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High-pressure thermal expansion, bulk modulus, and phonon structure of diamond
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The thermodynamic properties of diamond at high pressung$o 1000 GPrhave been investigated using
the ab initio pseudopotential plane wave method and the density-functional perturbation theorl-\tie
equation of states has been calculated from the Helmholtz free energy of the crystal in the quasiharmonic
approximation. The pressure dependence of the equilibrium lattice constant, bulk modulus, moeisegaru
parameters, and phonon structures has been presented. Some interesting dynamical features of diamond have
been found at high pressuréa) The thermal expansion coefficient decreases with the increase of pressure. At
ultrahigh pressurex£700 GPa), diamond exhibits a negative thermal expansion coefficient at low tempera-
tures.(b) The phonon frequency &, andL; gradually goes higher than that ¥f andL;, respectively(c)
The unusual overbending of the uppermost phonon dispersion curve$ fiedecreases with the increase of
pressure. Such overbending results in a maximum in the phonon density of states, which has been invoked in
the previous studjPhys. Rev. B48, 3164(1993] to explain the famous sharp peak in the two-phonon Raman
spectrum of diamond. Our present results predict that this sharp peak near the high-frequency cutoff will
decrease with the pressuf&0163-182609)03137-9

. INTRODUCTION of diamond overbend nedt) point. Such noteworthy over-
bending is explained as the origin of the famous sharp peak
Nowadays, diamond-anvil-celDAC) technique is widely near the high-frequency cutoff in the two-phonon Raman
used as a powerful tool for generating high pressures in thepectrum of diamondt
laboratory* The static high pressure obtained with DAC has  All these facts motivate us to carry out a high pressure
been achieved up to 560 GP&heoretical estimates of the study on the above properties of diamond. In the present
stability limits of diamond under hydrostatic pressure havework, we have calculated the equation of state of diamond
set an upper limit of 1110 GPaOther structures are pre- from the free energy of the crystal which consists cftatic
dicted to be energetically favored when the pressure is eveelectronic contribution and d@ynamicalphonon contribution.
higher. A lot of studie¥ ™ have been carried out on the pos- In the quasiharmonic approximation, the latter nowadays can
sible phase transitions of diamond at ultrahigh pressureqe conveniently calculated by using the density-functional
However, there are comparatively fewer studies on the presperturbation theoryDFPT).'? The thermal expansion coeffi-
sure dependence of the thermodynamic properties of dissient, bulk modulus as well as the phonon structures of dia-
mond. This is in fact extremely important for accurate highmond are then calculated at different pressures and tempera-
pressure measurement, because not only the volume of thieres. The range of hydrostatic pressure considered here is up
measured material but also the diamond itself changes witto 1000 GPa which is below the theoretical limit of phase
the pressure, especially when the pressure reaches hundrédmsition of diamond. We have found that the thermal ex-
of GPa. Such changes of diamond must be included in ordegpansion coefficient decreases with pressure at a given tem-
to get an accurat®-V-T relationship, i.e., the equation of perature. When the pressure reaches 700 GPa, diamond also
state of the measured material. exhibits negative thermal expansion coefficient at low tem-
It has been known that diamond exhibits different thermalperatures, similar to other group-IV semiconductors. The
expansion behavior from other group-IV semiconductorsbulk modulus increase@ecreasgswith the increasing of
such as Si and Ge at ambient presﬁii‘@.‘l’he characteristic pressure(temperaturge The effect of pressure on the bulk
negative behavior of Si and Ge in the low-temperature limitmodulus is much more significant than that of temperature.
does not appear in diamond. Furthermore, the phonon dispefhe overbending of the uppermost phonon branchesIhgar
sion curves of diamond are also quite unusual. The typicapoint gradually disappears with the increase of the imposing
flatness of the transverse acoustic branches in large regiopsessure. The phonon structure is significantly modified as
close to the boundaries of the Brillouin zofBZ), which  the pressure increases.
characterizes the other group-IV semiconductors, is com- The paper is organized as follows. In Sec. Il, we briefly
pletely lacking in diamond. The uppermost phonon branchesutline our computational framework, as well as some defi-
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nitions concerning the physical quantities we have investi 0.90 -
gated. The results of our calculations are then presented ai o0 | (b)
discussed in Sec. lll. Finally, in Sec. IV we give our conclu- 0.85
sions.
0.80
T=500 K
Il. COMPUTATIONAL DETAILS 0.96 - 1 o5l
. T=1200 K
The free energy of a crystal can be expressed in the quas
harmonic approximatiodi as g - T-1600K | 070
F(V,T)=E(V)+Fp(o,T) 0.65 -
_ [Tio;(q) 0.60 |
EE(V)+kBT2 2 In 25|nl‘( i ) , 0.88 T
q j 2kBT
0.55
(2.1
whereE is the static contribution to the internal energy— %8 = 2020 60 80 100 %00 300 500 700 900
which is easily accessible to standard density-functiona Pressure (GPa) Pressure (GPa)

theory (DFT) calculations—F;, represents the vibrational
contribution to the free energy, awg(q) is the frequency of
the jth phonon mode at wave vectqrin the Brillouin zone
(BZ). The lattice dependence of frequeney(q) is calcu- ) ] . )
lated by the parameter-free DFPTHere the anharmonicity calculations, especially at high pressures. The expression of
appears not only in thetatic internal energyE(V) which the exchange-correlanon energy in local-density approxima-
includes all the anharmonic terms of the interatomic potention (LDA) is taken from Ref. 22. Sums over occupied elec-
tial, but also in the lattice parameter dependence of the phdfONiC states are performed by the Monkhorst-Pack special-
non frequencyw. The atomic motion is then approximated POoint techniqué? using 1Qk points in the irreducible wedge

by a system of uncoupled normal vibrations but with differ- of BZ. Phonon frequencies are calculated on & {4x 4)

ent equilibrium positions and vibration frequencies. Calculaf@gular mesh and Fourier-interpolated in between. This Fou-
tions based on various semiempirical mo8éfsd®as well as ~ fer interpolation amounts to including real-;pace interatomic
on first-principles method&'®-'8demonstrate that the quasi- force constants up to the ninth shgll o_f neighbors. Variation
harmonic approximation provides a reasonable description df the calculated phonon frequencies is less than 1% by fur-

the dynamic properties of many bulk materials below thether increasing the interaction distances, i.e., using a larger
melting point. mesh. The phonon density of stat@0S9) is calculated by

The equation of state can then be written in the form  Using the linear tetrahedral met6and total of 560 special
g points in the irreducible wedge of the BZorresponding

FIG. 1. CalculatedP-V-T relationship of diamond fofa) 0
<P=<100 GPa(b) 100<P<1000 GPa.

V)= JE  IFp to 2653 nonequivalent tetrahegra
PV T ==~ v
JE 1 Ill. RESULTS
=——=+= i i . , . :
NV zq: 2,: n(@8ei@l (22 We first calculated theP-V-T equation of state of dia-

) . . mond according to Eq2.2). The results are shown in Fig. 1.
wherey;(q) is the Gruneisen parameter corresponding to thev0 is the equilibrium volume of the unit cell & =300 K

(a.j) phonon mode, defined as and zero pressure. The calculated valu®/ gis 44.391 &,
()= — — 2.3 1
(d
and {lwj(q)] is the mean vibrational energy of the,{) °n®
phonon given by 099 1 % ..
L

1 1

Having the equation of state at hand, we can easily calculate
the thermal expansion and the bulk modulus as a functiona o97 |
of temperature and presstife.

The total energy is calculated by using separable norm-
conserving Hamann-type pseudopotentiais together with 0.96
a plane-wave basis set up to a kinetic-energy cutoff of 70 Ry.

We noted that such a large kinetic energy cutoff is required
to give well converged total energy and phonon frequencies FIG. 2. Comparison of the calculateda, vs pressurgsolid
of diamond due to the small cutoff radius needed in thdine) at T=300 K with the experimental results Zflled circles.
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FIG. 3. Variation of the linear thermal expansion coefficient r K X r LT KX r L

with temperature(@) anq pressuréb). The available experimental FIG. 5. Mode Grueisen parameters for diamond at different
results are shpwn by circles including the error bar 27. The range Oﬁressure:(a) P=0 GPa,(b) P=700 GPa. Dashed lines corre-
the pressure is from 0 to 100 GPa. spond to transverse acoustic modes, dotted lines to longitudinal
acoustic modes, and solid lines to optical modes. The experimental
the corresponding lattice constarng=e8.541 A (here V,  data 25 are denoted by diamonds.
=a§/4, each unit cell has two carbon atomis good agree-
ment with the experimental value of 3.567 A at room The variation of the linear thermal expansion coefficient
temperaturé® It can be seen that the volume of diamond e, of diamond with temperature and pressure is shown in
decreases monotonically with pressure. At a given pressuré&ig. 3. Hereq| is defined as
higher temperature gives a larger volume due to the thermal
expansiorisee Fig. 1a)]. As pressure increases, the effect of 1 dl
thermal expansion becomes less significant. Figufie) 1 aL_Eﬁ
shows theP-V isotherm at the high pressure domaiR ( . ) )
=100 GPa) for T=300 K. We can see that aP in order to compare with the experimental vaRledirectly

=300 GPa, which is an achievable pressure in DAC, thdcircles in Fig. 3a)]. I is the equilibrium lattice constant at
equilibrium volume of diamond is 0.71¥%,. Such a change 1=300 K. It can be seen that the theoretical results at zero
is apparently non-negligible in the ultrahigh pressure experiPressure are in good agreement with the corresponding ex-
ment using DAC technique. Figure 2 shows the comparisoR€erimental data within the experimental error bar. No nega-
of the calculatedy/a, Vs pressure with the available experi- Ve thermal expansion is found at the low temperature range
mental resul which were obtained by high-pressure x-ray Which is in "agreement with the previous theorefical
techniques. In general, the theory agrees well with the excalculation$'® and the experimental measuremetfs.
periment. The slight difference could be a result of the apYWhen the pressure increases, the increase, owith tem-
proximations used in the calculations, e.g., the local-densitperature becomes smaller, especially at high temperature
approximation. On the other hand, the experimental dat&&nge. At a given temperature, decreases monotonically
themselves are rather scattered. If the experiments did ndfith pressuresee Fig. )], which means the thermal ex-
achieve a perfect uniform compression of the diamond®@nsion is suppressed by the pressure. This is easy to under-
average of lattice constant, which may result in the overalFomes strong, which makes phonon frequency increase as
larger value of the measureda, comparing with the theo- the interatomic distance decreases. As the phonon frequency
retical results(see Fig. 2 increases, the number of phonons excited at a given tempera-
ture decreases. The vibrational contribution to the free en-
ergy[F.ip(w,T)] becomes less important than the static con-
tribution [E(V)] at high pressure. The thermal expansion is
thus less significant at high pressure.

We plotted the variation of the linear thermal expansion
coefficienta, with temperature at the high pressure domain
(P=200 GPa) in Fig. 4. We can see that decreases con-
tinuously as the pressure increases. When the pressure is
high enough, e.g., 700 GPa, the negative thermal expansion

Rl o B0 B0 1ok 2% 1400 0 B we e occurs at the low temperature rangee Fig. 4b)]. This is

an interesting phenomenon that has not been reported. Al-

FIG. 4. Calculated linear thermal expansion coefficieptat ~ though the transition pressure af_ is higher than the
high pressure range (26(P=1000 GPa)(a) 0=T=1600 K, (b) achievable pressures in DAC presently, other high-pressure
0<T=<500 K. techniques such as shock-wave metfiaday verify this.
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stants of silicon shows that the stretching force constants are
dominant, that is why silicon has negative thermal expansion
at ambient pressufel®

The unusual bonding strength of diamond makes it an
extremely low compressibility material which is character-
ized by a very large bulk modulus. The calculated relation-
ship of B-P-T is shown in Fig. 6. The corresponding experi-
mental value of 443 GPa far=298 K from Ref. 29 is also
displayed in Fig. 6). At a fixed pressurd® [Fig. 6(@)], B
decreases with the increaseTofWhile, at a given tempera-
ture T [Fig. 6(b)], B increases nearly linearly witR. From
the comparison of Figs.(8 and &b), we can see that the
effect of pressure oB is much more significant than that of
temperature. TheB-P-T relationship of diamond in high
pressure domainR=200 GPa) is shown in Fig.(6). The
bulk modulus continuously increases with pressure, while
the temperature dependenceBbecomes much smaller at

Temperature (K) Pressure (GPa) high pressures. This is because the bulk modulus is related to
3200 E P=100'0 GPa ' ' (c) J 50
T BT P-gooGPa
% 2400 | 1 40
3 P=600 GPa
B 2000 f
E _—
P=400 GPa L}
= 1600 I
& £ 30
>
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FIG. 6. Variation of the bulk modulus of diamond with tempera-
ture(a) and pressuré) in the case of pressure below 100 GPa. The 44 |
temperature dependence of bulk modulus for pressures between 2
GPa and 1000 GPa is shown(ic). The experimental result at 298
K and ambient pressure is denoted by cirdlem Ref. 25. 0

In order to verify the origin of the interesting changes of
the thermal expansion coefficient, we plotted the r@igen 70
parametersy;(q) at different pressures in Fig. 5. The avail-

able experimental dataare also displayed. It can be seen g |

that at zero pressure, the @risen parameters along all the
branches are positive, therefore, no negative thermal expal
sion occurs. When the pressure reaches 700 GPa, stroig
negative Graeisen parameters are found for the transversgt

acoustic(TA) branches especially near the BZ boundaKes 3 40 ¢

and L which is quite similar to the case of Si at ambient &

pressuré. It is such negative Gneisen parameters that re- § 30 |

sult in the negative thermal expansion coefficient of diamoncg
at high pressure. The transition of Grisen parameter from i
positive to negative value reflects the changes of the inter
atomic forces with external pressure in diamond. Analysis o

the atomic vibrations at TA() and TA(L) shows the polar- 10}

izations of these two modes are associated with pure bonc
bending motion: the bonds between atoms are distorted b o

atomic motions perpendicular to the bonds. At low pressure,

KX r LT K X r L

the angular force constants are dominant in diamond. These FiG. 7. Pressure dependence of the phonon dispersion curves of
angular force constants favor positive Geisen parameter. diamond atT=300 K. (3 P=0 GPa, (b) P=50 GPa,(c) P
When the pressure increases, the contribution of stretching200 GPa,(d) P=600 GPa. The experimental data obtained
force constants becomes significant and therefore the negftem inelastic neutron scatteringrom Ref. 30 at room tempera-
tive Grineisen behavior occurs. Analysis of the force con-ture).
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FIG. 8. Pressure dependence of the phonon frequency of dia-
mond at(a) I' andX and(b) L. The inset in(b) shows the details at
low pressure range.

P=600 GPa
the volume derivative of pressure [B
=—V(dP/dV)+]. The vibrational contribution t® [see Eq.
(2.2)] becomes less significant at high pressures since the
number of the excited phonon modes decreases. While the
static internal energ¥ (V) increases drastically as the vol-
ume decreaseghe pressure increagesThe V-P isotherm
(see Fig. 1 becomes flatter at high pressure which means the

P=400 GPa

Density of states

P=200 GPa

negative volume derivative of pressure {P/dV) is getting 0 10 20 30 40 50 60 70 80
larger. Therefore, at high pressure, diamond has larger bulk Frequency v (THz)
modulus.

Figure 7 shows the pressure dependence of the phonon FIG. 9. Pressure dependence of the phonon density of states of
dispersion curves of diamond along some high-symmetrfliamond(a) 0=P=<100 GPa(b) 200<P=<800 GPa.
lines in BZ . At zero pressure, the calculated phonon disper-
sion curves are in good agreement with the inelastic neutrowards which corresponds to the decrease of frequency of the
scattering measuremetitAs the pressure increasgsee Fig.  acoustic modes aXs; and Ls. Other peaks shift upwards
7(b)], all the phonon branches move to higher frequencycontinually. One interesting feature is that the DOS peak at
range accordingly. However, the increasing magnitude at difthe uppermost frequency cutq#0.1 THz for zero pressure
ferent points in BZ is different. It can be seen that when decreases gradually with the increase of presgsee Fig.
=50 GPa, the frequency at, becomes lower than that of 9(a)]. This peak originates from the overbending of the up-
L;. The frequency difference betweéfy and X, becomes permost phonon dispersion curve nd&j; [see Fig.7a)],
smaller than that of in Fig. (@. When pressure goes even which is completely absent in the phonon structure of other
higher [see Fig. Tc) and (d)], X, and X, change position group-IV semiconductors. Early analySisiemonstrated that
with each other. The frequency &, becomes higher than this peak in phonon DOS was the origin of the famous sharp
that of X; in Fig. 7(d). The detailed variations of frequency peak in the second-order Raman spectra. The present calcu-
atT’, X, andL with pressure are shown in Fig. 8. It can be lation suggests that the sharp peak in the second-order Ra-
seen that phonon frequenciesldl, X, X4, L3, Ly, and  man spectra will decrease when pressure is imposed on the
L, increases monotonically with pressure. While frequenciegliamond sample. It will be very interesting to verify this
at X3 and L first increase then decrease as the pressurehenomenon by experiment since the origin of this Raman
increases from zero to 800 GPa. Such decrease of frequengak has been a longstanding controversy. Another DOS
with pressure means that the @gisen parameters at these peak appears at the uppermost frequency cutoff when pres-
points will become negative. It is found from Fig. 8 that the Sure is higher than 400 GPa. However, this peak does not
pressure for the crossing point bf andL} is 17 GPa; for ~come from the overbending of the uppermost phonon disper-
the crossing point oK, andX, it is 230 GPa. sion curve neaf 55 but from the uplift of the optical branch

Figure 9 shows the pressure dependence of phonon dehetweenl';; and X, [see Fig. %)]. The overbending of the
sity of stategDOS). When pressure increases from 0 to 100uppermost phonon dispersion curve négk of diamond
GPa[Fig. 9a)], all the peaks in DOS move to higher fre- also originates from its unusual interatomic force constants,
quency range accordingly. When pressure is higher than 60§imilar to the Grmeisen parameters. As stated before, the
GPa, two DOS peaks in the low frequency range shift downangular forces are much stronger in diamond than in silicon
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at low pressure, which gives rise to the overbending of phoavailable experimental measurements. At ultrahigh pressure
non structure of diamond. As pressure increases, the ratio ¢&700 GPa, we find that diamond also exhibits negative
angular force constants to stretching force constants in dighermal expansion coefficient at low temperatures. Further-
mond decreases, therefore the overbending of the phonanore, it is found the phonon structure of diamond is modi-
dispersion curve disappears gradually. The variation of théied by imposing pressures. The phonon frequencieX at
phonon structure with pressul&ig. 7) also comes from andLj gradually go higher than that of; andL}, respec-

these changes of the interatomic force constants. tively. The unusual overbending of the diamond phonon dis-
persion curve neal ;s decreases with the increase of pres-

V. CONCLUSIONS sure, which suggests that the famous sharp peak in the

second-order Raman spectra will decrease with pressure ac-

In the present paper, we have calculated the thermod
namic properties of diamond, such &V-T equation
of state, thermal expansion coefficient, @Geisen param-
eters, and bulk. modulqs at hlgh hydrosta}nq pressures, ACKNOWLEDGMENT
using the quasiharmonic approximation within density-
functional theory. The obtained results for the investigated This work was supported by the U.S. Department of En-
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