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Thermodynamic and surface properties of platinum with changes
in temperature, pressure, and crystal size
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Based on the parameters of the Mie—Lennard-Jones pair potential for interatomic interactions for Pt and using
the RP model of a nanocrystal, size, temperature, and pressure dependences were obtained for various properties:
elastic modulus, coefficient of thermal expansion, surface energy, the derivative of surface energy with respect to
temperature, and Poisson’s ratio. Calculations of the size dependencies of these properties were performed along
two isobars: 0 and 50 GPa. For the first time, the following dependences were obtained for macro- and nanocrystals:
pressure dependences of surface energy, pressure and temperature dependences of the derivatives of surface energy
with respect to temperature and pressure; pressure and temperature dependences for the product of elastic modulus
and thermal expansion coefficient; and the temperature depedence of Poisson’s ratio for a nanocrystal.
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1. Introduction

Platinum is widely used in scientific and industrial devices
thanks to its unique mechanical, thermal and physical and
chemical properties. In particular, platinum is heat-resistant
and may withstand mechanical loads in aggressive media
at very high temperatures for many thousands of hours.
Platinum is often used as a high-temperature marker of
pressure in the laser heating experiments due to its ability
to absorb laser radiation well and absence of structural
transitions under significant compressions, and chemical
resistance. Platinum is widely used in renewable energy
sector, petrochemical industry, automotive industry and
pharmaceutical engineering [1].

Platinum is under constant monitoring of the researchers
in the field of extremely high pressures. Thus, paper [2]
studied the equation of state of platinum at pressures of
up to 430GPa. Such high pressures are of interest not
only in the aspect of the solid-state science, but in the
study of properties of the substances inside the planets
of much larger size than the Earth, for example, gas
and ice giants. The authors of paper [3] studied the
properties of platinum being one of the most important
standard materials in static and dynamic experiments with
high pressure, under the conditions of extreme pressures
by methods of impact compression in the range of up
to 1.1TPa. Despite the fact that platinum is a widely
studied metal, some dependences for the FCC-Pt macro-
crystal remain unstudied, both experimentally and even
theoretically. ~ For example, baric dependences of BT
modulus of elasticity are only presented in the paper
by PI Dorogokupets [4], baric dependences of thermal

expansion coefficient are presented only by two papers [4,5].
For the specific (per unit of surface area) surface energy,
the baric dependences are not presented in the literature,
therefore, the derivatives of the surface energy by temper-
ature and pressure have not been studied, too. Besides,
there are no temperature and baric dependences for the
product of Bra,(P), often this product is treated as a
constant.

Analysis of the platinum nanocrystals at this time is
an actively developing topic in the studies of many au-
thors [6-10]. Note that mainly the papers related to the
nanocrystals are dedicated to the study of the nanocrystals
as such and are less often dedicated to the study of their
thermodynamic properties. For example, platinum NC
of irregular tetrahexahedral (THH) shape, with the size
of around ~ 100nm, were obtained with high yield by
electrochemical treatment of Pt nanospheres applied on
glassy carbon [6]. Catalytic activity of THH Pt nanocrystals
exceeds the catalytic activity of spherical Pt nanoparticles.
NC were used to accelerate electric oxidation of formic acid
and ethanol, which are promising alternative types of fuel
for straight fuel elements [6]. In paper [7] they studied
nucleation and growth of nanocrystals formed by ligand-
platinum compounds. Understanding of these processes
is necessary for rational design of functional nanocrystals
with a clearly defined composition, shape and size for use
in catalysis, medicine and nanotechnology. Mechanisms
of platinum nanocrystals growth from individual atoms to
end crystals in the atomic scale were studied using in situ
liquid-phase scanning transmission electron microscopy in
article [8]. In paper [9] it is stated that the controlled
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Comparison of properties of FCC-Pt at P = 0 and 7 = 300K, obtained in this paper with literature data
Vo (cm®/mol) a, (107°K™1) Br (GPa) (8Br/3P)r | © (K) y
Our results 9.0215 2536 238.09 6.93 249 227
for N =00
Our results 8.8699 29.01 208.35 6.93 238 227
for N =306, f =1
Literature 9.094 [2] 26.82 4 0.15 [15] | 274.1 [2] 276.07 [4] 5.128 [2] 230 [5] | 2.802 [4]
data 9.091 [4] 194 [17] 273.5 [5] 259.7 [13] 530 [4] 230 [19] | 275 [5]
9.090 [5] 26.79 [20] 260.10—279.10 [14] 470 [5] 230 [21] | 2.64 [15]
9.0946 [13] 2744 [15] 5.839 [13] 2.18 [17]
9.1075 [14] 274 [16] 5.10—5.8 [14] 263 [19]
9.0888—9.1254 [15] 251.21-310.24 [17] 5.66 [15] 2,69 [21]
9.0783 [16] 2753 [18] 55 [16]
8.9657—9.5173 [17] 2764 [19] 273 [21] | 5207 [17]
9.0904 [18] 478 [18]
9.1161 [19] 5.12 [19]
9.041 [20] 48 [21]
9.090 [21]

growth of Pt nanoparticles, the shape of which is far
from the equilibrium one, with the possibility to select
the size is critical for the study of their unique physical
and chemical properties. Using coherent diffraction Bragg
visualization, in paper [10] they observed the abnormal
sliding plane {110} in two submicron Pt crystals grown
by absolutely different methods and having absolutely
different morphology. Using the specified method, the
authors of paper [10] studied the plasticity and unusual
behavior of defects at the nanoscale.  However, the
dependence of thermoelastic properties on the size and
shape of Pt nanocrystal in the literature is hardly un-
derstood. There are only articles that study the size-
dependent fusioning temperature of Pt nanocrystal at zero
pressure.

Based on the absence of the above dependences for
nanocrystals, in our paper we use the same positions, based
on the formalism [11] and the RP-model of nanocrystal
from [12] to calculate for the first time the baric de-
pendences of surface energy for the FCC-Pt macro- and
nanocrystal, and the charts were also produced for baric and
temperature dependences of derivatives of surface energy
by temperature and pressure. The evolution of baric
dependences By and «, is shown in a transition from a
macro- to a nanocrystal. For the first time the baric and
temperature dependences are obtained for the product of
Bra,, both for the FCC-Pt macro- and the nanocrystal.
It is shown that Bra, is not a constant and may be
accepted as such only under certain P—T conditions. Size
dependence are presented along three different isotherms
for the modulus of elasticity Br, volume thermal expansion
coefficient «,, and also for the specific surface energy o.
For the first time the Poison’s ratio was calculated for
Pt nanocrystal.
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2. Calculation method

To calculate the properties of the face-centered crystal
(FCC) of Pt crystal, let us imagine a pairwise interatomic
interaction in the form of Mie—Lennard-Jones potential [11]:

D ro b ro\ ¢
(b—a)[s(r) b(r)]’ (1)
where D and r, — depth and coordinate of the minimum
potential, b > a > 1 — parameters.

Thermodynamic properties were calculated on the basis
of formalism from [11]. To calculate the properties of
FCC platinum, the following parameters were used: atomic
weight m(Pt) = 195.08 Da; k,(c0) =12 — first coordi-
nation number in the macrocrystal and k, = 0.7405 —
packing index of FCC structure.  Parameters of the
potential (1) were defined in paper [11] and are accordingly
the following:

@(r)=

ro=2.7675-10""m, D/kz = 11400.7K,

a=3.05 b=11.65. 2)

The table presents the results of calculations of
the following thermodynamic properties of platinum at
P=0 and T =300K: Vy (cm3/mol) — molar volume;
By = —v(dP/3v)r (GPa) — modulus of elasticity, v —
specific volume per number of particles; a, = C,/V - Br
(10-®K~!) — volume thermal expansion coefficient, C,, —
isochoric heat capacity, V — volume; (dBr/0P)r —
derivative of modulus of elasticity by pressure at T = 300K
© (K) — Debye temperature; p — first Gruneisen
parameter. Besides, the table also compares the obtained
results with the literature data from more than ten sources.
It should be noted that the model [11] bundled with
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the RP-model [12] makes it possible to calculate the size
dependences of nanocrystal properties.

As you can see from the comparison, the calculated
values match well the literature data. Good match between
our data and the literature data makes it possible to use
the potential (1) and the calculation method from [11] to
study the baric, temperature, and also size dependences of
thermoelastic properties of FCC-Pt.

3. Results

Figure 1 shows the isotherms of the FCC-Pt equation
of state. Pressure is given in GPa, the specific volume,
in Figure 1l,a — in cm’/mol = 10~®m3/mol, and in
Figure 1,b — in relative units. The solid lines mark our
calculations of the isotherms 300, 1300 and 1900 K. The
dashed lines show the results of the calculations of the
300K isotherms from [18]. The squares show the isotherm
300K, the circles — 1300K, triangles — 1900K from
paper [5]. The dash-dotted lines present the data for the
isotherm 300K from article [13]. As you can see from
Figure 1, our data matches well the literature data.

Figure 2 shows the baric dependences of the modulus
of elasticity (Br in GPa, on the right) and the thermal
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Figure 1. Isotherms of the equation of state for FCC-platinum
macrocrystal.
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Figure 2. Baric dependence of thermal expansion coefficient (on
the left) and modulus of elasticity (on the right) for FCC platinum.

expansion coefficient (e, in 1076 1/K, on the left) FCC-Pt.
The solid lines on the left show our calculations of the
isotherms 300, 1300, 1900K, the solid lines on the right
show our calculations for the isotherms 300 and 1000 K.
The left chart uses open circles, squares and triangles to
show the calculations of isotherms 298, 1000 and 2000 K
for @, (in the left chart) from paper [4]. The dashed lines
in the left chart show the data for ), isotherms 298, 1300,
1900K from [5]. The dashed lines in the right chart show
the data for By isotherms 298, 1000 from [4].

The analysis shown in Figure 1 and 2, demonstrates good
agreement between the results of our calculations and the
data obtained by other authors in [4,5,13,18]. In connection
therewith, the specified method with the parameters of the
potential (2) was applied by us for the calculation of baric,
temperature and size dependences of the FCC-Pt macro-
and nanocrystal.

In Figure 3 two bottom lines — isotherms 7" = 300K,
two top lines — isotherms T=1000K. The solid lines —
calculations for the Nb macrocrystal, the dotted lines — for
the nanocrystal from N = 306 atoms and f = 1, hereinafter
f — the shape parameter. Based on the RP-model, let
us assume that nanocrystal with free Gibbs surface has the
form of a rectangular parallelepiped with a square base,
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Figure 3. Equation of state for macro- and nanocrystals of FCC-
platinum.

faceted with (100) type faces. The value f = N, /N, is
a shape parameter, which is determined by the ratio
of the number of atoms on the side edge N,, to the
number of atoms on the base edge N,,. For a rod-
like shape f > 1, for a cube f =1, for a plate-shaped
nanocrystal f < 1. The number of atoms in nanocrystal
is equal to: N = f(Np,,)3/a, varies within: 23 < N < oo,
wherea = 7/(6k,) — parameter of the structure. As the
shape deviates from the energetically optimal one, i.e. from
f =1, all size dependences for the nanocrystal become
more evident [11,22].

The magnitude of pressure rise in a nanocrystal is lower
than the one in a macrocrystal, indicating a reduction in
the modulus of elasticity as the size decreases. The chart
contains the points where the isotherms of the equation
of state of the macro- and nanocrystals intersect with the
coordinates:

Pa =1.87GPa, (v/v,)a = 1.0003, T = 300K;
Py = 6.16GPa, (v/v,)s = 1.0005, T = 1000K.

In these points the pressure does not depend on the size (N)
at this temperature and shape of the nanocrystal.

The comparison of isomorphic f = 1 isothermal baric de-
pendences of the compression modulus By = —v(dP/0v)r,
for the macro- and nanocrystal of platinum at N = 306
and f =1 is shown in Figure 4. The lines / and 2 are
calculations for the macrocrystal along isotherms 300 and
1000K, the lines 3 and 4 are the calculations for the
nanocrystal at N =83 and f =1 along the isotherms
300 and 1000K. You can see that the value Br for the
nanocrystal is always lower than for the macrocrystal at the
same temperature. As it is clearly obvious from the obtained
results, the modulus of elasticity By(N) decreases at the
isothermal-isomorphic reduction of the number of atoms N.

The baric dependences of the derivative of the modulus of
elasticity (dB7/dP)r for the FCC-Pt macro- and nanocrystal
at N =306 and f =1 are shown in Figure 5. The solid

Physics of the Solid State, 2025, Vol. 67, No. 11

lines are calculations for the macrocrystal along isotherms
T =300 and 1000 K, the dashed lines are the calculations
for the nanocrystal at N =306 and f =1 along the
isotherms 300 and 1000 K. You can see that the dependence
contains the points with the coordinates:

Par = 0.09GPa; (0B1/dP)r)a1 = 6.93 for T = 300K,

Paz = 1.76 GPa; ((0B1/0P)r)a2 = 6.93 for T = 1000K,

where (0B1/dP)r does not depend on N and on f for this
temperature.
There are also the following points with the coordinates:

Py1 = 33.46 GPa; ((0B7/0P)r)s1 = 6.14 for N = 306,

Py = 37.89GPa; ((dB1/dP)r)s2 = 6.14 for N = o0,

where (dB7/dP)r does not depend on the temperature at
this N.
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Figure 4. Baric dependences of the compression modulus By for
macro- and nanocrystals of platinum.
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Figure 5. Baric dependences of the derivative of the compression
modulus (dBr/dP)r for macro- and nanocrystals of Pt.
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Figure 6 shows isomorphic (f = 1 and f = 20) isobaric
(P =0) size dependences of the modulus of elasticity
of platinum along three isotherms. Squares, circles and
triangles — isotherms 100, 300 and 1000K, accordingly.
The solid lines show the calculations for the shape pa-
rameter f = 1, the dashed ones — for f =20. You can
see that as the size decreases, the value Br decreases.
Besides, these dependences illustrate the statement that
whenever the shape factor value moves away from the
energetically favorable one (f =1, corresponding to the
cubic shape for the RP-model) — the size dependences
strengthen, i.e. at one and the same quantity of atoms
and at the same temperature the modulus of elasticity
will be lower for the system having higher deviation
from f =1. You can see that as the number of atoms
decreases, at a certain N, the dependences By = f(Ig(N))
break. It is due to the fact that at the lower number of
atoms a configuration with the constant shape factor is not
possible. It should be noted that the specified features
are common for other size dependences presented in this
paper.

Figure 7 shows the comparison of the baric de-
pendences of the volume thermal expansion coefficient:
ap(P) = (1/v)(dv/dT)p, for the FCC-platinum macro- and
nanocrystal at N =306 and f =1. The solid lines are
calculations for the macrocrystal along isotherms 300 and
1000K, the dashed lines are the -calculations for the
nanocrystal at N = 306 and f = 1 along the isotherms 300
and 1000 K.

You can see that at this P the dependences for the
nanocrystal are higher than for the macrocrystal, which is
due to the contribution of the surface, where the atoms
oscillate with higher amplitude.

Figure 8 shows the comparison of the baric dependences
of the derivative (da,/dP)r for the macro- and nanocrystal
of platinum at N =306 and f = 1. The solid lines are
calculations for the macrocrystal along isotherms 7' = 300
and 1000K, the dotted lines are the calculations for the
nanocrystal at N =306 and f =1 along the isotherms
T =300 and 1000K. You can see that the dependences
(da,/0P)r from P for the nanocrystal are lower than for
the macrocrystal.

Figure 9 shows Isomorphic (f =1 and f = 20) isobaric
(P = 0) size dependences of the volume thermal expansion
coefficient a,(lg(N)) for three isotherms. Squares, circles
and triangles — isotherms 7 = 100,300 and 1000K,
accordingly. The solid lines show the calculations for the
shape parameter f = 1, the dashed ones — for f = 20.
You can see that as the size decreases, the value «,
increases, and as the temperature increases, the dependence
of function @, on the size (i.e. on N) strengthens,
it is shown that the size dependences strengthen for
the shape that drastically differs from the cubic one
(f = 20).

Figure 10 shows the dependence of the product of
modulus of elasticity and the thermal expansion coefficient:
Bra,(P) = (dP/9T),, for the macro- and nanocrystal of Pt

240
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i —e— f=20,T=300K
120 —a— f=20,T=1000 K
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g N

Figure 6. Isomorphic-isobaric size dependences of the compres-
sion modulus of platinum By (Ig(N)) for the three isotherms
T =100, 300 and 1000K and two parameters of the shape
f =1 (cube) and f =20 (rod) at P = 0.
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Figure 7. Baric dependences of volume thermal expansion

coefficient a,(P) for macro- and nanocrystals of Pt.
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Figure 8. Baric dependence of the FCC-platinum thermal

expansion coefficient derivative by pressure for two isotherms.
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Figure 9. Isomorphic (f =1 and f = 20) isobaric size depen-
dences of the volume thermal expansion coefficient of platinum for
three isotherms 7' = 100, 300 and 1000 K.
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Figure 10. Baric dependences of the product Bra,(P) for
FCC-Pt macro- and nanocrystal.
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at N =306 and f = 1. The lines / and 2 are calculations
for the macrocrystal along isotherms 300 and 1000K, the
lines 3 and 4 are the calculations for the nanocrystal
at N=283 and f =1 along the isotherms 7 = 300 and
1000 K. You can see that the dependence contains points,
where the product Bra, does not depend on N and on f
for this temperature:

for T =300K:

Pa; = —3.75GPa; Bra,(Pa1) = 5.94 [1073 K" GPa],
for T = 1000K :
Pay = 5.29GPa; Bra,(Pas) = 6.23 [107> K~ ! GPa].

There are also points where the product Bra, does not
depend on temperature at this N:

Ppi = —7.98 GPa; Bra,(Ps1) = 5.83 [10_3 K™! GPa|
for N = o0,
Ppy = —3.12GPa; Bra,(Pg2) = 5.95 [10_3 K! GPa]

for N = 306.

Evolution of the baric dependence of the product
Bra,(P) = (0P/dT),, for the macro- and nanocrystal of
Pt at N =306 and f =1 is shown in Figure 11. For the
nanocrystal of platinum FCC eight isotherms are provided
in the range from T=30 to 1000K, they are shown as
solid lines in the figure. For illustration of the differences
between the macro and nanocrystal for three isotherms
T = 30,60 and 1000K, the dashed lines show the data
for the macrocrystal. From the figure you can see that in
the temperature range from 7 = 120 to 130K the baric
dependence Bra,(P), in the studied pressure range, is
nearly absent, and the product Bra, may be deemed the
same (for FCC Pt macro- and nanocrystals) and constant,
equal to Bra, ~ 5.35[103 K~! GPa].

Figure 12 shows the baric dependences for ¢ — specific
(per unit of surface) surface energy of a facet (100)

2.70 |
2.65
NE 2.60
-
© 255
—— [ —Macro T=300 K
—— 2 —Macro 7= 1000 K
2.50 ——- 3-N=306, f=1,T=300K
i ——-4-N=306, f=1,T=1000 K
2.45 . L . L . L . L
0 25 50 75 100
P, GPa

Figure 12. Baric dependences for o — specific surface of energy
of the macro- and nanocrystal of Pt.
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Figure 13. Temperature dependences for ¢ — specific surface
of energy of the macrocrystal of Pt.

for the platinum macro- and nanocrystal. The lines [
and 2 are calculations for the macrocrystal along isotherms
T = 300 and 1000 K, the lines 3 and 4 are the calculations
for the nanocrystal at N =306 and f =1 along the
isotherms 7" = 300 and 1000 K. You can see that the baric
dependences have points of maximum with the following
coordinates:

for 300K : o = 2.69J/m2, P =47.60GPa, for N = oo,

for 1000K: o0 = 2.64J/m2, P = 52.34GPa, for N = oo,
for 300K : o = 2.68 J/mz, P = 41.98 GPa, for N = 306,
for 1000K: o = 2.63J/m>, P = 46.12GPa, for N = 306.

The isotherm T = 300K contains two specific P-points,
the existence of which was noted in [23,24] using the
example of iron and niobium. In P-points the value o (P)
does not depend on N and the shape at the specified value
of T. For the FCC-platinum the coordinates of P-points are

o 15 37N

& - ~

= 1.0 — {—Macro7T=300K \\

© I — 2—Macro I'=1000 K AN
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L — - 4-N=306, f=1,T=1000K \

300 400 500 600

P, GPa

S :
0 100 200 700

J/m?2

- 0.02F

from paper [28]. As you can see from Figure 13, our
calculations match the available experimental and calculated
data. As the temperature increases, the value of the surface
energy decreases in the entire range of the studied pressure
values.

Further, as the pressure increases, values o become
negative, which is shown in Figure 14,a. The lines I
and 2 are calculations for the macrocrystal along isotherms
T = 300 and 1000 K, the lines 3 and 4 are the calculations
for the nanocrystal at N =306 and f =1 along the
isotherms 7" = 300 and 1000 K. At o0 < O for the substance
at these pressure values it becomes energetically favorable
to increase its specific (per atom) surface, i.e. to be in the
fragmented state. Below the specific points of fragmentation
of Figure 14, b are described, where the sign o changes:

Psi: P=062736GPa, T = 300K, N = oo,

Ps: P=6254GPa, T = 1000K, N = oo,
Ps3: P =1553.33GPa, T =300K, N = 306,
Pyy: P =551.35GPa, T =1000K, N = 306.

The baric dependences of the derivative of the modulus of
elasticity (do/0P)r for the FCC-Pt macro- and nanocrystal
at N=306 and f =1 are shown in Figure 15. The
solid lines are calculations for the macrocrystal along

0.08
0.06 |
0.04
0.02 |

0

~0.04
~0.06 [
—0.08 |
-0.10

540

560

580 600

P, GPa

620

Figure 14. FCC Pt fragmentation points in dependences o (P) for the macro- and nanocrystal.
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Figure 15. Baric dependences of the derivative of the specific
surface energy (do/dP)r for the macro- and nanocrystal of Pt.

isotherms 7' = 300 and 1000 K, the dashed lines are the
calculations for the nanocrystal at N =306 and f =1
along the isotherms 300 and 1000K. You can see that
the dependence contains the points with coordinates as in

the case with the derivative of the modulus of elasticity
(dBr/dP)r of Figure 5:

Py = 18.71GPa; (36/0P)7 a1 = 3.02- 1073 Jm?GPa~!
for T = 300K,
Pas = 22.61GPa; (36/0P)7 ar = 3.04 - 1073 Jm?’GPa™!

for T = 1000 K,

where (00 /dP)r does not depend on N and on f for this
temperature.

There are also the following points with the coordinates:

Pg = —11.28 GPa; (30 /dP)rp; = 1.77 - 1072 Jm>GPa ™"
for N = 306,
Pgy = —40.12GPa; (90/3P)rpy = 5.54 - 10~* Jm>GPa™!

for N = oo,
where (0o /dP)r does not depend on the temperature at
this N.

Figure 16 presents isochoric (curves (/—4) in Figu-
re 16,a) and isobaric (curves (5—8) in Figure 16,b)

0y
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Figure 16. Isochoric and isobaric temperature dependences of the derivative of the specific surface energy (do/dT)v,p for the macro-

and nanocrystals of Pt along two isobars P = 0 and P = 50 GPa.
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Figure 17. Isomorphic (f =1 and f = 20) isobaric size depen-
dences of the specific surface energy from the number of particles
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Figure 18. Isobatic temperature dependences of the Poison’s

ratio for the FCC-Pt macro- and nanocrystals for two pressure
values P = 0 and P = 50 GPa.

temperature dependences of the derivative of the specific
surface energy (3o /9T )y,p for the macro- (curves 1,2, 5, 6)
and nanocrystals (curves 3,4, 7,8) of Pt along two isobars
P =0 (curves 1,3,5,7) and P = 50GPa (curves 2,4, 6,8).
You can see that for the macrocrystal there is a huge differ-
ence in the value of the isochoric and isobaric derivatives,
whereas for the nanocrystal this difference becomes minor.
It should also be noted that for the isobaric derivative
(00/dT)p there is a much higher difference between the
values for the macro- and nanocrystals in the area of
temperatures of 7 > 50K. For all dependences you can
note that there is decrease of the absolute values (3o /37T )y, p
as T increases.

In case of the isochoric dependence, as the size decreases,
the absolute values (3o /3T )y increase, and for the isobaric

dependence there is a considerable decrease of the absolute
values (00 /0T )p with the decrease of the nanocrystal size.

Figure 17 shows isomorphic (f = 1 and f = 20) isobaric
(P =0) size dependences of o (Ig(N)) of platinum along
three isotherms. Squares, circles and triangles — isotherms
T = 100, 300 and 1000 K, accordingly. The solid lines show
the calculations for the shape parameter f = 1, the dashed
ones — for f = 20. You can see that as the size decreases,
the value o decreases. You can also see that as the
temperature increases, the dependence o on the size (i.e.
on N) strengthens. Both for the functions B,(Ig(N)) and
a,(lg(N)) (Figures 6 and 9), for the dependence o (Ig(N))
there is a stronger size dependence as the shape factor
deviates more from one.

Figure 18 shows the isobaric temperature dependences of
the Poison’s ratio calculated using the formula [29]:

1 1
N, T - — ,
HN-T) =3~ R XN T) N TP
o(N,T)
XN, T) = ————,
sel ) c-Mr(N,T)
where y — first Gruneisen parameter, o — specific surface
energy of the facet (100), By — modulus of elasticity.

The dependences are calculated for the macro- (curves
with circles) and nanocrystal of N = 306 atoms and f = 1
(curves with triangles) FCC-Pt for two pressures P = 0 (two
middle curves with symbols) and P = 50 GPa (two bottom
curves with symbols).

Two solid curves without symbols — literature data
obtained by two different methods in paper [30]. As you
can see from the figure, our dependence matches well the
experimental data, and the formalism from [11,12,23,29]
used in this paper makes it possible to calculate the Poison’s
ratio both when pressure varies and when the size of the
nanocrystal decreases.

4. Conclusion

For the first time the size dependence was studied of
both the equation of state and the baric dependences of
the following platinum properties: isothermal modulus of
elasticity, thermal expansion coefficient, product of TEC and
modulus of elasticity, specific surface energy and Poison’s
ratio. Besides, the derivatives of these functions by pressure
and temperature were also studied.

The specific points where the isotherms of the equation
of state of the macro- and nanocrystals intersect with the
coordinates are found in Figure 3:

Pa = 1.87GPa, (v/v,)a = 1.0003, T = 300K;
Pg = 6.16GPa, (v/v,)s = 1.0005, T = 1000K.

In these points the pressure does not depend on the size (N)
at this temperature and shape of the nanocrystal.

When the baric dependence Bra,(P) was studied
(Figure 11) it was found that in the temperature range

Physics of the Solid State, 2025, Vol. 67, No. 11
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from T =120 to 130K the baric dependence Bra,(P),
in the studied pressure range, is nearly absent, and the
product of Bra, may be deemed to be the same (for
the FCC Pt macro- and nanocrystals) and constant, equal
to Bra, ~ 5.35[10~3 K~ 'GPa, this statement matches the
Birch’s assumption [31] on the constancy of the product
of Bra,, however, this statement is true in the narrow
temperature range, which you can see well in Figure 11.

It is shown that as the size decreases, ), values increase,
and By decrease along the isobar. For o there is a
more complicated dependence pattern, but at pressure of
P > 39.13 GPa the trend towards the decrease of o value
with the size decrease remains for isotherm 300K. For
isotherm 1000 K the o values decrease with the isomorphic
decrease of the size along the isobar. As the shape deviates
from the energetically optimal one, i.e. from the cube
(f = 1), the size dependences for the studied functions
become more evident. This statement is illustrated using the
example of the size dependences of the functions B,(N),
ap(N) and o(N) for the three isotherms in Figures 6,9
and 17, respectively. The specified behavior of the size
dependences of the thermoelastic properties was studied
for the tungsten nanocrystals in paper [22].

It was also shown that the baric dependence o (P)
contains the points where the maximum surface energy is
observed:

for 300K o = 2.69J/m2, P =47.60GPa, for N = oo,

for 1000K ¢ = 2.64)/m?, P = 52.34GPa, for N = oo,
for 300K ¢ = 2.68J/m*, P = 41.98GPa, for N = 306,
for 1000K o = 2.63J/m?, P = 46.12GPa, for N = 306,

besides, P-points are also observed in this dependence.
In P-points the value o (P) does not depend o N and
the shape at the specified value of 7. For the isotherm
T = 1000 K P-points are absent. We obtained the following
coordinates of P-points (isotherm 7' = 300K):

P = 5.18GPa; o(Pa) = 2.59 [J/m?],

Pg = 39.13GPa; o (Pg) = 2.68 [J/m*].

As the pressure increases further, the values o(P)
continue decreasing and then become negative, which is
illustrated in Figure 14. At o < O for the substance it
becomes energetically favorable to increase its specific (per
atom) surface, i.e. transition to the fragmented state. The
following values of the fragmentation points were obtained
for the FCC-Pt macro- and nanocrystals, where the sign o
changes:

Psi: P=62736GPa, T =300K, N = oo,

Psy: P =6254GPa, T =1000K, N = oo,
Ps3: P =553.33GPa, T =300K, N = 306,
Psy: P =551.35GPa, T =1000K, N = 306.

2 Physics of the Solid State, 2025, Vol. 67, No. 11

When temperature dependences (do/d7) were studied,
it was found that in case of the isochoric dependence, as the
size decreases, the absolute values (3o /3T )y increase, and
for the isobaric dependence there is a considerable decrease
of the absolute values (3o /9T )p with the decrease of the
nanocrystal size.

For the first time the evolution of the temperature depen-
dence of the Poison’s ratio was studied with the decrease
of the size along two isobars P =0 and P = 50GPa. It
is shown that as the size of the nanocrystal decreases, the
increase of u occurs in the entire range of the temperatures
and pressures. Pressure increase results in significant
decrease of u, since pressure increase to 50 GPa causes
Up—o/tp=socpa ~ 1.42 fold decrease of u.
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