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Quantitative analysis based on the pair distribution function for understanding the anomalous
liquid-structure change in In,ySng
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The temperature-induced anomalous liquid-structure change in mg&nkg observed by Ziet al. [Phys.
Rev. Lett. 89, 125505(2002] has been studied. The structure transition i3ms, is further confirmed by the
presence of an exothermic peak in the differential-scanning-calori®8¢) curve. From experimental data
of pair distribution functions, we calculated the viscodify and the excess entrof$) and found that there
is a valley of viscosity in they-T curve and a valley of excess entropy in & curve, which are consistent
with the internal-friction(Q™1) peak in theQ™1-T curve and the exothermic peak in the DSC curve, respec-
tively. We decompose® into two parts,S(1) and S(2), which are related to the total potential and the
isothermal compressibility, respectively. The behaviorsSdf) and S(2) tell us that the atomic bonds vary
twice and the microstructures transform twice in the temperature range from 300 to 900 °C for ligBigdn
The similar analysises of liquid g§gSn,g and liquid Sn reveal that Sn plays a crucial role in the discontinuous
structure change in liquid bgSrgo.
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First-order phase transitions in crystals induced by presliquid-alloy structures change gradually with temperature in-
sure and/or temperature constitute a class of phenomemaeasing from the melting point to the critical poirti)
which has been thoroughly studied both experimentally and’here are no defined phase lines above the melting point in
theoretically. Compared to crystals, liquids have been investheir temperature-composition phase diagrams as in most bi-
tigated very insufficiently. Can there be first-order phasenary alloys.(iii) At the corresponding region of both tem-
transitions in a single-component liquid when the pressurgerature and composition there seems no possibility of the
and/or temperature change is applied? This is one of the mospnventional phase separatiofig) It does not fall into any
interesting and challenging problems in the field of liquid other up-to-date recognized structural changes as mentioned
science. Recently, growing experimental and theoretical eviabove. Such a transition should be further confirmed and
dence suggests that pressure-induced liquid-liquid phaggmains itself an interesting research subject.
transitions (LLPTs) do exist in some one-component sys- The intent of this Letter is to prove this counterintuitive
tems, including HO, SiO,, P, C, Si, Ge, Cs, Se, Bi, andI. phenomenon in S, and shed light on this baffling issue.
These transitions are characterized by two different densitie§pecifically, we have performed a series of analyses based on
related to different atomic configurations. And, there is athe results of the x-ray diffraction in the melt,ySng, and
general argument that the best candidates to exhibit LLPPresent experimental evidence supportive of an exothermic
are liquids having open molecular coordination environ-peak in the differential-scanning-calorimetSC) curve in
ments, especially those with a locally tetrahedral moleculatiquid In,Srg, Our quantitative estimation on the basis of
structure. For example, P, the low-pressure phase, consists p&ir distribution functions produces a valley of excess en-
tetrahedral Pmolecules; the high-pressure phase with highettropy (S) in the ST curve and a valley of viscosityy) in the
density has the polymeric form. Interestingly, in recent ex-»-T curve, which are in good agreement with the exothermic
periments, Ztet al23 reported a discontinuous temperature-peak and th&€™* peak observed in DSC and internal-friction
induced liquid-structure change at the ambient pressure iaxperiments, respectively. Through x-ray diffraction, DSC
some binary alloys, e.g., PbSn, PbBi, InSn, and InBi. Thigneasurement, and the similar estimation of the excess en-
anomalous discontinuous structural change is suggested dropy of liquid IngeSn,,, however, we do not observe an exo-
the basis of the experimental results of internal friction, dif-thermic (or endothermit peak and a valley of excess en-
ferential thermal analysidTA), and x-ray diffraction: There tropy.
is a notable peak in the curve of internal fricti6@™!) as a The pair distribution functiom(r) plays a central role in
function of temperature, and the features of this peak are ithe physics of liquids. It is directly measurable and, in prin-
agreement with those exhibited during solid-solid phaseciple, various properties of liquid materials can be estimated
transformations verified by previous investigatbis.ther-  from the structural datg(r) when coupled with an appropri-
mal absorption peak occurs in the DTA curve at the correate theory. This quantity is proportional to the probability of
sponding temperature range. The coordination number anfihding a particle at a distaneefrom a reference particle and
mean nearest-neighbor distance, derived from the pair distris the ratio of local to bulk density at distanceThe function
bution functions, undergo an abnormal minimum. This phe-g(r) goes to 1 for large and is always 1 for a random spatial
nomenon is quite astonishing and of counterintuitive naturelistribution of particles. The total pair correlation function,
for the following reasondi) It has been widely accepted that h(r)=g(r) -1, represents deviations from randomness. A fun-
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FIG. 1. Experimental measured internal friction and calculated

relative viscosity as a function of temperature. FIG. 2. Results of differential scanning calorimet®SC) and

the calculated excess entrofig unit of kg).

damental relation between structure and thermodynamics is "

given by S(2) = prf h(r)r2dr. (4)
0

kg1 pKy= l+47TPJ h(r)r&dr. (1) The excess entropy is the sum &fl) and S(2). The pair
potential of mean forcesy,(r), is defined in terms of the pair
Here, p is the number density(=(dp/JP)/p) is the iso-  correlation functions by
thermal compressibilityp is the pressure, ankk is the Bolt-
zmann constant. wy(r) == rgT Ing(r). (5)

The excess entropg, the difference betwc_aen the_ system According to Egs(1) and(3)~(5), S(1) andS(2) are, respec-
thermodynamic entropy and that of the equivalent ideal gas;ye|y, related to the total potential and the isothermal com-
is a measure of t_he number of accessible co_nf|gurat|o_ns (Hressibility. Due to there not being a position to gain the
the system and given &= S;+S;+- -+, wheresS; is the pair o g structure factors, we cannot calculate the partial molar
correlation entropyS3 the trlplgt cor_relatlon entropy, and so entropy and then obtain the excess entropy as Samanta
on. The two-particle entropy is defined by suggested.Here, we approximately calculate the excess en-

o tropy of ISy in terms of the pair correlation entropy,
Sz=—27er {g(DIn[g(r)]-[g(r) - 1]}rdr. (2)  which may be reasonable because, near the melting point,
0 liquid In and Sn share similar structure properties for pack-
ing density, the nearest-neighbor notes distance, and the

It is found by Baranyai and Evahthat the two-body entropy . ;
contributes at least 85% of the excess entropy at quuic{;\zgzgg; first peak of(r) (see Tables 3.1, 8.15, and 8.17 of

densities; the difference between the actual excess entropy lida et al2% have pronosed an expression for the viscosit
and the two-body entropy is nearly constant over a wide OE)f liquid métals in teprmg of the pair Fc)Jistribution function andy
range of densities, and the constant offset will merely trans: q P

late into a constant shift of data on the figures with respect t(%he average interatomic frequency
the excess entropy. So, in the present work, the excess en-

tropy is approximated and discussed by the two-body n= (877/9)V0P(T)mpzf g(r)ridr, (6)
approximation, as in Refs. 6 and 7. For a binary mixture of 0

two componentsx and B, the excess entropy is given by hereyy is a constant, corresponding to the frequency of os-
S=XaSat X5Ss WhereS, is the partial m(;)clar entropy for the  gjjjation when there is no net displacemeR(T) is the prob-
puth componeglt as given bg,=-2m2p.f019,,(NIN[G,.(N]  apility that the atom will stay in a state of oscillation around
=[9,.,(r)~1]}r?dr via the similar two-body approximatidh.  j fixed coordinate position, arais the distance over which

a

For convenience of the following analysis, we define the transfer of momentum takes place. It can be assumed that
w momentum interactions occur between the neighboring at-

S(1)=- prJ {g(nIn[g(r)]}r?dr, (3)  oms. In Ref. 10, the nearest-neighbor distance is estimated as
0 representing the minimum between the first and second
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FIG. 3. Two partsS(1) andS(2) of excess entropin unit of k)~ culated excess entrogin unit of kg) for INgoSyo.

VS temperature.
rising temperature, which demonstrates that the phase transi-

peaks in they(r) curve, and this distance is used as the uppeFion is entropy driven. It is i_nt_eresting to note_ that the tem-
limit a of the integral in Eq(6). In our present work we use perature range of thBvalley is in agreement with that of the
15 A as the upper limia of the integral. According to the exothermic peak. Thermodynamics tells us that the entropy

well-known Enskog theory of atomic transport, the collision ©f the high-temperature phase should be larger than that of

e (i = ] : the low-temperature phase at the transition temperature.
frequencyl” is given byI'=402g(0)p\mkgT/m.8 Here,mis R
the atomic mass andlis the position of the first peak ofr). However, the entropy shown in Fig. 2 suddenly decreases at

: o . around 650 °C accompanied by the exothermic peak in the
Assuming thaP(T) is inversely proportional té' due o the DSC measurement, which seems to violate thermodynamics.

E:?)cl:ltisﬁgit ézsu?stovrCeV\ggan\?r\i/ti té q;ngthergxpirc:]s;ign ggce theSo, it might be likely that liquid 1g,Srgg may exist a meta-
’ PP y stable structure at around 700 °C. This metastable phase
1 a gives rise to the abnormal decrease of the entropy at around
n~ —rpf g(ryridr. (7) 650 °C, and will change to stable phase with larger entropy
o*g(@NT Jo at higher temperature. Further work is needed to explore this

To make a sharp comparison, we present the internal fricdnatter and the concrete change of structure in the process of
tion and the relative viscosity calculated from Eg) in Fig.  the whole transition. _
1. Note that the internal friction is macroscopically mea- N order to better understand the mechanism of the LLPT,
sured, and the relative viscosity is obtained from thethe calculatedS(1) and S(2) are illustrated in Fig. 3. As
diffraction-experiment resulty(r). In the temperature region shown in Fig. 3, first there is a step-down f8{1) and a
(600-800 °G, there is a notable peak in ti@2-T curve and ~ Step-up forS(2) at 580-650 °C; then, there is a step-up for
an observable valley in the-T curve. The presence of the S(1) and a step-down foB(2) at 750-800 °C, which leads to
Q! peak and they valley is coincident. A similar phenom- a netSvalley in theS-T curve. According to Eqg1) and(5),
enon occurs in the glass transition and crystallization for théhe behaviors 0fS(1) indicate that the total pair potential
amorphous alloy and in the eutectoid change for ZnAlenergies of mean force first go down suddenly and then go
alloy.* Thus, according to the above macroscopic and miup sharply, i.e., a minimum of potential energies appears
croscopic results, the structure transition does take place. which results in the appearance of the exothermic peak; the

Both the DSC curve obtained at a heating rate of 20 °Cbhehaviors 0f5(2) indicate that the isothermal compressibility
min and the curve of the excess entropy calculated from thérst goes up and then goes down, i.e., a compressibility
diffraction experiment results are shown in Fig. 2. Based ommaximum occurs. Interestingly, similar behavior is found in
the thermodynamics of phase transitions, the exothermisupercooled water by the extensive molecular dynamics
peak appearing around 700 °C suggests that it is a first-ordeimulations, which points out that there is maximum in the
LLPT peak. Note that the exothermic peak is piling up thecurve ofK; as a function of temperatuté So, these behav-
high endothermic background. Corresponding to the exotheiiors of S(1) and S(2) clearly tell us that, as the temperature
mic peak in the DSC curve, a remarkallgalley appears in rises, the atomic bonds vary twice; the microstructures trans-

the ST curve at the same temperature range, i.e., the entropiprm twice in liquid In,ySry,
first decreases abnormally and then increases abruptly with Motivated by the internal friction results of liquid BiSn
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FIG. 6. Internal friction as a function of temperature for pure Sn

FIG. 5. The calculated excess entrdjiyunit of kg) for pure Sn ~ measured with four oscillating frequencies.

based on thg(r) data in Refs 9 and 14. The dotted line is a guide.. . . . .
to the eyes gr) ! e 1S & 941 the DSC curve provides direct evidence of liquid-structure

change in Ig;Srg,. The quantitative analysis based on the
i ) i pair distribution functions produces an observable valley of
alloys;® we carried out the x-ray diffraction and DSC mea- yiscosity and a deep valley of excess entropy. The presence
surement of liquid 1gSrpe. The DSC curve measured at a of this viscosity valley is in agreement with the appearance
heating rate of 20 °C/min and ti#T curve calculated from  of the internal-friction peak, and the presence of the entropy
the x-ray diffraction results are presented in Fig. 4. In con-alley is consistent with the appearance of the exothermic
trast with Fig. 2 for liquid 1BSryo, the exothermic peak peak. We decomposginto two parts,S(1) and S(2), which
nearly disappears in the DSC curve of liquiddBryo, and so  are related to the total potential and the isothermal compress-
does the valley of excess entropy. These findings tell us thajjity, respectively. The behaviors (1) and S(2) clearly
Sn may play an important role in the occurrence of &gicate that the atomic bonds vary twice and the microstruc-
temperature-induced discontinuous structural change in thges transform twice in liquid KaSny, The further experi-
liquid InoSryo. Therefore, it is desired to study the structure mental results, namely the absence of the exothermic peak in
properties of liquid Sn i_n an extremely wide temperaturethe DSC curve and the absence of ®ealley in the ST
range. Fortunz_;\tel_y, Iltameét al. haye recently studied the . rvein liquid ISy, and the discontinuous change of the
structures of liquid Sn over a wide temperature range bysycess entropy and the appearance of internal-friction peak
neutron scattering experimeritsUsing g(r) data of Refs. 14 in QLT curve for liquid Sn, enlighten us to the anomalous
and 9, we have obtained the excess entropy at different temtrycture change in S, and PbSn liquids. So, further
peratures, shown in Fig. 5. We have also measured the intefheoretical and experimental studies on the Sn-based alloys
nal friction of pure Sn with different oscillating frequencies, may help us explore this counterintuitive phenomenon. We
shown in Fig. 6. A discontinuous change of excess entropy aielieve that the present attempt at studying liquid-liquid
around 1000 °C and an internal-friction peak at 800-900 “Gyhase transitions in liquids, in terms of the two-body ap-
suggest that a discontinuous structure change happens @oximation of the excess entropy, should be applicable to
800-1000 °C in liquid Sn, which is in good agreement withther liquid-liquid phase transitions.
the P-T diagram of liquid and solid Sn shown in Fig. 4 of
Ref. 15. Therefore, the above-mentioned results of liquid We thank T. Itami for sending(r) andS(q) data of liquid
IngoSnyg and liquid Sn suggest that Sn may play a crucial roleSn and L. J. Guo forg(r) data of liquid InySng, and
in the structural changes in liquid JgBrgy and PbSn. InggSnye. C.S. Liu thanks F.Q. Zu, J.P. Shui, and B. Cai for
In summary, the temperature-induced anomalous liquidvaluable discussions. This work was supported by the Na-
structure change in melt JgSrgg observed in recent experi- tional Natural Sciences Foundation of Chif@rant Nos.
ments has been studied. The presence of an exothermic ped8174082 and 10374089
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