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Theoretical prediction of a phase transition in gold
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We performed theoretical investigations on gold under high pressure through first principles self-consistent
total-energy calculations within the local-density approximation as well as generalized gradient approximation
using full-potential muffin-tin-orbital method and found a phase transition from fcc-type to hcp-type of struc-
ture at 241 GPa. The stability of this phase has been explained through electronic density of state.
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Gold is a well-known primary internal high-pressure cali- copper, and silver at ultrahigh pressures has been reported.
bration standard, which can be used by evaluating its latticdo locate possible phase transformation at multi-megabar
parameters at certain pressur@$ the temperature is pressures, we investigated gold up to a pressure of 250 GPa.
known).! Gold is also important due to its properties such as  Prima facie, we briefly describe here tale initio method
chemical inertness and availability in pure form. Addition- to solve the Dirac equatiotfor the core electronsor (modi-
ally, it has stable crystal structure up to high pressuresied) Schralinger equation(for the valence and semicore
(>100 GPa) and temperatures and its simple structure anelectron$. The total energy of the system was obtained
high atomic number make it relatively easy to constrain thewithin the local density approximatiofLDA) as well as
lattice parameter by x-ray diffraction. Considerable amoungeneralized gradient approximation (GGA). The
of data on gold is available to constrain its equation ofHedin-Lundqvist® parametrization for the exchange and cor-
state'™* The compressibility of gold is quite higisothermal  relation potential in case of LDA and Perdew, Burke, and
bulk modulusK ; and its pressure derivati€; at zero pres- Ernzerhot® parametrization for the exchange and correlation
sures are 1675 GPa and 5.50.8)2 Using the available potential in case of GGA have been used. The wave func-
data on goldultrasonic and Hugonoitlamiesoret al! pre-  tions are expanded by the means of linear muffin-tin orbitals
dicted a series of isochors in the pressure-temperature plandgside the nonoverlapping muffin-tin spheres that surround
Heinz and JeanlGzverified experimentally the 300-K iso- each atomic site in the crystal. No geometrical approxima-
therms predicted by Jamiesem al® from high-temperature tion was employed to evaluate the basis function, electron
Hugoniot data. They measured the compression of gold exdensities, and potentials. The expansion of these parameters
perimentally at room temperature to 70 GPa using x-ray difwas performed in such a way that it is a combination of
fraction through digital-to-analog convertddAC) and ruby  spherical harmonic functionisvith | .,,,=6) inside nonover-
fluorescence scale. The thermal equation of state was derivdapping spheres surrounding the atomic sitesuffin-tin
by a simultaneous inversion of all equation-of-state data andpherep and a Fourier series in the interstitial region. The
the gold calibration standard was extended up to 200 GPa imuffin-tin radius was consistently chosen such that the
pressure and 3000 K in temperature. muffin-tin spheres occupied 66% of the total volume. We

Godwal and Jeanlzcalculated the equation of state of make use of a so-called double-basis set since we allow the
gold up to a pressure of 200 GPa at 5000 K by using théwo tails with different kinetic energy for each muffin-tin
linear-muffin-tin-orbital (LMTO) method in atomic sphere orbital with a givenl-quantum number. In the present calcu-
approximation(ASA) with approximate corrections for lat- lations, we make use of following parameters: pseudocore
tice vibrational and electronic contributions to the pressure5s, 5p and valence bands; 6p, 5d, and 5 basis functions
Their calculations indicate that the electronic contribution towith corresponding two sets of energy parameters, appropri-
the high-temperature equation of state is negligibly small anéte for semicore § 5p state and valence states, respec-
under compression, gold shows virtually no change in thdively. It results in the formation of a single and fully hybrid-
electronic structure. Besides gold, copper and silver arézing basis set with a well-converged ba¥iszor sampling
noble metals and candidates for the high-pressure measurtte irreducible wedge of the Brillouin zone, we used a uni-
ment scale. Numerous investigations have been performed form mesh ofk points’ and in final convergence 195 and
evaluate equation of state of these metals. By the use &20 k points in the irreducible Brillouin zone were used for
indirect and direct laser driven shocks, the copper equatiorfec and hcp structure, respectively. In order to speed up the
of-state measurements have been performed up to 40-Mbarsenvergence, each calculated eigen value was associated
pressure rang®.® We used the full-potential linear muffin- with a Gaussian broadening of 20 mRy wide.
tin orbital (FPLMTO) method” in order to deduce the Under compression, the calculation shows that gold un-
equation of state€EOS of gold, whereas the method used in dergoes a structural phase transition from fcc-type to hcp-
an earlier reportto calculate EOS was based on ASA. To type of structure. Our calculated transition pressure in LDA
our knowledge, no structural phase transformation in goldis around 241 GPa, whereas in GGA it is around 200 GPa.
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FIG. 1. Energy difference between the fcc and the hep structure i, 2. Calculated density of staté®OS for gold atV/V,
for gold as a function of volumeW/V,), whereV, is the experi-  =1.0). The full and dotted lines indicate DOS for fcc and hcp
mental equilibrium volume. The fcc structure is used as the zeroppase, respectively. The Fermi level is set at zero-energy level and
energy reference level. marked by a vertical dashed line.

Present calculations are performad@a& and the experiment values of unit-cell volume, bulk modulus, and pressure de-
will be done at 300 K, so an entropy difference is estimatedivative of bulk modulus for fcc phases of gold with the
between the fcc and hcp structures. At very high pressuregspective values as reported earfigrA significant differ-

this difference is very small and less than 0.05 mRgp  ence between our and the reported values can be attributed to
entropy contribution will not effect the transition pressure. Inthe use of the atomic sphere approximation, which exhibits a
previous studies no phase transformation has been reportéigh degree of inaccuracy as compared to the full potential
to pressures as high as 200 GPa and at temperature to 5080 initio method of the present investigation.

K.> Figure 1 depicts the difference in the total energy be- In order to understand the mechanism behind this phase
tween the pertinent crystallographic structures of gold as #&ransition, we calculated the density of statP©S) in LDA
function of volume. We compared the fcc-tyflew-pressure  for both phases at two different volumes. Figures 2 and 3
phase structure and hcp typéhigh-pressure phagef gold  depict such plot for the fcc and hcp phase at two volumes
by taking the energy of the fcc-type structure as a referenc€V/Vy,=0.5 and ). The DOS for hcp structure is for two
We observed that the theoretical equilibrium volume isatoms, whereas for fcc phase it is for one atom. The density
slightly bigger for the fcc-type structure than for the hcp-typeof state below the Fermi level is mainly composed of
structure. The only difference between the cubic close packd-bands. The bandwidth @Fband for both phases is around
ing (fcc) and hexagonal close packin@cp is having an 10 eV at equilibrium volume. We observed that the hcp
ababversus arabc stacking along111). Figure 1 also indi- phase at this volume is unstable as compared to the fcc
cates that the hcp structure is more stable than the lowphase, reflected by a peak at the Fermi level. It is to be noted
pressure phase beyond/Vy=0.55 in LDA and V/V, that the Fermi level lies at the onset of this peak, implying
=0.60 in GGA. In Table I, we list the unit-cell volume, bulk the instability of this phase as compared to the fcc phase.
modulus, and pressure derivative of bulk modulus of twoFurther at this volume total DOS for fcc phase is 0.14 states
phases of gold. We have optimized t¥e ratio for the new per eV per atom and 0.17 states per eV per atom for hcp
hcp phase. Our calculated value is very close to that for idegthase. On compression up to 50% of the equilibrium vol-
hcp structure. In Table | we also compared our calculatedime, we found that the bandwidth increases from 10 eV to

TABLE |. Properties of the fcc and the hcp gold at ambient conditions.

Volume (A3) Ks (GPa K4 cla
Present calculatioffcc-LDA) 16.76 193.0 4.8
Present calculatioffcc-GGA) 17.52 219 3.74
Present calculatiothcp-LDA) 16.50 191.0 4.7 1.63
Present calculatiothcp-GGA 17.32 216 3.75 1.63
Calculation(fcc-LDA)? 15.94 16.5 6.4
Experiment(fcc)® 16.96 166.7 5.48

3 MTO-ASA calculations by Godwal and Jeanl@Ref. 5.
bHeinz and JeanlotRef. 2.
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FIG. 3. Calculated density of staté®OS for gold atV/V,
=0.5. The full and dotted lines indicate DOS for fcc and hcp
phase, respectively. The Fermi level is set at zero-energy level a
marked by a vertical dashed line.

22 eV. Additionally, the shift of Fermi level to the minima of
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total DOS for fcc phase is 0.08 states per eV per atom and
0.09 states per eV per atom for hcp phase. Still at this com-
pression, the DOS of fcc phase is lower by 0.01 states per eV
per atom in comparison to hcp structure. One can notice that
atV/Vy=1, the DOS of fcc phase was lower by 0.03 states

per eV per atom in comparison to hcp structure. This sug-

gests increasing stability of hcp phase in comparison to fcc
phase with decreasing volume. Keeping in the mind that

DOS is just sum of one-electron eignvalue and there are
other contributions to total energy also, so may be one has to
compress little bit more to see the stability of hcp phase in

terms of DOS.

In summary, we observed a pressure-induced phase tran-
sition in gold at 241 GPa. The values of volume, isothermal
bulk modulus, and its pressure derivative of the new poly-
morph of gold in LDA are evaluated to be 16.50°,A191
GPa, and 4.7 respectively. The high-pressure polymorph of
gold has hcp structure. We explained the stability of the new

rahase through electronic density of state.
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