreement with previous

It has been proposed from acoustic and x-ray-diffractiongeterminations-*?within accuracy of the measuremergee
measurements that the EOS of diamond is sensitive to thgec |1 Q.

12Cc13C isotopic substitutiod > It has been reported that
some elastic moduli of puré®C diamond are larger than
those of 2C diamond. For instance, it has been suggested
that thec,, elastic modulus doubles in the range 0—95% High pressures were generated with a membrane-type
substitution implying a 17% increase in the bulk modilus. diamond-anvil cel(MDAC).*** The sample chamber con-
However, this result is still controversial since the oppositesists of a stainless steel gasket, preindented to a thickness of
behavior between the two diamond species has been pr&0 um and drilled with a 15Q:m-diameter hole, squeezed
posed from Raman spectroscopy measurentérfthe issue  between two diamonds with 30@m culets. Diamond pow-

of this controversy is essential since a difference in the EOSlers were compressed with two types of pressure transmit-
of the compounds would provide important information onting media. Fully hydrostatic compression was achieved up

B. High-pressure techniques
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1 carried out from room pressure up to 16 GPa in a MEW
CinN,-199GPa | pressure transmitting medium. This liquid medium freezes at
26 in MEW - 8.57 GPa ] 13 GPa and the onset of freezing is clearly observed by a
significant broadening of the ruby fluorescence band indicat-
ing nonhydrostatic conditions. Thus only the 23 measure-
ments performed up to 13 GPa under hydrostatic conditions
were used for the determination of the EOS parameters. The
second experiment, from 3 GPa up to 22 GPa, was per-
formed with N, as pressure-transmitting medium. More than
20 measurements were made in this pressure rarajge |).
The width of the ruby fluorescence lines were similar to
those observed in the liquid MEW medium indicating nearly
hydrostatic conditions. Thél11), (210), and (311 diffrac-
tion peaks of cubic diamon@pace groug-d3m) were ob-
served(Fig. 1) and allowed a very precise determination of
the cell volume at all pressures. No significant difference is
8 10 12 14 16 18 20 22 24 observed between the two compression curves in their com-
mon pressure range, i.e., from room pressure up to 13 GPa.
20 angle (deg) The resultingV(P) data(Fig. 2) were fitted to a Birch-
Murnaghan equation of state:
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to 13 GPa by using a 16:4:1 methanol-ethanol-wa#E W) .

mixture. Compression experiments were also achieved up t\;ovgdertizlSetrhaetu%elsfhueri/glItr:/?JI(L:J?T]"eV(:tuTgsagurrgoggrrisosmure

22 GPa using cryogenically loaded Ar ok.NA few spheri- temper fr Ko+ the isothermal bulk mpd | { room pres-

cal ruby chipg1-3 um in diametey were placed around the emperatureRtor the 1sothermal bu odulus at room pres

, o]
sample for pressure measurements using the classical ruy"® and temperature, amch; its pressure derivativéor
fluorescence techniqde. =(0Kor/9P)1. Different data subsets have been fitted to

Eq. (1): the subset including only the data points obtained in
_ _ the MEW medium, the subset including only the data ob-
C. X-ray diffraction tained with N as pressure transmitting medium, and finally

Angle-dispersive x-ray-diffraction spectra were recordedthe whole set of data. The(P) data were fitted either to
at high pressures on the ID9 beamline of the European SyrextractVy, Kor, andKgy or to extractvy andKyr assuming
chrotron Radiation FacilityESRB. A bright monochromatic Kgr=4 (see Table I), taking into account the uncertainties
x-ray beam §=0.45252 A) was collimated on the sample in both pressures and cell volumes. Uncertainties on the in-
through the diamonds. The x-ray spot size at the sample wagerted parameters were evaluategosteriorifrom the reso-
20x 20 um. Diffraction spectra were acquired with an imag- lution matrix. Whatever the data subset used, the quality of
ing plate located at 450 mm from the sample, with exposurehe fit is very similar and leads to consistent valueKgf
times of 2 mn(Fig. 1). The two-dimensional diffraction im- andK;. Moreover, the parameters of the EOS obtained in a
ages were integrated with tiver2p software® Lebail profile  |imited pressure range in the MEW medium (16-13 GPa)
refinements of the diffraction datéig. 1) were carried out are in excellent agreement with those derived from a larger
with the program packagesas (Ref. 17 and provide cell pressure-range data set (T6-22 GPa).
parameters of both isotopic species of diamonds with a pre- The data for**C diamond are reported in Table I. Two
cision of 1-3<10"*A. Our cell parameter determination compression experiments were performed: the first one from
for °C diamond at ambient conditiof®,=3.5678(2) is  room pressure up to 11 GPa in a MEW pressure transmitting
offset by about+ 7x 10”4 A when compared with more ac- medium and the second one from 3 GPa up to 17 GPa using
curate determination$[a,=3.567 15(5) due to uncertain- Ar as pressure-transmitting medium. THELD), (210), and
ties in the wavelength calibration. This offset is constant and311) refections of cubic'®C diamond were observed. At
is the same for both isotopic species and at all pressures. Th@riance with the*’C diamond samples, a less homogeneous
precision in the cell parameter determination leads to a pregrain size of the'*C diamond led to bridging of the sample
cision of 3x10 3-1x10 ?A% in the volume determina- grains between the diamond anvils and to an unsatisfactory
tion. spot statistics at high pressures. As a consequence, we per-
formed the same data analysis as’f& diamond taking into
account only the data points obtained below 10 GPa in the
MEW medium and 13 GPa in the Ar experiment. It can be

The data for'?C diamond are reported in Table I. Two noticed that the two compression curves do not cross in the
compression experiments were performed. The first one wagavestigated pressure range. The inferred valueK gf for
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FIG. 1. Typical high-pressure x-ray powder-diffraction patterns
of 2C and**C obtained after integration of two-dimensional image
plates. The(111), (220, and (311) reflections are observed. The p=3K
additional peaks are either related to the pressure transmitting me- 2ot
dia (N,) or to trace of the Pt capsule used € diamond synthe-
sis.

X114+ 3(Kor—4)

] , @

Ill. RESULTS
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TABLE |. Experimental pressure-volume data used for the determination for the EGE afnd 1°C
diamond. MEW data obtained using a 16:4:1 methanol/ethanol/water mixure as pressure transmitting me-
dium. N, and Ar data obtained with Nor Ar as pressure transmitting media.

12C diamond 13C diamond

N, MEW MEW Ar
P (GP3 V (A3 P (GPa Vv (A3 P (GP3 V (A3 P (GP3 vV (A3
0.0001 45.41(7) 0.894) 453237) 0.0001 45384 4.4522)  44.9393)
1.196) 4528711 2.2411) 4517511 0.291) 45.35411) 7.9840) 44.61Q7)
1.698) 4523611 2.6313) 4513711 0.683) 45.31711) 8.8644) 44.5317)
2.31(11)  45.17G11)  0.462) 45.37437) 1.115  45.2547) 9.7749  44.4337)
2.9415  45.12211) 0.955) 453177) 17190 4521111 11.2056) 44.3133)
35918  45.05711)  1.608) 4525@3) 2.2211) 45.15%11) 12.8064) 44.1063)
4.4222) 4497311 2.1211) 45.19411) 2.6913) 45.1063)
5.2826) 44.8983) 2.7714)  45.1353) 3.3417) 45.0533)
6.3031) 44.79%3)  3.4417)  45.0683) 3.9319 44.97713)
7.1435) 44.7087)  4.11200 45.00311) 4.4722) 44.9367)
8.0940)  44.62811) 5.0925  44.9113) 5.4727) 44.8287)
9.4547) 445127) 5.7028) 44.8647) 6.0530) 44.7847)
9.9749) 44.46%7) 6.5433) 4477111 6.8634) 44.69%7)
10.8454)  44.3817) 6.8534) 44.7543) 7.8239)  44.6097)
11.97160)  44.2697) 7.4637) 44.6923) 8.2841) 44.5877)
12.5863) 44.21311) 8.21(41)  44.6213)
13.6268)  44.1258] 8.5743) 44.58911)
14.5973)  44.04G7)  9.4947)  44.4987)
15.4977)  43.9677) 9.8749)  44.4763)
16.6383)  43.87311) 10.7854)  44.3913)
17.9490)  43.7647) 11.6458) 44.3143)
19.0595)  43.6627) 12.5162) 44.2243)
19.9499)  43.58%7) 13.3167) 44.1573)
21.1%1.10  43.4877)

the different data subsets lie between 438 and 443 GPa
(Table Ill). These values are 1-2% smaller than thosE@f
diamond, but this difference remains within the uncertainties
in EOS parameter determination. 45.5
The difference in the cell parameter at ambient conditions
for the two diamond types i$%a—¥a=7x10"*A, which
is in good agreement with previous determinations which
gave 5x 10 4A.12

2C diamond - MEW

B¢ diamond ©® MEW

4501
IV. DISCUSSION I

The present values fdf ot [446(4) GPa forKy=4] for
12C diamond agree well with the adiabatic valuégs de-
rived from ultrasonic and Brillouin scattering measurements.
The adiabatic values must be corrected to l§gt through
the relatiod®

VOLUME (A%)
N
h

Ks=K(1+ayT). 2 401

However, for diamond the difference at room temperature
betweenK,s and Kyt is very small (0.1% since a=3
x10 K1 (Ref. 19 and y=1. McSkimin and Andreatcfi

obtainedK ys=442 GPa anK|s=4 from the determination 43.5 =y, T 16 0
of the pressure dependence of the elastic constants. Grims PRESSURE (GP3)

ditch and Ramda3,Vogelgesanget al,?* and Zouboulis

et al? reported values oKys between 442 and 445 GPa  FIG. 2. Cell volume vs pressure curves f8C and 13C dia-
while Hurley et al® obtained 448 GPa. mond.
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TABLE II. Bulk modulus (Ko) and pressure derivativeK() for *2C diamond obtained by fitting the
V(P) data to a Birch-Murnaghan equation of state. MEW data from data points obtained using a 16:4:1
methanol/ethanol/water mixture as pressure transmitting medium in the pressure rahd® GPa. N data
from data obtained with Nas pressure transmitting medium in the pressure rangé 29 GPa. Whole data
parameters obtained from the whole (MBW,) data set. Numbers in indicate the standard deviations of the

fit.
MEW data N data Whole data set
Vo (R3) 45.4164) 45.4144) 45.4146) 45.4135) 45.4153) 45.4133)
Kot (GPa 436(7) 4457) 444(13) 447(6) 44Q0(9) 446(4)
Ky 6.52.9 4 (fixed) 4.51.9 4 (fixed) 5.31.6) 4 (fixed)
The comparison with existing static data is more difficult C11t+2C 1+ 4Cy,
since only a few measurements have been carried out so far. Cet =3 -

Aleksandrovet al* have measured the EOS H{C diamond

up to 40 GPa on single crystals using He as a pressure tran$his later modulus is 6% higher iFC diamond when com-

mitting medium. They quote that the#(P) data match Eq. pared with nearly puré”C diamond(1299.1 and 1233.8

(1) with Kor=442GPa andK(;=4.0(7), thevalues re- GPg. Such data imply that;, is nearly doubled in**C

ported by McSkimin and Andreatdi.However, it seems diamond. The adiabatic bulk modulks s calculated from

that these authors have not directly inferrégy and Kt

from their own dataset. Moreover, the molar volumes were _Cut2cp

determined from only one diffraction peak and the number of 0s— 7 3

experimental points was twice less than in the present report

over a larger pressure range. More recently, Fujilsisal® ~ would therefore be 448 GPa fdfC diamond and 520 GPa

have carried out angle dispersive x-ray powder-diffractionfor °C diamond, i.e., a 17% difference. These results have

experiments. They have measured the cell volumes at 8 preeen questionned by Ramdasal’® who used Brillouin

sures between room pressure and 35 GPa and réfgrt Spectroscopy to investigate the elastic properties of diamond.

=440 (4) GPa forK j;=4. They also mention that the cell They found that, is higher by 0.5% in"*C diamond. They

volumes measured above 10 G{Baamong the eight experi- did not measure,, but showed that is only marginally

mental points are not reliable since the pressure in the dia-affected by isotopic substitution, being 0.5% lower it

mond cell was nonhydrostatic above this pressure. diamond compared with°C diamond (1212.7 vs 1218.7
Our results for the bulk modulus éfC diamond are thus GPa. Therefore their data do not indicate a large difference

in very good agreement with previous values especialljpetween the adiabatic bulk moduli of the two isotopic spe-

those derived from acoustic and Brillouin measurementscies of diamond. This conclusion has also been reached more

They show also that reliable parameters of the EOS of a ver§ecently by Vogelgesanet al**

incompressible compound can be obtained from high quality Fujihisaet al® have measured the cell volumes'e€ at 8

powder-diffraction measurements performed under hydropressures between room pressure and 35 GPa and inferred

static conditions in a pressure range of less than 20 GPa. Kor=454(4) GPa foiKyr=4. However, like their study of
The present study also shows that the EOS of Béth 12C, the nonhydrostatic pressure conditions prevailing above

and'C diamonds are similar. Previous studies on the elastid0 GPa and the limited number of experimental points make

constants and bulk moduli of both types of diamond have ledhis Kot value poorly constrained.

to controversial results. Hurlest al® have measured thg; Our volume determination is precise enough to see a dif-

andcy, elastic moduli of*?C and*3C diamonds using ultra- ference of 17% in the bulk moduli between both diamonds.

sonic techniques. They showed tlegf is not affected by the A simple calculation using Eq(1) shows that theV(P)

13C substitution whilec,, decreases by 2%. They also ob- curves should cross between 1 and 2 GPa if one tikgs

tained information on the effect of isotopic substitution on =442 GPa an& ;=4 for ?C diamond anK ;=520 GPa

the effective elastic moduli, and K{;=4 for ¥C diamond, which is not observed.

TABLE III. Bulk modulus (Ko) and pressure derivative<) for 3C diamond obtained by fitting the
V(P) data to a Birch-Murnaghan equation of state. MEW data from data points obtained using a 16:4:1
methanol/ethanol/water mixture as pressure transmitting medium in the pressure rafigé3GPa. Whole
data parameters obtained from the whole (MEYf) data set. Numbers in brackets indicate the standard
deviations of the fit.

MEW data Whole data set
Vo (R3) 45.3817) 45.3817) 45.3787) 45.3836)
Kor (GPa 441(11) 440(11) 44315) 4388)

K¢ 3.82.0 4 (fixed) 1.92.1) 4 (fixed)
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The measured bulk modulus &iC may be 1% smaller than no reason to advocate such problems. If the change in bulk
the one of'?C diamond, consistent with the Raman measuremoduli is effective, then the only difference with our study
ments of Muinovet al*! which show that the frequency ratio lies in the frequency range of the measurements, i.e., static vs
(*2v/*3) of the Raman-active mode decreases with increasultrasonic for Hurleyet al® The rationale for such a behavior
ing pressure, but in disagreement with the Brillouin measurer€émains an open question.

ments of Vogelgesangt al?* The slight difference in the

bulk moduli may thus be the_ signature of a small pressure ACKNOWLEDGMENTS
dependence of the quantum isotope effect.
The discrepancy with the results of Hurleyal® cannot We wish to thank F. Guyot and J. Badro for stimulating

be accounted simply. Several explanations can be proposediscussions. This yvork has been supported by the CNRS/
One could invoke experimental problems in their measuretNSU program “Inteieur de la Terre.” Max Schmidt per-
ments or in those of Ramdas al1° At the moment there is formed the synthesis of thEC diamond samples.
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