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Reversible phase transition between amorphous phases in a bulk Zn-Sb alloy
under high pressures
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A line of metastable equilibrium between two amorphous semiconductor phases was determined resisto-
metrically in theT-P diagram of the Zgp;,Shsg alloy in the temperature range from 17 to 75 °C. The amorphous
nature of both phases was examined by x-ray diffraction at high pressures using a diamond-anvil cell and
synchrotron radiation. The starting bulk amorphous sample was prepared by solid-state transformation of the
guenched crystalline high-pressufeZn,;Shyg phase during its heating at ambient pressure.

[. INTRODUCTION lated in Ref. 8. No transitions between amorphous semicon-
ductor phases have been observed so far.

Among the methods of solid-state amorphization, sponta- In the present work, the previous assumptitmat the 2
neous amorphization of quenched high-pressure phases di§gPa transition of the initially amorphous 48hbsg is a tran-
ing their heating at ambient pressure is one of the most adsition between two amorphous phasesy, and am,, was
vantageous for producing bulk homogeneous sanipfes. confirmed byin situ x-ray-diffraction experiments. Thé-P
Amorphous Zp,Shyy and GaSb-Ge produced by this region of.t.hern.wal stability of the two amorphous phases with
method were studied previously at high pressures and it wa§e transition lines for the forwaram, —am, and backward
shown that below the temperature of crystallization to the?M.—am, transition were determined by electrical resis-
thermodynamic equilibrium state, the amorphous states ca@nce measurement. Tlaen, = am, metastable equilibrium
undergo reversible first-order phase transitions to othefVa@s analyzed with the two-level model which was earlier

phases. The reversibility of the phase transitions evidence%pplled successfully to construct the diagram of metastable

that these amorphous states are phases, i.e., they corresp tibrium b_etween the two modifications of amorphou; ice
S ) : and to describe the anomalous thermodynamic properties of

to minima of the Gibbs potential. The amorphous phases ar . I

o ﬁ’}ese ices and liquid watér.

metastable and the minima therefore are not the deepest o

all possible ones, but their presence gives an opportunity to

describe transitions of these phases in the framework of equi-

librium thermodynamics.

In the GaSb-Ge system, a reversible transition occurs be- A 20-g ingot of a two-phase ZShsg alloy consisting of
tween the amorphous semiconductor phase and the crystal-mixture of semiconducting ZnSb and metallic antinfony
line metallic high-pressure phase which was used before twas prepared from 99.99 wt % pure Zn and Sb by melting in
produce this amorphous phas&he behavior of the amor- an evacuated quartz tube and quenching into a cold water
phous semiconductor ZiBhsg phase is quite different. With bath. The central part of the ingot was powdered in an agate
increase in pressure at room temperature, it undergoes twuoortar to obtain a more homogeneous ZnSksb mixture
first-order phase transitiorfi) a transition to another semi- and the powder was pressed into a pellet 8 mm in diameter
conductor phase near 2 GPa diid a transition to a semi- and 5 mm thick. The pellet was put in a Teflon container,
metallic phase around 5 GPa. The phase formed at pressuresposed to 7.5 GPa and 325°C for 24 h in a Toroid-type
above 5 GPa was shoWtp be a crystalline phase, calleg  high-pressure chamber and cooled to 100 K together with the
with a simple hexagonal structure, different from the struc-chamber before the pressure was released. The x-ray exami-
ture of the high-pressuré phase used to prepare the initial nation at 100 K and ambient pressyBRON-2.0 diffracto-
amorphous phase. The 2-GPa transition was reversible andeter, CiK, radiation showed in agreement with earlier
was accompanied by a 0.8% decrease in volfiffiee struc-  results® that this procedure results in a complete transforma-
ture of the semiconductor phase formed above 2 GPa waon of the pellet to the high-pressuégphase, which is stable
not studied immediately under pressure. Nevertheless, frorat P>6.5 GPa over a narrow concentration interval around
the x-ray examination of the quenched, ks, samples it the Zn,;Shyy composition. This pellet was then brought to
was inferred that this phase is amorphous. the amorphous state by heating to room temperature and

A reversible first-order phase transition between amorused to prepare the samples.
phous phases was earlier distinctly observed only in water, Energy dispersive x-ray diffractiofEDXD) on these
for two amorphous dielectric modifications of itéhe cor-  samples under pressure was performed with synchrotron ra-
responding metastable equilibrium phase diagram was calcwhation and diamond-anvil cell$DAC) in HASYLAB at

Il. SAMPLE PREPARATION
AND EXPERIMENTAL DETAILS
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DESY, Hamburg. A piece of amorphous £8h;g of nearly o
150 wm diameter and around 2@.m thickness was loaded T=220°C
with white mineral oil and a few ruby grains into the central
hole of the Inconel gasket in the DA&12The spectra were
recorded by a Ge detector at an angle 6f29.7174° over sL Sb Ka ]
periods of 10 min in the course of the stepwise increase in "2
pressure, which was measured by the ruby luminescence
technique with a precision of 0.1 GPa with respect to the
ruby scale'®

The electrical resistance was measured under pressure
with samples in the form of bars 5-8 mm long and 1
X1 mn? across cut from the pellet of amorphous,Sts,
with an abrasive wire saw. Crystallization of the samples was
studied in a Toroid-type quasihydrostatic high-pressure
chamber using hexagonal BN as pressure transmitting me-
dium; the resistance was measured by a dc four-probe
method with copper electrodes pressed against the sample.
The transition between the amorphous phases was investi-
gated under hydrostatic conditions in a piston-cylinder hy-
drostatic cell filled with silicon oil; the resistance was mea-
sured by a two-probe technique using copper electrodes
soldered to the sample with indium at 165 °C using ultra-
sonic soldering. Temperature and pressure were determined FIG. 1. (8 Experimental EDXD spectrum of amorphous

with accuracies Of_i 0.3 GPa an_dt? °C, respectlvelyc: In Zn,;Shyg in the diamond-anvil cell at ambient conditior(y) The

the quasihydrostatic case and witf0.02 GPaand-1.5°C  game spectrum after subtraction of the fluorescence lines. This spec-
in the hydrostatic case. Before the high-pressure experirym is given here for comparison and is shown on a larger scale in
ments, each Zj3Shyg sample was investigated by Xx-rays at fig. 2 by the curve labelled “0 GPa.” The diffraction angle is
room temperature to ensure that no crystalline phases wetg =9.7174°. Positions of the fluorescence li€&) and of the
present. escape linesEL) are indicated with vertical bars.

Intensity [counts]

16.20 30 40.50.60
E [keV]

Ill. EXPERIMENTAL RESULTS As seen from Fig. 2, at room temperature and pressures

A. High-pressure x-ray studies up to 5.4 GPa, the spectra of 48h; consist of two halos
| Characteristic of amorphous materials. At a pressure of 6.0

amorphous ZpShsg sample in the DAC before application GPa, the sample partly crystallized to a mixture of ZnSbh
of pressure. In addition to the diffraction pattern from +SP, @nd a peak composed of the strongesp) and(121)

Zn,;Shse, the spectrum contains two groups of strong fluo-lines of ZnSb and of the strongedt02) line of Sb appeared
rescence line§FL) of Sb at 26.3 and 29.8 keV and a number i the region of the first halo. At 6.3 GPa, the intensity of this
of escape line$EL) generated in the Ge detector. The dif- Peak was approximately the same whereas the amorphous
fraction angle ®=9.7174° was chosen for minimum over- phase mostly transformed to the simple hexagonahase

lap of the fluorescence lines with the diffraction halos ofwith the lattice parametersa=3.028(5) A and c
amorphous ZpShsg. =2.760(5) A in good agreement with previous res#llts.

The profile of the pressure-independent fluorescence lines The structure factoiS(Q), where Q is the momentum
was derived from the EDXD spectra of crystalline transfer, for amorphous Zi{Bhyg prepared by the same
v-Zn,;Shsgmeasured in a separate experiment, using a larggnethod as in this work was accurately determined earlier at
angle of 29 =11.566° to avoid overlap of fluorescence andambient pressure by neutron diffractibhFigure 3 depicts
diffraction lines. This profile is subtracted from all the mea-these data together with the structure factor for the initial
sured spectra for a more accurate evaluation of the shape aadbient pressure ZiSh,y sample calculated from the
position of the diffraction halos of amorphous 4£8b,,.  present EDXD data without corrections for the energy de-
Curveb in Fig. 1 shows the resulting spectrum for ambientpendence of the incident beam intensity. It is seen that the
conditions and the whole set of the resulting spectra is prepositions and the widths of the first two halos are very simi-
sented in Fig. 2. lar in both S(Q) spectra. This comparison leads to the con-

The weak escape lines, which are also pressure indepenlusion that the position and the width of these halos for
dent, are not removed from the spectra in Fig. 2 and ca@n,;Shsg under pressure also can be determined reasonably
serve as reference marks. The spectrum measured at 6.3 GRell from the EDXD spectra.
contains one more detectable escape line positioned at As is seen from Fig. 2, the width of both diffraction halos
~18 keV, which results from thé01) line of the y phase. does not change significantly with pressures up to 6 GPa.
Additionally, most spectra exhibit weak and yet unidentifiedThe half-widthAQ, of the first halo ofS(Q) can be used to
lines near 22.2 and 34.7 keV, which do not move with presgive an estimate for the correlation lengilx; of the atomic
sure and therefore do not belong to the diffraction pattern ohort-range order in ZrShyg according to the Scherrer for-
the Zny;Shyg sample. mula Ax;=27/AQ,. The resulting value of Ax;

Curveain Fig. 1 shows the EDXD spectrum of the initial
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sure. Further investigationSec. 11 B) showed that this is

FIG. 2. The EDXD spectra of the initially amorphous,Z8h;,  the sameam;—am, transition observed previousfybut
alloy measured at room temperature and different pressures in ti@ifted to a lower pressure due to the more hydrostatic con-
course of a stepwise pressure increase in a diamond-anvil cell usir@jtions of the present experiments. Note that the larger slopes
a diffraction angle of ®=9.7174°. The fluorescence lines occur- |dd/JdP| of both d(P) dependences for them, phase cor-
ring in all spectra at around 26.3 and 29.8 keV have been subrelate with its larger compressibility of about 0.026 GPa
tracted, their positiongFL) and the positions of the escape lines compared to about 0.016 GPafor the am, phasé’
(EL) are indicated with solid vertical bars. The dotted bars indicate Nearly invariable width of amorphous halos in the diffrac-
the positions~22.2 keV and~34.7 keV, of two weak unidenti- tion patterns of ZpSh;, throughout the studied pressure in-
fied lines present in most spectra. The Iet’;eﬂabels the Miller terval Suggests that tl’m‘nz state is sing|e phase and that the
indices of the hexagonat phase formed at 6.3 GPa. am, phase therefore has the same composition asthge
phase. In fact, if them, state were a mixture of amorphous
~11-12 A remains constant for ZShse within the pres- phases with different compositions and, correspondingly,
sure interval 0—6 GPa and is typical for amorphous materidifferent diffraction patterns, one could expect at least a no-
als. ticeable broadening of the amorphous halos afterahg
Figure 4 shows the pressure dependences of the positionsam, transition.
of both diffraction halos of amorphous £k in units of
interatomic distanced=2#/Q. Both dependences are ap-
proximately linear aP<1.5 GPa and aP>1.5 GPa. The ) . ,
breaks in the slopes of both dependences are observed atFigure 5 presents thé-P diagram for the phase transi-

about the same pressure of 1.45 GPa which is indicative dfons in the initially amorphous ZaShsg. The diagram com-
bines the data of electrical resistance measurements with the

results of high-pressure EDXD experiments and the x-ray
1 examination of quenched samples at ambient pressure and
P=1atm | 100 K.

The temperatures of crystallization of amorphous
Zn,;Shsy at different pressuregasterisks in Fig. b corre-
spond to the midpoints of the step in the isobars of electrical
resistance measured at increasing temperature. Three repre-
sentative isobars are shown in Fig. 6. In the course of the
measurement, the sample was held at each point until the
slope of the log,p versus time decreased by a factor of 10,

0 > n 5 s 10 and the final value of logp was plotted in the figure. This
Q [A'1] process took 1-5 h within the interval of crystallization,
10—-20 min below and above this interval, and less than 5

FIG. 3. The structure facta§(Q) for amorphous ZpShy, at ~ Min on further cooling of the crystallized sample.
ambient pressure. The open circles represent the réeit 14 of According to the DSC and dilatometric détarystalliza-
the neutron-diffraction measurement at 100 K. The solid line illus-tion of amorphous ZpShse to a mixture of ZnSb+ Sb on
trates the x-ray data of this work shown in Fig. 2 by the curve “0 heating at a rate of 5 °C/min at ambient pressure occurred in
GPa,” both fluorescence and escape lines are removed. the temperature interval 180—230°C. As is seen in Fig. 5, in

B. T-P diagram of amorphous Zn,;Sbsg

neutrons

S(Q) [arb. units]
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FIG. 5. T-P phase diagram for initially amorphous
Zn,;Shyy. am; andam, are the low- and high-pressure amorphous 03
semiconductor phases,is the high-pressure semimetal phase with
a simple hexagonal lattice. The solid square stands foathe>y
transition at increasing pressure. The asterisks show the positions of 4 T )

the irreversible transitions @m andy phases to a mixture of ZnSb

+ Sb at increasing temperature. The solid and open circles indicate 17°C
the amy—am, and am,—am; transitions at increasing and de- - .
creasing pressure under hydrostatic conditions, the solid and open

triangles show where these transitions occur under quasihydrostatic

conditions? The star marks the tentative position of the critical | 50°C i
point of theam;=am, line. The two dashed lines starting from

this point are the calculated spinodals.

the present experiments with much lower heating rate, this [ 75°C

process is already mostly completed at 180 °C. An increase
in pressure leads to a significant decrease in the crystalliza-
tion temperature down to about 80°C at 5 GPa. : : :

. ) ) 0 05 10 15 20
An increase in pressure in excess of 5 GPa at room tem- P [GPa]
perature results in crystallization of amorphous &g into

the y phase. The solid square in Fig. 5 represents the mid- £, 7. () The isotherms of the electric resistivity, of the
point of the isothermal change for the electric resistanc@morphous ZpShy, sample measured under hydrostatic conditions
measured in the course of a stepwise increase in pressuUgethe course of a stepwise increaselid symboly and decrease
with exposure times for every point depending on thedpg  (open symbolsin pressure(b) The same isotherms modified to
drift which continued for 1—3 h in the vicinity of the step and gain better visualization of the regions of phase transitions: the
for 15—-20 min otherwise. The shape of thegg(P) depen-  slope of each isotherm is reduced by subtracting a linear function
dence and the position of the step were close to those oladjusted to the initial portion of the curve measured at decreasing
served earlief.However, the step occurred in both cases at gressure.

pressure of about 5.4 GPa which is much lower than the .

pressure of about 6.3 GPa for the formation of hehase in measuremeritsbecause the sample crystallized to the
the EDXD experiment, Fig. 2. Besides, at about 6 GPa th@hase at a lower pressure. The lower formation pressure of
amorphous phase in the EDXD experiment was partly transthe ¥ phase in the course of the electric resistance measure-
formed to a mixture of ZnSk- Sb. This mixture was never ments resulted presumably from quasihydrostatic conditions

tions of the EDXD experiments.

5 . : . . The pressures for the transitions between the amorphous
phasegcircles in Fig. 5 represent the positions of the steep-
est portions of the electrical resistance isothel(ffig. 7)
measured under hydrostatic conditions. In comparison with
the measurements under quasihydrostatic condftigts
angles in Fig. B one may notice a better accuracy of the
: 1 transition pressure and temperature and, what is most impor-
4.84 GPa . . .

\_\ tant, an essential decrease in the hysteresis aitme=am,

1 transformation thus providing a better localization of the
am;=am, equilibrium line given in Fig. 5 by the short-
2050 100 150 200 dashed line. _ _ o

T I°C] The elect_ncagl re5|st§mce isotherms _shown in Flg_. 7 were
measured with increasing and decreasing pressure in steps of
FIG. 6. The isobars of the electric resistivity, measured on 0.1 GPa. At 17 and 50 °C, the sample was kept at each point
stepwise heatingsolid symbol$ and cooling(open symbolsof the  until a tenfold decrease in the slope of the lggversus time
initially amorphous Zp,Shyg samples. was obtained, which took fro 1 h at theedges of the studied
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pressure interval to 15 h near the steepest portions of thgroximation of regular solutions, the concentratiofs not
log;op(P) dependences. At 75°C, partial crystallization of an independent variable, but its value is determined by the
the sample to a mixture of ZnSb Sb contributed noticeably minimum conditions?G/dx=0 andd?G/dx>>0.
to the time dependence of lggp, and the 75°C isotherm As a function ofx, the Gibbs potential can have one or
was measured in an isochronic regime, by holding thdwo minima depending on th&-P region. Two minimum
sample at each given pressure for 3 h. Figure 7 shows thealues ofG(x) are equal along a straight line which repre-
final Inp values. sents the first-order phase transformation between the two
amorphous phases and terminates in a critical pointat
where the two minima coincide and=x,=1/2. The points
on the T-P plane, where one of the two minima & (x)
From a structural point of view, the only difference be- degenerates to an inflection point, form two lines starting
tween amorphous phases with the same composition, likisom the critical point. These are spinodals, or the lines of
those in Zn;Shyg, is their different short-range order. There- complete loss of thermodynamic stability of one of the
fore equilibria between such amorphous phases should be phases.
the same type as those between different phases in one- The Gibbs potential thus constructed can be specified in a
component liquids which are considered as “liquid-liquid” unique fashion by the values of four paramefef¥:U,
or “vapor-liquid” equilibria depending on the density of the AV, AS, andAE,, whereU=2RT,, is the mixing energy,
constituent phases. On tAeP diagrams, the lines of these AV andAS are the volume and entropy effects of the tran-
equilibria terminate either in a point of intersection with sition at any given temperaturdE, is the difference be-
another equilibrium line or in a critical point. The behavior tween the internal energies of the components at 0 K. If, as
of the electrical resistance of amorphous, B, suggests discussed above, one adofis; =373 K and, correspond-
that the line of theam;=am, equilibrium terminates in a ingly, U=6.2 kJ/mol, the other three constants can be de-
critical point and that the critical temperature is of the orderrived from experiment.
of 100 °C as indicated by the star in Fig. 5. The volume effect ofAV/V~0.8% of theam;—am,
In fact, theam,—am, and am,—am, transitions are transition at room temperature has been measured before.
very sluggish and no acceleration is observed with increaséhe specific volume oV=16.4(1) cni/mol of the am,
in temperature from 17 to 75°C. At the same time, the ratgphase at ambient conditions was determined by hydrostatic
of crystallization to a mixture of ZnSk- Sb becomes no- weighing in this work. ThereforaV=0.13 cni/mol. With
ticeable at 75°C though this process requires diffusion ofhe line of theam;=am, equilibrium drawn in the middle
atoms over much longer distances than in the course of thieetween the hysteresis branch&g. 5), a value of AS=
isoconcentrationaam;=am, transformation. A significant —0.14 J/(Kmol) can be obtained from the Clapeyron equa-
decrease in the mobility of atoms is characteristic of systemton dT/dP=AV/AS. The difference between the internal
approaching critical points. Therefore the critical tempera-energies of the components @ K can be estimated as
ture of theam;=am, transformation should not be far AEy=—PyAVy=0.14 kJ/mol, wherd?;=0.8 GPa results
above 75°C. from a linear extrapolation of tham;=am, line to 0 K.
With kinetics of isomorphic phase transitions as sluggishAV,=0.17 cni/mol is the volume discontinuity at the
as in the case of amorphous 4£8h,9, one can expect that am;—am, transition at 0 K calculated from the room-
theam,=2am, transformation exhibits a clearly visible hys- temperature value ciV=0.13 cni¥/mol by using the tem-
teresis until the volume effect of this transformation is zero,perature dependence of the ratio¥(T)/AV(0) which is
i.e., until the critical temperature is reached. As is seen frona unique function of th&/T,, ratio in the model used.

IV. DISCUSSION

Fig. 5, linear extrapolations of the lines of tlaen;—am, The spinodals calculated with these values of the model
andam,— am; transitions give zero hysteresis at a tempera-parameters are plotted as dashed lines in Fig. 5. ding
ture of about 100 °C. state is no longer a phase above the spinodal on the right side

A fortunate feature of isomorphic transformations is theof the critical point and tham, state cannot exist above the
fact that the thermodynamic properties of both phases can Heft spinodal. Actually, the spinodals outline the temperature
well described in many cases with one and a rather simpldependence of the maximum possible hysteresis of the trans-
model Gibbs potential. In particular, these models allow aormation.
determination of spinodals which are useful for a better un- As is seen from Fig. 5, the hysteresis observed in the
derstanding of the hysteresis phenomena. Specifically, experiments is much smaller than the distance between the
simple two-level model which was first developed to de-spinodals. At the same time, the large span of the spinodals
scribe theT-P diagram of cerium undergoing an isomorphic shows that the thermodynamic stability of then, andam,
phase transitiof? and then was successfully applied to thephases changes slowly over this large pressure interval, so
transition between amorphous phases ofiedl] be applied  the hysteresis of them;=am, transformation can be effec-
here to the present case. tively influenced by other factors. This is illustrated in Fig. 5

The basic concept of this model assumes that both amoby the fourfold decrease in the room-temperature hysteresis
phous phases consist of clusters of two types, correspondingnder hydrostatic conditions compared to the one observed
to the (hypothetical short-range order in the first and in the in the presence of shear stresses in experiments with quasi-
second phase, respectively, B0 K. These clusters are hydrostatic high pressurés.
considered as two components of the amorphous system and The Gibbs potential, once constructed, allows a calcula-
the Gibbs potentialG(x), is written in the approximation of tion of all thermodynamic properties of the system and, in
regular solutions. However, by contrast to the standard apparticular, of the anomalies in the temperature dependences
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of the volume and of heat capacity at ambient pressure reside by a line of crystallization resulting in a mixture of
lated to theam;=am, transformation. However, in amor- ZnSb+ Sh. This line descends from about 180 °C at ambi-
phous Zn;Shsy these anomalies cannot be observed becausent pressure to about 80 °C at 5 GPa. At pressures exceeding
the am, phase transforms on heating above 50 °C into on&—6 GPa, amorphous ZShy, crystallizes to they phase
more amorphous modification, other tham,, and this  with a simple hexagonal structure. Inside the region bounded
transformation is accompanied by a volume increase of a fewy the crystallization lines, a reversible first-order phase tran-
percent and by a rather large heat reléagae transforma-  sition between two different amorphous phases), and

tion is irreversible at atmospheric pressure, but at high PreSim,, with the same ZyShs, composition is found to occur
sures and room temperature the; phase is formed again at pressures around 1 GPa. The line of dine, = am, meta-

long before theam; —am, transition occurs. stable equilibrium is experimentally determined at tempera-

phgz';h ;g;?fg;;ﬁcigf gﬁ;ig:nfne ;}fet?gé d;fﬂi;engggnor'tures from 17 to 75 °C and evidences are given that this line
180 , . . " i
should note the following: In the Zn-Sb system, there aretermmates in a critical point at a temperature of about

three semiconductor compounds, ZnSh, S, and ZnSh, 100°C. Within the framework of a two-level model, the
and the latter two have e\;en various polymor'phicGibt?S potential of amorphous 3k is cor]structeg .and
modifications® Therefore the characteristic feature of this ("€ lineés of a complete loss of thermodynamic stabilyin-
system is, that many different crystal structures have clos@dal9 are calculated for both amorphous phases. The given
values of the Gibbs free energy. On the other hand, there i§-P diagram is the first example of a diagram with a line of
an empirical rule for glasses, saying that the local atomid®hase equilibrium between two different amorphous semi-
structure of a glass is similar to that of one of the crystallineconductor phases.
forms of the materiat® Theam, phase has the same type of
local atomic structure as crystalline ZnSb compotth@®ne
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