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According to published data,1 the limited solubility of Ag2S in 
PbS at 970 K does not exceed 4 mol%, which corresponds to 
the solid solution Pb0.92Ag0.08S0.96. The preparation of Pb1 – xAgxS 
solid solution films with x = 0–0.16, which are supersaturated at 
x > 0.08, was reported.2

Although the PbS and Ag2S sulfides have been studied in 
detail,3–6 there are no data on the thermal expansion and elastic 
properties of Pb1 – xAgxS solid solutions, which can be used as solid-
phase ion-selective electrodes. In this context, the preparation of 
lead and silver sulfide solid solutions and their thermal, elastic 
and optical properties are considered in this work. 

Fine PbS, Ag2S and Pb1 – xAgxS powders were synthesized by 
chemical deposition from aqueous solutions of Pb(AcO)2, AgNO3, 
Na3C6H5O7 (Na3Cit), NH4OH and (NH2)2CS as described earlier.2

According to X-ray diffraction (XRD) data, Pb1 – xAgxS solid 
solutions with x  £  0.12 are cubic and single-phase, while a 
Pb0.85Ag0.15S solid solution contains a small impurity of mono
clinic silver sulfide along with the main cubic phase. The refine
ment of XRD patterns showed that the synthesized solid solutions 
have the formulas ~Pb0.95Ag0.05S, ~Pb0.92Ag0.08S, ~Pb0.90Ag0.10S, 
~Pb0.88Ag0.12S and ~Pb0.85Ag0.15S. The replacement of Pb2+ ions 
with a radius of 0.120 nm in the PbS lattice by larger Ag+ ions 
with a radius of 0.126 nm7 is accompanied by an increase in the 
lattice constant aB1 of the cubic solid solutions. According to 
scanning electron microscopy data, the average particle sizes in 
deposited Pb1 – xAgxS, PbS and Ag2S powders were about 300–500, 
100 and 500 nm, respectively.

Figure 1 shows the temperature dependence of the average 
linear thermal expansion coefficient aaver(T) of Pb1 – xAgxS solid 
solutions, which slightly increased with T in the test temperature 
range. A larger increase in aaver with temperature was observed in 
the Pb0.85Ag0.15S solid solution containing an impurity of silver 
sulfide. The function aaver(T) for Pb1 – xAgxS can be approximated 
by the second-order polynomial aaver(T) = a0 + a1T + a2T 2. The 
replacement of lead atoms by silver atoms in solid solutions leads 
to a small decrease in thermal expansion coefficients (Figure 1), 
which can be caused by, on the one hand, an increase in the lattice 
constant and, on the other hand, the reduced anharmonicity of 
atomic vibrations. Indeed, the lattice constant aB1 of Pb1 – xAgxS 
rose from 0.5932 to 0.5937 nm with an increase in x from 0 to 

0.15. However, this rise of the lattice constant is insufficient for 
a decrease in a(300) from 20.8 × 10–6 to 18.6 × 10–6 K–1. Hence, 
it follows that the observed decrease in  a of Pb1–xAgxS solid 
solutions with x is caused by a reduction of the anharmonicity of 
atomic vibrations.

The linear thermal expansion coefficient a(T) is related to the 
specific heat capacity Csp = CV/nm per unit volume of substance 
by the equation
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where g is the Grüneisen constant, B is the bulk modulus, and vm 
is the molar volume. The values of g, CV and vm do not depend 
almost on Pb1 – xAgxS composition in narrow region 0 < x < 0.15. 
Therefore, it follows from equation (1) that a(300) decreases with 
x due to a small growth of the bulk modulus B = (c11 + 2c12)/3 
(ref. 8) and elastic constants c11 and c12.

Earlier,3 the elastic compliance constants s11, s12 and s44 of the 
elasticity tensor for a PbS single crystal of 8.01×10–12, –2.0×10–12 
and 59.3×10–12 m2 N–1, respectively, at 300 K, were reported. 
The measured temperature dependences a(T) for Pb1 – xAgxS 
solid solutions are similar to a(T) for PbS, and identical cubic 
structures indicate that PbS and Pb1 – xAgxS solid solutions have 
similar temperature dependences of elastic moduli and elastic 
compliance constants s11, s12 and s44, which are 7.69 ×10–12, 
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For the first time, thermal, elastic and optical properties of 
limited Pb1–xAgxS (x £ 0.15) solid solutions have been studied. 
The replacement of Pb atoms by Ag atoms in nanostructured 
Pb1–xAgxS (x £ 0.15) solid solutions with cubic B1 structure 
is accompanied by a decrease in thermal expansion coef­
ficient, a weak increase in elastic moduli and an increase in 
the band gap width Eg.
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Figure  1  Average thermal expansion coefficients aaver(T) of PbS and 
Pb1 – xAgxS solid solutions: (1) Pb0.95Ag0.05S, (2) Pb0.92Ag0.08S, (3) Pb0.90Ag0.10S, 
(4) Pb0.88Ag0.12S and (5) Pb0.85Ag0.15S. Insert: aaver at 300 K as a function of 
the composition of solid solutions.
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–1.92 ×10–12, and 56.7 ×10–12 m2 N–1, respectively, for the solid 
solution Pb0.88Ag0.12S. Based on s11, s12, and s44 for monocrystal 
particles of PbS and Pb0.88Ag0.12S, it is possible to find the elastic 
modulus E, Poisson’s ratio m, and linear compressibility b as a 
function of the [hkl] directions. According to published data,9 
these functions are
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where G = (h2k2 + k2l2 + h2l2) /(h2 + k2 + l2)2. 
The calculated dependences of elastic characteristics of mono

crystalline PbS and Pb0.88Ag0.12S particles from a direction [hkl] 
are shown in Figure 2. Spatial distribution of the elastic modulus 
Ehkl of lead sulfide [Figure 2(a)] is symmetric concerning planes 
(hk0), (h0l) and (0kl). Distributions of elastic modulus Ehkl of 
sulfide PbS and solid solution Pb0.88Ag0.12S in a plane (hk0) are 
shown in Figure 2(b). Apparently, the partial replacement of Pb 
atoms in PbS by Ag atoms leads to a small growth of the elastic 
modulus E: the maximum and minimum values of E for PbS or 

Pb0.88Ag0.12S are 124.8 and 56.1 or 128.4 and 58.4 GPa, respectively. 
Distributions of Poisson’s ratio mhkl and linear compressibility bhkl 
in a plane (hk0) are shown in Figure 2(c),(d). Partial replacement 
of Pb atoms by Ag atoms does almost not affect Poisson’s ratio m 
and the linear compressibility b. The linear compressibility bhkl 
is 4.01 TPa–1 in any direction. 

The optical properties of the fine powders of PbS, Ag2S 
and Pb1 – xAgxS were estimated from the reflectance spectra, and 
the band gaps Eg of sulfide solid solutions and lead and silver 
sulfides were determined from the reflectance spectra in the  
[h– wF(R¥)]2 « h– w coordinates (Figure 3). To calculate the band 
gap energy of the prepared fine sulfide powders, the Kubelka–
Munk function10 was used

[h– wF(R¥)]1/n = A(h– w – Eg), 	 (3) 

where w = 2pc/l is the incident light frequency, h– w = 2ph– c/l = 
= h– c/l is the photon energy, and Eg is the band gap. The function 
F(R¥) = (1 – R)2/2R was determined from the reflectivity R 
measured in relative units. For a direct transition, n is 1/2 and the 
Kubelka–Munk function is transformed to the Tauc relation 

[h– wF(R¥)]2 = A(h– w – Eg). 	 (4)

Function (4) is usually used for the quantitative processing of 
experimental data on optical properties and band gaps. The band 
gaps Eg of the fine powders of PbS, Pb0.92Ag0.08S, Pb0.88Ag0.12S 
and Ag2S varied from 0.46 to 0.89 eV. Thus, the replacement of 
lead with silver in PbS was accompanied by an increase in the 
band gap Eg.

Thus, the doping of a metal sublattice of lead sulfide by silver 
and the replacement of Pb atoms by Ag atoms in limited cubic 
solid solutions Pb1 – xAgxS (x  £  0.15) is accompanied by an 
insignificant growth of the lattice constant of cubic solid solu
tions, a decrease in thermal expansion coefficients caused by a 
reduction of the anharmonicity of atomic vibrations, a weak 
increase in elastic moduli and a rise of the band gap Eg value 
from 0.46 to 0.54 eV with a change in x from 0 to 0.12.
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Figure  2  Elastic properties of PbS (solid line) and Pb0.88Ag0.12S (dashed 
line) as a function of the direction [hkl]: (a) spatial distribution of elastic 
modulus Ehkl of PbS; (b) elastic modulus Ehkl distributions for PbS and 
Pb0.88Ag0.12S in the (hk0) plain; (c) distributions of Poisson’s ratio mhkl, and 
(d) linear compressibility bhkl in the (hk0) plain. Distributions of Ehkl, mhkl 
and bhkl in planes (h0l) and (0kl) have the same shape. 
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Figure  3  Plots of [h– wF(R∞)]2 vs. photon energy h– w and band gaps Eg for 
the PbS, Ag2S, Pb0.92Ag0.08S and Pb0.88Ag0.12S fine powders.


