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V. E. ANTONOV",*, 0. I. BARKALOV", 

V. F. FEDOTOV", A. I. HARKUNOV", T. HANSEN', 
E. G. PONYATOVSKYa and M. WINZENICKd 

M. CALVO-DAHLBORG~, u. DAHLBORG~, 

a Z n s t i t u t e  of Solid State Physics RAS, 142432 C h e r n o g o l o v k a ,  
Moscow District, Russia; bLSG2M, CNRS UMR 7584, Ecole a h  Mines, 
Pare de Saurupt, 54042 Nancy Cedex, France; CZnst i tu te  h u e - L a n g e v i n ,  
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Phase transformations occurring in initially amorphous Znd1 SbSs semiconductor at 
pressures to 10GPa and temperatures to 350°C were studied using the measurement of 
electrical resistance, in situ energy dispersive X-ray diffraction and neutron diffraction on 
quenched high-pressure phases at ambient pressure. The studied T- P region involves 
the regions of reversible and irreversible crystallisation and phase transitions between the 
equilibrium crystalline low-pressure and high-pressure phases. 

Keywords: Amorphization; Pressure; X-ray diffraction; Neutron diffraction 

1. INTRODUCTION 

In the Zn- Sb system, a crystalline metallic 6-Zn41Sb59 phase with 
a yet undetermined crystal structure is formed at pressures above 
7 GPa and temperatures above 250°C [l]. This phase can be retained 
at ambient pressure if previously quenched under a high pressure to 

*Corresponding author. e-mail: antonov@issp.ac.ru 
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262 V. E. ANTONOV et al. 

liquid nitrogen temperature. On heating at ambient pressure to 
room temperature, 6-Zn41Sb59 transforms to amorphous state, the 
am1 phase [1,2]. Placed under a high pressure again, the aml phase at 
room temperature undergoes a reversible first order phase transition to 
another amorphous phase, am2, at about 1 GPa [3]. The um2 phase 
transforms to a crystalline y-Zn41Sb59 phase with a simple hexagonal 
lattice at about 6 GPa [4]. Phase transformations of initially amor- 
phous Zn4*SbS9 at elevated temperatures were studied within the 
T-P region of 1 atm to 6GPa and 17°C to 200°C [5] .  This region in- 
volves the crystallisation line descending from 180°C at ambient pres- 
sure to 80°C at 5 GPa and the nearly vertical line of the aml c-) 
am2 transformation terminating in a critical point at about 100°C, 
see Figure 1. 

In the present study of Zn41Sb59, the T - P  region is extended to 
10 GPa and 350°C in order to include the line of the y --+ 6 transition 
and the lines of transitions between the high-pressure 6-phase and the 

P [GPa] 

FIGURE 1 T-P phase diagram for initially amorphous Zn4,SbS9. am, and am2 are the 
low- and high-pressure amorphous semiconductor phases, y and 6 are the high-pressure 
semi-metal and metal phase. The solid and open circles and diamonds indicate revers- 
ible transitions between corresponding states at increasing and decreasing pressure, 
respectively. The right and left arrows show the pressure intervals of the am + y and 
y + am transitions according to the X-ray data of Figure 3. The asterisks indicate the 
positions of the irreversible transitions of the om and y phases to a mixture of ZnSb+ Sb 
at increasing temperature; the open triangles indicate the irreversible 7 -+ 6 transitions. 
The star marks the position of the critical point of the am, ++ umz equilibrium line. The 
vertical dashed line at 3.3 GPa shows the tentative position of the line of the urn2 tt y 
metastable equilibrium. 
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AMORPHOUS Zn- Sb ALLOY UNDER HIGH PRESSURES 263 

mixture of ZnSb compound and antimony stable at low pressures. 
The transition lines are constructed using the electrical resistance 
measurement. The crystal structures of the y-phase and 6-phase are 
examined by X-ray diffraction at high pressures using a diamond anvil 
cell and synchrotron radiation. The structure of the quenched 6-phase 
is also studied by neutron diffraction at ambient pressure and lOOK 
using samples made of Sb alloyed with Zn of the natural isotopic 
composition and with 67Zn isotope. 

2. EXPERIMENTAL 

A pellet of amorphous Zn41Sb59 7.5mm in diameter and 3mm thick 
was prepared by the same procedure as previously [5].  The electrical 
resistance was measured with the samples 5-8mm long and 1 x 1 mm 
across cut from this pellet. The sample was placed in a Toroid-type 
high-pressure chamber using hexagonal BN as pressure transmitting 
medium and the resistance was measured by a d. c. four-probe method 
with copper electrodes pressed against the sample. The temperature 
and pressure were determined accurate to within f 7°C and f 0.3 GPa, 
respectively. 

Energy dispersive X-ray diffraction (EDXD) was performed with 
synchrotron radiation and diamond anvil cells in HASYLAB at 
DESY, Hamburg. A piece from a pellet of amorphous Zn41Sb59 of 
nearly 150 pm diameter and around 20 pm thickness was loaded with 
white mineral oil and a few ruby grains into the central hole of the 
Inconel gasket [6]. The spectra were recorded by a Ge detector over 
periods of 10min in the course of the step-wise changes in pressure, 
which was measured by the ruby luminescence technique with an 
accuracy of f 0.1 GPa. The diffraction angle was 26 = 9.7174" or 
1 1.5666" for minimum overlap of the antimony fluorescence lines with 
the diffraction halos of the amorphous phases and with the diffraction 
lines of the crystalline phases, respectively. 

The samples of the 6-phase with natural Zn and with 67Zn were 
studied by neutron diffraction at 100 K with neutrons of a wavelength 
of X = 2.41 A using the D20 instrument at the ILL, Grenoble. The 
samples weighing about 1 g each were produced by exposing powdered 
and pelletised mixture of ZnSb and Sb to 8 GPa and 325°C for 24 h. 
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264 V. E. ANTONOV et al. 

The background was determined in a separate empty-can measure- 
ment and subtracted from the measured diffraction patterns. 

3. RESULTS AND DISCUSSION 

Figure 1 presents the T - P  diagram of Zn41Sb59 that combines the 
data of Ref. [5] and the present work. Figure 2 shows representative 
dependences of the electrical resistance used in the present work to 
construct the lines of transitions involving the &phase. 

To measure the p(P)  isotherms in the region of the ZnSb+Sb H S 
transformation (Fig. 2a), the amorphous Zn41Sb59 samples were first 
crystallised to a mixture of ZnSb+Sb by heating at a low pressure. 
According to the phase rule, the transition between the thermo- 
dynamically equilibrium two-phase ZnSb + Sb state and single 6 state 
should be a complex multi-step process. However, judging by the 
presence of only one step in the p(P)  isotherms, the pressure intervals 
of the intermediate transitions significantly overlap. Therefore, 
only midpoints of the steps in the p(P) dependences were plotted in 
Figure 1. 

FIGURE 2 The isotherms (a) and isobars (b) of the electrical resistivity, p, of Zn4,Sb5g 
measured on a step-wise increase (solid circles) and decrease (open circles) in pressure 
and temperature, respectively. 

D
ow

nl
oa

de
d 

by
 [

M
cG

ill
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 1
4:

07
 2

8 
N

ov
em

be
r 

20
12

 



AMORPHOUS Zn-Sb ALLOY UNDER HIGH PRESSURES 265 

The midpoints of the steps in the p(T) isobars (Fig. 2b) measured 
at increasing temperature were taken as the temperatures of crystal- 
lisation of amorphous Zn4,Sbs9. The product of crystallisation, either 
the &phase or a ZnSb + Sb mixture at lower pressures, was identified 
by X-ray diffraction on quenched samples at ambient pressure 
(DRON-2.0 diffractometer, CuK, radiation, 100 K). The results agree 
with the position of the ZnSb + Sb H 6 equilibrium line at P = 7.1 GPa 
shown by the vertical dashed line in Figure 1. 

The elements of the T-P  diagram positioned below the crystal- 
lisation line in Figure 1 refer to metastable equilibria between the 
phases with one and the same composition Zn41Sb59. Figure 3 presents 
the room-temperature X-ray patterns demonstrating a reversible 
transformation between the crystalline y-phase and the amorphous 
phase characterised by two broad diffraction halos. Partial crystal- 
lisation of the am2-phase to the equilibrium ZnSb+ Sb mixture 
occurred at pressures of 5 to 6GPa because of the too slow pressure 
increase in this pressure interval where the amorphous state is most 
thermally unstable. No such crystallisation was observed in other our 
experiments. The label ‘ZnSb+Sb’ in Figure 3 marks the peak com- 
posed of the strongest diffraction lines of ZnSb and Sb. 

T =  23% P [GPo] 

0 

0 41 

1 do  

- - 740  

6 30 
5 4 0  

amorph 0 -  - 0 
EL- i-11 FL 

I . , . , . , . , .  

10 20 30 40 50 60 
EtKeVl 

3 

FIGURE 3 The EDXD spectra of the initially amorphous Zh1Sb59 alloy measured at 
room temperature and different pressures in the course of a stepwise pressure increase 
and further decrease (the sequence is from the bottom of the figure upwards) using a dif- 
fraction angle of28 = 9.7174”. The fluorescence lines have been subtracted; their positions 
(FL) and the positions of the escape lines (EL) are indicated with solid vertical bars. 
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266 V. E. ANTONOV et al. 

In agreement with Ref. [4], diffraction patterns of the y-phase can 
be indexed with a simple hexagonal cell, space group P6 (No. 168). 
As seen from Figure 4, the cell parameters vary with pressure ap- 
proximately linearly. Their values at 8 GPa are ahex = 3.018A and 
chex = 2.742 A. Linear extrapolation to ambient pressure gives 
ahex = 3.068 A, chex = 2.793 A and the atomic volume V, = 22.76 A3/ 
atom; the compressibility is EE, = - (l/V,)(8VU/8P) = 0.0069 GPa-I. 
For comparison: the atomic volume of the amI-phase under ambient 
conditions is 27.2A3/atom [5],  Z E , ~ ~ =  0.026 GPa- ', zam2 = 0.016 
GPa- and the volume decrease accompanying the aml -+ am2 transi- 
tion at room temperature is 0.8% [3]. The volume effect of the am2 H y 
transformation calculated using these data is about 12% at a pres- 
sure of 3.3 GPa, the centre of the hysteresis interval of the am2 H y 
transformation at room temperature. The effect is large and therefore 
the slope of the line of the am2 H y metastable equilibrium must also 
be large according to Clapeyron equation. This line is schematically 
shown in Figure 1 by the vertical dashed line erected at 3.3 GPa. 

Relative intensities and widths of diffraction lines of the y-phase 
were well reproduced in 5 our EDXD experiments with different pieces 
of the initial amorphous Zn4,SbS9. This suggests the small grain size 
and the absence of significant texture in the samples. However, as seen 

2.70 
0 2 4 6 6 1 0  

P IGPal 

FIGURE 4 The lattice arameters, q,ex and chcx, of the simple hexagonal cell and the 
atomic volume V, = (JiP/2)u&,q,e, for the ?-phase as a function of increasing (solid 
circles) and decreasing (open arcles) pressure at room temperature. The crosses show the 
atomic volumes V, = ao,&,fihcorth/2 of the &phase with an orthorhombic pseudosell. 
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AMORPHOUS Zn- Sb ALLOY UNDER HIGH PRESSURES 267 

from Figure 5 ,  the experimental intensities strongly differ from those 
calculated for the simple hexagonal cell. In particular, the integral 
intensities of the (OOl), (002) and (102) lines are much higher than 
calculated. For instance, the experimental intensity ratio for the (001) 
and (100) peaks is about 2: 1 instead of the calculated 1 : 3. Addi- 
tionally, the width of the (001) line is by about 1.5 times smaller than 
the width of the (100) line. 

The above peculiarities in the X-ray patterns of the y-phase can 
be ascribed to chaotic static displacements of Zn and Sb atoms in the 
(001) planes, the arrangement of these planes along the z-axis 
remaining periodical. The resulting disc-like clouds of displacements 
are schematically shown in Figure 6 and can be modelled in the 
framework of the space group P6 by displacing some atoms from the 
position l a  (O,O,O) of the simple hexagonal structure to the position 
6d (x, x, 0).  With x = 1/3, a satisfactory profile fit of the experimental 
EDXD spectra of the y-phase can be achieved with about 35% atoms 
on the 6d sites, irrespective of the pressure applied. 

In one EDXD experiment, the Zn41Sb59 sample was heated to 100°C 
at P = 8 GPa for 2 h in order to transform it to the 6-state and then 
cooled and studied at room temperature. As can be seen from com- 
parison of curves (a) and (b) in Figure 7, the positions and relative 
intensities of the first three strong lines of the &phase did not differ 

0 1  - --I 

FIGURE 5 The EDXD spectrum of y-Zn&b59 at P = 8 GPa and 219 = 11  5666" (solid 
line) and the calculated profile for the phase with the simple hexagonal lattice (dashed 
line). 
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268 V. E. ANTONOV et al. 

u-phase: born= aorn 43 &phase: bo&c aom 43 

FIGURE 6 Schematic plots of the (001) planes in the unit cells of the y- and 6-phase 
formed at high pressures at room temperature. The dashed circles and ellipses illustrate 
the symmetry of distribution of static displacements of atoms in these planes. &.x and 
bhcx are the parameters of the simple hexagonal cell, aofih and berth of the orthorhombic 
cells. 

I J I  I I / I l l  1 1 1 1  1 -- I#; 1 0 2 1 0 2 2 1  0102 
I 2 0 3 0023 4122 f 

C 

0 3  0.4 0.5 3.6 0.7 08 01 
d-' [A*'] 

FIGURE 7 The EDXD spectra of the y-phase (a) and &phase (b) measured at a 
pressure of 8 GPa and room temperature using a diffraction angle of 26= 11.5666", 
and the neutron diffraction spectrum of the quenched &phase (c) measured at ambient 
pressure and 100K. The x-axis is in units of reciprocal inter-planar distances d - ' .  The 
spectrum of the simple hexagonal y-phase, curve (a), is indexed based on an ortho- 
rhombic unit cell for easier comparison with the spectra of the &phase. 

much from those of the y-phase, so the structures of these phases 
should be closely related. At the same time, the widths of the first three 
intensive peaks of curve (b) are by about 1.5 times smaller than in 
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AMORPHOUS Zn- Sb ALLOY UNDER HIGH PRESSURES 269 

curve (a), the positions of the fourth intensive peaks of these 
curves, connected with the dashed line in Figure 7, are significantly 
different and curve (b) contains new weak lines. This suggests a higher 
degree of order and a lower symmetry of the crystal structure of the 
6-phase. 

The structure of the 6-phase is too complex to be determined in full 
from powder diffraction data. However, as seen from Figure 7, the 
main peaks in the EDXD spectrum of the 6-phase can be indexed with 
a rather small base-centred orthorhombic cell, space group Cmmm 
(No. 65). The parameters of the cell at room temperature are aoflh/ 

borth/Corth = 3.156/4.971/2.757A at P= 8 GPa and 3.206/5.017/2.7918, 
at  P= 1.4GPa. The corresponding values of atomic volumes are 
indicated in Figure 4 by crosses. Within the experimental error they 
coincide with those of the y-phase at the same pressures. 

The simple hexagonal structure of the y-phase can be formally re- 
presented using a base-centred orthorhombic cell with the x- and y-  
axis chosen as shown in Figure 6 and the ratio of borth /aod  = fi. For 
the y-phase at 8 GPa this gives Uorth/bofih/Cofih = 3.018/5.227/2.742 pi. 
Comparison with the data for the &phase at this pressure shows that 
the y + 6  transition is accompanied by an increase in and a 
decrease in bofih, while the value of Corth changes only slightly. The 
ratio of borthlaorth decreases to &GEi that effectively lifts the 
‘degeneracy’ of the diffraction lines in the spectrum of the y-phase 
resulting from their indexing with an orthorhombic unit cell, compare 
curves (a) and (b) in Figure 7. 

Analysis of the line intensities shows that the 6-phase partly 
inherited the defect structure of the y-phase. In the EDXD spectrum of 
the 6-phase, the lines with a large index k, such as (020), (021), (130) 
and (1 3 l), have much lower intensities than calculated for the defect- 
free orthorhombic structure. This can be ascribed to chaotic static 
displacements of Zn and Sb atoms predominantly along the y-axis. 
As schematically shown in Figure 6, the disc-like clouds of atomic 
displacements in the y-phase thus transform to the anisotropic ellipse- 
like clouds in the &phase. In the framework of the space group 
Cmmm, the latter can be modelled by displacing some atoms from the 
position 2a (O,O,O) to 8p (x, y ,  0). With x = 0.1 and y = 1/4, about 35% 
atoms should be placed on the 8p sites to describe qualitatively the 
intensities of the main diffraction lines of the &phase. 
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270 V. E. ANTONOV et al. 

The y-phase seems to be a highly metastable state of the Zn4,Sb59 
alloy and at P = 1 atm it gets amorphous at temperatures below 100 K. 
Noticeable amorphization of the 6-phase at ambient pressure begins 
only on heating above 170 K [3]. Two quenched samples of the 6-phase 
were studied in the present work by neutron diffraction (ND) at 
ambient pressure and 100K. The results are presented in Figures 7 
and 8. 

The ND pattern of the quenched 6-phase contained the same set of 
diffraction lines as the EDXD pattern, compare curves (b) and (c) in 
Figure 7, but the intensities of the main lines were changed drastically 
and the intensities of the additional lines were significantly higher. As 
seen from Figure 8, the intensities of the main lines of the quenched 6- 
phase can be satisfactorily described with the defect-free orthorhombic 
unit cell. This corroborates the interpretation of the line intensities in 
the EDXD spectra of the &phase as being strongly affected by Iattice 
defects: The quenched sample was prepared at higher temperature 
(325°C instead of 100°C) and exposed to th s  temperature for a longer 
time (24h vs. 2h) that should have lead to a better annealing of 
defects. 

x103 

0 

0 1 0  1 0  2 1 0 2  2 1 
1: 0 3 00 2 3 

-Cmmrn 1 1  0 0 2 1  0 1 

1 I I I l l 1  

20 40 60 80 100 120 140 

29 [degrees] 

FIGURE 8 The neutron diffraction spectrum of the quenched 6-ZQ1Sbsg sample 
measured at ambient pressure and 100 K (dots), the profile fit of the main peaks of this 
spectrum shown by the solid line (a) and the difference between the experimental and 
calculated spectrum (b). Curve (c) is the difference between the experimental spectra of 
the 6-phase with natural Zn (dots) and with 67Zn isotope. For both samples ao,.&ofih/ 

conh = 3.205/5.016/2.790 8,. 
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AMORPHOUS Zn- Sb ALLOY UNDER HIGH PRESSURES 271 

The high-pressure phases of Zn41Sb~~ belong to a family of Hume- 
Rothery phases- usually exhibiting no chemical order. Nevertheless, 
the investigation of the quenched samples of the 6-phase with natural 
Zn and with 67Zn isotope revealed significant differences in their 
ND patterns (curve (c) in Fig. 8) that is possible only for chemically 
ordered structures. 

Furthermore, the neutron scattering lengths of antimony and zinc 
do not differ much: bSb = 5.57 fm, bZn = 5.69 fm, bZn-67 = 7.59 fm [7]. 
The difference between the scattering lengths of Zn and 67Zn is too 
little for the strong isotopic dependence of the intensities of the main 
lines (OOl), (110) and (111) can be ascribed to any ordered arrange- 
ment of Sb and Zn atoms over crystallographxally equivalent sites. 
The process of chemical ordering in therefore must be 
accompanied by significant displacements of the atoms from their 
positions in the base-centred orthorhombic lattice and the unit cell 
of the ordered structure is large and has lower symmetry. Note, that 
complex crystal structures are characteristic of low-pressure Zn- Sb 
phases as well [8]. 
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