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Two limits of melting temperatures
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It is demonstrated that the melting temperature of nanocrystals embedded in a matrix
exhibit two asymptotic limits as the size of the nanocrystal reaches its smallest value. The
lower limit of melting temperatures is related to the disappearance of size-dependent
entropy of melting and is considered as the lowest glass transition temperature which is
located between Kauzmann temperature and glass transition temperature. The upper limit
of a nanocrystal embedded in a matrix is determined by the ratio between the bulk melting
temperature of the embedded nanocrystal and that of the matrix. The predicted
thermodynamic melting temperature range and the lowest glass transition temperature are
supported by available experimental evidences. © 1999 Kluwer Academic Publishers

1. Introduction displacement (msd) of atoms on the surfagé) and
The melting temperature of a free-standing nanocrysthat within the partic|egv2(r), ro denotes a radius at
tal is known to decrease as its size decreases [1-8vhich all atoms of the nanoparticle are located on the
while a nanocrystal embedded in the matrix can melsurface,

below or above the bulk melting temperature [1, 4, fo=(3— d)h 2)

6]. These experimental observations are well explained _ 0=+t " _ _

by a recent model developed on the basis of suppregvhereh is the atomic diameter in a crystalline lattice
sion or intensification of the thermal vibration of atomsand d is the dimension number of low-dimensional
on the crystalline surface or interface [1, 2]. However,Crystals [2].d =0 for nanocrystalsd =1 for crys-
the possible lower and upper limits of melting tem- talline nanowires anqﬂzz for crystalline thin films
peratures for nanocrystals, which reveal the thermodyl2]- In Equation 1, ifa>1, Tm(r) < Tm(cc). Oth-
namic liquid-crystal transition temperature range, areerwise, wheno <1, Tm(r) > Tm(co). As |o — 1] in-

not clear. The purpose of this contribution is addres$r€ases|Tm(r) — Tm(co)| increases. Therefore, when
this issue. It will be demonstrated that the lower limit the largest value of (emax) and the smallest value of
of melting temperature is related to the disappearanc&(@min) can be determined, the lower and the upper
of the size-dependent entropy of melting, and the uplimits of Tm(r), Tmin aNdTmax, are obtained.

per limit of nanocrystals embedded in matrices is de- Since a crystal is characterized by its long-range or-
termined by the ratio between the bulk melting tem-der, the smallest nanocrystal should have at least a half
perature of the embedded nanocrystal and that of thef the atoms located within the particle. Hence, the
corresponding matrix. Furthermore, the lower limit is Smallest radius of a nanocrystahin, is defined asra.
located between Kauzmann temperature and glass trafis definition is supported by experimental evidences.
sition temperature. These results are of importance folt has been found that when the thickness of a Bi thin

afurther understanding of the thermodynamic behavioflm decreases to 0.4 nm, its crystallinity disappears
of nanocrysta|s and glass transition. [9] This observation is eXpeCtEd since for the Bi thin

film, d =2 in terms of Equation 2h =0.20 nm [10]

and 29 =0.40 nm. For a Pb nanowire in carbon nano-
2. Theory tubes,d =1 from Equation 2h=0.39 nm [10] and
The recent model for size-dependent melting temperagro = 1.56 nm, which again is fully consistent with the
ture Tm(r) of nanocrystals with a radius ofis givenby  experimental observation that the crystallinity of Pb
[1, 2], disappears at=1.5 nm [11]. Becauserg is a criti-

cal size where the smallest nanocrystal can exist, the

Tm(r)/ Tm(oo) = exp[—(« —1)/(r/ro—1)I. (1)  entropy difference between the crystal and liquid or

, ) ) amorphous states belowywill disappear, i.e.,
where T, (00) is the corresponding bulk melting tem-

perature fofTq(r), « is the ratio between mean-square Sc(2rp, T) = 0. 3)
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Now, we will derive the melting temperature for the sition temperatures (a second-order transition), i.e.,
smallest free-standing nanocrystal of sizg I(2rg).  Kauzmann temperatureTy) and the glass tran-
Before doing so, we will first introduce an expressionsition temperature Tg). According to Kauzmann,
for the size dependence of the entropy of melting forsc(co, Tx) =0 [15,16]. Sincesc(r, T) decreases as
nanocrystals which is related to the lower limit of melt- and T decrease [15]sc(c0, Tmin) > 0 or Tmin > Tk.
ing temperature of nanocrystals. In addition, s¢(2ro, Tmin) = 9ic(2ro, Tmin) =0 at Tnin,
a glass-liquid transition &ftnin can thermodynamically
occur with the smallest size of the liquid img2 Thus,
2.1. Lower limit of melting temperature Tmin can be considered as the lowest glass transition
of nanocrystals temperature which can be obtained only by a zero cool-
According to Mott, vibrational entropy of melting of a ing (or heating) rate without crystallization. Therefore,

bulk crystal s,ip(cc) is simply determined by its melting  itis lower than usual measured glass transition temper-
temperaturd (o), i.e. [12, 13], ature, Ty, for instance, by heating a glass with a rate of

20 Kmin~! on a calorimeter. Hence, there is,
Suib(00) o¢ (3K/2) In[Tm(o0)], (4)
As a generation, the size dependence of the vibrational

entropys,ip(r) for a nanocrystal can be written as,
2.2. Upper limit of melting temperature

Suib(r) — Svib(00) = (3k/2) IN[Tm(r)/ Tm(oe)].  (5) of nanocrystals
By firmly establishing the lower limit offi, for the
Substituting Equation 1 into Equation Syip(r) = melting of a free-standing nanocrystal, we can also

suib(00) — (3k/2)(@ — 1)/(r /ro — 1). Since the entropy show t.hat the melting qf a na.nocrystal'embedded in
of melting for metallic crystals is mainly vibrational & Mmatrix has an upper limit. Firstly, we introduce the
in nature [13], one may suggest the(r) for metal- ~ following relationship [8, 9, 17, 18],

lic nanocrystals follows the same size dependence as

Suib(r), o(r) o Tn(r)/[MOp (r )1, (11)

Sm(r) = sm(00) — (3k/2)(@ — 1)/(/ro—1).  (6) wherem is the atomic weight an@®p(r) is the size-
] ] ] dependent Debye temperature. With Equation 11, we
Sincesic(2ro, T) =0, i.e., Equation 3, the entropy of || analyze the influence of matrices an?(r) of
melting for a free-standing nanocrystal of sizey 2 embedded nanocrystals. For an embedded nanocrys-

should also be zero, tal in a matrix, its atoms on the surface are no more
free-standing. Thusy could be decreased if there is
Sm(2ro) = Scl2ro, Tm(2ro)], (7)  the interaction on interfaces between the embedded

nanocrystal and the matrix [1]. The limit case is that
which enables us to obtain an expressionddffor a  the nanocrystal has a full coherent interface with the
free-standing nanocrystal,= amay) from Equation 6, matrix ande reaches its smallest value@f;n. Hence,
the msd of the surface atoms of the nanocrystal could
omax = 25m(00)/(3K) + 1. (8)  be equalto that of the volume atoms of the matrix, i.e.,
02(r) = 0.2, (00), where the subscript m denotes the ma-
Equation 8 implies thakmax> 1 sincesm(cc) > 0. In  trix. We assume that msd of volume atoms approaches

terms of Equation 1 and 8, the melting temperature fothat of the averaged atoms, there @f(00) ~ ()
the free-standing nanocrystal in a sizefia obtained, ~andoy(r)~o“(r). With this assumption and affe(r),

Tin = Ti(2r0)at = Tin(00) €XP[=25m(00)/(3K)]. Amin = 04n(00) /a2 (r) ~ 65(00) /(1)

9) = MOJ(r)/MmO®Fm(c0). (12)

It is interesting to point out that as a first-order phase
transition, melting degenerates into a continuous seon the other side, when Equation 11 is related to dif-
ond-order transition as the nanocrystal size reacheferent melting temperatures: for the matrix at the bulk
its limiting value of Zo. This is becaus@lmin is @  melting temperature of the matri¥y,m(cc), and for
crystal-liquid equilibrium transition temperature, the the embedded nanocrystal&i(r), o2(c0)/o?(r) =1
Gibbs free energy of meltin@m(Tmin) =0, and con-  according to Lindemann criterion. Hence, from Equa-
sequently, the enthalpy of melting,(Tmin) =0. This  tion 11,
result thatgm(Tmin) = hm(Tmin) = Sn(Tmin) =0 is sim-
ilar to the suggestion by Lam and Okamoto that the
crystal-glass enthalpy difference is equal to zero at the
highest crystal-glass transition temperature [14].

Because of the above transition characteristics atvhere ®3 _(oo) is the bulk Debye temperature of
Tmin» Tmin iS certainly associated with glass tran- the matrix. Substituting Equation 13 to Equation 12,

MOB(r)/Mm®Pm(00) = Tin(r)/Tnm(00),  (13)
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Imin= Tm(r)/ Tmm(co). Since the lowestT(r) is

Tin(o0) With @ < 1, the limit value ofmin is, 03y  theupperlimit

omin = Tm(00)/ Tmm(00). (14) 0.0 1

Note thatamin > 0, which is physically meaningful

since msd of surface atoms of an embedded nanocry:
tal in a matrix must be larger than zero. Equation 14
implies well known conditions for superheating of em- 0.6

IN[T (/T (=0)]

the lower limit

bedded nanocrystals in a matrix tign(co) > Tm(co) . ‘ . . ‘
and the existence of coherent interfaces between en 0.0 0.2 0.4 0.6 0.8 1.0
bedded nanocrystals and a matrix. Within, Tmax iS 1U(rirg-1)

calculated by Equation 1 at=2r,
Figure 2 Theoretical prediction of I (r)/ Tm(co)] vs. 1/(r/ro—1)
in terms of Equation 1 (solid line) and the corresponding experimental
Tmax = Tm(2ro)a<1 results @) for lead [3, 4]. In the figureh = 0.39 nm [11] ando =3 h =
1.17 nm are usedmin = 0.64 by use of Equation 14 anghax = 1.66 in
= Tm(o0) exp[l— Tm(c0)/ Tmm(00)].  (15)  terms of Equation 8 witism(cc) = 8.28 Jmott K- [21].

From Equations 8 and 15, the value rangexaf
Tm(00)/ Tmm(00) < @ < 255(00)/(3K) + 1. The corre-  In[Ty(r)/ Tm(oo)] vs. 1/(r /ro — 1) for indium [1] and
sponding temperature range for a thermodynamic meltead [3, 4] nanocrystals are plotted. The superheating
iNg IS Tmin < Tn(r) < Tmax- and depression of melting point of the nanocrystals are
It is noted that although only melting temperaturelocated in the indicated range at differeist The melt-
limits of nanocrystals are considered in this paper, melting temperature of indium nanocrystals (Fig. 1) has
ing temperature limits for crystalline nanowires andreached its lower and upper limits having full coherent
thin films could also been determined by the aboveanterfaces with Al (msd of surface atoms of the embed-
model only with differentry being a function of di- ded indium nanocrystals is as same as that of volume
mension number a as shown in Equation 2. atoms of the matrix) and incoherent interface with Fe
(the vibration of surface atoms of the embedded indium
nanocrystals is influenced little by the matrix), while
size-dependent melting temperature of lead nanocrys-

3. Results o oo tals (Fig. 2) are within the two limits showing that they
3.1. Melting temperature limits for indium have not full coherent or incoherent interfaces with ma-
and lead trices.

Our conclusion for two temperature limits of ele-
ments outlined above are supported by experimental
observations as shown in Figs 1 to 2 where the theg o Comparison among Tmin, T and T,

oretical predictions and the experimental results ofi, this section, some experimental results are shown to
identify Equation 10. In Table | some predicted values
of Tmin/ Tm(co) for metallic elements and that of the
calculatedTy/ Trm(co) based on the specific heat data
and Hoch’'s model [19]. It is clear thali,i, > Ty as
indicated in Equation 10.

Table Il shows the experimental valuesigf Tm(co)
of some Fe-, Ni-, Co-, and Pd-based ternary alloys and
the prediction of the correspondifigyn/ Tm(co) with
Equation 9. It is clear thalyn < Ty for these glass
forming alloys. This result is again in correspondence
with Equation 10.

For the most of metallic elements, the values of
Sn(c0)/k are among 0.8 to 1.4, and the correspond-
. . . . ing values ofTyin/ T (co0) are between 0.4 and 0.6 in
0.0 0.2 0.4 0.6 0.8 1.0

1/(r/ry-1)

05 4 the upper limit

0.0 1

the lower limit

IN[T (/T (e0)]

-0.5

TABLE | Comparison betwe€fin/Tm(co) andTy/Tm(co) for some

Figure 1 Theoretical prediction of IAu(r)/ Tm(c0)] vS. 1/(r /o — 1) metallic elements. The data ©f/Tn(oco) are cited from [19]

in terms of Equation 1 (solid line) and the corresponding experimental Li Na K Pb Sn In S-Fe
results @) [1] for indium. The measured results B}(r) < Tm(co) and

Tm(r) > Tm(co) are obtained when In nanocrystals are embedded in Fpsm(oo)/k 080 084 084 096 167 091 092
and Al matrices, respectively. In the figurez 0.37 nm [11] and = Tmin/Tm(c0) 059 057 057 053 033 054 054

3h=1.10 NMamin = 0.46 by use of Equation 14 amdnax =155in Tk/Tm(OO) 0.56 0.54 0.53 0.48 0.26 0.31 0.50
terms of Equation 8 witlsm(co) = 7.62 Jmat® K—1 [21].
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TABLE Il Comparison betwe€hin/Tm(co) andTg/Tm(oco) for some
ternary glass forming alloys. The dataTf Tm(co) are cited from [22]
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