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Summary 

The congruent vaporization of solid Tm,.,,Te (rhombohedral, with 
hexagonal lattice parameters a = 430.9 pm, c = 1083.8 pm) was investigated 
by the Knudsen effusion weight-loss technique over the temperature range 
1624 - 1798 K. Using literature data for the enthalpies of dissociation of 
gaseous TmTe and Te, and for the free energy functions of gaseous TmTe, 
Tez, thulium and tellurium, it was established that the vaporization to the 
atoms occurs predominantly according to 

Tm,.,,Te(s) - 0.77 Tm(g) + Te(g) 

while the molecular species TmTe and Te, are of minor and very minor im- 
portance respectively. The following vapour pressure equation was derived 
for the vaporization to the atoms: 

log K = -(34601 f 466)-T-’ + (11.46 + 0.27) 

Second and third law calculations based on estimated thermodynamic data 
for Tm o.,,Te yielded the following standard enthalpies and entropies of 
reaction: 

AH&s(II) = 681.0 + 11.8 kJ.mol-‘; AS&s(II) = 241.1 f 8.5 J*K-‘.moll’ 

AH&(III) = 675.6 f 22.1 kJ*mol-‘; AS&s(III) = 238 J-K-‘.mol-’ 

A value of AiH&,, [Tm o.,7Te(s)] = -279.1 +_ 16.3 kJ*mol-’ was derived for 
the standard enthalpy of formation. The crystal chemistry and thermo- 
chemical properties of Tmo.77 Te are discussed. 

1. Introduction 

In recent years the problem of mixed valency in thulium chalcogenides 
has stimulated significant research on the solid&ate and physical properties 
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of these compounds, see, for example, ref. 1. Kaldis et al. [Z] have studied 
part of the phase diagram of the system Tm-Te. They were able to show 
that the end phases in this system, Tm2+Te (NaCl-type structure) and 
TrniTbsTe (Sc2S3 structure, superstructructure of NaCl type) have integral 
valencies. It was concluded that extended solid solutions between these two 
borderline phases probably do not exist and that the change in the valence 
of thulium takes place via a miscibility gap, in which the cubic NaCl-type 
phase coexists with a rhombohedral phase of unknown structure and of com- 

. . 
position Tm,,s,Te, supposedly containing an appreciable concentration of 
Tm3+. It is noteworthy that the thermochemical properties of the various 
phases in this system seem to be completely unknown. From studies of the 
thermodynamics of vaporization of EuTe (Petzel [3]) and of SmTe and 
YbTe (Petzel and Ludwigs [4]) the standard enthalpies of formation of these 
monotelhnides have been derived with reasonable accuracy. Since the 
divalent character of the lanth.anoids in these compounds is well established 
for low-pressure conditions and supposedly also holds for thulium in the 
monotelluride phase, we also considered it feasible to derive the enthalpy of 
formation of TmTe via a vaporization study. However, preliminary experi- 
ments showed that the thermal decomposition of tellurium-rich thulium 
tellurides in uacuo did not yield the monotelluride but led reproducibly to a 
congruently vaporizing phase with a molar ratio Tm: Te < 1. The results of 
a detailed investigation on the thermodynamics of vaporization and the 
crystal chemistry of this phase are presented in this paper. 

2. Experimental details 

2.1. Preparation and characterization of compounds 
Thulium telluride samples of approximate composition TmTei., were 

prepared by reaction of thulium metal (purity, 99.9%, Auer-Remy) with 
tellurium (purity, 99.999%, Ventron) in outgassed and evacuated silica 
ampoules at 1150 K and also by reaction of highly pure, practically oxygen- 
free TmF3 with gaseous tellurium and hydrogen at 1250 - 1300 K. The 
details of the latter preparative technique have been described in ref. 4. 
TmF3 was ,prepared from Tm203 (purity, 99.999%, Auer-Remy) by a 
method described in ref. 5. The more or less inhomogeneous thulium 
telluride samples were annealed and decomposed in a high vacuum at ap- 
proximately 1600 K and were then sublimed twice inside a cylindrical 
molybdenum crucible in a temperature gradient from 1770 to 1700 K. While 
small amounts of involatile, beigecoloured residues of (TmO)2Te were found 
after the first sublimation, no residual involatile impurity could ever be 
detected after the second sublimation. This observation was not unexpected, 
since the lanthanoid oxide tellurides of composition (LnO),Te, which, with 
the exception of (EuO)2Te and (Yb0)2Te, are generally formed on con- 
tamination of lanthanoid tellurides with oxygen, are indeed very involatile 
compounds (Petzel and Ludwigs [6]). The doubly sublimed, metallic blue 



319 

thulium telluride could hence be considered as practically free of oxygen- 
containing impurities. It was ~~he~ore concluded that the composition 
of the sublimed material represented the congruently vaporizing composition 
under the given conditions of temperature, pressure and crucible material. 
The purified material, which proved to be extremely sensitive to the oxida- 
tive and hydrolytic effects of the atmosphere and had therefore always to be 
handled under a dry inert gas, was characterized by quantitative analysis of 
the thulium content and by its X-ray powder pattern @Egg Guinier 
chamber, Cu Kcu, radiation, mixture of sample and silicon (NBS 640 A) as 
internal calibration standard, contained in sealed glass capillaries). The sub- 
stance proved to be reasonably well crystallized and all reflections could be 
indexed rhombohedrally with hexagonal lattice parameters a = 430.9 pm and 
c = 1083.8 pm. The material was analysed for its metal content by the 
following pyrohydrolytical method, which we have found to be generally 
suitable for the quantitative decomposition of lanthanoid tellurides. A 
weighed amount of the telluride, contained in a mullite boat, was pyro- 
hydrolized for 3 - 5 h at approximately 1400 K in a stream of hydrogen 
saturated with water vapour at 323 K. The formation of tellurates is safely 
prevented by this procedure, and the residue consists only of the pure 
sesquioxide. The analyses yielded metal contents of 50.5 + 0.2 wt.% Tm and 
thus led to the formula Tm 0.,7Te. The crystal chemical justification of this 
formula is discussed in detail in Section 4.1. 

2.2. Vupour pressure meusuremen ts 
The vapour pressure me~urements were carried out by the Knudsen 

effusion weight-loss technique. Two cylindrical molybdenum Knudsen cells 
with effective orifice areas of 2.5052*10W3 cm* (cell A) and 1.780*10-3 cm2 
(cell B) were used. The cells were heated by radiation from an inductively 
heated cylindrical tantalum susceptor in a high vacuum @ < lo-’ mbar) 
inside a water-cooled silica tube. The temperature was measured by sighting 
an optical pyrometer (Leeds and Northrup, type 8632-C) onto a cylindrical 
black body cavity in the bottom of the cell via an optical window and a 
prism. The temperature readings were corrected for the insertion of the 
window and the prism. The effused mass was determined by weighing the 
cell before and after each experiment and the time was measured with a 
precision electronic clock. In order to establish a satisfactory accuracy of the 
temperature measurements, the Knudsen cells were calibrated by measuring 
vapour pressures of liquid tin (purity, 99.99995%, Ventron). By comparing 
the experimental results with well-establish~ vapour pressure data from the 
literature [ 73, appropriate corrections could be applied to the temperature 
readings. The accuracy of the temperature measurements was assumed to be 
It 5 K after considering all corrections. 

After a total vaporization of 60 mg of Tm,.,,Te the weight change of a 
molybdenum cell proved to be less than 0.1 mg. It was hence concluded 
that molybdenum is chemically inert against Tm,.,,Te. That this composi- 
tion represented in fact a congruently vaporizing composition was confirmed 
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by the analytical evidence that the metal contents of the starting material 
and of a residue obtained after extensive vaporization of material were 
identical within the accuracy limits of the analytical method. 

Rates of effusion with a total of 21 data points were measured over 
the temperature range 1624 - 1798 K; the experimental data are collected in 
Table 1. 

3. Thermodynamic evaluation of effusion results 

The amount of a gaseous species i, mi (g) of molar mass Mi (g-mol-‘) 
effused in time t (s) at temperature T (K) from a Knudsen cell with an 
orifice of effective area a (cm2) is related to the partial pressure of species i, 
pi (bar) by the Knudsen equation: 

. . . I/2 
pi=$2;RT = 

i 1 

mi T 

i 1 

l/2 

(1) . I a* t-43.7519 . k 

In solid-gas equilibria of lanthanoid telluride systems the gaseous 
species Ln, Te, LnTe and Te2 have to be taken into account under the low 
total pressures which are a typical condition of Knudsen effusion measure- 
ments [8]. Hence, in the congruent vaporization of TmomT7Te, the following 
vaporization reactions had to be considered simultaneously for the thermo- 
dynamic evaluation of the effusion data: 

Tm,.,,Te(s) - 0.77 Tm(g) + Te(g) (2) 

Tm,_,,Te(s) __f 0.77 TmTe(g) + 0.23 Te(g) (3) 

Tm,.,,Te(s) - 0.77 Tm(g) + 0.50 Te2(g) (4) 

The equilibrium partial pressures of the various gaseous species occurring in 
reactions (2) - (4) were calculated from the rates of effusion using the 
following thermodynamic data: the standard enthalpies of dissociation of 
TmTe and Te2, 310 and 263 kJ*mol-’ respectively [9, lo] and the free 
energy functions of gaseous TmTe, thulium, tellurium and Tez [9 - 111. The 
equilibrium partial pressures are summarized in Table 1. It is obvious that 
the atomic species Tm and Te are predominant, while the molecular species 
TmTe and Te2 are of minor and very minor importance respectively. There- 
fore, reaction (2) was considered as the main vaporization reaction under the 
experimental conditions. A plot of log K us. T-l for reaction (2) is shown in 
Fig. 1. A linear least-square treatment of the data yielded the following 
vapour pressure equation for reaction (2) (with standard deviations) : 

log K = -(34601 + 466)-T-’ + (11.46 f 0.27) (5) 

From this equation the following values could be derived for the enthalpy 
and entropy of reaction, related to the median temperature of the measure- 
ments, 1711 K: 

A%1 1 = 662.4 + 8.9 kJ*mol-‘; AS’y,ri = 219.5 + 5.2 J-K-‘amol-’ 
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Tmo 77 
Teisb-077Tmlgl+Telgl 

I 

55 60 T-' IO‘, F 

Fig. 1. Plot of log K us. T-l for the reaction TmO.,,Te(s) + 0.77 Tm(g) + Te(g). 

The most important thermodynamic quantity, which can be derived 
from the results for reaction (2)) is the standard enthalpy of formation of 
solid Tm,.,7Te. In order to gain this information, the enthalpy of vaporiza- 
tion had first to be extrapolated to 298 K by the second and third law 
methods. Since no thermodynamic data are known for Tm,, ,,Te, its 
standard entropy S&s and the enthalpy and entropy increments, (Hi - H&s) 
and (Sg -S&s) respectively, were estimated as follows. By subtracting from 
the estimated standard entropy of Tm o.aTTe, 84.7 f 6.7 J-mol-‘SK-’ [lo], 
the entropy contribution of 0.13 mol of Te2- ion, 6 J-mol-‘*K-i [12], a 
value of S&s [Tm,,,Te(s)] = 90.7 f 6.7 J*moll’*K-’ was obtained. The 
enthalpy and entropy increments were assumed to be equal to one quarter 
of the measured and in part extrapolated sums of the data for Nd,Tes and 
NdTe [9]. All estimated thermodynamic data for Tm,.,,Te are collected in 
Table 2. The second law data extrapolation (index II) yielded the following 
results for reaction (2) : 

AH&s(II) = 681.0 + 11.8 kJ.mol-’ AS&,s(II) = 241.1 f 8.5 J-K-‘*mol-’ 
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TABLE 2 

Estimated thermodynamic data of Tm,,,,Te(s) 

TK) 

1600 
1700 
1800 

H?r - Hi98 ‘%‘- ‘%98 -fef 

(J.mol-‘) (J*mol-l.K-l ) (J*mol-‘*K-l ) 

65 435 83.0 132.8 

70 819 86.2 135.3 

76 261 89.2 137.6 

The third law enthalpies (index III) for reaction (Z), calculated for each 
data point, and the K values are also collected in Table 1. The average third 
law enthalpy and the third law entropy are 

AH&(III) = 675.6 + 22.1 kJ*moll’ AS,“,s(III) = 238.0 J-K-‘*mol-’ 

The error limits of the second law results are the sums of the standard 
deviations and an assumed 15% error of the reduction to 298 K. The error 
limits of the third law enthalpy were found by adding a 5% error in Afef to 
the standard deviation. Despite the necessity for extensive data estimations a 
satisfactory agreement between the second and third law results is obvious. 
Since the third law enthalpies calculated for the individual data points do 
not show a noticeable dependence on temperature, it can be concluded with 
certain reservations that the experimental results and the estimated data are 
both reasonably accurate. 

Using AtH&s (Tm (g)) = 247.3 rtr 4.2 kJ-malli [9] and AfH&s (Te (g)) = 
211.7 If: 1.3 kJ-mol’l [lo] and the second law standard enthalpy for reac- 
tion (2), 681.0 f 11.8 kJ.mol-‘, we finally obtained a value of -279.1 + 
16.3 kJ-mol-’ as the standard enthalpy of formation of Tm,.,-,Te. 

4. Discussion 

The occurrence of a congruently vaporizing composition Tm,,,,Te and 
the crystal chemistry and thermochemical properties of this compound seem 
to be especially worthy of discussion. 

4.1. Crystal chemistry of Tm,,,,Te 
The Guinier X-ray powder patterns of Tm,.7,Te revealed a slightly 

distorted halite structure as judged from splitting of two-thirds of the parent 
structure reflections, see Table 3. Neglecting this splitting, we obtain a lattice 
parameter of a, = 614.79 pm for the undistorted NaCl structure. Crystal- 
lographic data of this hypothetical parent structure are listed on the left side 
of Table 3. 

It is worthwhile to mention that the rare earth tellurides, crystallizing 
in the NaCl-type or related structures, have generally strong reflections for 
hkl all even, while the reflections for hkl all odd are very weak and in many 
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TABLE 3 

X-ray powder diffraction data of Tme.T,Te 

NaCI-type parent Rhom bohedral basis 
structure (hypothetical) structure (observed) 

hkl I d (pm) dcalc (pm) d obs(pm) 1 hkl 

111 0 354.9 

200 st 307.4 

220 st 217.4 

311 0 185.4 

222 st 177.5 

400 st 153.7 

331 0 141.0 

420 st 137.5 

422 St 125.5 

Fm3m, Z = 4 
a = 614.79 pm 
V = 2.3237.10* pm3 
V’ = V/Z = 5.8092.10’ pm3 

361.3 - 
352.8 - 

307.35 307.48 

1 “2:;::: 219.22 215.38 

i 185.04 183.88 187.44 - - - 

\ 180.64 180.54 
\ 176.42 176.53 

153.67 153.66 

1 ‘141.41 143.01 139.86 - - - 

( 138.42 136.50 138.44 136.46 

127.35 127.37 
125.11 125.11 
124.39 124.39 

R&Z=3 
a = 430.90(7) pm 
c = 1083.8( 2) pm 
V = 1.7428( 5). 10’ pm3 
V’ = V/Z = 5.8092(2).10’ pm3 

W 

0 
0 
0 

st 
st 

VW 

W 

W 

006 
202 

024 

107 
205 
211 

116 
122 

018 
214 
300 

cases not even detectable. This phenomenon led us to choose a parent unit 
cell with a, = 614.79 pm and not with UC) = a,/2 = 307.4 pm, although such 
a choice would also have been formally possible. Furthermore, the volume 
of the latter cell, 2.9048-10’ pm3, would be too small to accommodate 
two different atoms, as requested for Tm,.,,Te 3 Tm,_,70,23Te. The 
alternative formula, TmTe1.30, should be ruled out in view of the crystal 
chemistry of halite, according to which the incorporation of interstitial 
anions in such a high concentration is impossible. Analysis of the splitting 
of the parent structure reflections leads to a symmetry reduction from cubic 
to rhombohedral. The crystallographic data of this actual structure are listed 
on the right side of Table 3. The parent unit cell with three formula units 
in the hexagonal cell represents the smallest so-called basis structure of 
halite. The observed lattice parameter c = 1083.8 pm is somewhat larger than 
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the co~esponding halite diagonal fi*c, = 1064.8 pm, while a = 430.90 pm 
is smaller than 0.5+?Z-a, = 434.72 pm. Generally, distortions of a parent 
structure caused by ordering of lattice defects call for the appearance of 
superstructure reflections. We could not find any evidence for them on our 
powder patterns. Therefore we prefer to rely on the above-mentioned basis 
structure until a superstructure is found using different techniques, e.g. 
single crystal X-ray work and electron or neutron diffraction. 

Kaldis et al. [Z] also reported a rhombohedral cell with a = 862.0 pm, 
c = 1081.2 pm, co~espond~g to a 2 X 2 X I superst~cture of our basis 
structure but related to the composition Tm,_,,Te; their results are in ac- 
cordance with the work of Iandelli and Palenzona [ 131. It is not clear from 
the published data whether or not the lattice parameter u has been chosen 
according to actually observed superstructure reflections. Obviously, a reduc- 
tion of their cell results in cb = 0.5-a, = 431.0 pm and c = 1081.2 pm, which 
is in very good agreement with our findings. However, the discrepancy in the 
analytical data, Tmo,,7 Te (this work) US. Tm ,_s,Te (ref. 2) is apparently out- 
side the range of experimental error. We believe that our analytical result is 
closer to the true situation for the following reason. According to the con- 
clusions of Kaldis et al. [2 J this phase should be considered as a compound 
intermediate between Tm2+Te2- (NaCl structure with a, = 635.9 pm, Fm3m, 
2 = 4, V’ = V/Z = 6.4284~10’ pm3) and Trni+Te$- = Tm,.d,,Te (experi- 
mental composition Tm 0.6sTe, isostructural to Sc,S, [14], with the fol- 
lowing structural data: orthorhombic Fddd, u = 1206.0 pm = 2a,, b = 854.1 
pm = fi=uc, c = 2563.1 pm = 3-2/2-ac, 2 = 48, a, = 603.9 pm, V’= V/Z = 
5.5022.10’ pm3), containing both Tm2+ and Tm3+ ions in a well-defined 
ratio. Since both end members of the system Tm-Te, Tm2’Te and Tm3+Te3, 
have the halite and a halite-related structure respectively, we should be able 
to correlate the observed formula volumes unambiguously with the analyti- 
cal compositions. A plot of formula volume us. composition in Fig. 2 reveals 
that the observed formula volume for the composition Tm,.,,Te, 5.8092. 
10’ pm3 indeed fits satisfactorily with the linear interpolation between the 
data for TmTe and Tm,Te3. Therefore the conclusion that both valencies 
contribute in a relation of Tm3+:Tm2’ = 3:2 to the total thulium content of 
Tm s.,,Te seems to be well justified. Hence, at this state of knowledge, the 
best formula to describe the crystal chemistry of this compound is 
Tm&6Tm~3,U, 23Te&. 

‘In addition’, there exists with respect to the formula Tm0.77Te a striking 
similarity to the blue compound Tm,,T76 Se, the structure of which has been 
investigate by Siegrist et al. [ 151. The structure of this selenide is also 
derived from halite. Although no splitting of the parent reflections could be 
observed, the true symmetry is orthorhombic Penn, as derived from super- 
structure reflections and atomic parameters. The superstructure is caused by 
ordering of cation vacancies and relaxation of neighbouring anions. On the 
evidence of diffraction data, Tm o,77Te and Tm,.,,Se are not isostructural, 
although a close structural resemblance between both blue phases does cer- 
tainly exist. 
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Fig. 2. Plot of formula volumes us. composition for the system TmTe-TmzTes. 

4.2. Thermochemistry of Tm,.,7Te 
Considering the apparent lack of experimentally determined thermo- 

chemical data for the various phases in the chalcogenide systems of those 
lanthanoid elements, for which di- and trivalency is typical, it is very dif- 
ficult to predict reliably the congruently vaporizing composition of a given 
lanthanoid-chalcogen system. Neglecting the enthalpies of dissociation of 
the gaseous monochalcogenides, the thermodynamic stability of the divalent 
oxidation state of the cation in the condensed phase and the radius of the 
chalcogenide ion both influence the congruently vaporizing composition. 
Since it is well established that in predominantly ionic structures the lower 
oxidation state of the cation becomes more stable as the size of the anion is 
increased, we should expect that for a given lanthanoid element the 
congruently vaporizing composition in the oxide system tends to the 
formula LnO1.s (LqOs), while for the telluride system it tends to the com- 
position LnTe. For samarium, for which the oxidation state 2+ is not easily 
attained, this situation is clearly observed. The congruently vaporizing com- 
positions are SmOIa5 [16], SmS 1.33 [17] and SmTe,,O [4]. For europium 
the tendency to be divalent is much more pronounced and the respective 
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compositions are Eu0i.s [ 16, 17, 191, EuSieo [20], EuSe,., [21] and 
EuTei., [3]. In contrast, for thulium the divalent state is much less stable 
than for samarium and it is therefore not unreasonable to expect a con- 
gruently vaporizing composition, which even in the telluride system tends to 
a molar ratio Tm:Te < 1. From the good reproducibility of the effusion 
results for Tm 0_77Te we are indeed inclined to conclude that this composi- 
tion is representative of the thermodynamic equilibrium situation, at least 
under the experimental conditions outlined in this paper. 

Because of the above-mentioned scarcity of reliable experimental data 
concerning the enthalpies of formation of the lanthanoid chalcogenides in 
general, it is difficult to prove that the value of the enthalpy of formation of 
Tm o_77Te, as derived from the vapour pressure results of this work, 
represents a reasonable thermochemical quantity. As, formally, the composi- 
tion Tm,.,,Te f Tm3Te3 90 is close to the formula LnJTeG, it can be argued 
that the enthalpy of formation could probably be close to the sum of the 
respective enthalpies for Ln0.67 Te - LnzTe3 and LnTe. Since for Ln = Tm 
only estimated data are available, the experimental enthalpies of formation 
of YbTe, -376.1 f 16.9 kJ.moll’ [4] and of LazTes, -784.5 f 25.5 kJ* 
mall’ [22], are tentatively taken as more or less representative of LnTe and 
Ln,Te, in general. Hence an enthalpy of formation of about -1161 + 42 kJ. 
molli should be expected for Ln,Te 4, which agrees reasonably well with the 
value of -1088 + 64 kJ*mol-’ derived in this work for the formal composi- 
tion Tm3Tes_90. 
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