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Pressure-temperature phase diagram of solid and liquid Te
under pressures up to 10 GPa
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Absiract. The P-T phase diagram of Te has been investigated by means of thermobaro-
analysis (TBa) and electrical resistance measurements. For crystalline Te the boundary of
the transition Tey—-Te;y has been found and the location of triple point, Tey-L'-Tey
has been established (P = 7.6+ 0.3 GPa; T = 835 £ 15 K). The melting curve of Te
was investigatled up to 10 GPa. In the Te melt the transition L-L’ has been found from
the TBA signal and by jumps in the electrical resistance. The triple point L-Te;;-L' has
been found to be located at P = 4.7@ 0.3 GPa and T = 800 & 15 K. At pressures
lower than P = 1.6+ 0.4 GPa and temperatures higher than T = [1204 30 K the TBA
anomalies and the jumps in resistance become smooth and unmeasurable.

The model of a phase transition in a liquid is presented based on the existence of
crystal-like clusters in the meit.

1. Introduction

In recent years the phase transitions in melted substances have been actively investi-
gated [1-4]. In [2] the data on changes in short-range order structure in Bi, Ce and
Cs melts under pressure were presented. In Se and Bi [3, 4] these transitions are es-
tablished as rather sharp and accompanied by volume and electrical resistance jumps
and by thermal effects, ie. they have some features of first-order phase transitions.
At high temperatures the transitions in melts seem to have critical points [3, 4].

In crystalline Te the transitions Te,~Te; and Tey~Tey; have been established [5]
(figure 1). The transition Te;—Te,y, was investigated only at normal temperature. The
transition occurs at P ~ 11 GPa [6]. The phase Te; has an orthorhombic structure;
Teyy has a 5-Po structure. At P ~ 27 GPa the transition Te,y—Te,, occurs [6]; the
phase Tey has a BCC structure.

The melting curve of T& has been previously established up to 7 GPa (7] (figure 1).
The melt of the Te has also been actively investigated. Liquid Te has a smooth
transition from a semi-metallic state to a metallic state. At normai pressure the
transition occurs at T = 800-900 K and is accompanied by a change in coordinarion
number from 2.6 to 3 [8]. Near the melting temperature, metallization occurs at 0.3
0.4 GPa. On the melting curve a sharp change in slope was found [9]. This allows
one to assume that some volume anomalies are present in the melt. Anomalies in
the electrical resistance of molten Te at P < 1.8 GPa were found and reported in
{10] (see figure 1).
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Figure 1. P-T phase diagram of Te: —— , lines  Figure 2. P-T phase diagram of Te: ——, lines of
separating different phases of Te from the data in  the phase diagram of T& up to 7 GPa [7}; - ---, lines
[5)---~ lines of electrical resistance anomalies in  of equilibrium L-L' and Tey=Teyy from the data
molten Te [10}; *, regions in which the structure  in this paper; ====, weak irreproducible apoma-

factor of liquid Te was investigated [I1].

lies of TBA and resistance; O, T8A anomalies (the

dimension of symbol corresponds to the width of
the transition; @, anomalies in the conductivity; §,
width of transition near the critical point; *, regions
where the structure factor was measured [11]; @,
Teyy=Teyy transition in accordance with [6].

In [11] it was shown that the short-range order structure in the Te melt at P <
2.6 GPa is analogous to that for the crystalline phases Tey and Tey,, but at P ~
5.1 GPa the structure factor differs essentially from that at P < 2.6 GPa.

In this paper the experimental investigation of the P-T phase diagram of Te by
the thermobaroanalysis (TBA) method and by the measurement of electrical resistance
under pressures 1 GPa < P < 10 GPa is presented.

2. Experimental details

To produce a high pressure a chamber of ‘toroid’ type [12] was used which has
been calibrated by the well known phase transitions in Ce (0.7 GPa), Bi (2.55, 2.7
and 7.7 GPa) and Sn (9.4 GPa). The pressure-transmitting medium was pipe-stone.
Heating of the samples was achieved by passing an AC through a graphite heater. The
temperature was measured with chromel-alumel and Pt-(Pt-10% Rh) thermocouples.
The temperature range was 300-1100 K; the heating and cooling rates were —10-'-
102 K s~1. The change in pressure when a sample was heated was controfled by the
TBA method using the pressure dependences of the thermocouple’s EMF [13]. Volume
jumps under heating were also measured by TBA anomalies {3, 4]. The accuracies of
the pressure and temperature measurcments were 0.3 GPa and +£10 K, respectively.

The samples consisting of crystalline Te powder were placed in a container made
of graphite or NaCl. The phase composition of the samples after an cxperiment
was controlled by x-ray analyses (x-ray camera RKU-114; Cu Ko radiation). The
heater was surrounded by a NaCl or BN cylinder (external diameter, 6 mm; internal
diameter, 3 mm) to eliminate the influence of the phase transitions in the pipe-stone
on the TBA signal.
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Table 1. Changes in resistance at various transitions.

Transition  Pressure  Ap/p
GPa) (%)
Te-L 2 -30
Tey-L 35 10
Ten-Tem 35 -3

Table 2. Changes in volume at various transitions.

Treansition AV/V K

(%} (GPa)
Ty-Teny -5 54 (Teip)
Tep-Ten  —1.5 57 (Ter)
Teni-Tepy  —2.3 115 (Tepv)

The electrical resistance was measured by the voltage-to-current ratio; graphite

contacts were used.

To obtain the absolute values of resistance and volume jumps, well known data
on the phase transitions in Te [1,5,6] were used for calibration purposes (tables 1

and 2).

3. Results and discussion

In this paper the boundary of the Tey,~Teyy, transition and the melting curve up to

10 GPa were established.
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Figure 3. (@) Temperature dependence of the elec-
trical resistance and (b} the TBA dependence during
isobaric heating at P = 9 GPa.
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Figure 4, (a) Temperature dependence of the elec-
trical resistance and (b)) the T8A dependences during
isobaric healing at P = 3.7 GPa.
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The changes in the TBA signal and in the resistance during heating of a sample at
P = 9 GPa are shown in figure 3. The summarized data are presented in table 3, The
values of enthalpies were evaluated from the data on the values of jumps in volume
and values of dT'/d P for the transitions using the Clausius—Clapeyron equation.

The coordinates of the triple point Ry ~L'-Te,, are P = 7.6+ 0.3 GPa and
T=835z15K

In molten T the transition L-L’ was found (see figure 2). The triple point Tey~
L-L’ is located at P = 4.7:£ 0.3 GPaand T = 800+ 15 K. The slope of transition
L-L'is dT/d P = —100 K GPa~l.

Table 3. Summanized data.

Aplp AVIV  AH

Transition (%) (%) kY (mol~1)
Teni-Tery ~7+2 25£05 31
Tepy—-L7 2+1 61 20+ 5
L-L’ near triple point —-4*1 -1x0.3 2+0.5
Ty-L (P =4 GPa) 92 S+1 2044

The temperature dependences of the electrical resistance and TBA curves when a
sample was being heated at constant pressure P = 3.7 GPa are shown in figure 4;
the calculated values of Ap/p and AV/V are presented in table 3.

In some experiments at # = 1.5-3.5 GPa and T = 820-920 K, weak anomalies
in the TBA and resistance were obtained but these were so smooth and irreproducible
that they cannot be treated as tangible phase transitions (see figure 2).

On increase in temperature, the jumps in resistance and volume at the L-L'
transition decrease and at P < 1.6 GPa and T > 1120 X the jumps cannot be
observed at all.

The width of the L~L' transition near the triple point is about 0.6 GPa. The
change in the short-range order structure between 2.6 and 5.1 GPa described in [11]
is probably connected with the transition being discussed. Our estimations based on
the data in [11] on structure factor and on pressure dependence of the volume of Te
[6] show the short-range order in molten Te to be based on a BCC rather than on a
simple cubic lattice.

Usually structure changes in a melt are described on the basis of the two-liquid
madel of Rapoport [2, 14, 15], but the resuits in [3,4] and the data in this paper show
that a transition in a liquid may appear in rather narrow pressure interval (0.5 GPa).
This is in a better agreement with the model of Mitus and Patashinskii [16] where
the possibility of a first-order transition in a melt is admitted. Landau and Zeldovich
[17] were the first to show the possibility of a first-order phase transition in a liquid.

1t is known [18] that a melt near the melting point includes long-lived crystal-like
clusters. In [19] the model of a melt including only this kind of clusters is discussed
and it is shown that the free energy of a quasi-gas liquid with clusters may be less
than that of a ‘pure’ quasi-gas liquid. At the temperature T = T'* the fraction = of
clusters becomes zero; at melting temperature T, , z ~ 10% [18-20}. The number of
atoms in cluster for different melts is N = 10~50 [18].

Let us discuss the transition in a melt under pressure based upon the presence of
clusters in a liquid.
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Figure 5. The change in the proportion of different clusters in the melt near transition.

Let two phases with equal chemical potentials be present in a melt at P = F.
Clusters have different structure in these phases. The surrounding quasi-gas also has
a different density, coordination number, etc. If the melt is a mixture of two kinds
of melts, the chemical potential has an entropy addition due to mixing of different
kinds of clusters. The entropy term per cluster [21] is

Ad,, = Tlylny+ (1-y}n(l-y)]. 8y

y Is the fraction of clusters of the first kind; 1 — y is that of the second kind. Per
atom of the melt,

APy = {Tz/[yNy + (1 -y} NolHyIny + (1 - y)In(1-y)]. (2)

N, is the number of atoms in a cluster of the first kind, and N, that of the second

kind.
At P = Fj+ AP, A®, should be added to the chemical potential because of
‘PV addition’. Per atom of the melt,
AP, =z[(yA PV +(1-y)APV]. 3)

V4 and V; are volumes per atom of the clusters of the first and second kinds, respec-
tively, the volume of quasi-gas surrounding being considered as constant.
To summarize,

® = @y(T, F)) + {Te/[uNy+ (1- NG Hylny+ (1= v)In(1 - y)]
+ z[yAPV, + (1 - y)APV). (4

Varying ®(y) for the case N, = N, == N, one can obtain the fraction of clusters
corresponding to the minimum of the chemical potential:

Yopr = 1/{l + exp[(V; - V2)A PN /T]} )

iLe. at any pressure there exists a mixture of different clusters. At P = Fj,y = %
(figure 5).
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So, the pressure dependence of the concentrations of different ‘phases’ of a liquid
is analagous to that proposed by Rapoport but, in his model, atoms of different phases
are used instead of clusters. According to this, the AP interval where essential
alteration in the concentration of different melts takes place (say, from } to 2) using
the data of Rapoport is

AP ~T/(V, - V) (6)
and from equation (5) is
AP~ TV, - VN, (7}

So the width of the transition in our model may be in /N_ times less than in the model
of Rapoport. The volume and heat anomalies would take place in an interval A P,
the values of the jumps being proportional to z (the fraction of clusters in a melt).
Near T*, = decreases to zero [19); so T is a critical temperature.

On the assumption that the volume of surrounding quasi-gas also changes:

V=V + elay + 6(1 - ) &)

where Vj is the volume per atom of surrounding quasi-gas, and « and (3 are constants.
In this case,

Yo = 1/[1 + exp{[(V; ~ V) + (1= z)(a - BJAPN,/T}Y] (9
and the width of a transition is
AP =T/(V,~ Vy) +(1-a)a= BN, = Te/(AV,,N,)  (10)

where AV,,, is the value of the experimentally observed volume jump (AV,,,/V is
about 1%).

Taking, for Te, N, ~ 10-50 [18] and = ~ 0.1, we obtain AF ~ 0.2-1 GPa
near the meiting temperature; hence this model does explain the small width of the
transition. One can suppose that the local packing in clusters of liquid-L is based
on the orthorhombic structure and liquid-L’ is based on the BCC or simple cubic
structure.

4. Conclusion

This paper presents the experimental data on the investigation of the P-T diagram
of crystalline and molten Te by the TBA method and by resistance measurements.

In the Te melt the transition L-1’ was observed and the location of the transition
was established on the (P-T') plane. One can suppose that because of this transition
the change in short-range order structure in a melt takes place as was found earlier by
Yaoita et af [11]. The transition has all the features of a first-order phase transition,
The assumption of the presence of crystal-like clusters in a melt explains the narrow
transition interval.
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