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Relative stability of Cu, Ag, and Pt at high pressures and temperatures from ab initio calculations
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The paper presents ab initio studies into the relative stability of the crystalline structures of copper, silver,
and platinum up to high pressures at 7 > 0 K. Our calculations in quasiharmonic approximation suggest that
not the fcc structure of Cu and Ag, but the body-centered cubic one, is thermodynamically most favorable at
P 2> 100 GPa and T > 3 kK. The shock Hugoniot of Cu and Ag crosses the fcc-bee phase boundary and the
calculated transition pressures agree well with the result of recent laser shock experiments by Sharma et al. The
advantage of the bcc structure comes from its softer low-frequency phonon modes and the smaller contribution of
lattice vibrations to free energy at high temperatures, as compared to close-packed structures. The compression
of platinum crystal also causes the fcc — bcc transition but at much higher pressures, P > 1.4 TPa.
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I. INTRODUCTION

Due to advances in the nanosecond x-ray spectroscopy
technique, a number of experimental studies have been taken
in recent years to investigate structural changes which occur
in materials under shock compression. The most recent of
them were devoted to the detection of phase transitions in
such metals as copper, silver, gold, and platinum [1-4]. They
showed the structural transformation from the face-centered
cubic lattice to the body-centered one to occur in Cu, Ag, and
Au before the onset of melting. That was quite an unexpected
result because earlier shock experiments did not show any
anomalies pointing to the existence of the phase transition
[5-10]. Static diamond anvil-cell measurements [11-16] also
did not detect the fcc — bcc transition.

In turn, theoretical results obtained for Cu and Ag from
first principles show that the structural transition to the bcc
phase does not occur in these metals at 7 = 0 K at least to
pressures P =~ 100 TPa [17,18]. Thus far no attempts have
been made to study the possibility of the fcc — bcc transition
in compressed copper and silver at high temperatures. For
gold, several structural changes were predicted to occur under
pressure [12,19,20]. Moreover, it was shown in Ref. [20]
that the fcc — bec transition must occur in Au under high
pressures and temperatures which was later detected in shock
experiments [1,2].

The structural stability of platinum under high P and T is
studied in at least two papers [21,22]. The authors of Ref. [21]
use first-principles molecular dynamics (DFT-MD) calcula-
tions to predict the existence of the randomly disordered
hexagonal close-packed structure (rhcp) at pressures above
40 GPa and temperatures >3 kK. But later, in laser-heated
diamond anvil-cell measurements [22] and shock-wave ex-
periments [3], no phase transitions were detected at least to
P ~ 380 GPa. On the other hand, as shown in Ref. [23], the
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bcee phase of Pt becomes more energetically favorable than fcc
at a pressure of about 2 TPa and zero temperature.

The authors of experimental works [3,4] suppose the mech-
anism of plastic deformation plays an important role in the
fcc — bee transition for Cu, Ag, and Au metals. Under
shock compression, abundance of stacking faults form in them
shortly before the structural transition starts and these stacking
faults may facilitate structural changes. No such growth of
stacking faults is observed in platinum and the transition does
not occur [3]. However, it should be noted that in dynamic
ramp experiments [10] for copper, no structural changes were
observed at least to 1.15 TPa. From sound velocity data the
authors of Ref. [10] suppose that no structural changes might
occur up to P = 2.3 TPa. Temperatures in ramp experiments
are generally much lower than in conventional shock experi-
ments and the P-T path of interest is usually quite close to the
principal isentrope [24]. Thus, the question of where the place
of the fcc — bcc transition is on the phase diagram of copper
still remains opened.

II. DETAILS OF CALCULATIONS

In order to see the particular features of structural changes
in Cu, Ag, and Pt we study their structural phase stability
under high pressures and temperatures up to the melting
point. In this work we used for calculations the all-electron
full-potential linear MT-orbital method FP-LMTO [25]. Its
internal parameters were adjusted so as to ensure required
accuracy (~0.1 mRy/atom) [20]. Considered are the fcc,
bee, hep, and dhep structures as the most probable candi-
dates for the high pressure phase of noble metals [12,19,20].
The following atomic levels were taken as valence: 3s, 3p,
3d, and 4s for copper, 4s, 4p, 4d, and 5s for silver, and
5s, 5p, 4f, and 5d for platinum. Calculations were done
in the scalar-relativistic approximation with gradient (GGA)
exchange-correlation (XC) functionals [26,27] for Cu, and
PBEsol [28] for Ag and Pt. These functionals have earlier
demonstrated good accuracy in the calculation of copper,
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silver, and platinum properties [13,23,29]. The basis set was
limited to the moment /2, = 4. Charge density and potential
expansions in terms of spherical harmonics were done to
[* . =". The improved tetrahedron method [30] was used
for integration over the Brillouin zone. The meshes in k
space measured 30 x 30 x 30 for the cubic structures, and
30 x 30 x 18 and 30 x 30 x 15 for the hcp and dhcp phases,
respectively. The phonon spectra were calculated with linear
response theory implemented in the FP-LMTO code [25].
Phonon frequencies were determined using meshes of q points
which measured 10 x 10 x 10 for the cubic structures, and
10 x 10 x 6 and 10 x 10 x 5 for hcp and dhcp, respectively.
The parameter c¢/a for hexagonal lattices was always opti-
mized.

The energy convergence criterion that defines the number
of iterations of the self-consistent loop was taken to be 1073
mRy/cell. The pressure versus volume dependence was cal-
culated by differentiation of an analytical expression which
approximated the energy-volume dependence. The formula
by Parsafar and Mason [31] was used for this approximation.
The dependence of internal energy versus relative specific
volume V /V} (Vp standing for specific volume under ambient
conditions) was calculated in the interval from 1.05 to 0.3 ata
step of 0.05. The phonon spectra were calculated at a step of
0.1. The contribution of lattice vibrations to free and internal
energies were determined in quasiharmonic approximation
[32] with use of the calculated phonon spectra. The value of
free (internal) energy for each V and 7 was determined by
adding the thermal contribution of lattice vibrations to cold
energies. The Gibbs potential was calculated with the known
formula G = F + PV. To calculate the principal isentrope,
we determined the value of entropy 7S3p0 = E — F under
ambient conditions. The corresponding isentrope curve was
determined from the condition S[V (P, T), T] = S3o for spec-
ified V and T'. The well-known Lindemann criterion was used
to evaluate the melting curve. The procedure of its calculation
is described in Ref. [23].

III. RESULTS AND DISCUSSION

Figure 1 shows the Gibbs potential differences of consid-
ered structures at zero temperature for the three metals. The
energies of fcc and dhcp copper are seen to be very close but
calculations show that the contribution of lattice vibration to
free energy for dhcp is a bit higher than for fcc and the struc-
tural transition fcc — dhcp will not occur. Thus, at T = 0 K,
fcc Cu is very likely to remain most favorable up to very high
pressures which agrees with other calculations [12,17]. Note
that the bec structure is energetically much less favorable than
the close-packed phases at zero temperature.

For silver the pattern is somewhat changed (see the middle
panel of Fig. 1). Below P = 2.5 TPa, two structural transitions
occur: the first, fcc — dhcp, at a pressure of about 0.6 TPa,
and the second, dhcp — hcp, at P > 2 TPa. Like in the case
of Cu and Au [20], the difference between the energies of the
close-packed phases is small and calculated results are very
sensitive to parameters of the calculation method. The energy
of the bce phase is also markedly higher than those of the
close-packed structures at 7 = 0 K. These results agree quite
well with other calculations [12,18]. In particular, it is shown
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FIG. 1. Calculated Gibbs potential differences AG for the con-
sidered structures of Cu, Ag, and Pt in the pressure range up to 2.5
TPa at T = 0 K (relative to G for fcc).

in Ref. [18] that at P > 0.5 TPa the transition to a hexagonal
close-packed phase may occur in silver.

The lower panel of Fig. 1 shows the thermodynamic poten-
tial differences AG for platinum. As seen from the figure, the
structural fcc — bcec transition must occur in Pt at P ~ 2.0
TPa. One can also see that in considered range of pressures,
the scale of changes in the energy of the close-packed phases
of Pt is much larger than in the other metals. So, among the
metals we are considering, only platinum transforms from fcc
to bccat T =0 K and P < 2.5 TPa. But it will be shown
below that the situation strongly changes with the increasing
temperature.

Figure 2 shows specific energy (E) of the copper lattice
versus lattice parameter c/a for different relative volumes
V/VpatT = 0 K. Itis seen from the figure thatat V/Vy = 1 the
bcce structure is dynamically unstable which agrees well with
other calculations [33]. As compression increases (V/Vy <
0.8, P 2 60 GPa), the minimum corresponding to the bcc
structure of copper appears in the Ei(c/a) curve. In turn, the
fcc phase remains stable and the energy difference between
the cubic phases gradually increases. As shown by calcula-
tions, the situation does not change up to very high pressures
(P > 2.5 TPa). The bcc structure remains metastable in a wide
range of compressions. A similar behavior is observed for
silver, whose bcc phase also becomes dynamically stable at
V/Vo < 0.8 and remains metastable up to high pressures. The
behavior of platinum is a bit different. Below 1.4 TPa (V/V, ~
0.47) at T = 0 K, its bec phase is dynamically unstable and
stabilizes only at higher pressures.

Now look at the phonon spectra of Cu and Ag crystals
for different structures under pressure. Figure 3 compares
the phonon densities of states (PDOS) of the phases under
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FIG. 2. Internal energy versus c/a ratio (Bain path) at 7 = 0 K
for several compressions of copper.

consideration at V/Vy = 0.6. Calculations show that the low-
frequency phonon modes of bcc Cu and Ag are markedly
softer than those of the close-packed phases (Fig. 3). The
first low-frequency maximum related to the transverse phonon
modes is seen to be noticeably shifted to low frequencies.
Therefore the contribution of thermal lattice vibrations to the
free energy of the bcc phase is lower than that of the other
structures. This behavior does not change up to high pressures
(>2 TPa) and cardinally affects the phase diagram of Cu and
Ag.

For platinum the situation is a bit different. The left panel
of Fig. 4 shows the phonon densities of states for four plat-
inum structures at a pressure of about 1.65 TPa (V/V, =
0.45), i.e., before the structural fcc — bcc transition occurs.
Reminder that at V /V) > 0.47 and T = 0, bec Pt is dynami-
cally unstable. On whole, the pattern is similar to what was
demonstrated for copper and silver. The bcc phase has the
softer low-frequency phonon modes and the contribution of its
phonons to the free energy of the system is lower compared to
fcc. But with the increasing compression the situation rapidly
changes so that almost immediately after the fcc — bcec

PDOS (arb. units)
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FIG. 3. Phonon densities of states for the considered structures
of Cuand AgatV/Vy =0.6and T =0 K.
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FIG. 4. Left panel: Phonon densities of states for the considered
structures of Pt at V /V,, = 0.45. Right panel: Free energy difference
of the phonon gas (red line) at 7 = 300 K for bec and fce Pt near the
fcc — bec transition (green dotted line).

transition the contribution of lattice vibrations to free energy
for bce becomes larger (see the right panel of Fig. 4). In the
cases of copper and silver, this does not occur at least to
V/Vo = 0.32 (P =~ 3 TPa).

Figures 5 and 6 show the phase diagrams of copper and
silver calculated in this work. It is seen that the melting
curves obtained with the Lindemann criterion agree well with
available experimental data [34-36] (see Fig. 5 and the inset
in Fig. 6). One can also see that the fcc — bcc transition
occurs in both metals above some pressure as temperature
increases. The existence of the fcc structure on the phase
diagrams of Cu and Ag is limited from above by tempera-
tures in a few thousand Kelvin. The softer bcc phase appears
due to its dynamical stabilization with the growing P. The
transition occurs because of the higher entropy and the lower
contribution of lattice vibrations to the free energy of the bcc

16 T T T T T T T T T T
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0 " 1 " 1 " 1 " 1 1
0 200 400 600 800 1000

Pressure (GPa)

1200

FIG. 5. Phase diagram of copper. The lines show calculated re-
sults: the melting curve (the solid line), the fcc-bec phase boundary
(the dashed one), fcc Cu Hugoniot (the dash-dotted line), and the
principal isentrope (the dotted one). Triangles show points on the
experimental melting curve [34].
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FIG. 6. Phase diagram of silver. Results of calculations designate
the same as in Fig. 5. Also shown is the calculated fcc-dhep phase
boundary. The inset shows the melting curve at low P: the line
with crosses is experimental results from [35], and the circles show
experiment [36].

lattice compared to the other lattices. A similar behavior has
recently been detected in compressed (P > 150 GPa) tin and
lead crystals [24] where the hcp lattice which is more ener-
getically favorable at T = 0 K becomes less favorable than
the softer bce lattice as temperature increases. In addition to
the fcc — bcc transition, one more structural transformation,
fcc — dhep, exists in silver at relatively low temperatures (see
Fig. 6). The boundary between these phases has a positive
slope and the region where the fcc structure exists increases
rather greatly as P and T grow.

Let us look closer into the fcc — bce transition in Cu
and Ag using as an example the dependence of the Gibbs
potentials G of these structures versus 7 and P. Figures 7 and
8 demonstrate their relative difference versus temperature for
two characteristic pressures. It is seen that the values of G for
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FIG. 7. Gibbs potential difference between the considered cop-
per structures (relative to fcc) versus temperature at pressures
200 GPa (left panel) and 400 GPa (right panel).
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FIG. 8. Gibbs potential difference between the considered silver
structures (relative to fcc) versus temperature at pressures 200 GPa
(left panel) and 400 GPa (right panel).

the hexagonal structures are rather close to the Gibbs energy
of the fcc phase and AG weakly changes with the increasing
temperature. As a counter to this, the Gibbs potential of the
bce structure gets rapidly smaller than that of the fcc one
and the bce structure becomes energetically more favorable.
Here the energy difference is rather large. So, for example,
its change by 0.3 mRy/atom (=4 meV /atom) will shift the
fcc-bee phase boundary by no more than about 300 K.

It is also seen from Figs. 5 and 6 that the fcc-bec phase
boundary crosses the shock adiabat both in copper and in
silver. The transition pressures on the Hugoniot are calculated
to be 177 and 153 GPa for Cu and Ag, respectively, which
agree well with ~180 (Cu) and 144-158 (Ag) GPa obtained
in experiments [3,4]. Thus, from the thermodynamic point of
view, it is shown that the fcc — bcc transition may exist on
the Hugoniots of these metals. The effect of stacking faults
on the parameters of this transition requires further investi-
gation. As seen from Figs. 5 and 6, the calculated fcc-bee
phase boundary runs down below 100 GPa. Unfortunately, in
laser-heated diamond anvil-cell experiments [34], the melting
of Cu was detected optically and the crystal structure of the
melting material at high pressure was assumed to be fcc.
Therefore the question of observing the fcc — bcec structural
transition in static experiments at P < 100 GPa and high
temperatures remains undetermined at the moment. As shown
by calculations, the closer to the dynamic stability boundary,
the sharper is the increase of the error from the use of the
quasiharmonic approximation for high temperatures (see, for
example, [37]). For more accurate calculation, it is necessary
to account for higher order anharmonic effects which can be
done with MD modeling. Now, there exist several approaches
which use results of ab initio calculations [38—43]. As shown
in Ref. [43], for many metals including Ag and Cu, the con-
tributions from phonon-phonon interaction and from thermal
electron excitation to the Gibbs energy are opposite in sign.
For copper, these contributions are approximately equal. It is
possible that these contributions will cancel each other, which
gives hope for the reliability of the results obtained in the
quasiharmonic approximation. Nevertheless the existence of
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FIG. 9. The calculated phase diagram of platinum. The red line
is the melting curve, the black dash-dotted line is the Hugoniot from
[23], the green dotted line is the principal isentrope, and the blue
dashed line is the fcc-bee phase boundary. The black short-dashed
line shows the dynamic stability boundary of bcc Pt (see the text).

the bce phase in Cu and Ag at pressures below 100 GPa and
high temperatures is still to be proved, though in some cases
the accuracy of quasiharmonic calculations at high pressures
is quite acceptable [20,24].

In Figs. 5 and 6 one can see the principal isentrope calcu-
lated in this work. It runs much lower than the fcc-bce phase
boundary and does not cross it at least to pressures about
2.5 TPa. This explains why the structural transition was not
detected in ramp experiments for Cu. According to data from
Ref. [10], the experimental P-T path is rather close to the prin-
cipal isentrope. Calculations suggest that unlike copper, silver
may transform into its double hexagonal close-packed phase
under quasi-isentropic compression to pressures >600 GPa.

Figure 9 shows the PT diagram of platinum calculated
in this work. It is seen that under pressure the region where
the fcc phase exists reduces as temperature increases because
of its harder low-frequency phonon modes compared to bcc
phase (see Fig. 4). Since at 7T =0 K and P < 1.4 TPa the
bce structure is dynamically unstable, there exists a region
on the PT diagram where the temperature dependence of the

Gibb potential for this phase cannot be determined within the
simple quasiharmonic approximation. The short-dashed black
line in Fig. 9 shows the boundary of this region. The fcc-bec
phase boundary cannot be extended to the left of it without
the phonon-phonon interaction taken into account. It is how-
ever clear that the fcc-bee phase boundary is far from the
Hugoniot and, unlike copper and silver, there is no reason for
expecting the structural transition to occur in Pt under single
compression by shock waves. The fcc — bcec transformation
in platinum should be expected to occur at about 2 TPa in
ramp experiments, as seen in Fig. 9.

IV. CONCLUSIONS

In conclusion, it has been demonstrated through calcu-
lations from first principles that in the Cu and Ag metals
at P 2 100 GPa and T > 3 kK, there may exist a region
where the body-centered cubic phase is thermodynamically
more favorable than fcc. The bee structure thermodynamically
stabilizes because its low-frequency phonon modes are softer
compared to close-packed phases and, hence, the contribu-
tion of lattice vibrations (calculated within quasiharmonic
approximation) to free energy is smaller. The shock Hugoniot
crosses the fcc-bee phase boundary both in Cu and in Ag,
and the calculated transition pressures agree well with recent
shock experimental results [3,4]. Calculations show that under
quasi-isentropic compression the experimental P-T path runs
below the boundary of the fcc-bec transition to high pressures.
However, in silver the transition to the double hexagonal
close-packed phase should be expected at P > 600 GPa and
relatively low temperatures. In platinum, the fcc — bcce tran-
sition should not be expected to occur below 2 TPa at T ~
300 K.

Thus, at least in some noble metals (Cu, Ag, Pt, and Au), at
0.1 < P <2 TPa and high temperatures, a structural fcc-bee
transition exists. In gold [20] and platinum, the bcc phase
is most stable at low temperatures as well. In this context it
would be good to test the other noble fcc metals (Rh, Pd,
Ir) for their bec structure stabilization at high P and T. In
addition, our evaluations (with the LOVA approximation [44])
show that the transport properties of Cu and Ag markedly
change at the phase transition point on the shock adiabat. So
the electrical and heat conductivities of the new bcc structure
is by about 30% lower that those of the fcc phase.
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