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Quantitative x-ray-diffraction measurements in a temperature range 88—325 K were performed on porosity-
free nanocrystallinénc) elemental Se samples with a hcp structure. The nc-Se samples with different grain
sizes were synthesized by crystallizing a melt-quenched amorphous-Se solid. Thermal-expansion coefficients
(TECsy for the nc-Se samples were determined according to the temperature dependence of the lattice param-
eters(a andc) and the unit-cell volumeY(). It was found that at higher temperatures the lattice expands along
a axis but contracts along axis. With a reduction of grain size, the linear TE@®sth alonga axis andc axis)
increase significantly, resulting in an evident increase in the volume TEC that followd therule. The
temperature dependence of the mean Debye-Waller para(®b®é?) was measured, from which the static and
thermal components of the DWP, as well as the Debye characteristic temperature for the nc-Se samples were
obtained. The observed enhancement in the mean DWP can be attributed mainly to the increase of static atomic
displacement with a reduction of grain size that follows Ene' rule. The characteristic temperature for the
nc-Se specimens was found to decrease significantly with a refinement of grains. These results suggest larger
displacements of the atoms from their ideal lattice locations and more defects in the nc-Se samples with smaller
grains.[S0163-18207)07045-§

[. INTRODUCTION grain size rule as expected from the two-state model of nc
materialst®
Investigation on the temperature-dependent properties can The Debye-Waller paramet¢éDWP) consists of a static
provide vital information related to the intrinsic structure (temperature-independgntand a thermal (temperature-
characteristics of nanocrystalling@c) materials. In recent dependentcomponent. The thermal DWP reflects the vibra-
years, thermal properties of nc materials have been extefional motion of atoms about their equilibrium lattice sites,
sively investigate in many cases. Comparative studies indivhile the static DWP is due to any static displacements of
cated that heat capacity at constant pressag ¢f nc Pd atoms from the|r _eqwhbnum sites caused by defects. Com-
and Cu (fcc) made by consolidation of ultrafine particles Parative studies indicated that the mean DWPs of nc Pd

(UFPS is much enhanceths much as 60%avith respect to (Refs. 8 and 1lmade by consolidation of UFPs and uncom-

. . . ted powderfPd (Refs. 12 and 1B8Au (Refs. 14 and 16
that of their coarse-grained polycrystalline counterparts an ac ;
the amorphous solidsIn the ball-milled nc-Ru sample, an @Zr (Ref. 10 and Pb(Ref. 16] are much enhanced with de-

) creasing grain size or particle size. It was found that the
enhancement ie, of about 20% was also reportédNever- g9 P

: static DWP is normally increasing significantly with a reduc-
theless, rather small heat capacity enhanceméi¥® % oy of grain/particle size, while the temperature-dependent
were observed in porosity-free nc specim@gNsP (Ref. 3, thermal DWP shows no measuraléte very slight®) grain-

Se(Ref. 4, and Ni(Ref. 5] synthesized by means of crys- gjze dependence in nc materials. The enhanced static DWP is
tallization of amorphous solids and electrodeposition, respegyormally attributed to the concentrations of defects in grain
tively. As to thermal-expansion behaviors for nc materials houndaries and/or free-surface regidha. parameter related
different observations have been reported. Dilatometric meap DWP is the characteristic temperature that designates the
surements indicated that the linear thermal-expansion coeffgohesion of atoms. Reduced Debye temperatures are fre-
cient (a;) of a 7 nm Pd isabout 80% higher than that for the quently observed in nanometer-sized metallic powdérs
coarse-grained polycrystalline PdRef. 6. Birringer and  and their compact$®

Gleiler’ found that the thermal-expansion coefficient of a 8 These observations indicate that thermal properties of nc
nm Cu is about 1.94 times that for the crystalline samplematerials differ evidently from those of their conventional
However, Eastman and co-work&mseasured the tempera- coarse-grained counterparts. However, a systematic investi-
ture dependence of the lattice parameter by means of x-rayation of the grain-size dependence of these thermal proper-
diffraction (XRD) and found no essential difference in ties in nc materials with a wide grain-size range and a dif-
thermal-expansion coefficients between the nc and théerent crystallographic structufeather than cubicis seldom
coarse-grained Pd samples. The grain-size dependence of tfegported. Moreover, thermal properties, like other physical
thermal-expansion coefficient in the porosity-free nc Ni-Pand mechanical properties, are strongly related to the struc-
(Ref. 9 samples indicated an evident enhancementjin ture features(such as porosity, contamination, residual
compared to that of the coarse-grained sample, but the emstrain, etc) that are closely related to the preparation and
hancement does not follow the simphe * (D is the mean processing of the nc sample. Therefore, it is of significance
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TABLE I. A list of the annealing temperature and the resultant 5[
mean grain size in the as-crystallized nc-Se samples. The mean 4 [ ;a0 jwon (200) (z01) @10) @) (19 (109 (©02) ]
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Mean grain sizeP (nm) 13+2 19+1 21+2 24+2 46*+4 ﬁ p 2K e Anne SN
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to study the grain-size dependence of thermal properties in a
well-characterized nc material.

In this paper, thermal properties of porosity-free nc ele- FIG. 1. The x-ray diffraction profiles for the nc-Se sample with
ment Se(hcp samples with mean grain sizes of 13—46 nma mean grain size of 46 nm at different temperatassindicatejl
made by crystallization of amorphous solid were measured
by means of x-ray diffraction over a temperature range, 882M is proportional to the square of scattering vector
325 K. Thermal-expansion coefficients, DWP, and the char4«2(sind/\)? and is given b¢*
acteristic temperatures were determined as a function of
grain size. These thermal properties and their grain-size de- 2M = 2B(T)(sind/\)?, (2

pendencies will be analyzed in correlation with the observed . S
microstructure characteristics as reported in our previouyhereB(T) is the Debye—V\{aIIe_r parameter,zwhlch s related
to the mean-square atomic displacement?), along the

20 (deg.)

paper’® _ e,
scattering vector b= 87"( ). From Eqgs(1) and(2), the
Il EXPERIMENTAL PROCEDURES DWP B(T) can be obtained at any temperature by
A. Sample preparation and x-ray-diffraction experiments In[ 1564 hKD)/1 o kI)]= —2B(T)(sind/\)*+const. (3)

The nanocrystalline selenium specimens used in th&@he DWPB(T) contains the contributions from static lattice
present work were synthesized by completely crystallizingdistortionsBg that are temperature-independent and from the
the melt-quenched amorphous selenium solid, of which thenermal vibrations of atomB;, i.e.?!
procedure was described in detail in our previous paber.

Table | lists the annealing conditions and the mean grain size B(T)=Bg+B-. (4)
of the nc-Se specimens to be used in the present work.

The quantitative x-ray-diffraction measurements of the For a bulk crystal, the temperature dependenc®-pis
nc-Se samples at different temperatu88—325 K were  known to be well predicted by the Debye approximation,
carried out on a Rigaku D/MAX 2400 x-ray diffractometer particularly at low temperatures, and the DVBPT) is used
with a wide angle goniometer. The XRD experiment condi-to calculate the Debye temperaturé)y, from the
tions are the same as in Ref. 20. Only nine single Brag@XpreSSio??
reflection peaks(100), (101, (200, (201, (210, (211),

(113), (104), and (302 of the nc-Se sample were measured B(T)=Bs+6h*F(x)/mks®p, )
T the presen;t_t;/vorka 'It')he tempera:ctutr]e with an acc:Jrqcy 0Qc/vherem, h, andkg are the atomic mass, the Planck’s con-
+2 K was calibrated by means of the BIKOD; sample in stant, and the Boltzmann constant, respectiveby,®,/T

which a hexagonal-to-orthorhombic phase transition occurs .
at 255 K. Thegliquid nitrogen was usped to cool the sampl and F (x) = 5 + 10 [p¢dé/ exp@ —11. It is known that the

and a copper-constantan thermocouple was used. eDebye model is normally applicable to cuplc crystals. How-
ever, for the hexagonal structure of Se as in the present case,

we utilized it as an approximation because no existing model

B. Data analysis is available for the hexagonal structure.
Thermal-expansion coefficients of the nc-Se samples were
determined based on the measurement results of lattice pa- Il. RESULTS AND DISCUSSION

rameters and the unit-cell volume at various temperatures.

The evaluation of lattice parameters was described in detail Figure 1 shows the typical x-ray diffraction lines for
in Ref. 20. nc-Se sampld at various temperatures. With an increasing

For a crystal containing only one kind of atom, the ther-temperature, the XRD peaks shift towards lower diffraction
mal vibration of atoms reduces the intensities of diffractionangles(26), and their integrated intensities are changing evi-
lines by the Debye-Waller factor, exp@M). The observed dently, suggesting a significant change in the structure pa-
integrated intensity per unit length along thil diffraction ~ rameters with temperature.
line is given by?

A. Thermal-expansion coefficient
opd K1) =Slea(hkl)exp( —2M), @) Lattice parameters for the nc Se were determined at vari-
wherel ., (hkl) is the calculated integrated intensity without ous temperatures according to the corresponding XRD pat-
the Debye-Waller factor an8 is a scale factor. The value terns, as described in Ref. 20. Figuréa)2nd 2b) show the
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FIG. 2. Plots of the temperature dependence of the lattice pa- FIG. 3. Plots of the grain-size dependence of the linear TEC
rametera (a), ¢ (b), and the unit-cell voluméc). The solid lines are  along thea axis(a), ¢ axis(b), and the volume TECZ). The dashed
the least-square fitting to the measured data. line is the literature value from Ref. 23.

. ) umeV [=(v3/2)a%c], which was calculated according to
resultant lattice parameteasand.c as_afuncuon Qf te_mpera-_ the measured and ¢, expands at higher temperatures, as
ture for the nc-Se samples with different grain sizes. It isshown in Fig. 2c).
obvious that value increases in an approximate linear rela-  The average TECs faa, ¢, andV within the measured
tion with temperature in the measured temperature rang@mperature range were determined, as shown in Figs-3
(88-325 K. The slope of the fitting straight ling.e., the  3(c). Repeated measurements and calculation of the lattice
average linear thermal-expansion coefficigMEC) along  parameters and the unit-cell volume yielded rather small
a-axis, a ,) increases with a reduction of grain size. How- scatters in the resultant data for the lattice parameters and the
ever, it is interesting to notice thatvalue decreases with an TECSs. It is seen that with a reduction of the mean grain size
increasing temperature, exhibiting a contraction of the latticdrom about 46 to 13 nm, the TECs increase monotonically,
alongc axis, i.e., a negative linear TEC aloogaxis for the  «, increases by about 21% and about 31%dgQr, the TEC
nc-Se specimens is obtained. Nevertheless, the unit-cell voklong ¢ axis, «;,, also increases from «8.8+0.1)
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Dilatometric measurements showed that the mean linear

TEC is about 2.& 10 ° K~* at 300 K (the volume TEC is
approximated to be 7:810 ° K1) for the conventional
polycrystalline S&° It is evident that the determined volume

TECs for nc Se are larger than that for the coarse-grained Se.
The enhanced TEC of nc materials is usually attributed to
the

the increased grain-boundary component in
nanostructure$*’ The TEC can be estimated by appropriate
scaling of the grain-boundary contribution. Assuming both

the grain boundary and the crystallites have the same chemi-

cal composition and elastic modultfspne may getr™ of a
nc sample by an approximation of

a"=Fgpa®+(1-Fy) e (6)
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FIG. 5. (a) The logarithm of integrated peak intensities derived
by the calculated intensities for the nc-Se samples with different
grain sizes at 293 K. The least-square fitting is used to the measured

whereF g, is the volume fraction of grain boundary that is a data. The DWP can be obtained from the slope of the solid (e.
function of the grain siz& 4,=36/D (disa constant relative The logarithm of integrated peak intensities derived by the calcu-

to the grain-boundary tthknéSSagb and a¢ are thermal-

lated intensities for the nc-Se sample with a grain size of 46 nm at

expansion coefficients for the grain boundary and the crysdifferent temperatures.

tallite, respectively.
Normally, the structure of both the grain boundary and th
crystallites in nc materials is considered to remaln un-
changed when the grain size varies, i.e., baf and a°
should be independent on grain size, we may get
Aa=a"— a®=(a%— a)s/D.

()

Taking ay=7.8x10°K™! for the coarse-grained Se
crystal?® one may plot @J°— a{)/a$ againstD "%, which
should yield a straight line, as shown in F|g 4. A good
straight line fitting the plot of &\°— a)/a$ vs D~ implies
that the volume TEC is strongly dependent on grain size an
the volume TEC enhancement follows tBe ! rule for the
nc-Se samples.

B. Debye-Waller parameters and the characteristic
temperatures

According to Eq.(3), we plotted Il opd hk1)/1o(hkl)]
againstr? (r=4 sind/\) for the five nc-Se samples at dif-

d

lots of sampleE at different temperatures. For each set of
data, a straight line can be drawy the least-square fitting
from which theB(T) value is obtained. From Fig.(&, one
may see that with an increase of grain size, the absolute
value of the slope for the fitting straight line decreases, i.e.,
the B(T) value decreases. For sample B(293)=2.6
+0.2 A2, which is comparable to the data for the conven-
tional coarse-grained polycrystalline Se reported in the litera-
ture [ BS(293)=2.35 A?],%® as indicated in Fig. ). From
Fig. 5(b), one may see th&(T) values increase remarkably
at higher temperatures.

d Figure Ga) shows the temperature dg)_endenceB()T)

for different nc-Se samples. It is clear tHa{T) varies sig-
nificantly with the grain size and the temperature. With an
increase of grain size, tHg(T) value shifts downwards and
tends to that for the coarse-grained crystalliné®Sas re-
ported in the literatune In terms of Eq.(5), the temperature
dependence oB(T) can be fitted by adjusting two param-
eters,®y and Bg. The solid lines in Fig. @ show the

ferent temperatures in order to obtain the temperature depeteast-square fitting results to the measured data, and the

dence of the DWPB(T). Figure %a) shows the plots for
different nc-Se samples at 293 K and Figb)5shows the

dashed line shows the fitting results to the literature #ata.
The parameter® andBg from the fitting results are listed
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FIG. 6. The average DWE(T) is plotted against temperature
for different nc-Se samples. The solid lines are the Debye m@ilel
and Einstein approximatiofb) fitting of the measured data, and the

TABLE II. A list of the static DWP and the Debye temperature
for the nc-Se samples, which were derived from the data fitting of
the temperature dependence of the mean DBY{IP) according to
Eq. (5).

Sample  Static DWP,B (A2  Debye temperaturd® (K)

A 0.77£0.15 118.82.1
B 0.53+0.10 122.1%+2.0
C 0.44+0.13 130.6:1.6
D 0.27£0.12 133.x1.7
E 0.14+0.08 134.6:1.4
Fa 0.08 135.9

&The value fitted from the literature value in Ref. 26.

The enhancement of static DWBJ) in nc materials is
normally attributed to the increase of volume fraction of
grain boundary? According to the simple two-state mod@l,
one may describe the overall static DWP of a nc sample by

BX=FyBL+(1-Fy)BE, (8)

whereF g, is the volume fraction of grain boundaries which
is proportional to 1D, andBZ® and B¢, are the static DWPs
for the grain boundary and the crystallite, respectively. Then
the BY enhancement relative tdB§, ABg/Bg=(B<
—Bg/Bg, should be proportional to /. A plot of the en-

hancement oBZ° vs 1D for the nc-Se sample, can be well
fitted by a straight line, as shown in Fig. 8. This result is
rather similar to the observation in nc Cr made by consoli-
dation of UFPs, implying that the simple two-state model
could be used to describe the grain-size dependence of the
static DWP of nc element Se. Alternatively, from a thermo-
dynamic point view, the enhancement BE® in the nc-Se
samples with smaller grains can also be explained by means
of the larger defects solubility caused by the increase of the
Gibbs free energy from the interfac®s.

An enhancement in the static DWP means larger displace-
ments of atoms from their equilibrium lattice locations.
Comparative investigations indicated that ultrafine metal
powders[Cr (Ref. 10, Pd (Refs. 12 and 18 Au (Refs. 14
and 19 and Pb(Ref. 18] possess a larger static DWP than

dashed line represents the line fitting the literature data in Ref. 26.

in Table Il. One may find that both parametégs, andB_s)
vary evidently with the grain size. The value Bf is found

to decrease evidently with an increase of grain size, from

0.77+0.2 A> (D=13nm) to 0.140.1 A? (D=46 nm),
which is close to the value of 0.08%%obtained by fitting the
literature B(T) values for crystal S& As the mean DWP
B(T) is composed oBg andB+t, we derivedB,q5 (at 293 K
based on the measured dataB{293) andBg. The grain-
size dependencies Bf(293), Bs, andB,gzare shown in Fig.

7. It is seen thaB,q; also decreases with an increasing grain
size, from 2.80.3A%? (D=13nm) to 2.50.2A? (D
=46 nm), but the attitude of variation &,q3 is smaller in
comparison with that oBg. That means, the observ&{T)

50 [
a0 F
~ 30 F B(203)
=
m —
20 | Bae
10 f
B5=0.08 (X)
0.0 :
5 15 25 35 45 55

Grain Size (nm)

enhancement in nc-Se samples can be mainly attributed to F|G. 7. Plots of the mean DWP, the static and the thermal DWP

the enhanced static DWH().

at 293 K fitted from Debye model vs the mean grain size.
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10.0 the nc Se with larger grair@4 and 46 nmare close t®§,
I indicating that the fitting results of th&(T)~T dependence
80 | ] by means of the Debye approximation may yield fairly con-
r =7 sistent results for the Debye temperature.
. 605 e From Lindemann’s equatiéfhand Grineisen’s theory of
e [ ,x" the solid staté® the Debye temperature is related to the vol-
a 0 ] {' ume thermal-expansion coefficient by
so b { Op=c/\Jay,VZA,, 9
F .7 .{ wherec, A,, andV are a constant, atomic weight compared
00—l b L to C2and the mole volume of Se, respectively. According to
0.0 15 3.0 45 6.0 7.5 9.0

this relation, one may estimate tky, value from the mea-
sured volume TEC data. The estimated Debye temperature
from the measured volume TEC data is also displayed in Fig.
9. It is obvious that these sets of data are consistent with that
from the fitting of the DWPs. The coincidence of these two

) ) sets of characteristic temperature data, that derived from two
the corresponding bulk crystals. Ohshima and co-woi‘Rer_s independent approaches, indicated an intrinsic feature of the
determined the DWP for the inert-gas condensed ultrafing. ge that the characteristic temperature is considerably de-
Au powders over a temperature range 112-298 K. TheYyragsed related to that for the coarse-grained polycrystalline
found a rather small increase in the thermal component 0&g 5nd it decreases with a reduction of grain size.

DWP compared with that for the bulk crystalline Au, while o the nc materials, it is considered that the Debye model
the static component increases significantly, which is Senskyight not be applicable as the long-wavelength acoustic vi-
tive to the synthesis conditions. For a nc Pd cc_)nsolidate%ration may not exist anymoré. Supposing the ultrafine
from UFPs, Eastman and co—work%feund_ that an increase crysiallite as an assembly of atoms, each of which is oscil-
in the static displacements plays a dominate role in the ®Nating independently with a certain frequengy, one may

hancement of the mean DWP as the thermal component {$se the Einstein approximation for the lattice vibrations
essentially unchanged. These results, as well as the observa-

tions in the nc element Se in the present work, suggest that 6h? 1
the static atomic displacements might dominate the enhance- B = +=
ment of DWP for nc materials. MkgOg [expOg/T)—1 2]
Figure 9 shows the Debye characteristic temperature for
the nc-Se samples as a function of grain size obtained frorwherem, T, h, andkg are the atomic mass, the temperature,
the data fitting of the temperature dependencB(d). With the Planck’s constant, and the Boltzmann constant, respec-
a decrease of the mean grain size from 46 to 13 nm, thiively, and®¢ is the Einstein characteristic temperature de-
Debye characteristic temperature drops from34to 119  fined by hye=kg®¢. The Einstein approximation is also
+2 K. These values are smaller than that obtained by fitting'ormally applicable to cubic crystals, however, for the hex-
the literature value for Se crystaB =136 K) 26 and the agonal strgcture of Se as in the prege_nt case, we ut|.I|zed it as
tabulated Debye temperatuf&35 K).2 The O values for " approximation because of no existing model available for
the hexagonal structure. According to E¢4). and(10), the
Einstein temperatur® and static DWFBg can be obtained
by fitting B(T) values at several temperatures, as shown in
e }' """ Fig. 6b). The curves in the figure give different Einstein

D' (10-2nm-7)

_FIG. 8. A plot of the static atomic displacement char|ng_§c
—B%)/Bg] versusD 1.

(10

140 [

G (K)

—0— From B(T) fitting
—eo— From volume TEC

temperatures and static DWPs for different nc-Se samples, as
130 | } shown in Table Ill. Compared to Table Il it is clear that the
C Einstein temperature is slightly smalle@bout 2 K than the
i Debye temperature for each nc-Se sample, and the static
b } DWP data fitted from Einstein approximation is about 02 A

120 ¢ 1 smaller than that from Debye model. From the comparison
F of the two sets of data, one can see that the Debye model can
[ also be applied to the present system. In fact, the nc-Se sys-

[ tems are composed of fairly large grains, i.e., 10 nm grains

“05""""'1'5' """" 2'5 """" 3'5 """" 4'555 have lots of atoms and the long-wavelength acoustic vibra-

Grain Size (nm) tion still exists. Moreover, the Iong-wavel_ength phonon mod-
els have been observed on surfaces thin films, and the den-

FIG. 9. Plots of the Debye characteristic temperaftinat was ~ Sity of states of a nc Ni was not found to be very different
obtained from the fitting of the temperature dependencB(@),  from that of the bulk materiaf
open circles and the Debye characteristic temperat(tfeat was The depressed Debye temperatures in nanometer-sized
derived from the measured volume TEC values, solid ciycles metallic powders have been detected in several systems. The
against the mean grain size. Debye temperature for ultrafine silver particles with a mean
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TABLE Ill. A list of the static DWP and the Einstein character- js found to follow the simpIeDfl rule. This behavior could
istic temperature for the nc-Se samples, which were derived fronbe explained in terms of the simple two-state model for the
the data fitting of the temperature dependence of the mean DWRc materials® In the two-state model, it is supposed that two
B(T) according to Eqs(4) and(10). discrete regions with differing microstructurésg., concen-
trations of defects and properties coexist. Although the
Einstein characteristic  ahove-mentioned structure and properties can be scaled by

; R (A2 - L . .
Sample Static DWPBs (A?) temperature@e (K) theD ~ ! relation, it is not necessarily true for the nc material
A 0.67+0.21 116.9-3.3 to possess this _extremel_y si_mple structure. In reality, a con-
B 0.43+0.18 120.6-2.8 tinuous dlstnbuuor) of differing m]crostructur(e?r defect$ _
and properties exist in the nm-sized crystallites and grain
C 0.33+0.17 127.%¢1.3 ) L .
boundaries. Localization of all defects on the grain bound-
D 0.16+0.20 131.32.8 L . . .
aries is a simple approximation of the real nanostructure. To
E 0.03+0.16 132.221.5 ST .
Fa 0.20 134 uncover the intrinsic nature of the microstructure and prop-

erties of nc materials, a systematic investigation on nc mate-

2The value fitted from the literature value in Ref. 26. rials with a wide grain-size rangeespecially with smaller
grains, say less than 10 nwould be valuable.

size of 15 nm was reported to be 156 K, which is 25% less

than the bulk value ®,=212K).X” A reduced Einstein IV. CONCLUSIONS

characteristic temperature of about 15% was observed in 10 _ _

nm go|d partides Compared to that for the bulk Crysta| POTOSlty'free bulk nanOnySta”lne hexagonal elemental
(©5=168 K).® For nc materials assembled by UFPs, com-Selenium with grain sizes ranging from 13 to 46 nm made by
parable or depressed Debye temperatures were also report@stallizing melt-quenched amorphous Se solid have been
in Pd (Ref. 8 and Sn(Ref. 18. A 20% depression in the investigated by means of quantitative x-ray-diffraction
Debye temperature was also observed in the porosity-free ralysis in a temperature range of 88-325 K.

Cu made by severe plastic deformatfilhe observed de- ~ With an increase of temperature, lattice parameten-
pression in the characteristic temperature in the nc Se is ifreases butc decreases, exhibiting different thermal-
agreement with the results reported in the literature. expansion behaviors along deferent crystallography direc-

The characteristic temperature of material is a fundamentions. With a reduction of grain size, the linear TE@®th
tally physical parameter designating the cohesion of atomgilonga axis andc axis) increase significantly, resulting in a
The higher characteristic temperature indicates a stronger cgignificant increase in the volume TEC. The enhancement of
hesion of atoms in the material. The depression of charactefhe volume TEC for the nc-Se samples increases with a re-
istic temperature in the nc Se implies a decrease in the cdgluction of grain size and follows tHg ~* rule.
hesion of atoms in the nm-sized crystallites, which agrees The temperature dependence of the mean DWP was mea-
well with the measured grain-size dependence of the Dwrsured, from which the static and thermal components of the
With a reduction of grain size, the atomic displacement fromDWP, as well as the characteristic temperatures for the nc-Se
their ideal lattice locations increases, which may weaken théamples were obtained. The observed enhancement in the
cohesion between neighboring atoms. In fact, the observe@iean DWP can be attributed mainly to an increase of the
larger thermal and static component of DWP in nc-Sestatic atomic displacement with a reduction of grain size that
samples with smaller grains may result in a decrease in théllows the D~* rule. The thermal DWP increases slightly
elastic modules and hence a depression of the effective chaith decreasing the mean grain size. The Debye temperature
acteristic temperature. Thermodynamic calculations indifor the nc-Se specimens was found to decrease from 134 to
cated that the TEC increases remarkably with an increase df19 K when the mean grain size drops 46 to 13 nm. These
the excess volume of the lattiéewhich is closely related to  results suggests larger displacements of the atoms from their
the static displacements of atoms. Larger static atomic digdeal lattice locations and more defects in the nc-Se samples
placements from the ideal lattice positions may result in arwvith smaller grains. The thermal properties and their grain-
increase in the effective excess volume of the lattice. Actusize dependence of nc elemental Se samples agree well with
ally, the dilated lattice in the nc Se with smaller grains hasthe characteristic microstructures revealed by XRD experi-
been experimentally observed in our previous paper. ments.

Therefore, one may see that the measured thermal prop-
erties gnd their grain-size dependence o_f nc-Se {samples agree ACKNOWLEDGMENTS
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