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Electronic-entropy-driven solid-solid phase transitions in elemental metals
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We compute the thermodynamic phase diagram of 17 elemental metals with hexagonal-close-packed (hcp),
face-centered-cubic (fcc), and body-centered-cubic (bec) crystal structures using finite-temperature density
functional theory. Helmholtz free-energy differences between competing hcp, fcc, and bee phases are evaluated
as functions of electronic temperature up to 7 eV, allowing us to identify solid-solid phase transitions driven by
electronic entropy. The systems studied include Zr, Ti, Cd, Zn, Co, and Mg (hcp); Ni, Cu, Ag, Al, Pt, and Pb
(fcc); and Cr, W, V, Nb, and Mo (bcce) in their ground-state structures. From the free-energy crossings, we extract
the transition electronic temperatures and analyze systematic trends across the metallic systems. We found that
all the studied systems go through one or two solid-solid phase transitions caused purely by electronic entropy
except Mg and Pb. Our results establish electronic entropy as a key factor governing structural stability in metals

under strong electronic excitation.
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I. INTRODUCTION

The response of transition metals to strong electronic
excitation is governed by the intricate interplay between
their partially filled d-bands, their lattice degrees of free-
dom, and the entropic contributions arising from thermally
broadened electronic state occupations [1-4]. When electrons
are driven far from equilibrium, for example under ultrafast
laser irradiation, the electronic subsystem can reach effective
temperatures of several electronvolts (eV) on femtosecond
timescales, while the ions remain comparatively cold [5-19].
Under these conditions, the Helmholtz free energy F (T, V) =
E(T,V)—TS(T,V), and in particular the electronic-entropy
term 7S, becomes the dominant thermodynamic quantity gov-
erning the relative stability of crystal phases, the forces on
ions, and the effective elastic and vibrational properties.

The physical relevance of finite-temperature electronic ef-
fects in the ultrafast regime can be understood within the
framework of the two-temperature model (TTM) [20-24],
which separates the electron and lattice subsystems through
their distinct thermalization timescales. In metals, electron-
electron scattering occurs on the order of a few femtoseconds,
rapidly establishing a Fermi-Dirac distribution characterized
by an elevated electronic temperature 7. In contrast, electron-
phonon coupling acts on a substantially longer timescale,
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typically hundreds of femtoseconds to several picoseconds
during which the lattice remains comparatively cold. Under
such conditions, the system can transiently access electronic
temperatures of several electronvolts while the ions remain
near their initial positions, meaning the relevant thermody-
namic potential governing structural stability is the electronic
Helmbholtz free energy F(V,T) at a fixed ionic configura-
tion. Within this regime, the electronic-entropy-driven thermal
pressure can cause a stabilization of a new phase before
significant heat transfer from the electrons to the lattice.
The resulting phase transformation is therefore a nonthermal,
electronically driven solid-solid transition, governed by the
electronic free-energy landscape rather than by lattice heating.
Although we do not simulate real-time dynamics, the separa-
tion of timescales inherent to the TTM provides the physical
justification for treating the transition as electronically con-
trolled and for analyzing the phase stability solely in terms of
the fixed-volume finite-temperature electronic free energy.

A further distinction between the electronically driven
solid-solid transition and a conventional lattice-temperature-
driven phase transformation lies in the characteristic
timescales associated with the underlying atomic motions.
A pressure-driven structural transformation responds to the
instantaneous forces acting on the ions and therefore pro-
ceeds on timescales set by acoustic phonon propagation,
meaning on the order of the sound velocity and the period
of the lowest-frequency phonon modes. In most crystalline
transition metals, these timescales are tens to hundreds of
femtoseconds, reflecting the speed at which ionic displace-
ments respond to changes in the stress tensor. By contrast,
a lattice-temperature-driven transition requires substantial en-
ergy transfer from electrons to ions, followed by anharmonic
lattice motion and thermally activated barrier crossing, all of
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which occur on much longer timescales governed by electron-
phonon coupling (hundreds of femtoseconds to picoseconds)
and by the slower thermal diffusion of vibrational energy [25].
Consequently, once the electronic subsystem is rapidly heated
to high 7, the accompanying electronic-entropy thermal pres-
sure can drive a structural rearrangement on a timescale
limited only by elastic response.

Electronic entropy plays a central role in transition met-
als because their electronic structure near the Fermi level is
highly nonuniform. The narrow d-bands produce large deriva-
tives of the density of states (DOS) within a few tenths of an
eV of the Fermi energy Ef, causing the chemical potential,
internal energy, and electronic pressure to become strongly
temperature-dependent. As the electronic distribution broad-
ens with increasing 7, states deep within the d-bands, and in
some cases states above the Fermi energy, become partially
occupied. This reoccupation modifies screening, alters the
Hartree and exchange-correlation potentials, modifies bond-
ing character, and renormalizes the electronic contribution to
elastic constants and phonons. These effects, proportional to
energy integrals weighted by the entropy kernel f(1 — f),
with f being the Fermi-Dirac distribution function, can op-
erate on energy scales of several eV and lead to qualitatively
different material behavior compared to the T = 0 ground
state.

A proper theoretical treatment of these phenomena re-
quires a finite-temperature electronic free-energy functional.
Ground-state Kohn-Sham DFT accounts only for the T =
0 limit of the electronic degrees of freedom and is inade-
quate when the electronic subsystem is highly excited [26].
In contrast, Mermin’s generalization of density-functional
theory provides a variational principle for the electronic
grand potential at finite temperature and naturally incor-
porates Fermi-Dirac occupations, electronic entropy, and
temperature-dependent screening in a fully self-consistent
manner [27-30]. Within this formalism, both the internal
energy E(T) and the entropy S(7') emerge from the same
set of temperature-broadened Kohn-Sham states and the
corresponding self-consistent potentials. As a consequence,
finite-temperature DFT (FT-DFT) captures the reconstructed
band structure, shifts in the chemical potential, enhancements
of the electronic pressure, and entropy-driven free-energy sta-
bilization or destabilization of crystal structures [31,32].

Finite-T DFT-based methods have been successfully ap-
plied on a variety of systems [33—40], but less on the transition
metals with complex d-band electronic structure [41,42].
Application of FT-DFT to transition metals has revealed
substantial modifications of bonding, magnetism, and lattice
dynamics at elevated electronic temperatures [43-45], pre-
dicting strong hardening of specific phonon branches, changes
in effective interatomic forces, and even entropy-driven phase
transitions that are absent at equilibrium. These effects are es-
pecially pronounced in materials whose DOS exhibits strong
energy dependence near the Fermi level, such as 3d and
4d transition metals, where the redistribution of occupation
across the d-orbitals produces large electronic-entropy contri-
butions to the free energy. Consequently, FT-DFT has become
the primary theoretical tool for describing ultrafast structural
dynamics, warm dense matter regimes [12,32], and phase
stability under extreme electronic excitation [46]. In this work,

FT-DFT is employed to elucidate the role of electronic entropy
in reshaping the electronic structure of 17 metals including Zr,
Ti, Cd, Zn, Co, and Mg (hcp-group); Ni, Cu, Ag, Al, Pt, and
Pb (fcc-group); and Cr, W, V, Nb, and Mo (bcc-group) with
hep, fce, and bec structures at ground state.

II. COMPUTATIONAL DETAILS
AND THEORETICAL BACKGROUND

The thermodynamic phase diagram was obtained using
FI-DFT as implemented in the QUANTUM ESPRESSO pack-
age [47]. All electronic-structure calculations employed the
revised Perdew-Burke-Ernzerhof (PBE) generalized-gradient
approximation to the exchange-correlation functional [48,49].
We considered 17 metals with hep, fcc, and bece crystal struc-
tures and performed self-consistent calculations for electronic
temperatures 7 up to 7 eV using the Mermin formalism for
finite-7 DFT. A plane-wave kinetic-energy cutoff of 80 Ry
and an augmentation-charge cutoff of 800 Ry were found
to provide well-converged total energies and stresses for all
temperatures examined. The ionic cores were treated using
the PAW tabulated pseudopotential supplied with QUANTUM
ESPRESSO [50].

Electronic occupations were determined using the standard
Fermi-Dirac distribution with temperature 7. Since higher
electronic temperatures populate states far above the Fermi
level, the number of empty bands was increased systemat-
ically with T to ensure convergence of the internal energy,
entropy, and pressure. All self-consistent finite-7 calculations
were carried out at fixed cell volume for each crystal struc-
ture. For each system, the hcp, fcc, and bee structures were
generated by relaxing the lattice parameters at an electronic
temperature of 7 = 25 meV and zero external pressure, with
the crystal symmetry constrained throughout the relaxation.
All self-consistent finite-7' thermodynamic phase diagrams
were obtained at fixed cell volume for each crystal structure.
The thermal pressure at each temperature was obtained di-
rectly from the electronic stress tensor, which evaluates the
derivative —dF/dV at constant volume.

The temperature dependence of the chemical potential
provides the first indication of the different ways in which
electronic excitation influences the hcp, fcc, and bee phases
of metals. In FT-DFT, the electronic chemical potential (7')
is determined self-consistently from the Fermi-Dirac occu-
pations f(e,T) = m, as the number of electrons is
fixed. At low to moderate electronic temperatures, the vari-
ation of w(7) can be understood analytically through the
Sommerfeld [51] expansion. For a transition metal system
with total density of states g(¢), the chemical potential at finite
electronic temperature satisfies

dlIng(e)

4
e +o0(1"), (1)

e=Ep

7.[2
w(T) = Ep — ;(kﬂ)2

which shows that the sign and magnitude of the slope ¢'(¢)
at the Fermi level determine whether u(7) increases or de-
creases with temperature. Although hep, fcc, and bec structure
of metals may have similar DOS values at € = Ep, they differ
in the slope of the DOS in the vicinity of the Fermi energy.
If the Fermi level lies on the descending side of the g(e),
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FIG. 1. Helmholtz free-energy differences AF between the fcc, bee, and hep phases as functions of electronic temperature. Vertical
lines indicate the phase transition temperatures. The phase diagram of Co was obtained using spin-polarized DFT, and the inset shows the
temperature dependence of the absolute magnetization per atom. The vanishing magnetization and the condition AF < 10 meV/atom occur at

the same temperature region, as highlighted.

g (e) < 0, implying that u(T') increases with electronic tem-
perature.

The next important contribution is the electronic entropy,
which plays a decisive role in determining the relative phase
stability under electronic excitation. The electronic entropy is

S(T) = —2kB/d€ gEOfInf+ 1= fHin(l =7l (2

and it enters the Helmholtz free energy through the —7'S
term, F(T) = E(T)— TS(T). Although the DOS values at
the Fermi level of hcp, fcc, and bee phases of some of the stud-
ied metals are comparable, the shapes of their DOS over the
broader energy window |€ — | < kgT differ significantly. As
electronic temperature increases above the eV range, Fermi-
Dirac broadening samples increasingly deep regions of the
d-band. Some phases exhibit a flatter and more extended
DOS profile in the full thermal window, whereas the DOS of
other phases exhibit a more rapidly varying structure. Because
the entropy kernel f(1 — f) weights remain symmetrically
around g, the flatter DOS leads to a larger integrated S(7T').
Consequently, the entropic contribution —7'S decreases more
rapidly. This entropic advantage is the dominant driving force
that lowers the free energy of metallic phases at high elec-
tronic temperatures.

III. RESULTS AND DISCUSSION

A. Electronic-entropy-driven phase stability
and density trends in elemental metals

We first present a systematic analysis of the Helmholtz
free-energy phase diagrams and corresponding mass densities

for 17 elemental metals spanning hcp-, fcc-, and bee-derived
ground-state structures. For each element, the free energies
of the competing hcp, fcc, and bee phases were computed as
functions of electronic temperature up to 7 = 7 eV, allow-
ing us to identify electronic-entropy-driven solid-solid phase
transitions. In parallel, the equilibrium mass density of each
phase was evaluated to elucidate the role of electronic thermal
pressure in determining phase stability.

Figure 1 presents the Helmholtz free-energy differences
AF between the fcc, bee, and hep phases of Zn, Zr, Ti, Cd,
Co, and Mg, all of which crystallize in the hcp structure under
ambient conditions. For each element, the free energies of the
fcc and bece phases are evaluated relative to the hep phase as
functions of electronic temperature 7. At zero temperature,
the free-energy difference between the hep and fcc phases is
smaller than that between the hcp and bce phases for all six
elements, suggesting that an hcp-to-fcc transition is generally
favored upon electronic excitation. This behavior is indeed
observed for Zn and Cd. In contrast, for Zr and Ti the free en-
ergy of the bce phase decreases more rapidly with increasing
T than that of the fcc phase, leading to an hcp-to-bec transition
instead. Notably, for Zr the free-energy differences among all
three structures are smaller than 5 meV/atom at the transi-
tion temperature, indicating the possibility of polymorphism
within a narrow temperature window.

For Co, spin-polarized calculations reveal that the fer-
romagnetic ordering of both hcp and fcc phases becomes
unstable with increasing 7, as the absolute magnetic mo-
ment per atom vanishes at approximately 7 ~ 0.4 eV. At this
temperature, the free-energy difference between the hcp and
fcc phases is below 10 meV/atom, highlighting the interplay
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FIG. 2. Helmholtz free-energy differences between the bec, hep, and fcc phases as functions of electronic temperature. Vertical lines
indicate the phase transition temperatures. The phase diagram of Ni was obtained using spin-polarized DFT, and the inset shows the temperature
dependence of the absolute magnetization per atom. The vanishing magnetization and the condition AF < 10 meV/atom occur at the same

temperature region, as highlighted.

between electronic entropy and magnetic degrees of freedom.
In contrast, no phase transition is predicted for Mg within the
investigated temperature range, despite the small free-energy
difference between the fcc and hep phases at 7= 1-1.7 eV.

For Zn and Cd, the fcc structure becomes the ther-
modynamically stable phase over an intermediate range of
electronic temperatures, while the bec phase is stabilized only
at higher electronic temperatures. In contrast, Zr and Ti ex-
hibit qualitatively different behavior as the fcc phase never
becomes thermodynamically favorable, and the bcc structure
is stabilized in an intermediate temperature range, whereas the
hcp phase, which has the lowest free energy at zero tempera-
ture, regains stability at higher electronic temperatures. This
nonmonotonic sequence reflects the delicate balance between
electronic entropy and band-structure energetics in early tran-
sition metals.

The phase diagram of Co reveals yet another distinct
scenario. In this case, the bcc phase becomes stable at rela-
tively low electronic temperatures, 7 ~ 1 eV, coinciding with
the loss of ferromagnetic order. This behavior highlights the
strong coupling between magnetic degrees of freedom and
electronic entropy, which can significantly modify the rela-
tive stability of competing crystal structures under electronic
excitation [43].

Figure 2 presents the Helmholtz free-energy differences of
the bce and hep phases relative to the fcc phase for elemental
metals that crystallize in the fcc structure at zero temper-
ature. Similar to the hcp-group elements shown in Fig. 1,
the dominant competing phases at zero and low electronic
temperatures are fcc and hcp, reflecting their close structural
and energetic proximity. With the exception of Pb, all studied

elements exhibit an fcc-to-hcp phase transition at relatively
low electronic temperatures. In Pb, the free-energy difference
between the fcc and hep phases remains extremely small over
the temperature range 7 = 0.7-1 eV, preventing a clear stabi-
lization of the hcp phase.

The phase diagrams of Ag, Ni, and Cu reveal an fcc-to-
hcp transition at electronic temperatures below 1 eV. Among
these elements, Ni exhibits the lowest transition temperature,
which can be attributed to its ferromagnetic ground state. The
ferromagnetic ordering in Ni collapses at approximately 7
~ 0.3 eV, where the free-energy difference between the fcc
and hcp phases becomes minimal. As a result, the solid-solid
phase transition occurs just below T ~ 0.5 eV. This behavior
highlights the significant role of magnetic entropy in modify-
ing structural stability under electronic excitation.

For Al and Pt, the hcp phase is stabilized only within a
relatively narrow temperature window, whereas in Cu the hcp
phase remains stable over a broad range of intermediate and
high electronic temperatures. At sufficiently high electronic
temperatures, most fcc-group elements undergo a transition to
the bee phase, indicating the increasing entropic stabilization
of the bcc structure. Notably, Pb constitutes an exception as
the fcc phase remains the most favorable structure over the
entire electronic temperature range investigated, underscoring
its unusual electronic structure robustness against entropy-
driven structural reordering.

The phase diagrams of the bcc-group elements shown in
Fig. 3, which include metals that adopt the bcc structure at
zero temperature, display behavior that is qualitatively distinct
from that of the fcc- and hep-group elements. In all bee-group
systems studied, a bce-to-fcc phase transition occurs at elec-
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FIG. 3. Helmholtz free-energy differences between the fcc, hcp, and bec phases as functions of electronic temperature. Vertical lines

indicate the phase transition temperatures.

tronic temperatures of approximately 7~ 1 eV, indicating
an early destabilization of the bcc structure under electronic
excitation.

For Cr, Mo, and W, the free-energy difference between the
fcc and hep phases remains small over the entire investigated
temperature range, reflecting a strong competition between
these two close-packed structures. In these elements, the fcc
phase is stabilized over a broad intermediate temperature
range, extending from approximately 1 to ~ 4 eV for Cr and
Mo, and from 1 to ~ 5 eV for W. At higher electronic temper-
atures, the hcp phase becomes thermodynamically favorable,
completing a sequence of bcc — fcc — hcep transitions.

In contrast, V and Nb exhibit a markedly different trend.
For these elements, the free-energy difference between the fcc
and hcp phases is significantly larger than in Cr, Mo, and W,
suppressing the stabilization of the hcp phase across the entire
temperature range considered. As a result, V and Nb undergo
only a single bee-to-fee phase transition, with the fcc structure
remaining stable at higher electronic temperatures.

An important and somewhat counterintuitive observation
emerges when comparing the behavior of the bce phase across
different structural groups. While the bcc structure becomes
the most favorable phase at high electronic temperatures for
many elements in the hcp- and fcc-groups, it is destabilized
at relatively low electronic temperatures (7' ~ 1 eV) in all
bce-group elements studied and does not reemerge as a sta-
ble phase within the investigated temperature range. This
contrast highlights the nonuniversal role of bcc symmetry
under electronic excitation and underscores the importance of
detailed electronic structure effects in determining entropy-
driven phase stability.

Analysis of the DFT-predicted mass densities p at T =
25 meV for the bce-group elements reveals systematic trends

among the competing crystal structures. For Cr, Mo, and W,
the densities follow the ordering ppcc > Pfec > Pnep, Whereas
for V and Nb the ordering is ppec > pnep > prec (Fig. 4). When
these density trends are considered together with the calcu-
lated phase diagrams, a common behavior emerges indicating
that all bce-group elements undergo transitions toward crystal
structures with lower density as the electronic temperature
increases. This observation indicates that electronic-entropy-
driven phase transitions in bcc metals are accompanied by
an effective volume expansion, consistent with the desta-
bilization of densely packed electronic states under strong
electronic excitation.

The systematic tendency of bcc-group elements to trans-
form toward lower-density crystal structures with increasing
electronic temperature can be naturally interpreted in terms of
hot-electron thermal pressure [44]. As the electronic tempera-
ture rises, the electronic contribution to the pressure increases
due to the thermal population of higher-energy electronic
states, effectively generating an expansive force on the lat-
tice even in the absence of ionic heating. In bcc transition
metals, the ground-state stability of the bcc phase is closely
tied to relatively compact electronic charge distributions and
band-structure features that minimize the electronic pressure
at low temperatures. Thermal smearing of the Fermi surface
at elevated electronic temperatures weakens these stabiliz-
ing features, increasing the electronic pressure and favoring
structures with larger equilibrium volumes. This mechanism
is consistent with the observed sequence of bcc — fcc and
bce — hep transitions, both of which involve a reduction in
mass density relative to the bcc phase. The close correspon-
dence between density trends and phase stability across the
bce-group, therefore, supports a picture in which electronic
thermal pressure, rather than lattice entropy or ionic motion,
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acts as a primary driving force for entropy-induced structural
transformations under strong electronic excitation.

A similar tendency toward reduced mass density at high
electronic excitation is also observed for the hcp-group ele-
ments. For Zn, Cd, and Co, the bcc phase possesses a lower
density than the hcp phase, which promotes an hcp-to-bce
transition at intermediate electronic temperatures as electronic
entropy and thermal pressure increase. This effect is particu-
larly pronounced in Co, where the density of the bcc phase
is substantially lower than that of the hcp phase, consistent
with the stabilization of the bcc structure at relatively low
electronic temperatures of order 7 ~ 1 eV. In contrast, the hcp
phase of Mg remains thermodynamically stable over the entire
temperature range investigated, which can be directly related
to the fact that the hcp structure in Mg has a lower density than
both the fcc and bee phases. These observations reinforce the
broader conclusion that electronic-entropy-driven phase tran-
sitions are closely linked to density reduction and electronic
thermal pressure, providing a unifying physical picture across
different structural groups.

The density trends observed for the fcc-group elements
further demonstrate the close connection between density
reduction and phase stability under increasing electronic en-
tropy. For all fcc-group elements except Pb, the bcc phase
exhibits the lowest mass density at high electronic tempera-
tures, providing a natural driving force for the stabilization
of the bcce structure as electronic thermal pressure increases.
Consequently, these elements undergo a transition to the bcc
phase at sufficiently high electronic temperatures. Pb con-
stitutes a notable exception to this trend, as in this case the
fcc phase remains the lowest-density structure across the en-
tire temperature range studied, which explains its persistent
stability and the absence of any solid-solid phase transition.
These results reinforce the view that electronic-entropy-driven
phase transitions in fcc metals are governed by a competition
between electronic thermal pressure and the density hierarchy
of competing crystal structures.

Taken together, the phase diagrams of the hcp-, fcc-, and
bce-group elements reveal both universal features and pro-
nounced group-specific behavior under electronic excitation.
A common trend across all three groups is the strong reduction
of free-energy differences between competing crystal struc-
tures with increasing electronic temperature, underscoring
the central role of electronic entropy in reshaping structural

stability. In this sense, electronic excitation acts as a unifying
thermodynamic control parameter that can induce solid-solid
phase transitions even in elemental metals with simple crystal
structures.

Despite this universality, the sequence of stabilized phases
and the fate of the ground-state structure differ markedly
among the three groups, as summarized in Table 1. In the
hcp- and fce-derived elements, the bee structure is frequently
stabilized at high electronic temperatures, reflecting its large
electronic entropy and broad d-band characteristics. In con-
trast, for bce-derived elements the bee phase is destabilized
at relatively low electronic temperatures and never reemerges
as the most favorable structure within the studied range. This
asymmetry highlights that high-entropy stabilization of bcc is
not intrinsic to the structure itself, but depends sensitively on
band filling and the detailed electronic DOS of each element.

Another important distinction lies in the competition be-
tween fcc and hep phases. For hep- and fee-derived elements,
these two close-packed structures dominate the low- and
intermediate-temperature regimes, often separated by only a
few meV/atom, enabling multiple phase transitions or narrow

TABLE 1. First and second phase transition temperature for all
the studied metallic systems.

Element First transition Second transition
7r hcp — bee: Ty = 0.27 bcc — hep: T, = 1.05
Ti hcp — bee : 77 = 0.30 becc — hep: T, = 1.22
Cd hep — fec: 7y = 0.32 fcc — bee: T, = 1.90
7Zn hep — fec: Ty = 0.57 fcc — beec: T, =2.41
Co hcp — bee: T; = 1.02

Mg

Ni fcc — hep: Ty = 0.43 hep — bee : T, = 3.75
Cu fcc — hep : 77 = 0.50

Ag fcc — hep : Ty = 0.85 hep — bee: T, = 3.25
Al fcc > hep: 7Th = 1.49 hep — bee: T, =2.45
Pt fcc - hep: T} = 1.56 hcp — bee: T, =3.05
Pb

Cr bcec — fee: T) = 1.03 fcc > hep: T, = 3.75
\%% beec — fee: T; = 1.03 fcc > hep: T, =4.8
\% bcc — fee: T; = 1.05

Nb beec — fec: Ty = 1.10

Mo beec — fee: Ty = 1.13 fcc - hep: T, =3.90
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FIG. 5. The internal energy E (a), and the electronic entropy term —7S (b) of fcc and bce phases of Zr with respect to hep. (¢) Thermal
pressure of fcc and bee phases of Zr with respect to hep vs temperature. (d) Projected electronic density of states of d-band (pDOS,) of hep,
fce, and bee phases near the Fermi energy. The vertical line shows the Fermi energy. (e) Chemical potential @ (7") of fcc and bee phases of Zr

with respect to hcp as a function of 7.

polymorphic windows. In the bce group, however, the fcc-
hcp competition becomes relevant only after the bee phase is
destabilized, with the relative stability of fcc and hep governed
by subtle differences in electronic entropy at higher temper-
atures. These comparisons emphasize that while electronic
entropy universally lowers structural energy scales, the result-
ing phase sequence is dictated by element-specific electronic
structure rather than crystal symmetry alone.

B. Case study: Anomalous behavior of Zr

Zr provides a particularly instructive case study because
its electronic-entropy-driven phase behavior deviates from the
general density-based trends observed in most hep-group ele-
ments. While the stabilization of high-temperature phases in
hcp- and fce-derived elements can typically be rationalized by
a tendency toward lower-density structures under increasing
electronic thermal pressure, Zr exhibits a qualitatively dif-
ferent response. Specifically, despite the bcc phase having
a higher mass density than both the hcp and fcc phases,
it becomes thermodynamically stable over a relatively nar-
row intermediate electronic temperature range, 0.27 < T <
1.01 eV. This behavior cannot be explained solely in terms
of density reduction. A similar trend is also observed in Ti,
however the effect is more pronounced in Zr due to the larger
density difference between the hcp and becc phases. In the
following, we focus on Zr to elucidate the microscopic origin
of this density-opposing stabilization of the bce phase, with
particular emphasis on the electronic density of states.

In Zr, the hcp — bcce phase transition occurs at a relatively
low electronic temperature of 73 &~ 0.27 eV. The bcc phase
is stabilized only within a narrow intermediate temperature
window, spanning approximately 0.27 < T < 1.05 eV, above
which the system reverts to the hcp structure. This behavior
motivates a focused analysis of the electronic states within
an energy window of approximately 1 eV below the Fermi
level, where thermal occupation effects are expected to be
most pronounced.

A decomposition of the Helmholtz free energy reveals
that both energetic and entropic contributions play essential
roles in stabilizing the bce phase (Fig. 5). Comparison of the
internal energies shows that the internal energy of the bcc
phase drops below that of the hcp phase at the transition tem-
perature 7} =~ 0.27 eV, indicating an electronic-energy-driven
preference for the bece structure. Simultaneously, the entropic
contribution, -7, exhibits a minimum for the bcc phase that
is lower than that of the hcp phase at the same temperature,

suggesting that electronic entropy further reinforces the stabi-
lization of the bcc structure.

In addition, the electronic thermal pressure provides a com-
plementary perspective on the transition (Fig. 5). The thermal
pressure associated with hot electrons in the bce phase reaches
a maximum relative to the hcp phase near the transition tem-
perature, reflecting enhanced sensitivity of the bcc electronic
states to thermal excitation. Together, these results show that
in Zr the stabilization of the bcc phase arises from a cooper-
ative interplay between electronic energy lowering, enhanced
electronic entropy, and hot-electron thermal pressure, which
collectively overcome the density-based tendency that would
otherwise favor the hcp structure.

The DOS in the vicinity of the Fermi energy in Zr (Fig. 6)
is dominated by d-band contributions, making the projected
d-band DOS (pDOS,) particularly relevant for understanding
the phase transition. Near the hcp-to-bee transition temper-
ature, the pDOS, of the hcp phase exhibits a minimum
below the Fermi level, whereas the pDOS; of the bec phase is
more than two times larger at the same energy (Fig. 5). This
substantial enhancement of the d-band DOS in the bce phase
leads to a significantly larger electronic entropy contribution,
which favors the stabilization of the bce structure despite its
higher mass density.

In addition to differences in the magnitude of the DOS,
the energy dependence of the DOS near the Fermi level also
varies among the Zr phases. In particular, the slope of the
DOS around the Fermi energy plays an important role in
estimating the temperature dependence of the chemical po-
tential ;. As we mentioned before, within the Sommerfeld
expansion framework [51], the shift of the chemical potential
with temperature is governed by the derivative of the DOS
at the Fermi energy. The total DOS of the bcc, fcc, and
hcp phases of Zr at the electronic temperatures 7y = 0.05,
Ty =0.27, and T, = 1.05eV, together with the deviation of
u from the zero-temperature Fermi energy Er for each phase,
are shown in Fig. 3. The difference between Er at zero tem-
perature and p at 7o = 0.05eV is less than 1 meV per atom
for all phases. Therefore, we set Er = u at Tp = 0.05eV as
a reference. For the bcc phase, the Fermi energy lies close
to a maximum of the DOS g(¢), implying g'(¢) &~ 0. As the
temperature increases to 7} = 0.27 eV, corresponding to the
hcp — bec phase transition, the difference between iy and
Er 1 remains negligible, whereas the chemical potential of
the hep phase decreases relative to Er pcp, consistent with the
positive slope of the DOS g’hcp(e) > 0 near the Fermi level.
At the higher temperature 7, = 1.05eV, where the second
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FIG. 6. Total electronic density of states g(e) of the bcc, fcc,
and hcp phases of Zr at three electronic temperatures of 0.05, 0.27,
and 1.05 eV. The temperatures 0.27 and 1.05 eV correspond to
the predicted hcp — bec and bece — hep phase transitions, respec-
tively. The vertical line indicates the chemical potential . At the
lowest temperature (0.05 eV), the difference between p and the
zero-temperature Fermi energy Er is less than 1 meV. Each u line
is shown in the same color as the corresponding g(€) curve.

transition bcc — hep occurs, the DOS slope in the bce phase
becomes negative g..(¢) <0, leading to ppec > EFbec- In
contrast, the DOS slope for the hcp phase remains positive,
resulting in finep < Epnep. Together, the larger d-band DOS
and its distinct energy slope provide a microscopic explana-
tion for the electronic-energy and entropy-driven stabilization
of the bce phase in Zr at intermediate electronic temperatures.

A clear influence of the d-band electronic structure on
phase stability is also evident at energies approximately 1 eV
below the Fermi level. In this energy range, the pDOS, of

the bce phase is much smaller than that of the hcp phase
(Fig. 5). Notably, the pDOS, of the bcc phase nearly vanishes
at the electronic temperature where the system undergoes
the bcc — hep transition. This depletion of d-band states
around the phase transition temperature reduces the electronic
entropy gain and energetic stabilization of the bcc phase,
thereby destabilizing it relative to the hcp structure. These
observations highlight the crucial role of the detailed energy
dependence of the d-band DOS in governing the nonmono-
tonic phase stability of Zr under electronic excitation.

IV. SUMMARY AND OUTLOOK

In summary, the present results establish electronic en-
tropy as a dominant factor governing structural stability in
elemental metals under strong electronic excitation. Across
hcp-, fce-, and bee-derived systems, finite-temperature free-
energy calculations reveal that modest increases in electronic
temperature of order 1-5 eV are sufficient to induce solid-
solid phase transitions between competing crystal structures.
These transitions occur in the absence of ionic heating and are
driven by entropy-induced reshaping of the electronic free-
energy landscape, particularly through changes in the density
of states near the Fermi level and the thermal smearing of
band-structure features that stabilize the ground-state phase.
The resulting phase sequences and transition temperatures
depend sensitively on band filling, magnetic order, and the
relative DOS of competing structures, leading to element-
specific behavior despite broadly similar crystal symmetries.

Across the hep-, fce-, and bee-group elements, a consistent
relationship emerges between electronic excitation, density
reduction, and structural stability. In all three groups, increas-
ing electronic temperature enhances the electronic thermal
pressure, favoring crystal structures with lower mass den-
sity and larger equilibrium volumes per atom. For hcp-group
elements, this mechanism stabilizes the bcc phase when it
possesses a lower density than the hcp structure, while ele-
ments such as Mg remain hcp-stable because the hep phase is
already the least dense. In the fcc group, the bee phase gener-
ally becomes the lowest-density structure at high electronic
temperatures, leading to a ubiquitous fcc-to-bee transition,
with Pb as a notable exception where the fcc phase remains
the least dense and thus stable across the entire tempera-
ture range. In contrast, for bcc-group elements, electronic
excitation destabilizes the initially dense bcc phase at rela-
tively low electronic temperatures, driving transitions toward
less dense fcc or hep structures without restabilizing bee at
higher temperatures. Taken together, these trends demonstrate
that electronic thermal pressure provides a unifying physical
mechanism for entropy-driven solid-solid phase transitions
in elemental metals, with density reduction serving as a key
indicator of structural stabilization under strong electronic
excitation.

From an experimental perspective, the predicted transi-
tions are directly relevant to ultrafast pump-probe studies of
laser-excited metals, where electronic temperatures of several
electronvolts are routinely achieved on sub-100-fs timescales
while the lattice remains near its initial temperature. The
electronic-entropy-driven phase transitions identified here are
expected to manifest as transient symmetry changes, phonon
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hardening [43,44], or the emergence of new Bragg features
in time-resolved x-ray or electron diffraction measurements,
preceding conventional thermal effects such as lattice expan-
sion or melting. In magnetic systems such as Co and Ni, the
coupling between magnetic collapse and structural instability
provides an additional experimental signature, linking ultra-
fast demagnetization to lattice reorganization. More broadly,
these results suggest that femtosecond laser excitation can be
used as a selective and reversible tool to access metastable
crystal structures in elemental metals, opening new path-
ways for ultrafast structural control and nonequilibrium phase
engineering.

Our work is computational and predicts electronic-entropy-
driven modifications of the electronic free-energy landscape
that can modify, and perhaps even stabilize, crystal structures
on ultrafast electronic timescales. Experimental studies have
established a broad range of nonequilibrium phenomena in
metals [52], including nonthermal melting [6], ultrafast mag-
netic and structural switching, and transient lattice instabilities
[53], but these effects have generally been interpreted in
regimes where electronic and lattice excitations are strongly
coupled. Ultrafast x-ray techniques at free-electron-laser fa-
cilities have further enabled the observation of nonequilibrium
phase transitions in selected materials. However, most demon-
strations to date have focused on shock-compressed systems,
in which mechanical, thermal, and electronic contributions
cannot be readily disentangled [54-56].

Electronic excitation can, in principle, drive structural
transformations through different pathways, including non-
thermal lattice distortions, transient metastable configura-
tions, or even amorphization [9,10]. In the present work,
however, we focused on the thermodynamic stability of crys-
talline phases. The predicted transition temperatures in this
work, therefore, correspond to the point at which the free en-
ergies of the considered crystalline structures become equal,

indicating that the electronic subsystem favors a different
lattice symmetry. While the actual transformation pathway
in ultrafast experiments may involve intermediate distortions
or nonequilibrium structural states, the free-energy crossing
provides the fundamental thermodynamic driving force for the
transition and identifies the temperature at which the initial
phase becomes electronically destabilized.

The regime addressed here, where electronic entropy
alone reshapes the free-energy landscape and drives a solid-
solid structural rearrangement on femtosecond-to-picosecond
timescales while the lattice remains comparatively cold, has
not yet been observed experimentally. Recent advances in
pump-probe capabilities at x-ray free-electron-laser facilities
provide a realistic opportunity to access this regime by com-
bining strong electronic excitation with ultrafast time-resolved
x-ray diffraction probes. Such experiments would directly
test whether the entropic contributions to the electronic free
energy identified here govern phase stability under extreme
nonequilibrium conditions while simultaneously providing a
stringent benchmark for finite-temperature density functional
theory for highly excited systems in the ultrafast regime.
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