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Phase-change materials (PCMs) based on group IV, V, and VI dlements, such as Ge, Sh,
and Te, exhibit distinctive liquid-state leatures, including thermodynamic anomalies
and unusual dynamical properties, which are believed 1o play 2 key role in their B and
reversible crystallization behavior. Antimony (Sb), a3 moenoatomic PCM with uluafas
switching capabilities, stands out as the only elemental member of this group for which
the properties of the Eiquil;l and mpr.lmn]nll states have so far remained unknown. In
this work, we use molecular dynamies simulations with a newral network
potential trained on hirst-principles data to investigawe the liquid, supercooled, and
amorphous phases of b across a broad pressure—temperature range. We uncover clear
signmatures of anomalous behavior, induding a density maximum and nonmonotonic
thermodynamic response functions, which are described by a two-state model based
on the structural evolution of the |.i|:|uj|.|. Moreover, clhz.pnlaj.i.un of the viscosity to
the glass transition, based on configurational and excess entropics, indicates that Sb
is a highly fragile material. Our results present 2 compelling case for the connection
between the Eguid-state properties of PCMs and their unique ability to combine high
amorphous-phase stability with ultrafast crystallization.

monoatomic phase-change memories | neuromorphic computing | supercooled liquids | fragility |
figuid-liquid transition

Fku&r—clmlg:: materials (PCMs) are employed in optical and electronic storayre devices
and are interesting candidates for n:u.rurm:rrpl:li{_' Cennputing {1-3). PCMsx show a |1.i!;|:|:-
cottductivity crystalline state (bie " 17) and a metastable low-conductivity alnu:plluus stale
(bit *07). Switching between the two states is reversible, heat-mediated, and akes place
on nanosecond timescale. These features make it possible to weite or process information
at the nanoscale through a series of current (or light) pulses that locally amorphize or
crystallize the PCM aa.tnph:.

Commuon PCMs are ai[uys al gErmAnium (Ge), antimony (5h), and wellurivim (Te).
Monoatomic PCMs made of pure Sh are under active investigation (4, 3), as they avoid
the segregation issues thar affect the alloys (6, 7). However, Sh underpoes fast exothermic
cr}'ﬁfhiutiuu even near room temperature, hindering the formation of an amorphous
plum:. A promising strategy to enhance the Jnmrp}mu.i stahilit)r window nrpum Sb and
other PCMs is nanoconfinement in altrathin Glms (4, 5, 8-15).

Two lu:}r Femtures url‘{:h{aﬁ. ham:[‘r the aulurpltuus Sl;ll.‘l.ilil}" at wurk.itll; lemperature
and the st erystallization ar slightly higher remperatures, are determined by the glass
transition wemperature T, and the fragility of the supercooled liquid phase m.

In PCMs T, should be higher than ambient temperature to ensure the long-term
retention ol the amurlﬂlum state, The ﬁ‘aﬂilil}' m is relevant for POCM dn:ﬂig.rl. in that
a |1i511 value of m ensures pmlmun::ctl AtoEmic mt:hi]ily upon moderate h::.':li.ng above
T:; (16). Indeed, ]‘uigh values of m have been reported for GeaShaTeg (m ~ 909 (17)
and GeTe (m ~ 100 < 130} (18-20). However, determining the tl'.li_lri.]ily of PCMs
experimentally is challenging owing w the fs crysallizaion from the supercooled
plum:. To pur I'Elitiwtﬂ]g_t. no experimental data on the I'r.lgiiity of Sb near the prlass
transition are available in the erature.

The :'.ulrl]:ul:ltiun:l cost of ab inftio molecular dymamics (MDD} based on density
funciional theory (DFT) is very high, thereby imposing strong hnite-size and -time
effeces that hinder access to the metastable liquid regime at low temperatore,

In recent years, these limitations have been overcome through the development of

machine-learned (ML) interaction ]lbti:lll:ial.'i trained on ab-initio datasers (AIMLDP),

which enable accurare simulations t:f.'i}rxl::mx mnt::.iuing thewsands of atoms over wens of

nanoseconds. AIMLPs have been successfully employed o explore complex phenomena
sch as the liquid-liquid critical poine in water (21-23), and to study crystal growth and
dynamical properties of PCMs (20, 24-27), im_'ludillg Sh{28).
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In this work, we |.b:rfurm molecular dynamics simulations
using an AIMLP based on neural networks presented in rell 13,
which we also extend by including a previously unreported
A17 erystal structure in the training dataset. We investigate the

]iqnﬂd. ;um:rphuus, and crystalline ph:ai:: of b across a range of

temperatures and pressures. This approach enables us 1o probe
its supercooled dynamics, and structural and thermodynamic
anomalies with near-quantum-mechanical aceuracy. We are able
o artificially stabiliee the supercooled liguid phase of Sh by apply-
ing negative pressure, thereby accessing a regime that is normally
obmcured |J_1.l r.lpi.d u—_-,.rr.-t:u.'llizalinn T ahyis r::girm:, Witk idr:tlﬁl}
the A7 structure. In the liquid phase, we observe water-like
anormalies thar hine ar a Pm&;ﬁc liguid-{iquid transition (LLT).
These anomalies are accompanied by the emerpence of transient
Al17-like local struciures, revealed by bond-orienational order
parameters. These structural motifs reflect an intrinsic ordering
wendency of the liquid rather than the formation of crystalline
FeCisors.

Liguid-liquid transitions have been asociaed with a fragile-
to-strong transitions (FST) in the supercooled liguid, as reported
in water (29-32), and silica (33). FST have also been II:I.‘H:IrLﬂ.I
in Te-based and Sbh-based POMs with mostly local octabedral
order: Gey5Tegs (34), GeysSbygs and Ag TnsShe; Teag (35), and
they have been asociated w Peierli-like distortions (33, 36).
To explore this possibility in Sh, we compure the viscosity
and primary relaxation time from MD simulations over a wide
temperature range. We find no indicarion of an FST. Instead, Sb
remaing very fragile across all remperatures investigated.

This paper is organized as [ollows: Tn the first part, we examine
the configurational entropy, the primary relaxation time and
the viseosity of the supercooled liguid and excrapolate them w
the glass transition temperature o estimate the fragility index
{Section 1), In the second part, we study spontaneous crystalliza-
tion from the supercooled liquid and characterize the propenties
of the resulting crystalline phases (Section 2). Finally, we analyze
the anomalowus behavior of the liguid seae and radonalize it viaa
Two-State model based on the local Tiguid structure as gquantified
|.1_1.r bond-ordentatonal order parameters {Section 3). We draw our
hnal considerations in the Conclusions, followed by a descripion
ol Muterials and Methods. The &pln:udii:ﬂ' provide the esential
theoretical background and detiled analyses supporting our
mmin resules.

1. Fragility of the Supercooled Liquid

For MCM '.l.l:FPIiI’.".I.I'jIJI‘.Is.. it is lundamental to determine the
temperanire dependence of the viscosity and the glass transition

temperature of Sb, as well as wo assess the possible presence of

i I'ra.g'llr-l:u—.':tmug transition (FST), which has been linked o
enhanced é.‘mx stability below the transition Lemperature and
w0 |:||E;I crystallization rates above it Supercooled ligquids are
classihied as strong or {n.g'llt :.I.Cl.‘ll'lflhi" tn a“.l:gdl [ piul. which
depices the logarithm of the shear viseosity 57, or, alteratively,
of the primary relaxation time €, as a function of the inverse
temperature normalized by the glas transition temperature T,
The batrer is Lullv::rltir.:l'la]l:.r defined as the It peratire ar whij.l
n{Ty) = nf = 10" Pass, or 7,(T,) = 15 = 100 5. Whether a
given material is strong or fragile, s determinied by the fragility
index m, which is defined as the slope of the Angell plor ar the
grlass ransiton:

m = [ logon/H Te/ T)r=x,- 1]
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Strong materials exhibit near-Archeniis behavior i o el
with a constant scrivation energy E,, i.e., a constant slope in the
Angell plor. They are typically tetrahedral liquids with strong
covalent bands, such as BeFa, Gelda, Si0:. Since the infinire-
temperature limit of viscosity is foe ~ 10~% = 107% Pu-s for
most materals (37, 38), the theoretical lower bound For me is
15 = 17 for Strogs 1iquir.13. Fr.a.hriir: materdals, on the other hand,
have a I.L'I'Ilptlill.llr_'—drpcndt:lll activation energy E.(T), which
increases at low temperatures, Le., a convex curve in the 1"1.1151:”
plul. Their !h.gilil)r index is !li.gfn:r. the SteEper s the viscosity
increase close wo '1;, In .Il‘i."JE;ild: molecular iiquill\ m ranres from
70 = 80 for meta-toluidine, F‘I}-'L‘t:l'ut. and :rrl]!.-u—l:crplu:nyl o 160
for triphenyl-phosphate.

We perform a preliminary sean of the (P 77) phase diagram
of pure Sb 1o determine the optimal range of values for the
ill\"lﬂi!jflil:rll of the supercooled liquid, We :mp]uy the newral

sk potential presented in {13). We carry out d-ns-
iutii; simulations of crystallization from the sqr&niruiul lil.'tui-d
actoss 3 pressure range from —1.5 w0 0.5 GP2 and emperatures
bertween 300 K and 1,500 K (blue region in Fig. 1), Durgoa] is
tor identify a region where the relaxation time of the supercooled
1i|.‘fu.kl ix shorter than the simulation time, and Ll‘].l”‘l.aﬂi.l'.a.lll:lll is
sufliciently delayed o allow equilibration of the liquid. From our
preliminary scan, we identify a particularly favorable isochore at
a masy density of p, = 6.12 ;L__.I't_n'lJI (red line in Fig. 1), which is
sitwated in the region ar negative pressures where the supercooled
]iqu.id exhibits fw ﬂﬂill?:t:lhilitg range in Il:IIIPtr.Il.I.I.Frz Mun.g
this isnchore, crystallization is almost entirely suppressed above
~500 K, while glz.-is formation only occurs helaw ~400 K. This
makes the sochore ideal w probe the deeply supercooled regime.
For comparison, the Iup.uﬁ density at :‘.h}; theoretical :nqjﬂug
point ol 845 K is 6.45 gfr_'lnf' (13}, in kir agreement with the
value of 5.49 l_{,"l_'l:r=| measured ar the exl:ttr.'tlrlent:i] melting point
of MIK (39); the density of the crystal ar 300 K and 1 bar is
6.69 l'p'li;l!ll.j {40}.

ﬂ.lm:.g the g = 6:12 ga"l‘-'“'a tsochore, we directly ciloubate
the viscosity i and the primary relaxation fime 7 from the MD
teajectories (41). The viscosity is derived From the uﬁ.—lliagun:ﬂ
components of the presure rensor using the Helfand FEinstein
relation, while 7, i extracted from the inermediae scattering
lunetion, computed at the ¢* value corresponding to the main

peak of the staric structure factor, that is 2x/¢* 7 3 A. Deils
of the caleulations can be found in Appendix C of 5T Appenaie.
We find that a linear relation 5 = Gr, with & = 1.7 GPa
holds above 500 K (57 .f]]rr i, Fig. 5109; small deviations
occur #t lower temperatures. This is not unexpected, since an
exact proportionality holds only for 1,(g — 0}, not for 7(g%);
the deviations from linearity are a sign that ar low temperature
collective relaxations over E:ngl]l. scales la.rg::r than the interatomic
distance dominate the dynamics,

We fit the temperature dependence of the viscosity using five
functional forms with different levels tlfnpthxinmﬁ{:lns. all based
on the Adam-—Gibbs (AG) theory (42) - i) pure AG, using the
liqu.'ldrs c:mﬁg].u‘aliulu] enropy Seuep compured from the MD
simulations; i) AG Lsitge the lii.]l.u':f"i. EXCERS entropy relative o
the A17 Ll}'ﬂ.ﬂ] {5‘?[?} as an approximation of 8o 1) AG using
the |u|1.|!d. 5 EXOESS Liltmp:,r relative to the AT plu\: {F ] nr]l the
Mauro-Yue-Ellison- -Gupta-Allan (MYEGA) muodel HRJ vl the
Vug&!-Fulr;lE:—Ta:m!uIl (VFT) tIllpIrli:.ﬂ form {43). The resuls
of the five ﬁtling methods, wyrether with the txlrdpuula.tl'ml of the
viscosity to low temperatures, are shown in Fig. 2 and summarized
in Sf.fllplbfmﬁr.. Table S4. All methods indicae l:r:l.gi!:: hehavior,
with no evidence of a FST.
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Density
Maxima

Temperature [K]

—1 0 1 =3
Pressure [GPa]

Fg 1. (/" T) phase diggram of 5b obtained with the AIMLFP of ref. 13. The
blue area indicates the region where we studied the liquid and amorphous
phases, with 0.5 GPa resolved isobaric molecular dynamics. Darker blue areas
highlight the regions of spontaneous oystallization and glassy dynamics
within 4 ns, with caloulated boundaries marked by small black drcles. Crystals’
stability regions are colored in brown for the A17 phase and in yellow for A7.
The melting curves are determined by direct coexstence simulations (dashed
lines; Moteriols amd Methods), to be compared with the experimental melting
fine of AT {dash-dotted). The A17-A7 boundary [(dotted fine} is sketched
between the crossing of melting curves and the enthalpy crossover at I = 0
{lzrge cirdles). The existence of a locus of density maxima in the liquid {stars)
s a fingerprint of anomalous behavior. For subseqguent MD simulations at
constant volume, we choose an isochore belonging to the lowest studied

pressures, where crystallization is mostly suppressed [pn = 612 glomd, red
fine with small circles)

In the following, we discuss the five models in more deail.
The AG theory relates the relaxation time of supercooled liquids
n the size of cooperatively rearranging repions, which in wrn

depends on the configurational entropy S

i
HAG{T} 5= I'fmcﬂ'"" T} 2]

We compure the conh tiomsal entropy following the poren-
tial energy ﬁud&up«: {Pl:'.%l.]u?'nrndism :L:l::.-rihed i:jﬁﬁppcfutdlix E
of 5T Appendix. In short, we: i} caleulate the 1ol entropy via
Thermodynamic Integration from a reference liguid, followed
by integration ol the specific heat; i) determine the decou-
pling temperature 79 helow which the conligurational and
vibrational degrees of freedom are independents iii) compute the
harmonic entropy for T < T from the eigenfrequencies of
the local minima of the PEL (the so called inherent structures,
15s); iv) r_utmp-ul:.n: the anharmonic vibational energy down to
T = 0 and integrate its specific heat to obtain the anharmonic
entropy; v) subtract the harmonic and anharmonic vibrational
contributions from the wtal entropy, thus obtaining Sonr at a
single remperature below T i) e the 1S energies and integrate
their specific heat to determine the configurational entropy as
a function of wmperature. A shown in Fig. 3, we do no
ohserve signs of a FTS in Saar. The rﬂilﬂﬁ.llg viscosity curve
in Fig. 2 gives a high T, = 370 K and an extremely high value
of m = 330

PNAS 2026 Vol 123 No. 12 e2531605123

In experiments, the avces entropy S5, defined as the difference
between the liquid and crystal wotal entropies, is often used asan
approximation of So.r, by asuming thar the vibragonal en-
tropies of the ligquid ISs and of the crystal are similar. We directly
test this assumption by computing the excess entropies Sy} and
S5y with respect lu.rh: A]_?' and A.?' crystals (the properties of
these two phases will be discussed in the next section). Direct
comparison of these entropies and the configurational entropy
in Fig. 3 shows thar this assumption is not valid for antimony:
the temperature dependence is different, and the absolute values
differ by up to 2 factor of two. Regarding the viscosity fits using
the excess entropy, we lind that the lated plass vransition
is quite dose w the one of Sonr if'.'E‘E, is employed. Tnstead, using
Soio pives different values of T, =2 340 K and m =2 175,

Swrting from Eq. 2, the GA model uses constraine
theory to relate the configurational entropy to the topological
degrees of freedom of the atoms, and then assumes 3 simple
two-state model for the network constraings, which can be either
intact or broken. The resulting entropy S o &7 poes 1o
werer only atsero temperature, thus ruling owr a finie Kaermann
remperature T

13 T,
g MYEGA () _ n{10) af u{.l{ -t }{'1‘ —t}J 13
with @ = log,, (98 /000 ). The MYEGA fit of our viscosity data
predicts low values of 7, = 300 = 524 Kand m = 74 + 95,
Last, the ﬂnpitiﬁ]g‘lfFT equation (43) is equivalent 1o
assuming Sgmp o 1 — T/ T in the AG rdation:

- £
N (T) = e e” . 14]

Although this model has severe limitations, it is important
because it is the simplest model bearing 4 positive Kauzmann
tempetature T ~ Ty The VFT hit gives intermediate values

T[K]
1500 2800 500 400 300
— MYEGA | | 7/
W 10k== VFT /
o0 7
E AG"Smnf o
= 5 AG-557
g | AG-Si1) . Amhenius
15 ' :
w
210+
£
£ s5;
EE.' _rdﬁc pppmEsmmEEEEEEES
2 D I G 9, o ; L I
0.67 1.25 2.00 2.50 3.33
1000/T [K~1]

Fig- 2 Angell plots showing the outcome of all the fitting methods for the
temperature dependence of primary relaxation time s (Tog) and viscosity g
{Bottom). The decoupling temperatune 9= described in the text is marked
with wertical fines. Arrhenius fit (o the data above 850 K gives an activation
energy of 698.4K for r, and 763.5K for q.
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FAE. 3. Entropies of the superoooled liguid (blue), of the A7 crystal (yellow) and of the A1 7 oystal (brown). Left panel: total (sold lines) and harmonic (dashed
fines) contributions; the harmonic entropy s evaluated from the phonon spectrum and fitted with a logarithmic temperature dependence. fight panel:
configurational and excess {solid) and anharmonic (dashed) contributions. Thinner fines denote the extrapolation outside the data range. See Moterigls and

Methods and Appendiz E of 5 Appendix for details.

ol T, and m bétween those obtained from the AG and MYEGA
nmrﬁ:ls.

In summary, due w the inevitable txuapn[aﬂml errors below
A10K, our best estimate is T, e [300, 370] Kand m € [74, 330],
with the |:|.i1;11::ul and lowest values coming from the AG relation
and the MYEGA B, respectively. Replacing the configurational
entropy with the A7 or A17 excess entropies in the AG relation
grives resuls thar are doser o the empirical fies.

We conclude that Sb is a highly fragile material. No evidence
of a transition to LRI behavior is found aluu.g the Bochore
P = 6012 Elll'ﬂuﬂl for T = 410 K, before the |iq1.|i|]s falls out of
l:quil'lllriu:u within our simulation range. In the next section, we
focus on the crystallization properties af the system at the same
density.

2. Crystallization and Crystal Phases

Bulle antimony ul:.d::rgucs fast erystallivation from the #;ﬂxy
phase ar ambient conditions, so Bt thar, o our knowledge,
o experimental data existon the crystallization time of the bulk
muaterial, but only for ultrathin samples where the amorphous
phase can be stabilized. In a 5 nm film (4), the crystal incubation
time varies from 1005 at 300K o = 3 x 1074 s at 400K
Erﬂwin.g an Arrchenius law; for a 10 nm flm, txll‘apul:uiuu
gives = 107 5 a1 300 K and = 1078 5 a1 400 K. Ab initio MD
simulations have shown that the crystal incubation time drp::nds
on the preparation protocol, on the density of the bulk sample
and on finive-size effecs (4). More specifically, increasing the
guenching rate from 9.5 w 300 K/ps led to an increase of the
crystal incubation time from 100 to 500 ps, in a model of 360
atoms at 300 K. Reducing the density by 7% gained a sevenfold
increase, while :h:uhlin.g the number of atoms resuleed ina sixfold
increase of the incubation time. Recent works using ATMILTs
scaled up to thowsands of aroms and confirmed the imporance
of d::tl.'\iily in the incubation time (13, 44). After the incubation
1ime, Lry.'rt:]!h;ll.iurl from the metastable 1i1[uid is dominated |.'|y
the E;ruwl]: of Hul:r:r::riljcai nuclei (13). In fact, the velocity of
the erpstal front in the bulk—measured an the liquid density @
the melting point, using the sme ATMLP of our paper—varied
from 3 mfs at 300K o a maximum of 35 mds at 600K (13).
Diespite working at negative pressures, crystallization occurs
on the nanosecond tmescale (Fig. 44) in the range of 400 K 1o

4of 10 htps:fdolorgM01073/pnas 2531605123

500 E. In the same wemperature range, the primary relaxation
time 7, (defined in Appendix C of 57 Ap, i) increases from
~= 0.01 ns w ~1 ns. Equilibrating and sampling the system
becomes challenging when 1 approaches the crystallization time.
In this n:gil.m.'. alten relerred 1o as " oo man’s land™ in the [P. T:I
;]iagl‘:.l:h it Is physically impﬂeﬁib!l: o nqﬂfihmir. the supercooled
fequidd.

un better undemstand the mechanism of cryseallivation, we
analyze the structural properties of the recrystallized models.
5lupﬂ1:m from two trajectories at 450 and 475K alul:l.g the
selecred isochore are shown in Fig. 44, where parices are
classified as ]it{u."u.l {in blue, with smaller radios) or crystalline (in
brown, with larger radius) according to the bond-order parameter
43 (Materials and Methods).

Surprisingly, we find that, at negative pressure, Sh does not
crystallice into the ambient-pressure A7 structure, but rather into
an A17 “black phosphorus™type phase. We siress that the A17
structure was ot incuded in the Lra'lllitlg set of el 13, This
unexpected result suggests that, at negative pressures, Sb favors
a layered polymorph not previously reported in its bulk phase
diagram. Traces of the structural order of the A17 phase appear
in the local structumal motifs of the supercooled liquid, as will be
discussed in Section 3.

The A7 and A17 crystal structures are shown in Fig. 4 B
and 7. A7 ix a thombohedal pi‘iaﬁr with sprace group ij. which
can be derived froim a simple cubic lattice viaa I.nguh:!l distortion
:!]nng the [111] direction. Alematively, it can be viewed as a
pseudolayered ABC sacking of hexagonal f-amimonene sheets,
wiisi.gn]jiumtiulr:hyrt chemical hi)lu]iu.g {45, 46). A17, on the
other hand, has space group Crmee and consists ol a pseudolayersd
AB stacking of symmetric a-antimonene. Both structures exhibit
strong Peierls distortions, characterized by an alvernation ol short
and long bonds along the direction of approximately collinear p
orbitals. In the A7 prhase, the distortion akes pi.'iu:: between
the three shorer intrabilayer bonds and the three interbilayer
bonds with the second nearest l:l:ig;lll'purx. In the A17 p]:u.*::.-,
the distortion mkes place between two shorter and two longer
bonds parallel w0 the layer plane; the inrabilayer short bond
approximately perpendicular to the layer plane is not associared
with a distortion, because the angle with the sixth nearest
neighbor on the next bilayer is far from flar, being 1207 w0 145,
We present a detailed quantivative analysis of the distortions
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Fig. 4. Crystallization properties and stable crysta! phases of antimony. (4)
Along the isochore ge = 612 gicm? spontaneous crystailization from the
supercooled liguid oocurs at temperatures of 475 K (Left) and 450 (Riphr).
The two snapshots of the partially crystallized samples show the formation
of one or more nudei of A17 in the [T01] view (see the Right panel in C).
Liguid particles are visualized in light blue color with a smaller radius; crystal
particles belonging to the main duster(s) are colored in brown with larger
radius and are connected by bonds. (B and £) Atomic structure of A7 and
A1T crystals in the comventional cells. We use different colors and decreasing
thickness to represent the bands with the first (brown), second {green) and
third {blue, only for A17) groups of nearest neighbors (Nis) (8] A7: side
view slightly tifted from the [100] direction, highlighting the ABC stacking of
g-antimonene psewdobilayers; a semitransparent pol represents the
distorted octahedral environment with the sic Mis. (C)A77: side views slightly
tilted from the [100] direction, showing the "washboard™ shape of the bilayers,
and from [101], highlighting the AB stacking of symmetric-e-antimonena
and octahedral-ike patterns; a semitransparent polyhedron represents the
distorted defective octahedral environment with the five NNs.

through the Angular-Limited Three-Body Correlation (defined
inAp ix A of ST Appendis) in Section 3.

"ﬂ;’eﬁ note that these resules shed Light on the simulations
based on the same AIMLD of ref. 47, where it was reported that
thin layers of b confined in an anificial superlartice crystallize
into a layered phase thar is different from the A7 crysial.

We compare the enthalpy differences between the two crystal
phases computed with the AIMLP and with DFT (&7 Aﬁm&q
Fig. 54). DFT simulations confirm that the AT7 phase becomes
stable at sufhiciently negarive pressures, with a transition pressure
of PM7-A7 — 1 16 GPa. Hence, DFT predicts the transition to

DFT
occur at lower pressures than the AIMLP: P]‘:_"lf._l__},ﬂ'? — 1]}-2;'_‘” —

29GP
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These observations motivared us w0 extend the AIMLP of
ref. 13 by incorporating Al7 crystal configurations into its
teaining dataser. The updaed ATMLP was developed within the
MACE framework (49). It provides a more accurate description
of the relative enthalpies and densities of the two phases across
a wide pressure range compared to the original potential (57
ﬂjﬂr}mwtﬁx, Fi.g. 55).

In the next section, we employ the updaed AIMIP and
consider state points in an extended region of the phase diagram,
where the 1'Iq uid shows anomalous thermodynamic behavior. We
demonstrate that traces of the A17 structure can be found in the

supercooled liquid state as well.

3. Liquid Anomalies

Having established the crystallization behavior and the emer-
gence of the A17 structure at negative pressures, we petform
isothermal-isobaric MD simulations of liquid Sh in the region
between —1.5 GPa and 0.5 GPa and berween 1,500 K and
300 K. We observe unexpected structural and thermodynamic
anomalies. reminiscent of those found in warer and other
tetrahedral systems. In the following, we present the results
obuined with the extended AIMLP described in the previous
section; the old potential yields similar results, as shown in
ST Appendix.

Fig. 5 shows that, ar negative pressures below —1 GPa, the
mass density g exhibits a maximum at temperatures between

h

-

cp [kg at. ™|

0154
_. 0.2} ™
[ 0.10 E
0.05 =

0.

0L - s i -
500 900 1300 500 900 1300
T K] TIK]

Fig. 5. Anomalies in thermodynamic response functions and in structural
data (markers) derived from the MD simulations using the MACE potential,
and two-states (T5) fit (solid lines) using Bgs. 5 and 7-12. {4) Mass density pm
and (B} enthalpy M. (€} Thermal expansion coefficent ep = ¥ T{aW/37 ) p and
(¥} isoharic heat capacity cp = N 1 (#H/a7)p. both directly computed from
the data in the Top panels. (F) Equilibrium fraction (£} of the low-temperature
“anomalous” liquid and (F) lsothermal compressibility ky = -V 1{.lh‘|-'ar“':|;.
The dashed lines in panels A-[} and F are the “background® high-temperature
regime defined in Egs. 4-12; The backgrounds of panels A and B are fitted
over temperatures. [ = if:mﬁﬂmbﬂgrmufmpmﬁemm
in panels € 0, and F are fitted over temperatures [ = 15 = 700 & 1f
and I'f are shown as vertical dotted lines. The equilibrium fraction (£} s a
structural measure of the anomaly, equal to the relative area of the secondary
population in the distribution of the order parameter gz; the fit with Eq. 5
is carried on temperatures [ < [y = 700 K, which is shown as a vertical
dotted line, and on pressures ' < P, = 0.5 GPa, because the extraction of
[&) from g3 is bess noisy in this region (filled markers). Panel A also inchudes
experimental data about the density at ambient pressure (39, 50, which are
in excellent agreement with the MACE values.

hitps:/idoi.org/10.1073/pnas 2531605123
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Fg & Structural analysis of guid and crystal phases. {4) Angular-limited three-body correlation function (ALTBC), (8] radial pair distribution g(r}, (C) static
structure factor 5(g). (D) coordination number (CM), and (E) Steinhardt order parameter g, of the iquid phase (at 900 K, 00K, and S00K) and of the crystal
phases [FAT and “A17" at 500 K) at four different pressures. Contour lines at 0.5, 0.7, and 0U% are drawn in panel A. For each state point the radial cutofis for CN
and ga is set to the first local minimum of the comesponding g{r) and is shown as crosses panel 8.

500 K and 600 K, while ar higher pressures, the maximum shifis
to loweer ll::'tur.u:lntu.h:s Fredonwe 5["] K.. at whlch, |:|t:wrw:r. ﬂ'lr:
supercooled figuid s not sccessible since the relaation dmes
exceed the simulation dmes (panel A); this implies thae the
thermal EXPAnsic coefhicient ay FOES 10 2ert andd even becomes
:tl:g,:{l.i\-'r. at —1 GIPa or below, as shown in p.-am:[ .

The isobaric heat capacity op, derived from the unl]'l:llp}-' shivwn
].uJJ::u:E B, shows an anomalous increase (panel 1), indicating an
enbancement in fuctuations. However, the lines of hea capacity
maxima always lie within the region of slow rebixarion (T 5
SO0K). The resulting trends pmviii: cump::ﬂirlg evidence for
the presence of liquid anomalies, and sugpest the existence of 4
liquid-tiquid transition (51).

In tetrahedral systems the thermodynamic anomalies are linked
o underlying changes in local strucrure. In the following, we
thus perform a detailed analysis of short-range order. The results,
reported in Fig. 6, indicate thar at low temperature and low
density the |i1.|ui|.| i more orderead, locally less dense and has
more pronounced Pederls-like distortion. In fact, we observe
an enhancement of the st and second peaks of the radia
pair distribution, located = 3.0 A and 4.1 A, respectively,
accompanied by a reduction of the minimum in-between. The
average number al ntiglllumi decreases from 5 at WOEK o 4
at OO K, indicating lower local density. The ﬁngul:l.r—li.lnitul
three-body correlation function (ALTBC) shows that symmetric
collinear bonds with o~y e~ 3.2 .:'L are :fx:l:llmn:d. while Peierls-
distorted collinear bonds with rp ~ 2.9 JEL. ra o~ 3.7 JSI. become
muore frequent; this is confirmed by the formation of a prepeak

i the stric structure Getor ar ~1.16 A—I (5.42 A pt:ﬂnd in
real space), approximately ar half wavevector of the main peak.
Furthermore, the angles between nearest neighbors approach the
values found in the two crysl:.‘l] p-i'u.u_% (either A17 or AY), e,
=907 and ~ 165 (57 Appendix, Fig. 53).

These structural femures combined with the thermodynamic
anomalies Sugrest that monvatomic Sb behaves similady w
HaO and Si (51, 32) and can potentdally exhibic a liquid-
liquid transition between a high-density disordered liquid and
a ].uw-dl:tlsit}r. hx:lllf ordered ohe. ﬁhﬂﬂgmﬂr te water, the

6of 10 hitps:/doiorg/10.1073/pnas 2531605123

anomalous behavior could be I:I.Pj.ailli:l.i h-_j' the formation of
loeally favored structures that emerge from the disordered liquid
background (53).

In order 1o shed light on the liguid-liquid transivion, we
characterize the local structure wsing the Steinhardt bond-
orientational order parameter g5 (54), which has previously been
showit to be sensitive to d!:lﬂgts in local coordination in
retrahedrally bonded liquids such as water (53). The g3 parameter
probes the angular arrangement of nearest neighbors through
spherical harmonics of degree { = 3, and &5 paricularly
sensitive to deviations from centrosymmetric local environments,
pnuri:iing a measure of distortions of the ocahedral prometry
atd of local inversion-symmetry breaking. For each atom i, 44
is computed from the orientations of the bonds connecting i 1w
its nearest neighbors, yvielding 2 scalar measure of local bond-
orientational order that discriminates between the two liquid
states,

Fig. 7 shows the distribution of g5 in the liquid phase as a
hunction of wemperature, for decreasing pressure (top to bottom).
The plots reveal the emergence of a two-population distribution
at low temperature. Dhuring cooling, ar all pressures a shoulder
appears at g5 ~ 0.65. This implies that the population of a
!.Il.thl.ld with more distorted octahedal-like local a.n.g:ﬂar prometry
increases at low LEmiperature. MNotably, the shoulder position
coincides with the main peak of g3 in the A17 erysial rather
than with that of A7. Therefore, the local srructure of the
low-temperature population is similar 1o thar of A17. We find
similar indicaions in the analysic of the bond orientaional order
pamameter gy (54), shown in Fig. 6 and further discussed in
ﬁppﬂldit Aol 51 Aﬁpﬂ:d'ér_ We note that the shoulder cannot
be ascribed to the presence of A17 subcritical nucled, since the
fraction of d'_fstal-liir.t pa.rlidﬂ in our models {ul:nl.pul.:.-l] using
the q‘i“' order parameter, which also includes medinm-range
order; see Materials and Mrﬁﬁmﬁ} % ﬂways below 1% Tn the
supplement, we lurther analyze the models using other structural
order parameters, including an owtahedeal order PACAMETEr Joci
which measures the deviation from a pcr[luct octahedral :uJ.Euhr

FEOIneLry.
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Fig. 7. Low-temperature anomalies in the probabilfty distribution of the
bond orientational order parameter gy in the liquid and supercooled phases,
from 1,600 to 500 K (solid lines). The reference distributions in the two crystal
phases at 500 K are shown as negative-valued curves {A7: dashed, A17:
dotted) and =scaled by 1/10. The results indicate that i) at low ternperature
the liguid becomes more ordered, and i) a secondary type of liquid with high
gy emerges. The local angular structure of this secondary liquid is semilar to
that of A17 rather than A7.

We denote with & the fraction of the low-temperature liquid
population in a given configuration. We measure its average
value at equilibrinm as a function of emperature and pressure,
{nf:l-( T, P, lﬁy vlj.n:i.',r_u!|1|:lur.£1n.gI the ptul.\:ll:lii ity distribution t:!‘g‘j ko
twor Ganssians and computing the relative area of the secondary
Gaussian. The dara for {&) s shown in Fig. SE. Within the

sa.mplm.l metaseable liquid region, we .'llw.'l}'.'t olserve values of

{lf} below 30%. This is in apresment with the Ger dhat the
Widom line, IIIH.I'l'L-lI'.I.E the crossover from the |tigh-t::|np|:nuun:
]ir.iuld o the ||rw-ttlnpe1'.|lun: one, Le, (£} =2 50%, lie inside the
inzceessible region of fast crystallizaion.

We fir these thermodynamic and structural anomalies using
the .'-iimph-.' Two-State (TS5 model introduced by H. Tanaka in
20000 (36). The two relevant states are 1) the high-temperaure
disordered liquid and i) the low-tempersture liguid with shon-
range order similar w0 A17. At high emperares, which
correspond to low £, the TS model yields:

(£} ~ exp [B{AE — TAS + PAV)]. I5]

PNAS 2026 Vol 123 No. 12 e2531605123

where AE, AS and AV are, rﬁpu_'l.iw:hr. the differences urﬂu:rgy,
entrupy, and volume per atom between the high-temperature
lin.tu.ir.i and the |urw—l£mptra.tun: ligguidd (g, AE = E],;g},_T -
Byl T isthe temperature, Pis the pressure and § = 1/kg T
In the simplest approximation, AE, AS, AV do not depend on
temperature not on pressure, leading o a three-parameter heting
form for all I[EH: T P:J dara. This enables a sii‘uplu dn'.r_'ripljul:. af
the anomalies of any thermodynamic observable X, by assuming
that the "background” behavior due 1o the high-temperature
lii.;u.kl. Xg, is L‘dInP]!:I:I'II:HI.ﬂI by an anomalous contribution,
AX, from the !uw-l.:rnp:lilurr 1Iqu.'l,r1 pulml;uinu. The latter
conttilyation is w:.-i.gl:tﬂl |::|-_jl (£} and becomes signlﬁc:ult at low
[I:II.IJEI'J!.I.II"E:
X(T, P) = Xa(T. P) — AX - (&). l6]
Details of the fiting procedure are described in Material and
Methods,
The best fit paramerersare AE kg = LAI6 K, AS kg = 6.93,

AV =—13.2 };LjfaL = —7.98 em?/mol. In Table 55 we report
the full list of parameters. The volume difference AV is about
A0 n[‘ the typical volume peratom (which spans between 30 and

35 A’ ,.I’J: in the range studied). The enttopy difference implies
that the ratio berween the degeneracy of the high-temperatire
and the low-temperature structures is Ak — 102 % 107,
Compared 1o liquid water (56), AV is abowr 1.3 1imes smaller
and the degeneracy ratio is about 12 times lower.

In SUIMMErY, we ptuvir]:: evidence for the existence of two
liquid stares that differ in the local ordering, similar to what occurs
in water {53) and other verrahedral materials (57). Qur analysis
shows thar the it:w-Lt:|r||.1-|:l-.;l|.1rﬁr liguid |m|1uj.'lt1(|r| exhibits a local
octshedral prometry resembling the A17 crystal rather than the
A7 one. We interpret these results within a TS model, which
explains the density maxima and the thermodynamic anomalies,

Our analysis also reveals that a FST is likely 1o occur in
deeply supercooled Sh. However, since the population ol the
]t:w—ll:lnpﬂr.tlu.n: liquif.l remains below 30%, we do not observe
d L‘IJIIlpk:tL' Ll_-ln.ﬂ-l.i“ll :FI'U“] thl: !’Ilgh—ltmprr.lturt 1§} lIH'_' ]w—
temperature phase within the emperature range accessible o
our simulations,

4, Conclusions

Our study addressed the long-standing gap in understanding
the ]icluid and s.'l.ch!'L‘L‘lull::d !.'II'I.M af eemental antimony (Sh),
revealing that it shares key fetures with other group IV-VI
PCMs

Using an ab initio machine-learned  potential trained on
DFT data (13), we investigated the viscosity of the liguid
diwn to 410 K along the 6.12 KﬂlL'IIIj isochore. We directly
extracted both the viscosity 5 and the primary relasation time
Ty from the atomistic trajectories, and in parallel compured
the L'uu.l;ﬁu.mliuh:!l entropy Seomr within the Ft:lmtial—thrrm'
landseape formalism. All three quantities exhibit fragile behavior;
in particular, the viscosity changes by 2.5 orders of magnitde
GVET 4 temperature range of 300 K o above 410 K. No clear sigs
ofa rmi,g'rlt-tn—atrm!.g cransition are pbserved within the accessible
temperature range. Extrapolation with the Adam—Gilsbs relation
and other fitting forms yields a glass transition emperature in the
range Ty € [300, 370] K and 2 fragilivy index m € [74, 330]. We
note E|!I.|I in ref. 28, a moment-tensor AIMLP was employed 1w
estimate the glass transidon wmperature of S 7, = 333 Kwhen
L:Lra];l:ﬂalr:l] from moderarely e.up:nﬂui.m.l :i.l!.a above BOOK

hitps://doi.org/10.1073/pnas 2531605123 7 of 10
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{Fig. 4.15 therein), or T; € |IH‘:L SEU] K from the maximum
slape of the isochoric spﬂ.‘iﬁ:‘.‘ heat (Fig. C& therein). Bazed on
our results, antimony can be classified 1 an uhrafragile material,
unless @ LET-driven fragile-to-strong tansition around ~400 K
slows down the viscosity divergence. The Lawter possibility s
supporied by the estimated small fraction of the low-temperature
liquid, and by the similarities with water, which becomes a strong
liggueicl e low empetature (58, 59).

While studying crystallization, we found that Shspontaneously
nucleates into the ALY plmm: from the huﬂi.ﬁupn:n:m}lrd |i1.||.u'|] at
Il::g,:{ti\-'f: jressure. Previous TEOrTS o0 the ALY I]I].'IS!: in Sh were
limited to ultrathin Eampln-. the only bulk plias:: considered sealble
in the literature at low pressure was A7, We verified the existence
of a bulk A17-A7 transition by direct coexistence simulations.
Including the A17 structure in the AIMLP training set allowed
us to confirm thar the A17 phaﬂﬂ is stable at HEpAtive Pressies
below —1 GPa

Finally, we identified water-like anomalies in |i|.'||.|:id Sh,
including density maxima, anomalous isobaric hear capacity and
the emergence of a population of locally more ordered structures
at low remperature, identdfed via the g3 onder parameter.
Muticeably, the local structure of the .-muum.‘{um low-temperature
ih..iu.u.i resembles thar of the A17 LT}'SI.'.!I. Since the anomalous
population remained below = 307 across the accessible range,

we fied the data with the high LEmperature expansion of

Tanaka's Two-State model. Our model accounts for all anomalies
satisfactorily and slpgrests that a [iqui:l—liquiq.l transition is hidden
in the no man's land of fst crystallization below ~500 K and
negative pressures. Nevertheless, the transition has observable
elfecs ar ambient jrressure, relevant o p]mse:—r:lungr .'i’.]l.‘rhi;:llil'llm.
In paricolar, thermodynamic anomalies persist even at zero
pressure, as evidenced by the behavior of the hear capacity and
the 5 distribution. Furthermore, a H.'H_tl_'uitlgul'ih:dﬂwitr curve
is observed ar wero pressure, .!IIJ!ULI{"I!. the maximum lies within
the no-man's land.

Owerall, these findings esablish elemenal andmony as a
valuable model system for investigating the interplay between
lijuid-state anomalies, structural and dynamical properties, and
plmt-lﬂuug:: ﬁnclixnulily.

5. Materials and Methods

5.1. First Principles Calculations. We computed the enthalpy pressure phase
diagram of Sb crystal phases within 01, employing the Quantum Espresso /.0
software (60, 61). We used the PBE functional, a scalar relativistic optimized
nom consenving Vanderhilt pseodopotential for Sb with 15 valence eledrons
amd 3 plane wave expansion of Kohn-Sham orbitals up to an energy cutoff
of 90 Ry. We optimized the Gaussian smearing and the size of the uniform
mesh for the Brillouin zone integration at zero pressure by converging the
total energy within 1 meVfatom and each diagonal component of the pressure
within 0.05 GFa.

5.2. Molecular Dynamics. We investigate supercooled figuid Sb by extensive
MD simulations with a time step of 2 5. We employ two AIMLPs, namely the
potential introduced in ref. 13 based on the Behler Paminelio approach and
an MACE potential {49) trained on an extended dataset that incorporates A17
arystal configurations.

5.2.1. Behler-Parrineflo potentiol [he weights of the neural network weee
optimized on encrgies and forces from confiqurations of oystal, Tiquid, and
amorphous b phases, computed via DFI_A 6.6 A cutoff was used, Fordarity, we
repart here the DF details provided in ref. 13: PBE functional, norm-consemving
pseudopotential and plane wave expansion of Kohn-Sham orbitals up to an
energy cutoff of 40 Ry; the Brillouin zone integration was performed over
a uniform mesh by keeping approximately the same k-point finear spacing

Bof 10 hitpsyfdoiorg/10.1073/pnas_ 2531605123

of 0.13 A for all confiqurations. Following ref 13, we add 2 long range
dispersion correction to the AIMLP, using the "D2° semiempirical scheme by
Grimme (62) with a cutoff of 12 A. We apply the same comection in DF] cloula
fions for the crystal phase diagram in 5/ Appendix, Hg. 54.

522 MACE potential. |he potential was developed by fine tuning the MACE
mace omat {foundation model (4%), pretrained on the omat2024 O database
(63}, using the recent muitihead fine-tuning approach (&4) implemented in the
MACE code (49). The Dt | ine-tuning dataset coincides with that employed for the
development of the Behler Paminello potential, supplemented with additional
confiqurations of the A1/ oystailine phase. The same D2 corredions disassed
above are added to the potential.

We use the LAMMPS software (65) (version 17 August 201/ when not
spedfied) with the following specfic commands for the pair styles: unner for
the Behler Paminello AIMLP, momb for the wiW corredion, and hybridfoverlay
to combine them: In the calculation of the dynamical matrices, we use the
dynamical matrix command introduced in 3 more recent version of LAMMPS
(2 Augqust 2023); in this case, we use the equivalent hdnnp pairstyte command for
the Behler-Parrinelbo AIMLP interface. In isothermal isochoric (NVT) simulations
we use a Bussi-Donadio-Famineflo thermostat (command fix templcsr) (66). In
isothermal-isobaric (NP1} simulations we use 3 Nosé Hoover-chain with chain
Iength of 3 for both temperature and pressure coupling, employing the Martina
luckerman lobias Klein decomposition scheme (command fix npt) (6/). We
use a oubic supercell with periodic boundary conditions contzining 4,094 5b
atoms, both in NVT and NPT simulations of the liguid and glassy phases.
Ihe same sefting is used for NPT simulations with the MACE potential, with
a mare recent version of LAMMPS. The main NVI simulations are carmied at
612 gJ'n'n3 mass density {zhout 33.0 A3 atomic wolume), Le., inside a box
of size 51.3388 A We quench the system at 9.5 Kips (when not specified
otherwise) and equilibrate at cach temperature while monitaring the potential
energyand the relaxation dynamics through theintermediate scattenng funchion
(15} and the mean square displacement (MSD) (defined in Appendix C of
81 Appendix). For temperatures 2t which the {SF primary relaeation time is
~1 ns ar less, we subsequently run NVE dynamics to measure IS5 and MSD at
equilibrium.

For the MV simulation of crystals at 6.12 glem?, we use supercells with
a similar number of atoms to the liguid el for the AJ phase, 4,320
atoms in a hexagonal prism box with cell vedors @ = (53.118,0,0)
b (-26.559,46.002,0), ¢ = (0,0, 58.403), in units of A; for the
A1} phase, 4,608 atoms in an ohorhombic box with a, — 50.617 ﬁ,
by — 495171 A, = 607274

53 Identification of Crystal Muclei. Among al! trajectories in the fiquid and
supercocled phase, we select equilibrivm ones by requiring a time window
at least twice larger than the ISF primary relaxation time and containing in
every frame no more than 40 oystalline atoms {0.98%) and crystailine nudei
smaller than 30 atoms {0.73%). We classify particles as crystalline based on

the established q‘f‘ band arder parameter (13, 68), which is defined in terms

of spherical harmonics with | = 4. [he two adial outofis for q'f’t are set as
equal to the first and second locl minima of the g(r) at 900 K at that density
(in NVT, or pressure in NET) and the threshold tor crystallinity was set to 075,
Wi define a crystal nuclews by grouping crystalline particles that are doser than
ry — 3.704; the lattervalue is slightly larger than the first local minimum of the
g{r}. We apply the same requirements to the liquid before conjugate gradient
minimization to generate the S5, and to the [5s themselves.

54, Two-States Model. We mtionalize the thermodynamic and structural
anomalies in the supercooled fguid by the two state (15) model. The two states
correspond to i} 2 high-temn perature disordered fiquid and ii) a low-temperature
ordered liquid with local structure similar to A14. We identified the two states
by a himodal distribution of an order parameter representing two different
popuiztions of local structures. We chose the Steinhardt bond orientational
order parameter 3.

Let A_ and A be the arcas under the twe Gaussian curves fitted to the
distributions of g3 in Hg. /, where A_ refers to the Gaussian developing at
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fow temperatures and pressures. We estimated the equilibrium fradion of low
temperature structuresin the liquid as (£) — A— /{4 | A4 ).Since nudeation
is very fast at low temperature, we were able to study only the 1S model in the
iow (£} {high-temperature) region: (£) = 309

Explicitly, Eq.takesthe following farmforvoiume, massdensity, and enthalpy:

Va{l,P) — AV- (2], ]
om(1LP) % g1 P) (1 | %"{;})J I8l
H{LF) = Hg(l, A

Wil P

- (AE | PAV) - (), 19l

where each of the quantities comesponding to the high temperature regime,
Vg o2, Hp, isfittedwithabilinearform{S6)Xg (1, ) = x5 | x4 1 (yg | ;1P
having four fitting parameters. The anomalous parameters AL and AV are
the same fitted by bq. 5. By diredt derivation of bgs. 5 and 7-9, the isobaric
thermal expansion cofficient ap, the isobaric specific heat cp and the {sothermal
rompressibility k; ame (S6)

180\ 5 AV(AE | PAV)
ap = v (m )F —ap | T{ﬂ, (o
R AN (AL | PAV)?
£ = m (ﬁ)p_{g | T{!‘-}. 1l
BT NP
b=—1 (HF); -1 e, [12]

where N is ﬂl: number of atoms. bor the background part of the response

fundions, ap, rﬁ. kf we fit the high-temperature region of each isobar with a
quadratic form (56) Xu(T)le = a(F) | B(P)T | c(P)I* exceptiorP = 1.5
GPa. At the latier pressure we employ a linear form Xg(1'jjp = 2(F) 1 B{F)1,
since there are only three high temperture data points.

Ihe resuits of the 15 fit are desoibed in the main text, in Fig. 5 and in

51 Appendix, Table 55.

55, Coexistence Line Calculation. We compute the coexistence line for the
liquid and A/ crystal, and for the liguid and A1/ crystal shown in Fig. 1 using
the AIMLP of ref. 13. We first find 2 single comdstence temperature at 2 given
prossure vig the direct coexistence method in the NPT ensemble and then
we integrate the coexistence fine by the Clausius-Clapeyron equation (48). o
esimate the diredt coexistence at 2 given pressare we first relax the bulk lguid
and crystal at different temperatures and fised pressure in NPL. We presenve
thie symmaetry of the orystals using an arthorhombic box and a hexagonal box
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nucleated from the liguid in Fig. 48 are produced with the free version of the
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