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Heat-capacity measurements by adiabatic equilibrium calorimetry are reported for y-phase 
Pr2S3, Tb2S3, and DY2S3 between 5 and 350 K. Highly purified samples were prepared and 
their composition verified by chemical analysis. Precision lattice parameters were determined 
for each compound and are compared with literature values. The total heat capacity has been 
resolved into lattice, magnetic, and Schottky components by a volumetric approach. The 
experimental Schottky contributions accord with the calculated curves based on the crystal
field splitting of the 2S+ ILJ ground state of the lanthanide ions occupying sites ofS4 symmetry 
in the Th3P 4 lattice. The individual crystal-field electronic energy levels have been obtained in 
part from an analysis of the hot-band data observed in the absorption spectra ofPrzS3, Tb2S3 , 

and DY2S3' and from a calculated splitting in which the crystal-field parameters Bkm , were 
determined from a lattice-sum calculation. Molar thermodynamic properties are reported for 
all three compounds. The entropy at 298.15 K {SO - SO (7 K)}, is 22.78R, 22.93R, and 
23.36R, for y-phase Pr2S3' Tb2S3 , and DY2S3' respectively. 

I. INTRODUCTION 

In the first paper of this series (referred to as I) we 
presented the thermophysical properties of four lanthanide 
sesquisulfides having the Th3P 4 (y-phase) structure, namely 
La2S3, Ce2S3, Nd2S3, and Gd2S3.1 Interest in these materials 
arises from their success as components in solar energy ab
sorbers and photovoitaic cells. 1-6 The defect structure of the 
material allows one to explore a range of electronic transport 
phenomena as the solid-solution between R2S3 and R3S4 in
volves a change from insulating to semimetallic characteris
tics without a change in phase. 7

-
14 

In this paper we extend the analyses given in I to other 
lanthanide sesquisulfides that can be prepared in the same 
phase. These compounds include y-phase Pr2S3, Tb2S3, and 
Dy 2S3' The compound Sm2S3 is a special case that we reserve 
for discussion in a later paper. Literature heat-capacity val
ues for y-phase Pr2S3, Tb2S3, and DY2S3' do not extend to 
sufficiently high temperatures to determine the Schottky 
contribution due to the crystal-field electronic energy levels 
associated with the 2S + I L J ground-state manifold of the tri
positive lanthanide ion. 13 Moreover, their samples were not 
well characterized as to their chemical composition. 

In this paper we include additional details of the sample 
preparation, and verify the crystal structure of samples in
vestigated.7 We report heat-capacity measurements between 
5 and 350 K resolved into lattice, magnetic, and Schottky 
components for y-phase Pr2S3, Tb2S3, and DY2S3' based on 

the crystal-field electronic energy levels of the ground-state 
manifold ofPr3 + eH4 ),Tb3 + CF6 ), and Dy3 + (6H I5/2 ). A 
detailed analysis of the crystal structure of the y phase of 
these sesquisulfides indicates that the lanthanide ions occu
py sites of S4 symmetry. 15-21 We conclude that the volumet
ric method used to determine the Schottky contribution rep
resents a valid approach to the analysis of molar 
heat-capacity data for all y-phase Ln2S3 compounds. 1,20,22 

II. SAMPLE PREPARATION 

The PrZS3, Tb2S3, and DYZS3 samples were prepared by 
direct combination of the pure elements in a manner similar 
to that described earlier. 23 The lanthanide metals were pre
pared in the Ames Laboratory and had the chemical analy
ses typical of the highly purified metals produced in that 
laboratory.z4 Sublimed sulfur (99.999%) was contained 
from ASARCO. 25 

After the synthesis was carried out in sealed quartz am
poules; the material was not melted as it had been in a pre
vious study.23 Instead, the quartz ampOUles were opened 
and the sulfide ground and sieved to 200 mesh powder. The 
powder was cold pressed into pellets 3 mm thick by 15 mm 
diameter. The pressed pellets ofPr 2S3 were heated to 1500 ·C 
under a dynamic H2S atmosphere for 9 h. The Tb2S3 and 
DY2S3 pellets were heated to 1450·C for 48 h under flowing 
H2S. 

Debye-Scherrer x-ray patterns taken at 295 K con-
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TABLE I. Lattice parameters and analyzed compositions of r-phase Pr2S3, Tb2S3, and Dy,Sy 

Lattice parameter I A Analyzed Sample 
mole ratio mass 

Sesquisulfide Present study Reference 7 S/Ln mig 

Pr,S., 8.5748 ± 0.0003 8.573 1.500 ± 0.006 27.719 
Tb,S, 8.3334 ± 0.0003 8.333 1.496 ± 0.002 34.093 
Dy,S, 8.3006 ± 0.0002 8.292 1.499 ± 0.001 53.573 

tained only lines of the r-phase structure. Precision lattice 
parameters were determined by measuring the theta values 
of the doublets in the back reflection and applying a Nelson
Riley extrapolation function to the data. Lattice parameters 
determined in this study are given in Table I along with liter
ature values.7 The final composition was determined by 
chemical analysis. The sesquisulfides were dissolved in 4.8 
M hydrochloric acid and the evolved hydrogen sulfide gas 
was colIected in a solution of sodium hydroxide and hydro
gen peroxide. The sulfate which formed was determined as 
barium sulfate. The lanthanide ions in solution were quanti
tatively analyzed by titrating with EDT A. An additional 
test, which was the most sensitive to the presence of trace 
oxysulfide impurities, was to dissolve the sulfide in 6N HCI 
and observe the clarity of the solutions. A clear solution indi
cates the absence of oxysulfide. All samples used in this 
study gave clear solutions on dissolution. 

III. AUTOMATED ADIABATIC CALORIMETRY 

The heat-capacity data were taken in the Mark X calori
metric cryostat, an improved version of the Mark II cryostat 
previously described (by addition of a guard shield sur
rounding the adiabatic shield) together with the relevant 
operating techniques.26 The acquisition of heat-capacity 
data from about 5 to 350 K was computer assisted.27 A gold
plated oxygen-free high-conductivity copper calorimeter 
(laboratory designation W -61) specially equipped with a 
pair of perforated copper spring-loaded sleeves soldered to 
the heater-thermometer well to hold the sulfide pellets was 
employed for alI measurements. After loading the calorime
ter was evacuated and about 2.0 kPa (at 300 K) helium gas 
added to facilitate thermal equilibration. The calorimeter 
seal-off tip was closed with Cerroseal (50 mass percent tin 
and indium) solder. Temperatures were measured on an 
ASL-7 induction bridge with a Leeds and Northrup plati
num-resistance thermometer sensor calibrated by the Na
tional Bureau of Standards (now called NIST). All other 
accurate experimental quantities are referred to standards 
and calibrations provided by NBS. 

IV. CALORIMETRIC MEASUREMENTS 

Table II presents the molar heat capacities for r-phase 
PrZS3' Tb2S\, and DY2Sy Relevant adjuvant quantities (sam
ple mass, molar masses, lattice constants, etc.) used in com
puter reduction of the data are given in Table I. The mole 
used throughout the paper is based on the formula written as 
Ln 2S\ and thus involves two moles of lanthanide (Ln) ca-

Molar 
mass 

M/gmol-' Color 

378.007 Dark green 
414.043 Grey green 
42 J.I 92 Yellow green 

tions. The data, in energy-dimensionless units, are given in 
chronological sequence so that the temperature increments 
can usually be deduced from differences in adjacent tem
peratures. Data were obtained between 5 and 350 K and are 
represented in Fig. 1. They are compared with the results for 
La2S3 that has no excess contribution to the "lattice" Cpo 
The low temperature detail of Fig. 1 represents a plot of Cp 

vs T for Pr2S3, Tb2S3, and DY2S3 up to 20 K. The open sym
bols are data obtained in the present study; the solid symbols 
represent the results reported by Ho et al. J3 The results for 
DY2S3 and Pr2S3 are in reasonable agreement, whereas the 
results for Tb2S3 are lower than the values reported by Ho 
et al. 13 The difference may be due to the difference in stoichi
ometry between the two Tb2S3 samples. Additionally there is 
a small peak in our data of unknown origin at 12.4 K without 
any relevant feature in the susceptibility measurements.28 

Although no evidence is found for magnetic ordering in 
Pr2S3 above 1 K neither from magnetic susceptibility28 nor 
from heat-capacity measurements, DY2S3 shows antiferro
magnetic ordering around 3 K, and Tb2S3 has low lying lev
els below 10 K. This precludes determination of the Debye 
characteristic temperature at 0 K. For Pr 2S3 our data accord 
well with the values of Ho et al. 13 which extend to lower 
temperatures (Fig. 1). 

The thermodynamic properties of r-phase Pr 2S3' Tb2S3, 
and DY2S3 between 7 and 350 K are summarized in Tables 
III-V. The accuracy is characterized by <0.1% standard 
deviation above 15 K. Below this temperature, standard de
viations of the heat-capacity gradually increase until they 
attain an uncertainty of about two percent at the lowest tem
peratures. 

V. DETERMINATION OF SCHOTTKY HEAT-CAPACITY 
CONTRIBUTIONS 

The presence of Schottky contributions to the heat capa
cities of r-phase Pr2S3, Tb2S3, and DY2S3 is evident upon 
comparison with the La2S3 and Gd2S3 curves reported in I. 
The volume-weighted lattice heat capacity approximation 
technique has been used successfully in several other groups 
oflanthanide compounds (sesquioxides, halides, trihydrox
ides, etc.) to deduce the vibrational lattice contribution. 29

•
3o 

Of the r-phase lanthanide sesquisulfides, only La2S3, has not 
excess contribution in the heat capacity. After subtraction of 
the low-temperature magnetic contribution in the r-phase 
Gd2S3, its lattice heat capacity was used in I together with 
that of La2S3 to interpolate the values for the other isostruc
tural lanthanide sesquisulfides with this technique. This 
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TABLE II. Molar heat capacities ofJanthanide sesquisulfides (R = 8.3144 J K" I mol - '). 

TIK CplR TIK CplR TIK CplR TIK CplR 

Praseodymium sesquisulfide (Pr2S3 ) 

Series I 25.48 2.105 75.88 7.787 211.69 14.059 
7.26 0.455 26.80 2.235 79.81 8.208 216.87 14.100 
7.62 0.471 28.08 2.377 84.24 8.679 222.05 14.185 
8.11 0.501 29.42 2.525 89.16 9.136 227.22 14.248 
8.58 0.537 30.82 2.682 94.11 9.530 232.40 14.295 
9.05 0.576 32.29 2.853 99.09 9.905 237.58 14.322 
9.54 0.612 33.83 3.028 104.09 10.283 242.76 14.386 

10.02 0.646 35.44 3.213 109.10 10.628 247.93 14.458 
10.51 0.684 37.14 3.404 114.14 10.966 253.12 14.501 
10.99 0.717 38.91 3.615 119.19 11.280 258.30 14.500 
11.49 0.760 40.77 3.826 124.25 11.562 263.49 14.582 
12.05 0.804 42.73 4.047 129.33 11.821 268.66 14.574 
12.64 0.849 44.78 4.284 134.42 12.068 273.84 14.608 
13.25 0.900 46.93 4.549 139.51 12.296 279.02 14.629 
13.89 0.952 49.19 4.801 144.62 12.524 284.20 14.656 
14.57 1.017 51.79 5.107 149.87 12.675 289.40 14.677 
15.27 1.079 54.67 5.434 154.87 12.850 294.62 14.645 
16.01 1.145 160.00 13.021 299.81 14.737 
16.78 1.213 Series II 165.14 13.155 304.98 14.808 
17.59 1.289 51.40 5.057 170.28 13.300 310.15 14.801 
18.44 1.367 54.04 5.362 175.43 13.410 315.34 14.838 
19.32 1.452 56.93 5.694 180.58 13.526 320.51 14.869 
20.25 1.544 59.83 6.033 185.81 13.632 325.68 14.902 
21.22 1.643 62.74 6.390 190.97 13.709 330.83 14.931 
22.24 1.748 65.62 6.711 196.15 13.812 335.99 14.967 
23.30 1.864 68.75 7.035 201.32 13.918 341.16 15.020 
24.41 1.980 72.19 7.406 206.51 13.964 346.33 15.051 

Terbium sesquisulfide (Tb2S]) 
Series I 13.14 0.839 59.45 6.374 184.76 13.313 

7.10 0.678 13.40 0.852 62.35 6.720 189.91 13.426 
7.77 0.654 13.88 0.875 65.40 7.051 195.07 13.522 
8.30 0.652 14.72 0.938 68.29 7.348 200.23 13.612 
8.83 0.656 15.67 1.010 70.85 7.585 205.40 13.668 
9.32 0.675 16.62 1.090 74.38 7.929 210.57 13.733 
9.79 0.684 17.56 1.173 78.05 8.286 215.74 13.806 

10.28 0.708 18.51 1.264 81.92 8.659 220.91 13.874 
10.79 0.724 19.46 1.360 85.89 9.031 226.08 13.962 
11.32 0.758 20.41 1.460 87.89 9.125 231.26 14.011 
11.88 0.792 21.38 1.569 90.44 9.399 236.44 14.066 
12.45 0.841 22.40 1.690 95.46 9.744 241.62 14.094 
13.07 0.831 23.46 1.812 100.45 10.063 246.78 14.190 
13.73 0.864 24.57 1.955 105.46 10.387 251.96 14.229 
14.40 0.908 25.67 2.905 110.48 10.690 257.14 14.261 
15.10 0.964 26.82 2.241 115.53 10.959 263.33 14.309 
15.83 1.022 28.09 2.407 120.60 11.241 267.51 14.325 
16.59 1.086 29.42 2.581 125.68 11.505 272.69 14.388 
17.39 1.158 30.82 2.770 130.77 11.728 277.87 14.406 
18.23 1.235 32.29 2.964 135.86 11.944 283.06 14.468 
19.10 1.323 33.82 3.171 140.97 12.121 288.24 14.493 

35.43 3.390 146.09 12.308 293.43 14.520 
Series II 37.12 3.614 151.21 12.478 298.61 14.535 

10.00 0.692 38.90 3.851 303.79 14.578 
10.51 0.717 40.76 4.088 Series III 308.98 14.616 
11.00 0.737 42.72 4.342 149.59 12.426 314.17 16.675 
11.50 0.772 44.77 4.608 154.72 12.564 319.35 14.722 
11.88 0.789 46.93 4.879 159.86 12.703 324.55 14.753 
12.12 0.819 49.19 5.166 165.00 12.865 329.74 14.807 
12.37 0.853 51.57 5.458 170.13 12.997 334.92 14.864 
12.62 0.846 54.07 5.753 174.44 13.103 340.11 14.900 
12.88 0.822 56.69 6.058 179.61 13.201 345.29 14.984 

Dysprosium sesquisu1fide (DY2S3) 
Series I 158.75 13.334 320.29 15.095 29.44 2.347 

61.77 6.758 163.89 13.443 325.48 15.074 30.83 2.549 
64.82 7.156 169.04 13.559 330.68 15.088 32.31 2.741 
67.99 7.523 174.18 13.690 335.86 15.141 33.84 2.964 
71.33 7.902 179.34 13.767 341.06 15.156 35.45 3.197 
74.84 8.286 185.13 13.862 346.25 15.189 37.15 3.419 
78.53 8.683 189.15 13.943 38.92 3.682 
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TABLE II. (continued). 

TIK CplR TIK CplR TIK CplR 

82.40 9.123 194.04 14.012 Series V 
86.48 9.532 199.43 14.074 6.59 0.517 
90.77 9.888 204.60 14.155 6.92 0.523 
95.30 10.238 209.77 14.228 7.33 0.476 

1oo.Q7 10.582 214.94 14.279 7.72 0.475 
105.Q2 10.928 220.11 14.330 8.12 0.472 
110.06 11.255 225.29 14.393 8.56 0.451 
115.10 11.551 230.46 14.435 9.27 0.452 
120.14 11.836 235.64 14.485 10.21 0.460 
125.21 12.082 240.82 14.536 11.21 0.489 
130.30 12.288 245.99 14.605 12.16 0.525 
135.38 12.513 251.17 14.620 13.10 0.571 
140.45 12.643 256.36 14.662 14.03 0.632 
145.55 12.924 261.54 14.681 14.96 0.700 

266.72 14.713 15.89 0.773 
Series II 271.90 14.751 16.83 0.850 

79.86 8.821 277.09 14.780 17.76 0.938 
82.75 9.143 282.27 14.828 18.69 1.030 
86.87 9.562 287.45 14.847 19.88 1.152 
91.20 9.935 292.62 14.907 21.06 1.283 
95.75 10.275 297.80 14.951 22.05 1.400 

100.37 10.586 302.98 14.999 23.09 1.524 
105.18 10.930 308.15 15.043 24.17 1.660 

25.31 1.811 
Series III Series IV 26.51 1.962 

51.64 5.426 191.06 14.014 
54.57 5.815 196.20 14.089 Series VI 
57.20 6.157 201.20 14.157 5.55 0.75 
59.99 6.531 206.21 14.219 6.53 0.55 
62.91 6.918 211.39 14.277 7.81 0.471 
65.99 7.291 216.57 14.338 8.95 0.446 
69.22 7.666 221.75 14.390 9.98 0.460 
72.63 8.054 226.93 14.440 10.97 0.480 
79.97 8.848 232.11 14.466 11.93 0.517 
83.92 9.266 237.30 14.504 12.88 0.560 
88.08 9.674 242.49 14.537 13.82 0.615 
92.47 10.031 247.67 14.572 14.75 0.682 
97.09 10.358 252.87 14.602 15.68 0.758 

101.95 10.720 258.06 14.661 16.61 0.831 
106.05 11.049 263.24 14.711 17.54 0.916 
109.83 11.220 268.43 14.757 18.47 1.006 
112.81 11.425 273.62 14.796 19.41 1.108 
117.89 11.727 278.80 14.824 20.35 1.203 
122.96 11.983 283.99 14.856 21.31 1.308 
128.04 12.228 289.18 14.888 22.31 1.429 
133.13 12.462 294.37 14.933 23.36 1.577 
138.24 12.664 299.56 14.935 24.46 1.710 
143.42 12.858 304.75 15.Q23 25.63 1.841 
148.50 13.007 309.93 15.002 26.84 2.007 
153.63 13.170 315.11 15.035 28.11 2.166 

principle is followed quite accurately in isostructural com
pounds in which only the cation is changed. 

For example, the lattice heat capacity of y-phase Ln2S3 
may be represented as 

Cp (Ln2S3 , lattice) = xCp (Gd2S3, lattice) 

+ (1 - x)Cp (La2S3 ) 

in which x is the fractional increment in the molar volume V 
and is given by the expression 

TIK CplR 

40.78 3.930 
42.74 4.206 
44.79 4.496 
46.95 4.797 
49.21 5.092 
51.59 5.416 

Series VII 
5.93 0.66 
6.97 0.52 
8.18 0.459 
9.59 0.452 

11.07 0.482 
12.46 0.538 
13.81 0.613 
15.14 0.710 
18.21 0.976 
19.80 1.144 

Series VIII 
45.62 4.608 
47.98 4.928 
50.84 5.316 
53.70 5.703 
58.26 6.300 

62.69 6.892 
67.42 7.476 
77.04 8.556 
81.91 9.072 
86.81 9.583 
91.75 9.999 
96.74 10.370 

101.75 10.710 
106.77 11.066 

x = {V(Ln2S3 ) - V(La2S3)}/ 

{V(GdzS3 ) - V(La2S3)}· 
The qualification lattice attached to Gd2S3 is a reminder 

that the cooperative magnetic contribution-insignificant 
above 50 K-has been subtracted. The excess heat capacities 
(Schottky contributions) have been obtained for y-phase 
Pr2S3, Tb2S3, and DY2S3 after subtracting the calculated lat
tice contributions and are displayed by continuous curves in 
Figs. 2-4. 
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FIG. I. Molar heat capacities of y-phase Pr2S3, (0), Tb2S3, (0), and 
DY2S3' (6) from 5 to 350 K. The continuous line represents the "lattice" 
heat capacity for y-phase LazS3 (Ref. 1). Lower right corner: Molar heat 
capacities up to 20 K; open symbols represent present study, solid symbols 
are taken from Ref. 13. 

VI. ANALYSIS OF OPTICAL SPECTRA 

We compared the Schottky heat-capacity curves (Figs. 
2-4) with the Schottky contributions based on the experi-

mental crystal-field energy levels for 
Pr3 + eH4 ), Tb3 + CF6 ) , and Dy3 + (6HI5/2 ) in the sesqui
sulfide lattice. The levels were determined from an analysis 
of the absorption spectra reported earlier for each com
pound.2•10•16-19 

The Schottky heat capacity has been developed using 
the partition function Z for a general system of n energy 
levels of energies Ei and degeneracies gi 

n 

Z = L gi exp( - E;lRD 
i=O 

and taking Eo = 0, the average energy of such a system is 
given by 

n 

E= Z -I L giEi exp( - E;lRD. 
i=O 

Hence, the electronic heat capacity is given by 

CSch = (dE /dD 

=~(RT2 dlnZ) 
dT dT 

= Z -2R -IT -2{Z itl giE~ exp( - E;lRD 

-[itl giEi exp( - E;lRD rl . 
The crystals used in those measurements were shown to 

have a stoichiometry and structure similar to the materials 
used in the present study and reported in Table I. Further 
details regarding sample preparation, crystal growth, and 
optical transmission characteristics of those crystals are giv
en in Refs. 31-33. 

TABLE III. Molar thermodynamic properties of y-phase Pr2S3 (R = 8.3144 J K - I mol- I ). 

T/K Cp/R {SO _ S0(7)}/R {HO - H°(7)}/R K - {Go _ G 0(7)}/RT 

7 0.499 0.0 0.0 0.0 
10 0.643 0.127 1.140 0.013 
15 1.053 0.463 5.353 0.106 
20 1.521 0.828 11. 764 0.240 
25 2.041 1.223 20.650 0.397 
30 2.593 1.643 32.226 0.569 
40 3.735 2.545 63.84 0.949 
50 4.898 3.503 107.01 1.363 
60 6.061 4.500 161.82 1.802 
70 7.175 5.518 228.06 2.260 
80 8.210 6.545 305.06 2.732 
90 9.147 7.567 391.92 3.212 

100 9.978 8.575 487.64 3.698 
120 11.328 10.519 701.4 4.675 
140 12.310 12.344 938.3 5.641 
160 13.009 14.036 1191.9 6.586 
180 13.510 15.60 1457.4 7.502 
200 13.879 17.04 1731.4 8.385 
220 14.158 18.38 2011.9 9.233 
240 14.368 19.62 2297.3 10.048 
260 14.526 20.78 2586.3 10.829 
280 14.645 21.86 2878.1 11.579 
298.15 14.739 22.78 3144.7 12.233 
300 14.749 22.87 3172.0 12.298 
320 14.864 23.83 3468.1 12.989 
350 15.08 25.17 3917.2 13.976 
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TABLE IV. Molar thermodynamic properties of y-phase Tb2S3 (R = 8.3144 J K - I mol-I ). 

TIK CplR {SO - SO(7)}IR {HO - HO(7)}IR K 

7 0.693 0.000 0.0 
10 0.701 0.236 1.989 
15 0.961 0.566 6.096 
20 1.418 0.900 11.955 
25 2.010 1.278 20.493 
30 2.658 1.701 32.143 
40 3.991 2.650 65.43 
50 5.253 3.678 111.75 
60 6.440 4.742 170.29 
70 7.519 5.817 240.18 
80 8.474 6.885 320.25 
90 9.310 7.933 409.27 

100 10.035 8.952 506.1 
120 11.209 10.890 719.1 
140 12.089 12.688 952.5 
160 12.745 14.347 1201.2 
180 13.228 15.88 1461.1 
200 13.587 17.29 1729.4 
220 13.865 18.60 2004.1 
240 14.093 19.82 2283.7 
260 14.283 20.95 2567.5 
280 14.435 22.02 2854.8 
298.15 14.551 22.93 3117.8 
300 14.563 23.02 3144.8 
320 14.709 23.96 3437.4 
350 15.03 25.29 3883.4 

Analysis of the crystal structure indicates that the lanth
anide ions occupy sites of S4 symmetry in the y-phase Ln2S3 

lattice.6
,7 In S4 symmetry the ground state ofPr3 + eH4 ) is 

split by the crystalline electric field into five nondegenerate 
and two doubly degenerate crystal-field electronic energy 

- {Go - G 0 (7)}IRT 

0.0 
0.037 
0.159 
0.302 
0.459 
0.630 
1.014 
1.443 
1.904 
2.386 
2.882 
3.385 
3.891 
4.898 
5.884 
6.840 
7.760 
8.643 
9.490 

10.300 
11.076 
11.820 
12.469 
12.533 
13.218 
14.197 

levels. Since the overall symmetry of the crystal is cubic, it is 
not possible to carry out the usual polarization experiments 
to establish the symmetry label for individual levels. How
ever, an analysis of the hot bands made by comparing the 
absorption spectra observed at 10, 80, and 300 K establish 

TABLE V. Molar thermodynamic properties of y-phase DY2S3 (R = 8.3144 J K - I mo1- I). 

TIK CplR {SO - SO(7)}IR {HO - HO(7)}IR K _ {Go _ G O(7)}IRT 

7 0.510 0.0 0.0 0.0 
10 0.458 0.255 1.965 0.058 
15 0.699 0.476 4.734 0.160 
20 1.167 0.737 9.331 0.271 
25 1.764 1.060 16.620 0.395 
30 2.430 1.440 27.086 0.537 
40 3.826 2.330 58.35 0.871 
50 5.212 3.333 103.56 1.261 
60 6.531 4.401 162.34 1.695 
70 7.760 5.501 233.88 2.160 
80 8.863 6.611 317.12 2.647 
90 9.817 7.711 410.65 3.149 

100 10.619 8.790 513.0 3.659 
120 11.829 10.838 738.2 4.687 
140 12.686 12.730 983.8 5.703 
160 13.338 14.468 1244.3 6.691 
180 13.827 16.07 1516.2 7.645 
200 14.155 17.54 1796.3 8.563 
220 14.360 18.90 2081.6 9.442 
240 14.518 20.16 2370.4 10.283 
260 14.680 21.33 2662.4 11.088 
280 14.828 22.42 2957.5 11.859 
298.15 14.922 23.36 3227.5 12.531 
300 14.931 23.45 3255.1 12.598 
320 15.08 24.42 3555.0 13.307 
350 15.22 25.78 4010.2 14.318 
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FIG. 2. Schottky contribution to the molar heat capacity of y-phase Pr2S3; 

solid line represents calorimetric contribution based on volumetric method; 
dashed line represents contribution based on crystal-field splitting deduced 
from the optical spectra. 

levels above the ground state level at 12, 56,165,265,280, an 
300 cm- I

•
IO

•
16 The isolated excited states 3PO (20400 

cm - I) and 3 PI (split into two crystal-field electronic energy 
levels at 20 900 and 20 950 cm - I) provide the best series of 
hot-bands in the absorption spectra from which we were able 
to obtain the splitting ofthe ground state 3 H 4 • Analysis ofthe 
magnetic susceptibility data indicates that the crystal field 
electronic ground-state level is nondegenerate. 16

•
28 In the 

presence of a magnetic field hot-bands from levels 56 and 
265 cm - I showed pronounced broadening in the absorption 
spectrum indicating a Zeeman effect due to twofold degener
acy ofthese levels. 10 Hot-bands from other electronic energy 
levels in the 3 H4 state did not appear to be affected by the 
magnetic field. Extension of the analysis of the hot-bands in 
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FIG. 3. Schottky contribution to the molar heat capacity of y-phase Tb2S3; 

solid line represents calorimetric contribution based on volumetric method; 
dashed line represents contribution based on crystal-field splitting deduced 
from the optical spectra. 
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FIG. 4. Schottky contribution to the molar heat capacity ofy-phase DY2S3; 
solid line represents calorimetric contribution based on volumetric method; 
dashed line represents contribution based on crystal-field splitting deduced 
from the optical spectra. 

the absorption spectra of 3P2 and ID2 levels await additional 
experiments to be made on new crystals since the original 
crystals have deteriorated over the years. A preliminary set 
of crystal-field electronic energy levels for the 3 H4 state is 
given in Table VI. The number in parentheses gives the de
generacy of the level. 

The ground state 7F6 ofTb3 + is split into seven nonde
generate and three doubly degenerate crystal-field electronic 
energy levels when Tb3 + ions occupy sites of S4 symmetry in 
the sesquisulfide lattice. The excited state 5 D4 contains five 
nondegenerate and two doubly degenerate crystal-field elec
tronic energy levels. Hot-bands observed in the absorption 
spectra at 10, 80, and 300 K of the two lowest levels of this 
state at 20 250 and 20 200 cm - I have been analyzed to give 
the splitting of the 7 F6 state as follows: 0, 6, 29, 65, 130, 175, 
190, 230, 300, and 310 cm - I. The levels at 6, 300, and 310 
cm - I are estimated by analyzing the shoulders found on 
several ofthese hot-bands. 16.17 Analysis of the magnetic sus
ceptibility data indicates the electronic ground state level 
and levels at 6 and 29 cm - I are nondegenerate. 16

•
17 The 

three doubly degenerate levels were chosen on the basis of 
the prediction made by the lattice-sum calculation given in 
the next section. 

The ground state 6H 15/2 of Oy3+ is split into eight 
doubly degenerate crystal-field electronic energy levels. Part 
of the absorption spectra has already been published.2.18 

Subsequent magnetic susceptibility measurements made by 
Burriel28 and the heat-capacity measurements reported in 
Ref. 4 indicate the y-phase Oy 2S3 undergoes magnetic order
ing around 3 K. Analysis of the hot-band absorption spectra 
at 10, 80, and 300 K (above the magnetic ordering tempera
ture) establish the splitting of the 6H15/ 2 as 0,52, 145, 190, 
240,265, and 310 cm - I. The lattice sum calculation given in 
the next section predicts the eighth electronic energy level at 
600 cm - I. The room-temperature absorption spectrum 
contains a hot-band possibly from an electronic level at 550 
cm - I. The peak is broad and weak so that the level reported 
in Table VI must be considered tentative. 
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TABLE VI. Crystal-field electronic levels for the ground state, 2S+ 'LJ • 

Method of determination Energy (cm - I) and degeneracy (n) of level 

PrlS, Optical spectra/Mag. suscept." 
Lattice sumb 

0(1) 12(1 ) 56(2) 165(1 ) 265(2) 280(1) 300(1) 
Pr' • ("H4 ) 

1O,S, 
0(1) 30(1) 100(2) 180(1 ) 270(2) 278(1 ) 282(1 ) 

Optical spectra/Mag. suscept. C 

Lattice sumb 
0(1) 
0(1) 

6(1) 
5(1 ) 

29(1 ) 65(2) 130(2) 
24(1 ) 65(2) 130(2) 

175(1) 190(1) 230(2) 300( I) 310(1 ) 
170( 1) 185(1 ) 235(2) 298(1 ) 302(1 ) 103" ('F.) 

DylS\ Optical spectra/Mag. suscept. d 

Lattice sumb 
0(2) 52(2) 145(2) 190(2) 240(2) 265(2) 310(2) 550(2) 

Dy' • (OH
I5/2

) 0(2) 43(2) 140(2) 190(2) 240(2) 280(2) 360(2) 600(2) 

• References 10 and 16. 
bReferences 16, 17, 19, and 34-36. 
c References 16 and 17. 
d References 2, 18, and 28. 

Although the heat-capacity maximum near 3 K report
ed by Ho et al.13 was interpreted 13,18 as a consequence of a 
low-energy electronic level ofDy3 i- on the basis of our anal
ysis in this section it must rather be described as due to mag
netic ordering. The eight levels of the ground state 6H1512 of 
Dy3 + provide a good fit to the calorimetric Schottky data of 
Fig. 4. But if one level is used to fit the 3 K maximum (as an 
electronic anomaly) the remaining portion of the spectro
scopically derived Schottky heat-capacity contribution ac
counts only for approximately one half of that obtained from 
calorimetry. This emphasizes the strength of the thermo
physical approach. 

VII. THEORETICAL SPLITTING OF THE GROUND· 
STATE MANIFOLD: THE LATTICE SUM APPROACH 

A second approach to establishing the energies of the 
crystal-field electronic energy levels of the ground state of 
the trivalent lanthanide ion in the sesquisulfide lattice has 
been to calculate the theoretical splitting using crystal-field 
parameters B km determined from a lattice-sum calculation. 
Details of this approach are given by Morrison and Leavitt 
for Ln3 + in an extensive review of the energy levels oflanth
anide ions in various host crystals. 3

4-36 Specifics related to 
the sesquisulfide lattice are reported by Gruber, Leavitt, and 
Morrison. 19 Following the method of Morrison and Lea
vitt 34 a set of Bkm parameters for Ce3 + through Dy3 + in y
phase Ln2S3 was generated and used to interpret magnetic 
susceptibility data. The results were reported at several con
ferences. '6. '7 The parameters generated for Pr3 

i- , Tb3 + , 

and Dy3 !- (Refs. 16 and 17) were used in this paper to calcu
late the splitting of the 2S + I L J ground state for each respec
tive ion. 

We present the results of each calculation in Table VI. 
The number in parentheses represents the predicted degen
eracy for the electronic energy level. As we pointed out ear
lier, the assignment of degeneracy of the levels in the 7 F6 
state of Tb3 + is based on the results of the calculation. We 
were not able to do a Zeeman experiment on the terbium 
sample due to its poor optical quality. Although only part of 
the absorption spectra were analyzed, leading us to be cau
tious regarding these analyses, the results of the theoretical 
splittings appear to be consistent with our experimental as
signments and further suggest that the experimental elec-

tronic energy levels deduced from an analysis of the hot
bands appearing in the absorption spectra are reliable. The 
experimental levels can be used to calculate the Schottky 
contributions to the heat capacity displayed in Figs. 2-4. The 
overall agreement is reasonable. 

In summary, papers I and II for the series of y-phase 
Ln2S3 compounds, where Ln represents La to Dy, describe 
the thermophysical properties which can be interpreted us
ing the volumetric method of analysis. The lattice contribu
tion to the heat capacity can be systematically subtracted 
from the total measured heat capacity leaving the remainder 
due to the Schottky contribution and some low-temperature 
magnetic anomalies. 
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