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Abstract 

The mechanical properties of the deltic, squaric, and croconic acids were determined in a 

previous work by using rigorous theoretical solid-state methods based in Density Functional 

Theory using plane waves and pseudopotentials using a high-quality setup. These three 

materials were shown to display small negative Poisson ratios (NPR). Croconic acid was also 

shown to exhibit the phenomenon of negative linear compressibility (NLC) for applied 

pressures larger than ~ 0.4 GPa directed along the direction of minimum Poisson ratio. The 

main purpose of this communication is to show that the croconic acid also exhibits the NLC 

phenomenon when submitted to isotropic pressures. The a lattice parameter of croconic acid 

increases for applied isotropic pressures in the range from 0.41 GPa to 0.46 GPa. The computed 

compressibility along a direction at the pressure of P=0.44 GPa is ka=−79.7 TPa-1. 
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1. Introduction 

The compressibility is a mechanical property which 

measures the relative volume change of a material as a 

response to a pressure change and must be strictly positive 

for solid materials which are thermodynamically and 

mechanically stable [1-4]. A material submitted to a 

hydrostatic (isotropic) compressive pressure cannot 

increase its volume, unless it is unstable. Negative linear 

compressibility (NLC) is not related to unstable materials 

and may refer to (a) the positive variation of the volume 

when the material is submitted to a uniform compression 

directed along a given direction and (b) the increase of 

one or two single directions of the unit cell of a material 

under the application of a hydrostatic pressure [1-3]. In 

(a) the directional derivative of the volume with respect 

to pressure is negative. In (b) the volume does not 

increase and the positive variation of the parameters in 

some directions is compensated by a larger negative 

variation of the parameters in the remaining directions. 

In a previous paper [5], the mechanical properties of the 

deltic, squaric, and croconic acids were determined by 

using theoretical solid-state methods based in Density 

Functional Theory using plane waves and 

pseudopotentials. The energy-density functional 

employed was the PBE [6] one supplemented with 

Grimme [7] empirical dispersion correction. This 

functional is implemented in CASTEP [8] code, a module 

of the Materials Studio [9] software, which was used in 

all the computations. These three materials were shown 

to display small negative Poisson ratios (NPR) [4]. The 

croconic acid also exhibits the phenomenon of negative 

linear compressibility (NLC) [1-3] for applied pressures 

larger than about 0.4 GPa directed along the direction of 

minimum Poisson ratio. The same methods were 

employed in this communication with the purpose of 

showing that the croconic acid also exhibits NLC when 

submited to isotropic pressures. The details of the 

computational solid-state treatment of the oxocarbon 

acids used in this work may be found in the previous 

paper [5].  



Table 1. Unit cell volume and lattice parameters of the croconic acid under different isotropic pressures. 

P (GPa) a (Å) b (Å) c (Å) Vol. (Å3) 

0.261 8.6824 5.0486 10.7856 472.7784 

0.371 8.6679 5.0362 10.7760 470.4077 

0.422 8.6561 5.0281 10.7747 468.9529 

0.453 8.6754 4.9986 10.7687 466.9833 

0.477 8.6749 4.9983 10.7682 466.9025 

0.526 8.6604 4.9973 10.7660 465.9413 

0.567 8.6489 4.9953 10.7625 464.9864 

0.595 8.6434 4.9943 10.7605 464.5067 

0.622 8.6405 4.9944 10.7588 464.2844 

0.683 8.6364 4.9863 10.7530 463.0603 

 
Figure 1. Unit cell volume and lattice parameters of the croconic acid under the effect of different isotropic pressures. 

 

2. Results 

Table 1 reports the computed unit cell volumes and lattice 

parameters of the solid croconic acid submitted to 

different isotropic pressures. The results are also 

displayed in Figure 1. As can be observed in Figure 1, the 

a lattice parameter of this material increases under the 

application of hydrostatic pressures in the range from 

0.41 GPa to 0.46 GPa. The large increase of the a lattice 

parameter is accompanied by a large decrease of b lattice 

parameter. The computed linear compressibility at 0.44 

GPa is 𝑘𝑎 = −1/𝑎 · (𝜕𝑎/𝜕𝑃)𝑃 =−79.7 TPa-1. From the 

inspection of deltic and squaric acid data, these materials 

appear not to show any sign of isotropic NLC. 

3. Conclusions 

While the range of pressure for which the solid croconic 

acid shows isotropic NLC is quite narrow (from 0.41 GPa 

to 0.46 GPa), the magnitude of the negative 

compressibility is quite large. The value, 79.7 TPa-1, is 

one of the largest found so far. The largest value of the 

NLC, about −260 TPa-1, was found for CsH2PO4 [10-11] 

and is much larger than the present value. However, the 

compressibilities found for materials as Zn[Au(CN)2]2 

[12] and Ag3[Co(CN)6] [13-14], −42 and −76 TPa-1, 

considered to be very large, are of the same magnitude as 

that found in this work for croconic acid. While the range 

of external pressures in which these materials show NLC 

is much larger than in croconic acid, the range is extended 

if anisotropic pressures are applied to croconic acid along 

the direction of the minimum Poisson ratio [5]. As 

showed in the previous work, croconic acid displays 

anisotropic NLC for pressures larger than about 0.4 GPa 

up to about 1.0 GPa, when this material undergoes a 

pressure induced phase transition. 
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