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Abstract

A density anomaly, i.e. a temperature region with negative thermal expansion (NTE) bounded by a den-

sity maximum and a density minimum at lower temperatures, is revealed and characterised in tantala for the

first time by Molecular Dynamics simulations. The NTE region is evidenced in the metastable supercooled

liquid and rather close to the glass transition. Since NTE is suppressed by poor structural equilibration,

highlighting these phenomena is highly challenging due to the need for fulfilling competing constraints

of slow cooling and avoidance of the crystallization. We find that the density anomaly is signalled by a

decrease of the partial coordination numbers nTa,Ta and nO,O when lowering the temperature. The NTE

magnitude is comparable to the ones of both stable water and solid-state materials with giant NTE.
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I. INTRODUCTION

An isobaric density maximum, although well known in the case of water [1, 2], occurs in only

a few liquids, e.g. heavy water (D2O) [3], silica (SiO2) [4], liquid Caesium (Cs) [5], Sulphur

(S)[6] and Tellurium (Te) [7–9] where it is observed in equilibrium condition above their melting

temperatures, or in liquid silicon (Si) where the maximum is in the supercooled regime [10].

Under isobaric conditions, below the temperature of maximum density, these liquids exhibit a

region with negative thermal expansion (NTE), i.e. cooling the liquid causes it to expand. These

unusual aspects of density behaviour are usually referred to as density anomalies.

Finding NTE materials is of technological importance and fundamental scientific interest. The

discovery of NTE in Zirconium tungstate (ZrW2O8) in an extremely wide temperature range [11],

attracted an ever growing interest in NTE materials [12–14]. The major motivation is the urgent

demand of materials with vanishing or controlled thermal expansion in high-precision devices

and instruments, e.g. fiber optics and mirror coatings, electronics, thermal actuators of microelec-

tromechanical systems and tooth fillings. Novel routes for NTE compensation of ordinary, positive

thermal expansion are under intense development [15].

Since for an ideal classical or quantum gas the linear thermal expansion αL is positive, the

microscopic origin of NTE lies in the interactions coupling the particles. Over the years, highly

directional tetrahedral bonding interactions, like in water and silica, were intensively investigated.

However, tetrahedrality is not a necessary condition for anomalous behavior. In fact, NTE is

observed in both p-bonded liquids, like Tellurium and rich-Te alloys, exhibiting an octahedral

environment [16] and even in spherically symmetric pair potentials [17, 18]. While these results

widen the scenario of the microscopic mechanisms leading to NTE, the scaling of the anomalous

thermodynamic properties of liquid water and tellurium on the same master curve suggests that

even in the presence of deep structural differences, their anomalies have similar roots [19].

There is an intimate relation between NTE and pairs of density extrema. Thermodynamic

consistency dictates that, if a given liquid exhibits a density extremum in its phase diagram, such

a point cannot be isolated: a density extremum locus must necessarily exist. Leaving aside the

possible termination of a density maxima locus at a stability limit, i.e. by crossing a spinodal

curve, all the other thermodynamically-consistent scenarios imply the simultaneous existence of

density maxima and minima [20, 21]. They correspond, respectively, to the highest and lowest

possible temperatures at which a liquid can exhibit NTE [6, 22].
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Experimental evidence of density minima in the liquid state is sparse. They were reported for

equilibrium liquids, i.e. sulphur [6], As2Te3 [23], Ge/Se alloys [24], as well as for supercooled

systems, i.e. nanoconfined water [25, 26], silica [4, 27] and Te [22]. Further evidence was provided

by molecular-dynamics (MD) simulations in silica [28], Ge [29], the tetrahedral liquid BeF2 [30,

31], water [32, 33] and monoatomic liquids with spherical, pair potentials including rather generic

ramp potentials being both purely repulsive [17] and with both attractive and repulsive interactions

(Jagla potential) [18].

The fact that the NTE region is often found in metastable supercooled liquids implies that it

is potentially affected by the thermal history, i.e. the cooling rate driving the liquid to the glassy

state. Provided that crystallization is avoided, slower cooling rates push the glass transition to

lower temperatures, so that thermodynamics, and not off-equilibrium kinetics, are dominant in a

wider temperature range [34]. Off-equilibrium overshadows and even suppresses both the extrema

and the NTE region, as noted in SiO2 by Brückner more than fifty years ago [4] and recently

confirmed [28]. We argue that Brückner’s conclusions have wider prospect and suggest a general

search protocol of novel NTE materials based on proper structural equilibration and crystallization

avoidance.

Here, we illustrate the protocol by presenting compelling evidence by MD simulations, that

the oxide glassformer tantala (Ta2O5) exhibits isotropic NTE in a temperature region bounded

by two density extrema both located in the metastable supercooled liquid. The NTE magnitude

(αL = −14 ppm K−1) is found to be one order of magnitude smaller than the one of liquid

Tellurium but comparable to the ones of both stable water and solid-state materials with giant

NTE. The structure of Ta2O5 is a network of Ta-centered polyhedra, mainly octahedra, with O

atoms at their corners [35–37]. It is known that the crystal structures of many NTE materials

are networks of both octahedra and tetrahedra [12, 13] and, for specific liquids, atoms have an

octahedral environment [16]. Close examination of the structural changes occurring on cooling

tantala across the NTE region reveals a reduction of the homologous first-neighbours, i.e. the

coordination numbers nTa,Ta and nO,O. This mechanism leads to a volume increase. A decrease

of the coordination number on cooling in the NTE region has been revealed in two supercooled

atomic liquids, namely Te (octahedral), by both experiments [38] and simulations [39], and Ge

(tetrahedral) by simulations [29]. Our results suggest that the family of M2O5 metal oxides adds

to the NTE materials [13, 15, 34].
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II. MODEL AND METHODS

Classical MD simulations for tantala were carried out using LAMMPS software [40]. Tantala is

modeled via a modified van Beest, Kramer, and van Santen (BKS) potential [41] with an additional

pseudo-covalent Morse term [42]. To speed up computations, we implemented Wolf truncation

with a cut-off as proposed in Ref. 36. Each simulation consists of 2520 atoms, contained in a

cubic box with periodic boundary conditions.

Atomic configurations were obtained with the following protocol. Tantala crystal is first equi-

librated at 300 K and then rapidly heated to 5000 K. The liquid at 5000 K is equilibrated for 50 ns

and then cooled down to 3000 K in the NPT ensemble (P = 0) with a cooling rate qf = 102 K/ns.

Final cooling from 3000 K to 300 K is achieved with a slower cooling rate qs = 10 K/ns. With

this recipe we generated 50 independent samples. All structural analysis were performed after

the configurations were relaxed by energy minimization. We note that the faster quench rate

qf = 102 K/ns considered here is comparable to the slowest rate considered in previous works on

tantala [36, 42].

III. RESULTS AND DISCUSSION

For a cooling rate qs = 10 K/ns the great majority of the liquid samples, 45 over 50, experience

crystallization, as signaled by the occurrence of a sharp change in the specific volume ρ−1(T ) and

visual inspection (not shown). In only 5 samples the solidification takes place in an amorphous

state. We label the latter states as s1-s5. Their specific volume ρ−1(T ) is plotted in Fig.1(a) in the

whole temperature range under study.

The average density in the amorphous state at 300 K of the samples s1-s5 is 7.64 g/cm3, i.e.

well in the experimental range 7.30-7.68 g/cm3 [43–45], whereas the liquid tantala at 2000 K

exhibits a density of 7.27 g/cm3 to be compared with the estimate 7.20 g/cm3 [37].

The temperature where the glass transition (GT) takes place depends on the cooling rate and is

conveniently defined by the temperature where the thermal expansion coefficient changes abruptly

but continuously from the liquid to the glass value upon cooling [46]. We define Tg,n as the GT

temperature corresponding to the cooling rate qn = 10n K/ns. In order to understand where GT is

located at the cooling rate of our study qs = q1, we resort to previous studies showing that cooling

the liquid at higher quench rates than qs, i.e. q2 and q3, prevents the crystallization and leads to the
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FIG. 1: Panel a): Temperature dependence of the inverse density ρ−1 for five samples, labelled s1-s5,

during the quench from the liquid state with a rate 10 K/ns (full lines). Panel b): Magnification of the

anomalous region. Samples s2 and s3, exhibiting the missing and the larger density anomalies respectively,

are highlighted. The vertical shaded regions mark the estimated glass transition at the cooling rates 10 K/ns

(Tg,1) and 102 K/ns (Tg,2), see text for details. Panel c): coefficient of linear thermal expansion of sample

s3. The vertical dashed lines mark the NTE region. The minimum value is −14 ppm K−1.

GT temperatures Tg,2 = 1725 K and Tg,3 = 1820 K, respectively [47]. Building on the fact that

d log |q|/dTg is nearly constant [48], one finds Tg,1 = 1610 K. Henceforth, we limit our analysis

to T > Tg,1. Further support to our choice about Tg,1 will be provided later.

No density anomaly was observed by cooling the liquid tantala at q2 and q3 [47]. Instead, for

a cooling rate qs = q1 a NTE region is observed in three samples, s1, s3 and s4, see Figure 1(b).

The coefficient of linear thermal expansion of sample s3 is shown in Figure 1(c).

Samples s2, s5 do not show NTE and solidify in the amorphous state around Tg,1. The density

minimum is observed at a temperature which is larger than Tg,1, suggesting that both the density

extrema and the whole NTE region are in the liquid regime. This conclusion may be made sounder

and less dependent on the estimate Tg,1 by noting that the density minimum is close to Tg,2 =

1725 K, i.e. the GT temperature corresponding to a one-order-of magnitude faster cooling rate.

The fact that the density minimum is in the metastable liquid rules out that it is an artefact due

to the intersection of the NTE region with GT and the subsequent recovery of the usual positive
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FIG. 2: Partial pair distribution functions of the samples s2 and s3, showing no anomaly and the strongest

density anomaly, respectively. The panels refer to the following temperature ranges: (a) liquid, (b) NTE

region, (c) the end of the NTE region down to GT, (d) amorphous state.

thermal expansivity by the glass.

The magnitude of the density anomaly depends on the sample under consideration. We interpret

the finding in terms of sample-dependent, incomplete structural equilibration of the liquid due to

the proximity of GT and NTE regions with the adopted cooling rate qs. Indeed, the latter is a choice

of compromise. The Tantala liquid, due to the strong tendency to crystallize, does not allow slower

cooling rates to gain full equilibration of the NTE region. On the other hand, qs is slow enough

to distance GT from NTE and ensures sufficient suppression of off-equilibrium effects, which, if

enhanced by rising the cooling rate at q2 and then making GT and NTE closer to each other, would

completely hide the density anomaly [47].

To gain more insight into the microscopic origin of the density anomaly of Tantala, we in-

vestigated the partial pair distribution functions gi,j . They are plotted in Fig.2 for the samples

with no (s2) or strongest (s3) density anomaly. The pattern depends weakly on the temperature

in the investigated range. Considering the whole set of distribution functions, it was noted that

both gTa,Ta and gO,O exhibit clearer changes in amorphous and liquid tantala [37]. This offers

a way to assess whether our system, during cooling, settled in a solid-like structure or persisted

in a liquid-like one. In particular, gTa,Ta shows that samples s2 and s3 exhibit nearly the same

split of Ta-Ta nearest-neighbor peak which is more strikingly seen at 3.312(2) Å and 3.750(1) Å
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FIG. 3: Symbols: evolution of the partial coordination number for tantalum (panel a and b) and oxygen

atoms (panel c and d) upon cooling, for the samples s2 and s3, showing none and strongest density anomaly,

respectively. Lines are the running average of data in a temperature window corresponding to 50K. The

vertical dashed lines mark the NTE region of the s3 sample. The vertical shaded region marks the estimated

glass transition Tg,1.

by experiments in ion-beam sputtered (IBS) tantala but not in liquid tantala [37]. Furthermore,

inspection of gO,O shows that the O-O nearest-neighbor peak, which is drastically depressed in

liquid Tantala, is rather close to the one of IBS tantala in both s2 and s3 samples [37]. The above

analysis suggests a more solid-like structure of our samples in the investigated temperature range.

The experimental finding that gTa,Ta and gO,O exhibit larger changes from the liquid to the solid

state [37] suggests that they are efficient probes of the structural changes and may help to ascertain

the microscopic nature of the density anomaly. Since the changes are anticipated to be tiny, given

the poor temperature dependence of the partial pair distribution functions (Fig.2), we resort to the

partial coordination numbers providing the integrated, overall modification of the first shell. Ref.

[49] mentions the role of the partial coordination numbers in marking the NTE region of liquid

As2Te2, providing additional motivations to this choice.

The results for the samples with no (s2) or strongest (s3) density anomaly are given in Fig.3, in

terms of the average number of first-neighbor i atoms to a given j atom, ni,j with the first-neighbor

pairs defined using the first minimum of the corresponding pair distribution function. It is seen that
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FIG. 4: Symbols: evolution of the O-Ta-O bond angle (panel a), Ta-O-Ta bond angle (panel b) and Ta-O

bond length (panel c) upon cooling (samples s2 and s3). Lines are the running average of data in temperature

window corresponding to 50K. The vertical dashed lines highlight the NTE region of the s3 sample. The

vertical shaded region marks the estimated glass transition Tg,1.

all the corresponding partial coordination numbers of the samples s2 and s3 are rather close in the

highly mobile states at the highest temperature, suggesting structural similarity. On cooling, both

nTa,O and nO,Ta increase more or less in a continuous way and differ little in samples s2 and s3.

Differently, subtle but appreciable non-monotonous changes are signaled by both nTa,Ta and nO,O

on approaching GT at Tg,1 from above. The changes are less perceived in the s2 sample, whereas

they are clear in s3 with onset in the temperature range of the NTE region. As a result, both nTa,Ta

and nO,O are smaller in the amorphous state of s3 than in the s2 one. This offset is largely due to

the fact that, leaving the NTE region on cooling but still above Tg,1, both nO,O and nTa,Ta of the

s3 sample decrease. The decrease of the coordination number on cooling across the NTE region,

has been also reported for both Te [38, 39] and Ge [29]. On cooling further, the decrease is halted

at GT and replaced in the amorphous state by a new regime of monotonous increase, as for all the

other partial coordination numbers of both samples. It appears that, differently from the sample

s2, the sample s3 was able to complete local rearrangements above GT, ensuring both a better

equilibration and the emergence of the NTE region. This aspect will be scrutinised more in depth

below with the analysis of other indicators.

Fig. 4 provides information about the temperature dependence of the geometry of the Ta-O
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FIG. 5: Symbols: evolution of the fractions of corner sharing CS (panel a), edge sharing ES (panel b) and

face sharing FS (panel c) polyhedra upon cooling (samples s2 and s3). Lines are the running average of

data in temperature window corresponding to 50K. The vertical dashed lines highlight the NTE region of

the s3 sample. The vertical shaded region marks the estimated glass transition Tg,1.

bond network, namely the O-Ta-O bond angle (panel a), the Ta-O-Ta bond angle (panel b) and Ta-

O bond length (panel c) of the samples s2 and s3. The latter two parameters are found to be nearly

coincident in the two samples. In particular, the Ta-O-Ta bond angle decreases continuously with

the temperature, whereas the Ta-O bond length has a rounded maximum at about GT. The O-Ta-O

bond angle (Fig.4a) of the s2 sample becomes slightly less than the one of the s3 one, roughly

below the NTE region. Given the extremely small differences of the geometry of the Ta-O bond

network in samples s2 and s3 shown in Fig.4, it is difficult to draw sound conclusions about their

role in the microscopic origin of the density anomaly.

Fig.5 provides the results of the analysis of the tantala structure at different temperatures in

terms of polyhedra of the samples s2 and s3. The fraction of corner sharing φCS , Fig.5(a), and

edge sharing φES , Fig.5 (b), is quite close in the two samples (small differences in the liquid state

above GT are ascribed to the difficulty of the analysis when the polyhedra are rather distorted by

thermal effects and their statistical distribution is wider than in the solid state [50] ). A tendency

to have more compact structures is signalled by both the decrease of φCS and the increase of φES

by lowering the temperature. The latter has been evidenced by neutron and X-ray scattering ex-

periments [37]. Fig.5 (c) plots the fraction of face sharing φFS which is rather small. Interestingly,
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φFS of the sample s3 tends to decrease by lowering the temperature and freezes below GT. Dis-

tinctly, the sample s2 freezes φFS above GT. This behaviour parallels the temperature dependence

of the partial coordination numbers nTa,Ta and nO,O of the samples s2 and s3, see Fig.3(a) and

Fig.3(b), respectively. It is tempting to conclude that the equilibration process of the sample s2

was incomplete, thus preventing the emergence of the NTE region.

A comparison of the present results with other NTE materials is worthwhile. Stable water

has αL = −23 ppm K−1 at 273 K and exhibits, together with other thermodynamic properties, a

well-known singularity in the supercooled regime at about 227 K [51, 52]. In more detail, Table I

compares the characteristics of the NTE region of Ta2O5 with other systems, reporting, in addition

to the linear thermal expansion αL, also the NTE range ∆T and the relative volume change ∆V/V .

The table combines simulation data on SiO2 [28] and Ge [29], with experimental data on liquid Te

[22] and solid-state materials reviewed in ref. [14].

TABLE I: Comparison between in-silico Ta2O5 , SiO2 and Ge ,

and experimental data on liquid Te and representative solid-state

systems with giant isotropic NTE.

Materials TNTE (K) ∆T (K) αL (ppm K−1) ∆V/V (%) Category a State Ref.

in silico Ta2 O5 1725− 1825 100 −14 0.42 CV liquid PW

in silico SiO2 3400− 4400 1000 −9 2.7 CV liquid [28]

in silico Ge 1500− 2400 900 −40 8 CV liquid [29]

Te 550− 740 190 −150 8.5 CV liquid [22]

ZrW2O8 2–1443 1441 −6 ∼ −9 2.7 CV solid [14]

Cd(CN)2·xCCl4 170–375 205 −34 2.1 CV solid [14]

Mn3Ga0.7Ge0.3N0.88C0.12 197–319 122 −18 0.5 MG solid [14]

LaFe10.5Co1.0Si1.5 240–350 110 −26 1.1 MG solid [14]

SrCu33Fe4O12 180–250 70 −20 0.4 CT solid [14]

a CV, conventional; MG, magnetic transition; CT, charge-transfer transition
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IV. CONCLUSIONS

We revealed the presence of density anomaly in supercooled tantala. The sample preparation

needed to highlight this phenomena is critical, due to two contrasting requirements, i.e. the need

to cool the liquid slowly in order to suppress non-equilibrium effects masking the anomaly on one

side and, on the other, to avoid crystallization as promoted by slower cooling. The resulting set

showing NTE was analyzed using different structural indicators. The density anomaly is found

to be best signalled by the decrease of the partial coordination numbers nTa,Ta and nO,O while

temperature decreases.
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