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From entropy to compression: Competing thermodynamic drivers of structural
transitions in transition metals
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Structural phase transitions in metals are conventionally described in terms of external pressure and density,
while electronic entropy is typically regarded as a secondary correction to the free energy. Here, we show
that electronic entropy constitutes a thermodynamic control parameter of comparable importance to external
pressure in determining structural stability. Using finite-temperature density functional theory, we construct
pressure–electronic-temperature phase diagrams for 15 transition metals spanning the hcp, fcc, and bcc families
and systematically investigate the competition between compressive and entropic contributions to the free energy.
We find that increasing electronic entropy progressively reshapes the free-energy landscape, reducing structural
competition and driving universal trends in phase stability across chemically diverse metals. In contrast,
external pressure often acts in opposition, stabilizing structures that are suppressed by electronic excitation.
The resulting phase behavior cannot be understood from pressure alone but emerges from the balance between
these two thermodynamic driving forces. Our results establish a general framework for understanding structural
transformations in electronically excited matter, extend the conventional pressure-temperature description of
metals by explicitly incorporating electronic entropy, and provide quantitative predictions for ultrafast laser and
x-ray free-electron laser experiments operating far from equilibrium.
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I. INTRODUCTION

The structural and thermodynamic properties of metals
are conventionally described in terms of external variables
such as pressure, density, and lattice temperature [1–5]. Un-
der strong electronic excitation, however, this picture breaks
down as the electronic subsystem can be driven far from
equilibrium and transiently decoupled from the lattice. In
this regime, electrons occupy a broad range of energy states,
leading to significant modifications of bonding, screening,
and interatomic forces. These changes can induce structural
transformations on ultrafast timescales, providing access to
states of matter that lie outside conventional equilibrium phase
diagrams. Transition metals, with their partially filled d bands
and pronounced structure in the electronic density of states
near the Fermi level, are particularly sensitive to such elec-
tronic perturbations and therefore offer an ideal platform to
explore these effects.
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To investigate this regime systematically, we perform a
finite-temperature density functional theory (FT-DFT) study
of 15 metals spanning hcp-, fcc-, and bcc-ground-state struc-
tures. By constructing Gibbs free-energy phase diagrams over
a wide pressure-temperature range, we identify clear trends in
how structural stability evolves under electronic excitation. In-
creasing electronic temperature reduces the diversity of stable
phases and drives a redistribution of stability toward simpler
crystal structures. In particular, the fcc phase becomes increas-
ingly prevalent at elevated temperatures, while the hcp phase
persists as a secondary competitor and bcc stability is progres-
sively confined to higher-pressure conditions. Despite these
global trends, the detailed phase behavior remains strongly
material dependent, reflecting differences in electronic struc-
ture and atomic volume across the periodic table.

This behavior can be understood in terms of the competing
roles of electronic excitation and mechanical compression.
Electronic excitation modifies the distribution of electrons
over available states, alters screening, and changes the effec-
tive interatomic interactions, favoring more isotropic metallic
bonding and stabilizing close-packed structures. In contrast,
compression favors structures with smaller atomic volumes,
most notably the bcc phase. Structural stability therefore
emerges from a balance between these effects, with tem-
perature and pressure selecting among a reduced set of
competing crystal structures. This interplay provides a unified
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interpretation of the trends observed across the calculated
phase diagrams.

Experimentally, such conditions can be realized using
ultrafast pump-probe techniques, including femtosecond op-
tical lasers and x-ray free-electron lasers (XFELs), which
rapidly increase the electronic temperature while leaving the
ionic subsystem comparatively cold [6–21]. On femtosec-
ond timescales, electron-electron scattering establishes a hot
electronic distribution, whereas energy transfer to the lat-
tice occurs more slowly. This separation allows materials
to transiently explore high-temperature electronic states at
nearly fixed atomic positions, such that structural stabil-
ity is governed by the electronic free energy. The resulting
transformations constitute nonthermal, electronically driven
solid-solid phase transitions [22–26], commonly described
within the framework of the two-temperature model [27,28].

The theoretical description employed here is based on
Mermin’s finite-temperature extension of density functional
theory [29–33], which provides a self-consistent framework
for treating temperature-dependent occupations, screening,
and exchange-correlation (XC) effects. Within this approach,
the electronic free energy is obtained directly, enabling a
quantitative description of phase stability under electronic
excitation. The results presented here establish electronic ex-
citation as a key factor in controlling structural stability in
metals and provide a coherent framework for interpreting
phase transitions under nonequilibrium conditions. By link-
ing electronic effects with pressure-driven stabilization, this
work offers guidance for ultrafast experiments and suggests
routes for controlling material properties through electronic
excitation.

II. COMPUTATIONAL DETAILS AND METHODS

A. Theoretical background

Electronic entropy is treated within a finite-temperature
formalism through the Fermi-Dirac occupation of electronic
states, yielding the entropy contribution to the Gibbs free
energy G = E − T S + PV , where E , T, P, and V are ground-
state electronic energy, temperature, external volumetric
pressure, and volume of the system, respectively. The entropy
S can be written as

S(T ) = −kB

∫
n(E )[ f (E ) ln f (E )

+ (1 − f (E )) ln(1 − f (E ))]dE , (1)

where kB, n(E ), and f (E ) are the Boltzmann constant, the
electronic density of states, and the Fermi-Dirac distribution
function, respectively. The electronic entropy depends on the
temperature through the Fermi-Dirac distribution, which in
general form is given by

f (E , T ) =
[

1 + exp

[(
E − μ

kBT

)]]−1

, (2)

with μ and E as the chemical potential and ground-state
electronic energy, respectively. For most metals at low and
near-room temperatures, the electronic entropy is well de-
scribed within the Sommerfeld expansion [34], S = γ T ,
where the Sommerfeld coefficient γ is proportional to the

electronic density of states at the Fermi level, n(EF ). In this
regime, the entropy contribution is small and varies linearly
with temperature, so its influence on structural, elastic, and
thermodynamic properties is typically negligible [35,36].

At elevated electronic temperatures, the entropy term −T S
becomes a dominant contribution to the free energy, en-
abling entropy-driven changes in phase stability. A consistent
theoretical description of these effects requires an explicit
finite-temperature electronic free-energy formalism, such as
FT-DFT. The Kohn-Sham (KS) equation at electronic temper-
ature T, which is solved self-consistently, is given by(−∇2

2
+ V T (r)

)
φT

i (r) = εT
i φT

i (r), (3)

where the first term is the kinetic energy, εT
i and φT

i (r) are KS
eigenvalue and eigenfunction, respectively, and

V T (r) = Vext(r) + V T
H (r) + V T

xc (r), (4)

where Vext, VH , and Vxc are external, Hartree, and exchange-
correlation potentials, respectively. The density is given by

n(r, T ) =
∑

i

f T
i

∣∣φT
i (r)

∣∣, (5)

with

f T
i =

[
1 + exp

(
εT

i − μ

T

)]−1

, (6)

where μ is the chemical potential. It should be noted that,
although f T

i is similar to the Fermi-Dirac function for non-
interacting electrons, the difference is that for KS electrons,
f T
i depends also implicitly on T through the KS eigenvalues

εT
i .

FT-DFT has proven to be a powerful practical frame-
work for investigating materials under conditions of thermal
electronic excitation, most commonly within the generalized-
gradient approximation for the XC functional [30]. Although
the conventional local-density approximation (LDA) becomes
less accurate in regimes of high electronic temperature and
density, recent developments may improve the accuracy of
LDA for large electronic densities and finite temperatures
[37–41].

B. Phase-diagram calculations

To construct pressure-temperature (P-T ) phase diagrams,
we performed systematic FT-DFT calculations for each crys-
tal structure on a dense two-dimensional (P, T ) grid. For
each element and each structure (hcp, fcc, and bcc), the
Gibbs free energy was evaluated over the range 0 GPa < P <

300 GPa, 0.1 eV < T < 4.1 eV, using pressure increments
of 20 GPa and temperature increments of 0.1 eV, resulting
in 496 grid points per structure. At each grid point, calcula-
tions were carried out at fixed volume corresponding to the
target pressure, and the electronic free energy was obtained
self-consistently. At each external pressure (corresponding to
the horizontal axis of the P-T phase diagrams), the crystal
structures and lattice parameters, including the c/a ratio for
hcp phases, were first optimized at a low electronic tem-
perature of 0.002 eV while the symmetry of system was
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FIG. 1. Gibbs free-energy phase diagrams of hcp-ground-state transition metals (Cd, Mg, Ti, Zn, and Zr) as a function of pressure and
electronic temperature. At each (P, T) point, the stable phase is determined from the minimum Gibbs free energy among hcp, fcc, and bcc
structures. The equilibrium atomic volume of the stable phase at each point is shown separately in Fig. 3, with representative values at the
pressure extremes collected in Table I. The diagrams reveal a wide range of structural responses under electronic excitation. Cd and Zn exhibit a
crossover from hcp at low temperature to fcc over most of the phase space, with only limited bcc stability. In contrast, Mg is largely dominated
by the bcc phase, reflecting strong stabilization by compression. Ti displays pronounced three-phase competition, with hcp favored at low
pressure, bcc stabilized at higher pressure, and fcc emerging at elevated temperatures. Zr shows a strong pressure-dependent competition
between bcc and fcc, while hcp remains stable only near low-pressure conditions.

conserved. The stable phase at each (P, T ) point was de-
termined by direct comparison of the free energies of the
competing structures. To obtain smooth phase boundaries
and improve visualization of the phase diagrams, the dis-
crete free-energy data were interpolated using a regular grid
interpolation scheme. This procedure provides a continuous
representation of the free-energy landscape while preserving
the underlying first-principles data. Phase boundaries were ex-
tracted from the interpolated free-energy differences between
competing phases. The phase diagrams were constructed from
∼7500 FT-DFT calculations on a dense P-T grid, ensuring a
systematic and high-resolution mapping of structural stability.

C. Electronic structure calculations

All electronic structure calculations were performed us-
ing the QUANTUM ESPRESSO package (version 7.4) [42].
The Perdew-Burke-Ernzerhof generalized-gradient approxi-
mation was employed for the exchange-correlation functional
[43]. projector augmented wave (PAW) pseudopotentials were
used, with a plane-wave kinetic-energy cutoff of 150 Ry and
an augmentation-charge cutoff of 1500 Ry. Electronic oc-
cupations were treated using the Fermi-Dirac distribution at
temperature T. The number of empty bands was increased
systematically with temperature to ensure convergence of both
the internal energy and entropy contributions. Brillouin-zone
integrations were performed using Monkhorst-Pack k-point
meshes 24 × 24 × 24, chosen to ensure convergence of total
energies within a few meV per atom. Convergence tests with
respect to k-point sampling, plane-wave cutoff, and number

of empty bands were performed to ensure that free-energy
differences between competing phases are converged within
a few meV per atom.

III. RESULTS AND DISCUSSION

A. Gibbs free-energy phase diagram

The Gibbs free-energy phase diagrams of the hcp-ground-
state metals display the richest diversity among the three
structural classes. Cd and Zn are largely governed by compe-
tition between hcp and fcc phases, with bcc appearing only in
limited regions, indicating that increasing electronic tempera-
ture primarily stabilizes fcc in these systems. In contrast, Mg
is predominantly bcc over much of the pressure-temperature
range, demonstrating strong volume-driven stabilization of
the bcc phase. Ti exhibits full three-phase competition, with
hcp favored at low pressure and temperature, bcc stabilized
by compression, and fcc emerging at higher temperatures. Zr
shows a similarly strong competition between bcc and fcc,
while hcp survives only near low-pressure conditions. These
results show that hcp-ground-state metals do not follow a
single structural response under electronic excitation; instead,
they span the full range from close-packed competition to
pressure-driven bcc stabilization.

The atomic volume associated with each stable phase,
shown separately in Fig. 3 and tabulated at the pressure ex-
tremes in Table I, clarifies why pressure favors bcc in some
of these metals but not others. Although the bcc lattice has a
lower geometric packing fraction than the close-packed hcp
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FIG. 2. Gibbs free-energy phase diagrams of fcc-ground-state transition metals (Al, Ag, Cu, Pb, and Pt) as a function of pressure and
electronic temperature. The stable phase at each (P, T) point is determined from the minimum Gibbs free energy among hcp, fcc, and bcc
structures. The equilibrium atomic volume of the stable phase at each point is shown separately in Fig. 5, with representative values at the
pressure extremes collected in Table II. The diagrams reveal distinct classes of behavior within the fcc group. Al remains robustly fcc across
nearly the entire phase space, with only a very limited hcp region at high pressure. Ag, Cu, and Pt exhibit pronounced competition within the
close-packed manifold, with pressure promoting the hcp phase over wide regions and, in the case of Cu, a broad intermediate-temperature hcp
regime. In contrast, Pb shows a qualitatively different response, with a large bcc stability region emerging at elevated pressures, indicating
strong volume-driven stabilization.

and fcc lattices, its DFT equilibrium volume is not necessarily
larger. In Ti and Zr, where the Gibbs phase diagrams show
clear pressure-driven bcc stabilization, bcc has the small-
est atomic volume of the three phases at every pressure
investigated, so external pressure—which always favors the
most compact structure—naturally selects bcc over its close-
packed competitors. The same ordering holds for Mg below
∼170 GPa; above this pressure, the ranking inverts and fcc
becomes the more compact phase, consistent with the renewed
encroachment of fcc stability at the highest pressures visible
in Fig. 1. In Cd and Zn, in contrast, bcc never has the smallest
volume at any pressure on the grid—fcc and hcp remain more
compact throughout—which is consistent with bcc playing
essentially no role in their phase diagrams despite compres-
sion being applied over the same 0–300 GPa range. Pressure
therefore does not intrinsically favor bcc as a lattice type;
it favors whichever phase is most compact at the DFT level
for that particular element, and this element-specific order-
ing, rather than a general packing-fraction argument, sets the
pressure-driven branch of each phase diagram. All five metals
show a comparable overall volume collapse of 48%–65% be-
tween 0 and 300 GPa (Table I), while the volume differences
between competing phases of the same element are consis-
tently only 1%–3%, an order of magnitude smaller than the
total compression—which is why the phase competition is so
sensitive to which structure happens to be marginally more
compact at a given pressure. Because hcp is the only one
of the three candidate lattices whose ideal geometry (c/a =√

8/3 ≈ 1.633) is not fixed by symmetry, it is also the only
structure capable of departing from close packing without a

symmetry-breaking distortion. Figure 4 shows the optimized
c/a ratio as a function of pressure for the five hcp-ground-state
metals, together with the pressure range over which hcp is
actually the thermodynamically stable phase at some elec-

TABLE I. Equilibrium atomic volume of each competing phase
at the lowest (∼0 GPa) and highest (∼300 GPa) pressures on the
calculated grid, together with the total volume collapse �V/V0 over
this range, for the five hcp-ground-state metals of Fig. 1. The pressure
dependence of the phase ordering (which structure is most compact
at a given P) is discussed in the text.

Element Phase V0 (Å3/atom) V300 (Å3/atom) �V/V0 (%)

Cd hcp 20.85 10.36 −50.3
fcc 20.94 10.37 −50.5
bcc 21.27 10.39 −51.1

Mg hcp 22.43 7.80 −65.2
fcc 22.37 7.75 −65.4
bcc 22.14 7.78 −64.9

Ti hcp 16.77 7.61 −54.6
fcc 16.69 7.60 −54.5
bcc 16.55 7.42 −55.2

Zn hcp 14.08 7.34 −47.8
fcc 14.03 7.35 −47.6
bcc 14.28 7.36 −48.4

Zr hcp 22.42 10.06 −55.1
fcc 22.17 10.06 −54.6
bcc 21.80 9.89 −54.7
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FIG. 3. Equilibrium atomic volume V (Å3/atom) of the Gibbs-stable phase at each (P, T ) point, for the five hcp-ground-state metals of
Fig. 1, shown on the raw 16 × 31 calculation grid (no interpolation). Color hue identifies the stable phase (green = hcp, red = fcc, gray = bcc,
matching Fig. 1); within each hue, brightness encodes V on a per-element scale shared across all three phases (darker = larger volume), so that
both the identity of the stable phase and its atomic volume are visible simultaneously.

tronic temperature (solid) versus metastable only (dotted). Cd
and Zn are markedly anomalous at low pressure (c/a = 1.91
and 1.79, respectively, 17% and 9% above ideal), in good
agreement with their known experimental room-pressure val-
ues (1.89 and 1.86); this anomaly relaxes smoothly toward
the ideal ratio by ∼150–200 GPa, entirely within the pressure
range over which hcp remains thermodynamically stable for
these two elements. Mg, in contrast, stays within 1% of the
ideal ratio across its entire stability range, consistent with its
more free-electron-like bonding. Ti and Zr show the opposite
behavior to Cd and Zn: c/a is close to ideal at low pressure
and rises sharply above it at higher pressure, reaching 1.93 and
1.81, respectively—but this rise occurs almost entirely outside
the pressure range in which hcp is actually stable (hcp gives
way to bcc above 80 GPa in Ti and above 20 GPa in Zr), so
the large c/a distortion in these two elements is a property of
the metastable lattice rather than one realized in the predicted
phase diagram. The anomalous-c/a physics highlighted here
is therefore specific to Cd and Zn among the metals studied.

The free-energy phase diagrams of the fcc-ground-state
metals exhibit a strongly material-dependent behavior. While
Al remains a robust fcc system across nearly the entire
pressure-temperature range, other elements exhibit substantial
competition between alternative structures. Ag, Cu, and Pt are
dominated by competition within the close-packed manifold,
with pressure promoting the hcp phase over wide regions of
the phase diagram, leading to pronounced fcc-hcp coexistence
and, in the case of Cu, a broad intermediate-temperature hcp
regime. In contrast, Pb displays a qualitatively different be-
havior, with a large bcc stability region emerging at elevated

pressures, indicating a strong influence of volume effects that
overcome the preference for close-packed structures. These
results demonstrate that phase behavior of fcc-ground-state
metals ranges from robust fcc stability to close-packed com-
petition and, in some cases, pressure-driven stabilization of
bcc phases.

The equilibrium volumes underlying Fig. 5 and Table II
show that compactness alone is not sufficient to predict where
bcc becomes stable; it must be weighed against the internal-
energy cost of adopting the bcc lattice, exactly as captured
by �Gαβ = �Fαβ (T ) + P�Vαβ (Sec. III B). In Pb, bcc has
the smallest atomic volume of the three phases over nearly
the entire pressure range, mirroring the behavior found for
Ti and Zr among the hcp-ground-state metals, and pressure
correspondingly stabilizes a substantial bcc region. In Ag, Cu,
and Pt, bcc is never the most compact phase at any pressure
investigated, consistent with its negligible presence in their
phase diagrams; in these metals, the close-packed fcc and hcp
lattices instead trade places as the most compact structure;
the two are nearly degenerate in Cu, reflecting their shared
close-packed coordination. Al is the instructive exception:
Above ∼50 GPa, bcc is in fact the most compact of the three
phases, by a modest 0.5%–1%, yet the phase diagram remains
overwhelmingly fcc, with the small residual competition com-
ing from hcp rather than bcc. This shows that the volume
term P�V favoring bcc in Al is more than offset by the
energetic term �F , so compression does not stabilize bcc even
though it is the smallest-volume structure—underscoring that
pressure-driven bcc stabilization requires both a volume and
an energetic advantage, not compactness alone.
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FIG. 4. Optimized hcp c/a ratio as a function of pressure for the
five hcp-ground-state metals, relative to the ideal close-packed value√

8/3 (dashed line). Solid segments mark pressures at which hcp is
thermodynamically stable at some electronic temperature in Fig. 1;
dotted segments mark pressures at which the optimized hcp structure
exists but is metastable (a different phase has lower Gibbs free energy
at all temperatures studied).

The phase diagrams of the bcc-ground-state metals show a
dominant low-temperature bcc phase in all cases, consistent
with bcc being the DFT ground-state structure for each of
these elements. With increasing electronic temperature, all
five metals show an expansion of the fcc phase, indicating a
temperature-driven crossover toward fcc stability; the extent
of this crossover is strongly material dependent, ranging from
a fcc fraction of ∼59% of the phase diagram in W down to
∼23% in Mo, which shows the weakest, but not negligible,

TABLE II. Equilibrium atomic volume of each competing phase
at the lowest (∼0 GPa) and highest (∼300 GPa) pressures on the
calculated grid, together with the total volume collapse �V/V0 over
this range, for the five fcc-ground-state metals of Fig. 2. The pressure
dependence of the phase ordering (which structure is most compact
at a given P) is discussed in the text.

Element Phase V0 (Å3/atom) V300 (Å3/atom) �V/V0 (%)

Al hcp 16.31 7.56 −53.6
fcc 16.17 7.62 −52.9
bcc 16.57 7.51 −54.7

Ag hcp 16.78 9.71 −42.1
fcc 16.70 9.71 −41.9
bcc 16.85 9.72 −42.3

Cu hcp 11.35 6.81 −40.0
fcc 11.29 6.80 −39.8
bcc 11.37 6.82 −40.1

Pb hcp 29.87 13.18 −55.9
fcc 29.82 13.22 −55.6
bcc 29.85 13.17 −55.9

Pt hcp 15.19 10.35 −31.9
fcc 15.10 10.33 −31.6
bcc 15.28 10.35 −32.2

entropy-driven fcc stabilization among the five. A small hcp
region also appears in Nb, W, and Mo. These results show
that, within the bcc group, structural stability is governed by
a competition between the low-temperature cohesive-energy
advantage of bcc and entropy-favored fcc phases, with the
strength of this competition varying significantly between
materials.

The equilibrium volumes underlying Fig. 7 and Table III
show that, in this group, bcc’s low-temperature dominance is
primarily an energetic rather than a volume effect: Because
these are bcc-ground-state elements, bcc already carries a
substantial cohesive-energy advantage at T → 0, and this is
normally large enough to win even where bcc is not the most
compact phase. V is the only element of the five where bcc has
the smallest atomic volume at every pressure studied; in Mo,
in contrast, bcc has the smallest volume at only 3–16 pressures
(hcp is more compact over most of the range), yet bcc still
dominates the low-temperature phase diagram because of its
energetic advantage. This is the same balance identified for
the hcp- and fcc-ground-state metals (Sec. III A), applied in
reverse: there, a phase needed both a volume and an energetic
advantage to be pressure stabilized; here, bcc’s built-in ener-
getic advantage as the ground state is normally sufficient on its
own, so the volume ordering plays a comparatively minor role
except in determining the detailed shape of the hcp/fcc/bcc
boundaries at intermediate temperature.

Figure 8 summarizes the global trends in phase stabil-
ity extracted from the free-energy calculations. Panel (a)
shows that increasing electronic temperature drives a re-
distribution of stability across all metals as the fraction of
bcc phases decreases rapidly, while fcc becomes the domi-
nant structure above T ∼ 0.15–0.20 Ry, reaching ∼70% of
the phase space at the highest temperatures. The hcp frac-
tion remains relatively constant, indicating that it plays a
secondary but persistent role. This behavior reflects a sys-
tematic weakening of the pressure-stabilized bcc phase under
strong electronic excitation and a concurrent stabilization of
close-packed structures, particularly fcc. Panel (b) provides
a complementary, physically intuitive view by tracking the
dominant phase at low pressure for each metal. At low tem-
peratures, the expected ground-state structures are recovered,
confirming the consistency of the approach. As temperature
increases, many systems undergo transitions toward fcc or,
in some cases, hcp, while bcc stability is progressively re-
stricted to a smaller subset of materials. Together, these panels
demonstrate that strong electronic excitation reduces struc-
tural diversity and drives a convergence toward a simplified
structural landscape dominated by close-packed phases, with
fcc emerging as the most prevalent high-temperature struc-
ture, while the detailed pathway remains strongly material
dependent.

The origin of this trend can be examined directly, since
the finite-temperature free energy F (V, T ) obtained self-
consistently at each grid point already encodes the electronic
entropy of each phase; differentiating numerically, S(T ) =
−∂F/∂T , gives the electronic entropy of hcp, fcc, and bcc.
Within the bcc-ground-state group, this comparison is un-
ambiguous: All five metals (Cr, Mo, Nb, V, and W) show
Sfcc(T ) > Sbcc(T ) at every temperature studied [Fig. 9(a)],
which is why all five exhibit a temperature-driven crossover
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FIG. 5. Equilibrium atomic volume V (Å3/atom) of the Gibbs-stable phase at each (P, T ) point, for the five fcc-ground-state metals of
Fig. 2, shown on the raw 16 × 31 calculation grid. Color convention as in Fig. 3: Hue identifies the stable phase, and brightness encodes V on
a per-element scale (darker = larger volume).

FIG. 6. Gibbs free-energy phase diagrams of bcc-ground-state transition metals (Cr, Mo, Nb, W, and V) as a function of pressure and
electronic temperature. The stable phase at each (P, T) point is determined from the minimum Gibbs free energy among hcp, fcc, and bcc
structures. The equilibrium atomic volume of the stable phase at each point is shown separately in Fig. 7, with representative values at the
pressure extremes collected in Table III. All systems exhibit a dominant bcc phase at low temperatures, reflecting the large cohesive-energy
advantage of the ground-state bcc lattice at low pressure. With increasing electronic temperature, all five metals show an expansion of the fcc
phase, indicating a temperature-driven crossover toward fcc stability, though the extent of this crossover varies substantially: The fcc fraction
of the phase diagram ranges from ∼59% in W down to ∼23% in Mo, which shows the weakest entropy-driven fcc stabilization of the group
but is not fcc-free. A small hcp region also appears in Nb, W, and Mo.
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FIG. 7. Equilibrium atomic volume V (Å3/atom) of the Gibbs-stable phase at each (P, T ) point, for the five bcc-ground-state metals of
Fig. 6, shown on the raw 16 × 31 calculation grid. Color convention as in Fig. 3: Hue identifies the stable phase, and brightness encodes V on
a per-element scale (darker = larger volume).

from bcc to fcc despite bcc being the T → 0 ground state
in every case. The magnitude of this entropy advantage is
smallest for Mo across most of the temperature range, con-
sistent with Mo showing the weakest fcc stabilization (∼23%
of its phase diagram) of the five bcc-ground-state metals. This
trend is not perfectly monotonic across the remaining four
metals, however [Fig. 9(b)]: Nb has the largest time-averaged
entropy gap but only a middling fcc fraction, while W has
a smaller gap yet the largest fcc fraction of the group. This
indicates that the T = 0 energy difference between phases—
not entropy alone—also plays a role in setting the precise fcc
fraction, even though the sign of the entropy gap correctly
determines whether a bcc-to-fcc crossover occurs at all. More
broadly, across all 15 elements, the phase with the largest
computed entropy correctly identifies the Gibbs-stable phase
at the highest temperature studied (low pressure) in 12 of
15 cases; the three exceptions (Cr, Mo, and W) are cases
where hcp has the largest raw entropy of the three candidates
yet fcc still wins the free-energy competition, showing that
entropy differences alone are necessary but not sufficient to
determine the outcome—the T = 0 energetic ordering still
matters.

B. Helmholtz free-energy phase diagram

To investigate the thermodynamic origin of the phase be-
havior, we compare phase diagrams constructed from the
Helmholtz and Gibbs free energies. The Helmholtz formula-
tion, isolates the contribution of electronic entropy through

the −T �S term, allowing us to assess how increasing elec-
tronic temperature modifies relative phase stability in the
absence of volume relaxation. In contrast, the Gibbs formula-
tion incorporates the additional P�V contribution associated
with externally applied pressure, enabling structural selection
through differences in atomic volume between competing
phases. The comparison between these two descriptions there-
fore provides a direct means of disentangling the competition
between entropy-driven stabilization and pressure-induced
volume effects in determining phase stability. It should be
emphasized that only Gibbs free-energy phase diagrams cor-
respond to constant-pressure conditions and are therefore
appropriate for direct comparison with experimental phase
boundaries.

We performed the same analysis for all 15 elements using
the Helmholtz free energy F in addition to the Gibbs free
energy G. The relationship between the two thermodynamic
potentials is given by G(P, T ) = F (V, T ) + PV , where V is
the volume per atom. Consequently, the difference in stabil-
ity between two competing phases α and β can be written
as �Gαβ (P, T ) = �Fαβ (T ) + P �Vαβ , with �Fαβ = Fα − Fβ

and �Vαβ = Vα − Vβ . The Helmholtz free-energy difference
�Fαβ contains both internal energy and entropy contributions,
�Fαβ (T ) = �Eαβ − T �Sαβ , so that phase stability is deter-
mined by the competition between the entropy term −T �S
and the pressure-volume term P�V .

For the hcp-ground-state metals (Cd, Mg, Ti, Zn, and Zr),
the calculated Helmholtz phase diagrams (Fig. 10) reveal
that the stability of the hcp phase is largely confined to low
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FIG. 8. (a) Fraction of stable crystal structures across all 15 metals as a function of electronic temperature, obtained from Gibbs free-energy
phase diagrams. At each (P, T) point, the thermodynamically stable phase is identified from the minimum Gibbs free energy among hcp, fcc,
and bcc structures, and the fraction is computed over all pressures and elements. Increasing electronic temperature leads to a systematic
suppression of bcc stability and a corresponding increase in fcc dominance, while hcp remains a secondary but persistent phase. (b) Dominant
crystal structure as a function of electronic temperature for each metal, evaluated at the lowest pressure point of the phase diagram. This
representation reflects the temperature-driven structural evolution under near-ambient pressure conditions. Most metals exhibit a transition
from their ground-state structure toward either fcc or hcp at elevated temperatures, with fcc emerging as the most prevalent high-temperature
phase, while bcc remains stable primarily at low temperatures or in selected materials.

electronic temperatures and limited pressure ranges. With
increasing temperature, most systems exhibit a progressive
reduction of the hcp stability field, accompanied by the emer-
gence and eventual dominance of the fcc phase. This trend
is particularly pronounced in Ti, Zr, Zn, and Cd, where fcc
becomes the energetically preferred structure over a broad
region of the phase diagram at elevated temperatures. The
primary exception is Mg, which retains a relatively large hcp

stability region across the explored pressure range, reflecting
its weaker d-electron character and more free-electron-like
bonding.

For the fcc-ground-state metals (Al, Ag, Cu, Pb, and Pt),
the phase diagrams (Fig. 11) show that the fcc structure
remains robust across a wide range of pressures and tempera-
tures, with only limited competition from hcp or bcc phases.
In particular, Al and Pb exhibit an almost complete dominance

FIG. 9. Electronic entropy analysis for the bcc-ground-state metals, obtained by numerical differentiation of the finite-temperature free
energy, S(T ) = −∂F/∂T , at the lowest pressure studied. (a) Sfcc − Sbcc as a function of temperature for all five bcc-ground-state metals: The
gap is positive throughout for every element, explaining why all five show a bcc-to-fcc crossover, with Mo (bold) showing the smallest gap at
high temperature. (b) The time-averaged (upper-temperature) entropy gap plotted against the fraction of each element’s Gibbs phase diagram
occupied by fcc: Mo is the clear outlier at low values of both quantities, though the ranking of the remaining four elements is not strictly
monotonic, indicating that T = 0 energetics also contribute to the final balance.
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FIG. 10. Helmholtz phase diagrams of hcp-ground-state metals Cd, Mg, Ti, Zn, and Zr.

of the fcc phase throughout the explored thermodynamic
space, indicating that strong electronic excitation does not
significantly alter their structural preference. In contrast, Ag,
Cu, and Pt display a more pronounced competition between
fcc and hcp structures, especially at elevated temperatures
and intermediate pressures. Nevertheless, this competition re-
mains confined to the close-packed family, and no substantial
stabilization of bcc phases is observed.

For the bcc-ground-state metals (Cr, Mo, W, V, and Nb),
the phase diagrams, shown in Fig. 12, exhibit a markedly dif-

ferent low-temperature behavior but converge toward a similar
high-temperature regime. At low electronic temperatures, the
bcc phase is dominant across a wide pressure range, consistent
with the known ground-state structures of these elements.
However, with increasing temperature, the stability of the bcc
phase is progressively reduced, and regions of fcc and, in
some cases, hcp stability emerge and expand. This effect is
particularly evident in V and Nb, where close-packed phases
occupy a significant portion of the phase diagram at elevated
temperatures. Even in refractory systems such as Mo and W,

FIG. 11. Helmholtz phase diagrams of fcc-ground-state metals Al, Ag, Cu, Pb, and Pt.
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FIG. 12. Pressure-temperature Helmholtz phase diagrams of bcc-ground-state metals Cr, Mo, W, V, and Nb.

where bcc remains comparatively robust, the phase space is
no longer exclusively bcc dominated.

IV. CONCLUSION AND OUTLOOK

We have investigated electronically driven solid-solid
phase transitions in transition metals using finite-temperature
density functional theory, constructing Gibbs free-energy
phase diagrams for 15 elements over a wide pressure-
temperature range. The results provide a comprehensive
picture of how structural stability evolves under electronic
excitation, revealing a progressive reduction in the number

TABLE III. Equilibrium atomic volume of each competing phase
at the lowest (∼0 GPa) and highest (∼300 GPa) pressures on the
calculated grid, together with the total volume collapse �V/V0 over
this range, for the five bcc-ground-state metals of Fig. 6.

Element Phase V0 (Å3/atom) V300 (Å3/atom) �V/V0 (%)

Cr hcp 11.51 7.15 −37.9
fcc 11.49 7.17 −37.6
bcc 11.18 7.19 −35.7

Mo hcp 15.62 9.70 −37.9
fcc 15.55 9.70 −37.7
bcc 15.32 9.83 −35.8

Nb hcp 18.66 10.08 −46.0
fcc 18.77 10.03 −46.6
bcc 18.09 10.06 −44.4

W hcp 16.43 10.40 −36.7
fcc 16.34 10.43 −36.2
bcc 16.03 10.48 −34.7

V hcp 13.38 7.50 −44.0
fcc 13.46 7.50 −44.3
bcc 13.00 7.37 −43.4

of competing phases as temperature increases. This evolution
is accompanied by a redistribution of stability toward sim-
pler crystal structures, most notably fcc, while bcc stability
becomes increasingly restricted to higher-pressure conditions
and hcp persists as a secondary phase in selected systems.

The detailed phase behavior depends strongly on the
ground-state structure and atomic volume. Bcc-ground-state
metals generally retain bcc stability at low temperatures and
pressures, with fcc emerging at elevated temperatures in all
five cases, though to a degree that varies substantially be-
tween elements (Sec. III A). Fcc-ground-state metals display
a broader range of responses, including robust fcc stabil-
ity, competition within the close-packed manifold, and, in
some cases, pressure-driven stabilization of bcc. Hcp-ground-
state metals exhibit the widest diversity, spanning regimes
of hcp-fcc competition, strong bcc stabilization, and three-
phase coexistence. These results show that structural stability
under electronic excitation is determined by the balance be-
tween electronic effects and compression, which together
select among a reduced set of crystal structures and define a
material-dependent phase landscape.

A detailed comparison between phase diagrams con-
structed from the Helmholtz free energy F and the Gibbs
free energy G provides insight into the relative importance of
the entropy term −T �S and the pressure-volume contribution
P�V in determining phase stability. In the high-temperature,
low-pressure regime, both approaches yield consistent phase
boundaries, indicating that stability is primarily governed
by entropy-driven effects. In contrast, significant deviations
emerge at elevated pressures, where the inclusion of the P�V
term alters the relative stability of competing phases, most no-
tably stabilizing bcc structures with smaller atomic volumes.
These comparisons show that the trends observed in the Gibbs
phase diagrams arise from a balance between entropy-driven
stabilization at high temperature and compression-driven
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effects at high pressure, with the dominant contribution vary-
ing across the pressure-temperature space.

More broadly, this work introduces electronic entropy as
an additional thermodynamic dimension in phase stability and
equations of state. Under strong electronic excitation, entropy
can modify structural stability independently of density, shift-
ing phase boundaries relative to conventional compression
pathways. Such effects may contribute to discrepancies be-
tween static and dynamic compression experiments [14,15].
Capturing this physics in predictive simulations will require
the development of interatomic potentials that explicitly in-
corporate electronic excitation and entropy. At the same
time, emerging ultrafast pump-probe techniques, combining
femtosecond optical or x-ray excitation with time-resolved
diffraction and spectroscopy, provide a promising route to
experimentally probe these entropy-driven structural trans-
formations and to test the universal behavior identified
here. Direct experimental support for pressure-driven bcc
stabilization—the mechanism identified in Sec. III A for
Ti, Zr, and Pb—has recently emerged from dynamic x-ray
diffraction measurements on iron compressed above 200 GPa

and probed near its melting curve with the European XFEL,
where a bcc phase is observed to form under these conditions
[44]. That measurement probes lattice rather than electronic
temperature, so it is not a direct test of the electronic-entropy
mechanism explored here, but it demonstrates experimentally
that bcc stabilization under compression is physically real-
ized in a transition metal, reinforcing the plausibility of the
volume- and energy-based picture developed above.
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