PHYSICAL REVIEW B 67, 104202 (2003
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This paper presents an analysis of the structural changes undergone by liggigg&alloys in a 150 K
temperature range above the eutectic temperature. This structural change is characterized by strong and anoma-
lous variations of thermodynamic quantities among which are the density, the heat capacity, and the isothermal
compressibility. The total structure factors were measured by neutron scattering on the D4B spectrometer at the
ILL (Grenoble. The analysis of the thermodynamic and neutron scattering data suggests that the structural
change undergone by the liquid mainly consists in a modification of the first-neighbor shell of the Ge atoms.
With increasing temperature an increasingly large number of GeTe bonds become shorter, leading to a more
compact local environment with a smaller atomic volume. The relation withwthes transition of the solid
GeTe compound is discussed.
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. INTRODUCTION alloys around the eutectic composition (G&e, g9 exhibit
a somewhat opposite behavior characterized, among others,
Binary Ge-based chalcogenides are well known to presery a contraction of the atomic volurtfein the stable liquid
a good glass-forming ability. Less known are the unusuaktate in a temperature range between 650 and 750 K, just
features encountered in their liquid state. In particular, theynove the eutectic temperature. This volume contraction
GeSe and GeTe compounds have been shown to rema{ﬁbout—S%) is accompanied by a sharp maximat 680
semiconducting in the melt, with GeTe rapidly becoming K) in the constant pressure heat capé&iﬁ?(cp) and an

mggtieggg%sggcﬁjf"gg nfﬂg?%%tigggg}g&'g;ﬁg increase of three orders of magnitude of the electrical con-
ductivity in a 200 K temperature randé. Magnetic

occurrence of a clear local order change upon melting char- . -
measurement8 show also a very important minimum of the

acterized by a coordination number lower than that of the i tibility at th tecti ii ish
crystalline phase that melts and by a large volume expansioﬁnagne Ic susceptibiiity at the eutectic composition, vanish-

These modifications are totally different from what is usually!"d Within 100 K above the eutectic temperature. In spite of
observed when melting semiconductors. Si, Ge, IlI-V, anothls Iarge number of experimental re_sults, a r_ecent thermo-
the heavier 11-VI compounds, for instance, have an increaséynamic assessméﬁ_tof_ the germanium-tellurium system
of their coordination number as well as a volume contracconcludes that the liquid phase is not satisfactorily under-
tion. Ab initio molecular dynamics calculations recently suc-Stood and cannot be described by the usual thermodynamic
ceeded in providing the detailed atomic and electronic strucmodels, such as a regular associate model, especially around
ture mechanisms that explain the large variations irthe eutectic composition. These anomalies on the thermody-
conductivity in liquid GeSe and Gefe® namic quantities are indicative of a structural change at the
(a) GeSe remains semiconducting in the liquid phase bynicroscopic level. Neutron diffraction measurements were
recovering locally the atomic arrangement of its low- performed on eutectic alloys by Nicoteea al.!° Neumann
temperature crystalliner phase, the structure of which re- et al.?>?* and Bergmaret al?? and published before the re-
sults from a Peierls distortion of th@ phase that is stable at sults of Tsuchiya and co-worket$!®*Combining neutron
high temperature. The atomic volume expansion upon meltand x-ray diffraction measurements, Neumatm@l. propose
ing is 11%. a scheme where-GeTe-like areas and pure Te regions co-
(b) GeTe behaves in the same way with a smaller volumexist in the low-temperature liquid. However, the snal
expansion(7%) due to a smaller amplitude of the Peierls range accessible to their neutron and x-ray diffraction experi-
distortion. ments =10 A1) casts doubts on the interpretation of the
Apart from the 50% compound concentration, the liquidpair correlation functions. These data were obtained from a
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FIG. 1. Molar volume,V, of GgTe;_y) liquid alloys atx FIG. 2. Thermal expansion coefficienty , of GeTe(; ) liquid
=0.00, 0.05, 0.10, 0.125, 0.15, 0.175, and 0.20 versus temperaturgnoys x = 0.00, 0.05, 0.10, 0.125, 0.15, 0.175, and 0.20 versus
temperature.

Fourier transform of the structure factor and are then very
sensitive to the width of the accessilderange. No clear cient, ap=(1/V)(dV/dT)p is negative and displays a sharp
picture of the mechanisms driving the structural change irminimum. It can be seen on Fig. 2 that decreases strongly
liquid Ge, 15Tey g5 €merges from the cited literature, although from the eutectic temperatur®48 K) to 673 K and then
phenomena that might be related to it are observed and ummacreases up to 773 K. Similar behaviors were observed on
derstood in neighboring phases of the phase diagram. Firshe adiabatic compressibilityand on the sound velocify.
pure undercooled liquid tellurium undergoes a smootheiThe measurements of these quantities for different molar
structural changdsee Ref. 15 and references thejest a  fractions around the eutectic show that the effect is maxi-
slightly lower temperaturémaximum ofC, at 623 K. Sec- mum forx=0.15 which corresponds to the eutectic compo-
ond, the GeTe compound undergoes a second-order transition. In most binary systems, at constant temperature, the
tion in the solid state''®at 673 K on the Te-rich side and constant pressure heat capacity of the mixture is assumed to
around 700 K on the Ge-rich one. The low temperaturg ( follow an additivity rule. Departures from this additivity
form has a Peierls distorted structuR3m) with three short  rule’® are directly indicative of structural modifications in the
and three long GeTe bonds, & 2.81 andr,=3.15 A at 295  liquid. The determination of,, obtained from drop calorim-
K). The transition leads to a more symmetrjg) (structure  etry measurements and by differential scanning
(Fm3m) with six equal GeTe bond&®.98 A at 716 K. calorimetry}? indicates a significant deviation from additiv-
The aim of this paper is to analyze previouly published,ity. This rapid variation, confirmed by modulation
but hardly available, neutron scattering datia light of the  calorimetry®> measurements, takes place in a temperature
thermodynamic measurements that are more recent and tfnge of about 150 K above the eutectic point. The evolution
the recent simulation results obtained on liquid,§e;s  of C, with the molar fraction, presented in Fig. 3, shows that
alloys?® We first recall some thermodynamic properties ofa maX|mum of the peak intensity and position is reached at
the liquid alloys around the eutectic composition, addingthe eutectic composition. By integratir@, andC,/T as a
some recent data showing that the anomalies are maximal &tnction of temperature one can estimate an order of magni-
the eutectic composition. We then present the neutron scatdde for the changes of enthalpy and entropy caused by the
tering results and propose an analysis of the data that pretructural change in the liquid. For G&egs one obtains
vides a simple model for the structural change observed. AH=6.4(+0.4) kJ mol'* and AS=9.5
(+0.5) J mol' K1, whereas for pure undercooled tellu-
II. PHYSICOCHEMICAL PROPERTIES OF Ge ;:Tegs fium, one obtainsAH=4.7(+0.3) kJ mol ! and AS=7.5
ALLOYS (£0.5) Jmol = K™ *. Although the difference in the compo-
sition of the liquids is only 15% germanium, the changes in
A high-energyy-ray attenuation method described in Ref. AH and AS are about 1.3 times larger in the case of the
24 was used to determine the molar volume. Figure 1 diseutectic alloy. In addition, we can see in Fig. 2 and Fig. 3
plays the variation of this quantity for pure Te and six dif- that they are also significantly sharper, since they take place
ferent GgTe,_, alloys (0.05<x=<0.2) (some of these data in a narrower temperature range. This is an indication that
were already published in Ref. LA density anomaly can the structural changes in the {g8e;5 are not a simple ex-
be observed since the molar volunv contracts in a narrow tension in the dilute Ge range of the changes in pure Te. The
temperature range and reaches a minimum just below 773 Khanges are of a different kind or, more likely, concern dif-
Above this temperature the volume increases linearly as for erent bonds, namely GeTe bonds in the alloy and TeTe
normal liquid. Consequently the thermal expansion coeffibonds in pure tellurium. In order to analyze at an atomic
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10— — T 0% TABLE I. Peak positiong; and widtha; (in A~1) of the main
peaks of the experiment&(q) for the GggTegs eutectic alloy at
—_ 633, 673, 733, and 943 K.
X 80 5%
g TK) d oo O o1 Oz 02 0Oz ds Gs
2 60 T 10% 633 108 028 205 033 3.27 051 520 7.53 9.74
fr ] 673 1.13 0.33 2.08 0.30 3.24 056 5.07 7.41 9.66
g 40 — 15% 733 1.19 0.39 210 0.29 3.21 0.62 4.99 7.33 9.54
§ 943 212 0.28 3.15 0.77 491 7.29 9.50
= —= 17.5%
2 % . . | .
. © perature in order to obtain a supercooled lig(tlte eutectic
astanet temperature is 648 K The experimental details concerning

200 600 700 800 900 the preparation are reported in Ref. 22. The corresponding
atomic densities measured by Tsuchiya are respectively
0.0276, 0.0281, 0.0287, and 0.0285 A Figure 4 displays
FIG. 3. Heat capacityC,, of GgTe;_y) liquid alloys atx the structure factors at the four different temperatures and the
=0.00, 0.05, 0.10, 0.15, and 0.175 versus temperature given aglues of the peak positions &q) andg(r) are given in
lines. Values of Ref. 11 at=0.15 given as symbols. Tables | and Il. The structure fact&(q) presents a prepeak,
aroundgo~1.1 A~1, which vanishes with increasing tem-
level the numerous and coherent anomalies recorded abovgerature. This indicates a pseudoperiodicity at distances

temperature (K)

we now turn to the diffraction measurements. around 27/q,=5.8 A. At largerq, the structure factor pre-
sents another five peaks denotgdto gs. By increasing the
I1l. NEUTRON DIFFRACTION MEASUREMENTS temperature, the positions of the peaksto g5 slightly shift

, i towards smallelq values. By contrastg, and g, shift to-

Our experiments were carried out on the DAB Spectromy, a4s highery values(Table )). The intensity and width of
eter located at the Institut Max Von Laue—Paul Langevin,,, peaks), and g, more strongly depend on the tempera-
Grenoble, operating at a Wavelfngth: 0.703 A with acces-  vo than the others. This indicates that the changes ahd
sible q values fror_n 0.3 to 16 AL. The data were corrected q, are not only caused by thermal damping but is caused by
for the 1.2 mm thick quartz containep(=5.9,7.1 mm), the  3"gcrural modification of the liquid with increasing tem-
0.1 mm thick vanadium foil heater and the sample self-,o a6 Thes(0) values that can be estimated from the
absorption in the usual way. The corrections for inelastiGneasyred isothermal compressibiftglightly increase with
effects, multiple and incoherent scattering were made a%creasing temperatuféS(0)=0.034,0.069,0.075 and 0.092
cording to Eisenberget al?’ The. experime.n_ts were per- 4 633 673 733, and 943 K, respécti\lleh,ut remain quite
formed on samples at the eutectic compositiar-0.15) at |4 such values o(0) indicate that no small-angle scat-
four different temperature$ =633, 673, 733, and 943 K. a/ing is present and that the melt is homogenous. The four
The measurements were carried out by decreasing the g resnonding pair correlation functiogér) are reported on

Fig. 5. The peak positions of the pair correlation functions
3 g(r) are given in Table Il. Three main peaks are observed.
\ The corresponding, andr5 values of the second and the
third maximum are constant whilg varies from 2.68 A to
2.86 A in the temperature range investigated. It is interesting
to notice that this shift of the position of the maximum of the
first peak coincides with the presence of a shoulder on its
larger side that tends to fill the gap between the first and
second peaks.

r - r
SBR g Por by i 994 19 BB O T

TABLE Il. Peak positiong(in A) of the main peaks of the ex-
perimentalg(r) for the GgsTegs eutectic alloy at 633, 673, 733,

)
=

and 943 K.
N L T(K) ri (A) ro (A) rs (A)
0o 2 4 6 8 10 12 14 16 633 2.68 4.12 6.17
qA ™) 673 2.77 4.12 6.17
733 2.77 4.12 6.17
FIG. 4. Total structure factorS(q) for x=0.15 atT=633, 673, 943 2.86 412 6.26

733, and 943 K.
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3.50 2 TABLE Ill. Upper integration bound, average number of first
r i3 neighbors, and variation of the number of GeTe bonds as a function
3.00 i of temperature, using the integration range of column 2 or a fixed
I AV g, upper integration bound at 3.31 A.
| %tw T (K) Iy (B) N AN A'N
200 & % cut 1 GeTe GeTe
T sl AL 633 3.17 2.65
> 190 Vi 673 3.25 3.00 1.40 1.18
1.00| 1% 733 3.29 3.25 2.40 1.84
B 943 3.31 3.37 2.85 2.12
0.50
0.00| I; equal to(z)=0.15.+0.85=3.7. In such a case, follow-
B ing the octet rule one expeét<® an average coordination
050, 5 4 & ‘ s 10 number (N)=8—(2+3.7)=2.3. If we assume that the
structural change mainly affects the GeTe partials we may go
r(A) one step further by calculating the increase of the heteroat-

omic coordination numbelNgete= AN1/2XgeX1e, taking

the value at 633 K as a reference, with an upper integration
bound located either at the first minimumN({r) or a fixed
upper bound at 3.31 A. These values, ranging from 1.18 to
IV. DISCUSSION 2.85, are an upper bound since it is likely that a minority of

| der t | h its obtained b tron diff bonds of different kind are also modified.
n order 1o analyze the results obtained by neutron dilfrac- — rhe gpoye analysis assigns the structural change to an

tion in terms of real space structure and local environment, . rease of the number of GeTe bonds but tells nothing about
the determination of the partial quantities would be of greagne srycture of the liquid at the lowest temperature. As long
interest. The measurement of the partial structure factors cags e have no quantitative data on the partial structure fac-
be achieved either by isotopic substitution and neutron scatprs or partial coordination numbers obtained by a different
tering (hardly possible in this case because of the large molagethod such as extended x-ray absorption fine structure, we
fraction of Te, which displays no isotopes with significantly cannot push further any quantitative analysis. We can, how-
different scattering lengthsor by anomalous x-ray scatter- ever, relate the observed density anomaly to two possible
ing. This has not been done yet, but we show below thascenarios, depending on the characteristics of the bonding
reasonable assumptions on the structure can give us a bettaound Ge atoms. We can either thinksg® bonded germa-
insight on the mechanisms involved in the structural changenium atoms with 4 Te neighbors, in which case the volume
First, taking into account the differences in the scatteringcontraction, increase of coordination number, and semicon-
lengths of the two elements Ge and Tég(=8.2 ductor to metal transition observed would be similar to what
X 10 m, bye=5.8x10 ¥ m), the partial GeGe, GeTe, IS observed upon melting of silicon, except for the melting
and Te Te contributions to the measured total structure factdfself. Indeed, a gradual decrease of the coordination number
are weighed by 0.04, 0.32, and 0.64, respectively. In a firsgith decreasing temperature has been observed in super-
approximation, the GeGe contribution to the total structurec00led liquid Si;”but this decrease does not yield a fourfold
factor can then be neglected in the following analysis. seccoordinated liquid silicon. Furthermore, it has to .be remem-
ond, we can assume that the structural change undergone B red_ that, contrary to the_Ge_Se system for which fourfold
the liquid mainly concerns the GeTe bonds. This assumptioffo°rdinated Ge atoms exist in the GeSmmpound, no
is supported by the analysis of the orders of magnitude of th&!@P/e GeTe compound exists in the stable phase diagram.
variations of the enthalpy and entropy between 650 and 75@nother p055|bllly is to assume that a Peierls-like distortion
K given above, as well as by receat initio computer simu-  ©f the local environment of Ge, analogous to theGeTe
lation of the liquid eutectic allcf that shows that the GeTe cr_ystalllne phasg, is stabilized in the low-temperature liquid,
partial structure factor is mostly affected by the density andVith & coordination number around 3 for Ge atoms, corre-
temperature changes, whereas the TeTe partial structure fag20nding to the short GeTe bonds, the longer GeTe bonds
tor remains essentially unaffected except for the usual dam ying outside the f|_rst coordination shell defined by the first
ing effect due to the temperature increase. The second stepR€ak 0fg(r). At higher temperature the shorter bonds be-
to calculate the average number of first neighBogT) by ~ cOmMe Ic_mger and _the longer b_onds _beco_me shorter as ex-
integratingN(r) = 47r2g(r). The integration rangey(T), pected in a red_uctlon of the_Pe|erIs d|sto_rt|on schem_e, a_nd a
and the differencea Naord T) = ANy /2%, calculated un- more symmetric local environment, W|th__a coordination
der two different assumptions are given in Table Ill. Strictly n_umbgr closer to 6 for Ge atoms, I stabilized because the
speakingN,(T) has no physical meaning since we are deaI-V'br""t'on"’II entropy favors this situation.
ing with a binary alloy with components having different
scattering lengths. We can nevertheless seeNh&633 K)
is equal to 2.65, which is close to the value one would expect The results presented here show that thesGsgs liquid
considering an “average atom” with @ band filling (z7  alloy presents significant changes of its thermodynamic,

FIG. 5. Pair correlation functiong(r) for x=0.15 atT=633,
673, 733, and 943 K.

V. CONCLUSIONS
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physical and structural properties in a range of 150 K aboveumber of Te neighbors around Ge atoms since GeGe corre-
the eutectic temperature. The most striking effects are oblations are negligible and the melt is probably chemically
served on the thermodynamic properties such as the densigfdered at least at low temperatures. Taking the experiment
and heat capacity at the eutectic composition. High-precisioft 633 K as a reference, thieteroatomig coordination

measurements of the structure factors by neutron scatterifg/MmPer of Ge is increased by 1.4 at 673 K, 2.5 at 733 K, and

; I 2.85 at 943K. Although we cannot rule out a gradual change
at four different temperatures indicate that these changes  the bonding of Ge from a fourfoldp® bonding to a six-

the macroscopic properﬂeg are apcqmpanled by S.'gn'f'cari%ld p bonding, we suggest that the driving force for the
changes of the local order in the liquid. The analysis of thegy ¢t ral change that explains the observed density anomaly
local order we propose relies on an assumption resultingyight be the reduction of the Peierls distortion around the Ge
from a quantitative analysis of the changesAiil andAS,  atoms similar to ther= g transition in the solid GeTe com-
which is confirmed byab initio computer simulations. We pound. Both direct measurements of the partial structure fac-
assign the changes 8{q) andg(r) to a change of the local tors and a complete computer simulation of the liquid state
environment of Ge atoms and hence to an increase of theould be useful to confirm this interpretation.
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