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Abstract. We report here high-pressure x-ray diffraction (XRD) studies on tellurium (Te) at room
temperature up to 40 GPa in the diamond anvil cell (DAC). The XRD measurements clearly indicate
a sequence of pressure-induced phase transitions with increasing pressure. The data obtained in the
pressure range 1 bar to 40 GPa fit five different crystalline phases out of Te: hexagonal Te (I) -+
monoclinic Te(II) --4 orthorhombic Te (III) ~/~-Po-type Te(IV) --+ body-centered-cubic Te(V) at 4,
6.2, 11 and 27 GPa, respectively. The volume changes across these transitions are 10%, 1.5%, 0.3%
and 0.5%, respectively.
Self consistent electronic band structure calculations both for ambient and high pressure phases
have been carried out using the tight binding linear muffin tin orbital (TB-LMTO) method within
the atomic-sphere approximation (ASA). Reported here apart from the energy band calculations are
the density of states (DOS), Fermi energy (El) at various high-pressure phases. Our calculations
show that the ambient pressure hexagonal phase has a band gap of 0.42 eV whereas high-pressure
phases are found to be metallic. We also found that the pressure induced semiconducting to metallic
transition occurs at about 4 GPa which corresponds to the hexagonal phase to monoclinic phase
transition. Equation of state and bulk modulus of different high-pressure phases have also been
discussed.
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I. Introduction
High pressure studies of the group VIb (Se,Te and S) elements have created a renewed
interest in view of the fact that these elements undergo similar sequences of structural
phase transitions namely hexagonal -+ monoclinic ~ orthorhombic -->/3-Po-type ~ bodycentered-cubic at different pressures [ 1-5]. The stable form of these elements is trigonal
(hexagonal) and consists of spiral chains parallel to c-axis [ 1]. However, under pressure
at each structural transition point, there is a change in atomic configuration. Thereby,
the system attains a structure of higher co-ordination number [5]. The band structure of
the different high pressure phases and their structural stability, mechanism of these high
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pressure phase transitions, the subsequent equation of state and the bulk modulus (Ko) of
the respective crystallographic states, are the subject of active interest [6].
In particular for Te, the band structure and structural stability of the high pressure phases
have been first discussed by Doerre and Joannopoulos [7], their self-consistent pseudopotential calculations in case of an orthorhombic Te above 3.8 GPa show that the material
is metallic and the bond length asymmetry of the crystal is explained as an electronically
driven distortion. Shimoi et al [6] have studied the semiconducting (s) and metallic (m)
Te by the vector charge density wave (VCDW) model. They explained qualitatively the
s - m transition on the basis of difference in the free energies between s - m phases which
decreases with pressure. Later, Kirchhoff et al [8] carried out the total energy calculations
in the trigonal and orthorhombic phases by means of first-principles calculations, which
were performed within a local density approximation (LDA). At atmospheric pressure,
lattice dynamical calculation [9] has also been discussed in the literature, but systematic
studies on the DOS, Ef etc. at different pressures and also the theoretical interpretation of
s - m transition under pressure are few and far between.
In view of this, it was felt that a critical study under high pressures on crystalline Te may
be useful to reproduce the phase transformations and subsequently using the experimental
data, we can understand the details of band structure of the high pressure phases of this
element. This band structure calculation was performed using the TB-LMTO method in
the ASA [6,10,11 ].

2. Experimental
Te of purity better than 99.999% was used in this study. It was chemically analyzed in
the laboratory and then an XRD pattern was obtained under ambient conditions. Highpressure powder XRD experiments were carried out using the similar method as has been
published elsewhere [ 12-13]. The well-known ruby fluorescence technique was used for
pressure calibration. Pressure measurements were done as soon as pressure was changed
and then after the XRD experiment. No pressure relaxation was observed and an average
of pressure measured before and after x-raying is reported here.

3. Band structure calculations
3. 1 Crystal structure

Figure l(a) shows a schematic view of the hexagonal Te structure [1], the zigzag chains
of Te atoms are accommodated spirally with the space group D 4 : (3a)u 0 0; u u 1/3;
0 u 2/3 or D36 : (3a) u 0 0; u u 2/3; 0 u 1/3 where u = 0.269. As indicated in the figure, the spiral chain along c-axis has been represented by 0 1/3 2/3 or
0 2/3 1/3. Therefore, in the hexagonal unit cell there are three atoms at each lattice
point [Z = 3] as a basis in the special positions of space groups D 4 (c3121) or D 6
and one lattice point per unit cell. The complete 3d structure has been shown more
precisely in figure l(b) in which Te atoms are represented by three notations (black
spheres, full dotted spheres and partially dotted spheres) in order to indicate that each
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Figure 1. (a) A basal projection of the structure of trigonal (hexagonal) Te. The
spiral chain has been viewed along its c-axis. (b) Hexagonal Te (I) phase where each
unit cell has one lattice point and three atoms as a basis at each lattice point or Z =
3, represented by black spheres, full dotted spheres and partially dotted spheres. The
undotted spheres represent empty spheres. (c) Symmetry levels for the first Brillouin
zone of the hexagonal Te(I).

atom is surrounded by two atoms as nearest neighbours in the helical chain. Although a, b
and c axis are represented, for clarity we may state that black spheres, full dotted spheres
and partially dotted spheres planes are perpendicular to the c-axis. The undotted spheres
are indicating the empty spheres, which we have included without breaking the crystal
symmetry for making an open structure to a closed packing one. The co-ordinates of the
empty spheres which are introduced at the ambient condition are as follows : first sphere
: 0.3171, -0.1831, -0.2251, second sphere : 0, 0.3662, 0.2251 and the third sphere :
0.3171, -0.1831, 0.6754. Figure l(c) represents the symmetry labels for first Brillouin
zone of this crystal lattice.
Figure 2(a) shows schematically the monoclinic Te structure. There are dimerized planner zigzag chains, which are extending along the c-direction in the bc-plane forming puckered layers. These puckered layers are parallel to the ac-plane and are stacked along the
b-direction, which can be seen from figure 2(b). As proposed by Aoki et al [14], there are
two atoms at each lattice point and two lattice points per unit cell. Thus, this base-centered
monoclinic unit cell has four atoms in two symmetrically independent positions in the
space group P21 with Z = 4. For orthorhombic phase, as it is known that it can be represented by monoclinic phase except that here/3 attains 90 ~ therefore, the base-centered
monoclinic structure with transformation can be used as base-centered orthorhombic phase
of Te.
It is clear that the number of atoms per unit cell of hexagonal lattice (Z = 3) is less than
the number of atoms per unit cell in monoclinic and orthorhombic (Z = 4). However,
the atomic volume of hexagonal phase is more than that of monoclinic and orthorhombic
phases. This shows that there is a large empty space in hexagonal phase as compared to
monoclinic and orthorhombic phases. This has been shown schematically in figure 1(b)
where the empty space is represented by undotted spheres.
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(a)

(b)

Figure 2. (a) A schematic view of the monoclinic and orthorhombic phases
[/3 = 90~ It consists of puckered layers and zigzag chains. (b) Unit cell of base
centered monoclinic phase where there are two lattice points per unit cell and each
lattice point has two atoms as a basis represented by black spheres or Z = 4.

3.2 Method of calculation

We have carried out calculations for all phases by TB-LMTO method. This is an exact
transformation of Anderson [10-11] LMTO method to localized short range or tight binding orbital and it combines the desirable features of fixed basis methods as well as partial
wave methods [ 1 I]. The exchange-correlation potential within local density approximation
(LDA) [15] is calculated using parametrization scheme of von Barth and Hedin [ 16]. It is
well known that LMTO method works extremely well for high symmetry closed-packed
structures. Since, some of the Te phases are not high symmetric closed-packed due to chain
structure and covalent nature of bonds, it become necessary to include empty spheres [17].
It may be mentioned here that we have introduced three empty spheres per primitive cell
and in each primitive cell, there are three Te atoms. Hence the introduction of the empty
spheres does not break the crystal symmetry [18] (Figure l(a) and (b)). It may further
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be stated that the co-ordinates of all these atoms and empty spheres are calculated with a
program specially developed for this purpose. To optimize the calculations, sphere radii
for both cases were chosen in such a way, so that the difference in potential at the sphere
boundaries is minimum. The estimation of the radius of the empty sphere is carried with
the help of a program [lmes.run] and the maximum overlap between the atomic spheres
(Te/empty) is checked by lmovl.run. For example, for the present case, the radius of the
empty sphere is taken to be 2.25123, while that of Te atom is 3.20275 and the ratio is
0.7028 and the maximum overlap between the atomic spheres (Te/empty) is found to be
12%. However, with pressure these parameters change and the appropriate values are fed
through these programs. The 4s 4p 4d valence configuration was chosen to represent the
basis set. The self-consistent band structure calculations are carried out for 512 k-points
in the entire Brillouin zone for all phases. Combined correction terms were also included,
which account for non-spherical shape of the atomic cells and the truncation of higher partial waves inside the spheres, so the error in the LMTO method is minimized. Energy as
well as k-convergence is checked by increasing the number of k-points. The eigenvalues
are conversed up to 10-~ Ryd. The average Wigner-Seitz radius was scaled so that the total
volume of all spheres is equal to the equilibrium volume of the primitive cell. The estimation of empty spheres radii and overlapping of empty spheres is also done by scaling. We
have started with moments and as mentioned, the LMTO program is used to generate the
potential parameters and structural constants from these moments. For self-consistent calculations we have used the modified Broyden mixing scheme for mixing the moments and
potential parameters as come out for next iteration. Some initial calculated optimal choice
of previous iterations are mixed together to accelerate the approach to self-consistency.
Relativistic effects are included except spin-orbit-coupling which is neglected. Real space
tight-binding structure constants (s A alpha and s-dot^alpha) for combined correction (tbr
including combined correction into the hamiltonian when this switch is set) are generated
by 'inversion' (by TBSTR program) using Cholesky decomposition. Tetrahedral method
is employed to obtain the DOS [19].
It is worthwhile to mention that there are several methods for calculating the band structure apart from TB-LMTO method. However, the recent wide acceptability of this method
has come about because it is as fast as other methods with the advantage of being an
ab-initio method and also it provides very reliable results, which are consistent with experimental results [20].

4. Results and discussions

4.1 X-ray diffraction (XRD) and phase transformations
Four different runs were made both on increasing and decreasing pressures. We present
two experiments to illustrate the results. The first run up to 37 GPa emphasizes the structure
changes during the increasing and decreasing pressure cycle, while the second one focuses
mainly on the determination of the pressure points at which these transitions are occurring. The transformations from crystalline state to another and their stability are described
below:

(i) Te(l) up to 4 GPa: The obtained d-spacing at the normal atmospheric pressure can be
fitted very well with the hexagonal structure which has already been reported elsewhere
Pramana - J. Phys., Vol. 52, No. 3, March 1999
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[1-2]. Six different pressures have been studied and in all these pressure points the dspacing of the representative major peaks can be fitted very well with hexagonal structure.
The different planes (100), (011), (012), (111) etc. agree well with the earlier reported
data [ 1].

ii) Te (11) between 4 and 6.2 GPa: As pressure is increased above 4 GPa, a distinct change
in the peaks is observed. Since it is known that these peaks can be indexed on the basis
of a monoclinic unit cell, d-spacing curve is not shown here. It may be mentioned that the
monoclinic Te(II) observed in this study is quite similar to the monoclinic Te(lI) observed
by Ohmasa et al [4].
iii) Te(lll) between 6.2 and 11 GPa: Ten diffraction peaks show a subtle change in the
pattern. This systematic change in the peaks corresponding to the different d-spacing has
already been reported in the literature [ 1,4]. The d-spacing of the representative peaks can
be fitted well with orthorhombic unit cell [4].
iv) Te (IV) between 11 and 27 GPa: Some fourteen diffraction peaks, which were observed
in the orthorhombic phase drastically, reduce to only five peaks. The disappearance of so
many diffraction peaks has been already discussed [5], where it is shown that the decrease
in the number of diffraction lines are accomplished by a change from the doublet to a
singlet line with a continuous narrowing of the line width. We have also observed same
behaviour in Te(IV). Following their arguments, we have attempted to fit the data to 8Po-type [primitive rhombohedral]. The best fittings can be obtained only on the basis of
a 13-Po structure belonging to the space group R3m. The lattice constant in the hexagonal
setting are shown in tables 1 and 2.
v) Te(V) above 27 GPa: There are definite changes in the diffraction peaks and thereby
the d-spacing. As has been reported by Parthasarthy and Holzapfel [1], we have attempted
to fit with the bcc structure, except one very weak peak. All of them fitted well with the
reported data [ 1].
In order to get a picture of what is happening under pressure, we have summarized our
results in table 1 and also in figure 3 where the lattice parameters a, b and c have been
plotted with pressure. It may be mentioned here that the standard errors for the lattice
constants from the program used to fit these data are 0.1% and A V / V is 0.3%, while the
pressure is measured by the conventional ruby fluorescence technique and the estimated
uncertainty in the pressure is within 10%. As mentioned before, run # AI is 1 bar data and
obtained from in-situ experiment. The recovered sample at 1 bar after the high-pressure
experimentation also showed all the peaks, which have been observed, at the beginning of
the experiment and this supports the fact that the phase transitions are reversible.
The changes in the lattice parameters with pressure are clearly observed at different
phase transition pressure points [figure 3]. In phase (I), with the increase in pressure, aparameter decreases while c-parameter increases which is in agreement with the earlier
reported data of Se as well as Te [21]. Similarly, above 4 GPa the hexagonal phase(l)
transform to monoclinic phase (II) with almost 10% change in A V / V . This drastic first
order transition has been explained from the fact that the helical chain with the three coordination number (Z) transforms to a dimerized planner zigzag chains of Z = 4. It is
further observed that this zigzag chain is extending along the c-direction in the b-c plane,
which stacks in the direction forming puckered layers. Like Se, the puckered layers are parallel to the ac-plane and are stacked along the b-direction. Aoki etal [22], has shown that in
this monoclinic structure, the space group is P21 and four atoms are in two symmetrically
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Table 1. Lattice parameter (a, b, c and/3), number of molecules per unit cell (Z), and
the normalized atomic volume (V/Z) at various pressures and at room temperature.
Run
No.
A1
A2
A3
A4
A5
A6
A7
A8
A9
A 10
A 11
AI2
A 13
A14
AI5
AI6
AI7
A18
A19
B1
B2
B3
B4
B5
B6
B7
B8
B9
B 10
BI1
B 12
B 13
B 14
B 15

Pressure
(GPa)
0.0001
1.0
2.2
3.83
4.9
5.6
6,0
7.6
8.5
10.2
12.6
14.0
15.9
17.5
21.0
26.5
31.5
35.0
37.0
0.5
2.9
4.1
5.2
6.6
8.1
9.2
11.2
13.2
14.5
24.0
27.0
28.8
32.5
39.0

a

b

c

fl

(,~)
4.466
4.347
4.233
4.058
2.980
2.971
2.969
2.960
2.957
2.950
4.654
4.678
4.651
4.658
4.648
4.633
3.453
3.441
3.437
4.398
4.158
2.991
2.978
2.968
2.962
2.953
4.695
4.678
4.671
4.642
4.631
3.466
3.449
3.426

(,~)

(,~)
5.774
5.876
5.980
6.218
4.720
4.694
4.688
4.612
4.594
4.572
3.749
3.661
3.603
3.564
3.498
3.452

(o)

7.380
7.301
7.261
7.161
7.081
7.059

7.459
7.282
7.207
7.138
7.071

5.857
6.027
4.732
4,713
4.637
4.593
4.581
3.728
3.689
3.651
3.461
3.422

94.0
92.5
91.0

94.9
93.1

Z

V/Z

3
3
3
3
4
4
4
4
4
4
3
3
3
3
3
3
2
2
2
3
3
4
4
4
4
4
3
3
3
3
3
2
2
2

(A)3
33.253
32.063
30.943
29.570
25.887
25.437
25.267
24.440
24.052
23.810
23.446
23.129
22.506
22.329
21.819
21.400
20.585
20.375
20.315
32.716
30.086
26.305
25.515
24.802
24.280
23.917
23.723
23.309
22.996
21.530
21.193
20.835
20.530
20.111

independent positions. It is clear that b parameter as well as the angle/3 between the a-and
c-axes (table 1) decreases with the increase in pressure while a and c parameters change
marginally with it and this agrees well with the observation of Ohmasa et al [4]. It may
be mentioned here that b parameter represents the interlayer distance between the zigzag
chains, therefore rapid decrease of the interlayer distance as well as/3 angle signifies that
the structure would slowly be unstable from the free energy consideration. This is precisely
happening at around 6.2 GPa where the rate of decrease of b-parameter reduces a l s o / 3
becomes 90 ~ and the structure transform to orthorhombic phases Te(III).
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Table 2. Lattice parameters of/3-Po phase.
Pressure
(GPa)

an

oln

V

(c/a)H~x.

11.2
12.6
13.2
14.0
14.5
15.9
17.5
21.0
24.0
26.5
27.0

2.981
2.963
2.967
2.963
2.958
2.941
2.940
2.925
2.917
2.912
2.907

103.8
103.5
104.0
104.2
104.2
104.4
104.7
105.1
105.3
105.4
105.6

23.723
23.446
23.309
23.129
22.996
22.506
22.329
21.819
21.530
21.400
21.193

0.794
0.805
0.788
0.782
0.781
0.774
0.765
0.752
0.746
0.745
0.739

Pressure (GPa)
Figure 3, Lattice parameters as a function of pressure of different phases.
The sudden disappearance of large number of diffraction peaks above 11 GPa, has
already been concluded as the structural transition from the orthorhombic to/3-Po-type
[1,5]. A/3-Po-type primitive rhombohedral lattice can be derived from a bcc Bravais
lattice by a rhombohedral distortion along (111) direction. It is found that because of
this distortion, rhombohedral angle decreases from 109.26 ~ (bcc lattice). The amount
of change in the angle depends directly on this distortion. Therefore, under this distorted condition, there will be a definite change in the atomic configuration. In the orthorhombic structure, as mentioned, it was four, however, in the present configuration,
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Pressure (GPo)
Figure 4. Lattice parameter a and c as function of pressure in the/3-Po phase in the
hexagonal consideration and the inset shows the ratio of c and a as function of pressure.
there will be six first nearest neighbours with a bond distance of dl and two second nearest
neighbours with a bond distance d2 which corresponds to Z = 3. The rhombohedral lattice
constants and art and art can be defined in terms of a hexagonal lattice constants with an
and CH such that,
aH = 2art sin(art/2)

(1)

CH/aH = [9/(4 sin 2 (aFt/2)) -- 311/2.

(2)

The ratio CH/aHindicates the magnitude of the (11 l) distortion and when the system is
distortion free, this ratio is equal to 0.612.
An attempt has been made to explain our results based on/~-Po structure. Figure 4 shows
the hexagonal lattice parameters and the inset shows the ratio ell~all as a function of pressure. It is clear that oH/all decreases with pressure which signifies that because of the
distortion, the system although attains an energetically stable structure, but as the pressure
is increased it attains a favorable structure of high symmetry. Table 2 shows the cH/an
ratio and bond angle (c~rt) as a function of pressure. It indicates that with the enhancement
of pressure up to 27 GPa, cn/aH ratio decreases while art increases. As mentioned in
the distortion free system art = 109.26 ~ and cn/aH = 0.612, therefore above 27 GPa,
the system attains this distortion free high symmetry state discontinuously. These observations have been already reported in the case of Se and this discontinuous transform from
/3-Po to bcc structure have attributed to the properties of the covalent solids under pressure [5]. It is emphasized that a pressure-induced breakdown of directional bonds are
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Pressure (GPa)
Figure 5. Atomic volume (V/Z) of Te(I), Te(lI), Te(III), Te(IV) and Te(V) as function
of pressure.
very common in these elements. Thus the increase in the number of nearest neighbours has
been shown due to the sudden drastic increase in dl, above 27 GPa. In fact, in bcc face the
nearest neighbour has been increased to eight which yields Z = 2. Te(V) has been found
to be very stable up to 40 GPa.
The effect of pressure on the lattice parameters and the atomic volume are shown in
table 1 and also shown in figure 5. These data seem to indicate that Te(I) --+ Te(II) transition
is quite sharp, while the volume changes due to the transition Te(II) -4 Te(III), Te(III) ---r
Te(IV) and Te(IV) -4 Te(V) is relatively small. The sharp change for Te(I) to Te(II) is
explained due to the change from a spiral structure to a puckered structure as discussed
by Akahama et al [5]. The small changes for Te(II) to Te(III) and Te(III) to Te(IV) are
probably resulted from some minor distortions in the puckered structure as revealed by the
close relationship among their lattice parameters.

4.2 Band structures and density of states
In tellurium, electrons up to 4d [10] constitute the atomic core while 5s and 5p electrons
are the valency electrons which are responsible for different solid state properties like the
band structure, DOS etc. To find equilibrium volume at ambient pressure, the total energies
were computed by changing the cell volume [20]. It is found that the experimental volume
at ambient pressure is not reproduced by calculation but it is overestimated (< 5%) than
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(a)

BAND STRUCTURE
(b)

DOS (States/Ry. cell)

(c)

TOTAL DOS (States/Ry, cell)

Figure 6. (a) Calculated band structure of Te(I) from TB-LMTO method at ambient
pressure for different symmetry levels of the first Brillouin zone. (b) The corresponding partial DOS of our band structure calculation. (c) The corresponding total DOS of
our band structure calculation.
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DC~ (sta~Ry. csll}

8AND STRUCTURE

Figure 7. Calculated band structure and corresponding DOS from TB-LMTO method
at different pressures for different symmetry levels of the first Brillouin zone for (a)
monoclinic phase, (b) orthorhombic phase, (c)/3-Po phase and (d) bcc [dotted line
represents El].
that of calculated value. This may be due to the fact that experimental observations have
been taken at room temperature whereas, calculations have been carried out at 0 K.
Figure 6(a) shows the band structure calculated by us at ambient pressure (corresponding partial and total DOS are shown in figure 6(b) and (c)). The band structure for other
different high pressure phases have also been obtained using the data from table 1 and
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are shown in figure 7(a)-(d) for the different phases namely monoclinic at 4.1 GPa, orthorhombic at 6.6 GPa,/3-Po rhombohedral at 11.2 GPa and bcc at 27 GPa, respectively.
Absence of band gap and the non-zero DOS at Ef show that all these phases are metallic
in nature. Although the full spectrum makes.it difficult to compare the results near Ef it
provides all the information about the band structure. In particular, the semiconducting
phase shows a band gap of 0.4218 eV as compared to earlier reported value 0.35 eV [6].
When we have calculated in the narrow region in figure 6, this does not provide the whole
spectrum of band structure as shown for different high pressure phases in figure 7. It may
be mentioned here that the number of bands plotted vary with the introduction of atoms
to unit cell, therefore, there is a difference in number of energy levels, for example, we
have four energy levels groups in monoclinic and orthorhombic while three energy levels groups in hexagonal and/3-Po and two energy levels group in bcc phase. In order to
give comparative studies of our calculations with already published results, we have compared the band structure obtained by Shimoi et al [6] at the atmospheric pressure which is
shown in figure 8(a). Comparison of figure 6(a) with figure 8(a), it is clear that although
band structure with corresponding DOS were obtained by Shimoi et al [6] using the vector
charge density wave (VCDW) model, the features of the bands in both these cases are quite
similar namely: this phase is a semiconducting phase with a definite band gap. The upper
cluster of bands are mainly due to 4p orbital in both these cases. However, in our case
lower three bands are additionally shown which occur due to 5s orbital. In both the cases,
the dotted line represents El. For further verification of their result, Shimoi et al [6] have
included the x-ray photoelectron spectroscopy (XPS) data which is shown by the dashed
line in figure 8(a).
In order to check it further, we have compared our calculated band structure with the
corresponding DOS in the monoclinic phase with the results of Doerre et al [7] by pseudopotential method which are shown in figure 8(b). Here also the lower part of the bands
are due to 4s orbital while the upper part is due to 4p orbital. In this case nonzero DOS
at Ef indicates that this phase is a metallic phase. This clearly explains that the results
obtained from TB-LMTO method are very similar to other methods.

4.3 Semiconductor to metallic transition

As discussed, hexagonal phase is a semiconducting phase while all the other high-pressure
phases are metallic phases. This is also clear also from our calculations, which is shown
in figures 6 and 7. This has been explained from the fact that as the pressure increases
interatomic distance and hence the volume per unit cell is also decreased. Because of this
decrease, atoms approach closer to each other and as a result the conduction and valence
bands overlap each other to form a single partially filled band, which shows metallic character of the phase. The lower bands are mainly due to 4s electrons, while 4p electrons
mainly contribute the upper bands. The bands which cross the Ef are mainly coming from
4p orbital. The major contribution to the density of states [N(Ef 1 at Fermi level is, therefore, coming from 4/9 electrons. In orthorhombic phase, similar type of band structure and
DOS is observed as shown in figure 7(b). This phase is also a metallic phase. Here also
the bands which cross the Ef are mainly coming from 4p orbital. Figures 7(c) and (d)
also indicate metallic nature corresponding to 13-Po rhombohedral and bcc, respectively.
The semiconductor to metallic transition starts at about 4.0 GPa, which corresponds to
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Figure 8. (a) Calculated band structure of hexagonal-Te with corresponding DOS
obtained by Shimoi et al [6] by the vector charge density wave (VCDW) model. The
dashed lines shows the XPS data. (b) Calculated band structure of metallic-Te from
pseudopotential method obtained by Doerre et al [7] for different symmetry levels of
the first Brillouin zero.
hexagonal to monoclinic structural transition and this, is in agreement with the experimental observations of Akhama et al [3] where the reported semiconductor to metallic
transition is about 4 GPa on the basis of resistivity data.

4.4 Equation of state
From the P - V data given in table 1, the zero pressure bulk modulus (Ko) of the hexagonal
phase of the Te is derived from the second order Birch-Murnaghan equation
p = 1 . 5 K o [ X (-7/~) -

X(-~/3)][1 -

~ ( X (-2/3) -

1)]

(3)

where X = V/Vo, ~ : (3/4)(4 - K~) and K~ = (dK/dP)T. As has been mentioned that
simultaneous fit of K0 and K~ would not be physically realistic. Assuming K~ = 4, the

316

Pramana. J. Phys., Vok 52, No. 3, March 1999

High pressure phases in tellurium
Table 3. The observed (Obs.) a, b, volume ratios, Ko and K~ have compared with
reported (Rep.) data by Parthasarthy and Hozapfel [1].

Vo:lVo,

Ko

K~

Ko

K'o

Phase

a

b

(Obs.)

(Obs.)

(Obs.)

(Rep.)

(Rep.)

Te(II)
Te(IlI)
Te(IV)
Te(V)

-0.725
-2.136
-3.470
-10.25

19.555
32.051
43.687
79.921

0.898
0.828
0.801
0.709

25.12
49.66
73.19
177.80

4.0
4.0
4.0
4.0

54.0
57.0
115.0
42510

4.0
4.0
2.0
5.0

Pressure (GPa)

Figure 9. V/Vol as a function of pressure for Te(I), Te(II), Te(IlI), Te(IV) and Te(V)
as represented by the different symbols. All the solid lines are derived from the fitted
program.
value of Ko for Te(I) is found to be 24.5 GPa and Vol = 33.2533 (A) 3 and these agree well
with the reported value [5]. It is to be mentioned here that zero-pressure volume of the
high-pressure phase is not known, therefore Ko cannot be determined directly using (3).
However, Jeanloz [23] has shown that the equation of state for high-pressure phases can
be obtained from P - V data using the finite-strain analysis. This method transformed the
pressure and volume data into a normalized pressure (G) and a strain parameter (g) such
that
C = P/[3(1 + 2g)2'5], and g = 0.5[(V/Vot) -2/3 - 1].

(4)

Then the data of G-g are fitted to the finite-strain expansion of the stress such that,

G = a + bg+ cg 2 + . . .

(5)

The coefficients of a, b and c have been derived as; a = [(a 2 - 1)~2]aSK02[1 + ~(1 a2)],b = aTK02[1 + 2((1 - a2)] and c = -2~a9K02 where a = (Vol/Vo2) 1/3, and
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= 0.75(4 - t(~.)). The values of K02 and tf~.~ may thus be determined. As mentioned
hefore, the quality of the XRD data and the limited pressure range for the polymorphous
wilI not permit us to determine both K0 and K6 values from our P - V data. Therefore,
a linear fit has been followed which usually shows that last few data may be off the trend.
Assuming I(/r~ = 4, we have c = 0 and c = 0, and .this reduces (5) to a simple linear
relalionship, G = a + b9. The Corresponding data of a, b, Vx/Vol, Kox and K~:,: are
shown in table 3 and compared to the already published data [1]. Figure 9 shows V.~/Vol
plot as a function of pressure, both the experimentally obtained data points as well as the
theoretically calculated.

5. Conclusion
From our XRD measurements and the band structure calculations, we have shown that
I. A sequence of pressure-induced crystal to crystal phase transitions occur with increasing pressures, namely hexagonal Te(I) ~ monoclinic Te(II) --+ orthorhombic
Te(III) --+/~-Po-type Te(IV) --+ body-centered-cubic Te(V) at 4, 6.2, 11 and 27 GPa,
respectively. The volume changes across these transitions are 10%, 1.5%, 0.3% and
0.5%, respectively. The zero-pressure bulk modulus of Te(I), Te(II), Te(III), Te(IV)
and Te(V) is computed to be 24.50, 25.12, 49.66, 73.19 and 177.60 GPa, respectively.
2. The critical analysis of the band structure in the whole pressure region shows that
(i) the lower energy orbital (4s orbital) remain unsplit and, therefore, 4s bands lie
deeper, indicating that the 4s electrons in all phases are localized. This is also reflected in the corresponding DOS histograms. Since 4s electrons lie in the lower part
of energy band, they are generally localized, and hence 4p electrons are mainly responsible for all physical properties, (ii) an energy band gap of 0,4217 eV is found to
be existing in the hexagonal phase near the Fermi energy which makes the hexagonal
phase a semiconducting phase while monoclinic and orthorhombic,/3-Po rhombohedral and bcc phases are the metallic phases, (iii) the semiconducting to metallic
transition occurs at around 4 GPa and the metallic behaviour increases with the increase in pressure. The close agreement between them justifies the validity of such
a method.
3. From table III, the zero pressure bulk modulus for Te(I), (II), (III) (IV) and (V) are
24.50, 25.12, 49.66, 73.19 and 177.60 GPa, respectively. The Vo/Z for Te (I) to (V)
are 33.253, 29.666, 27.561, 26.654, and 23.605, respectively (A,)3. The comparison
of K0 shows that even at 40 GPa, our K0 value is comparatively less than that of
super hard materials like CaTiO3, [210 GPa] or CdTiO3 [212 GPa] [24].
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