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Structure characteristics of nanocrystalline element selenium with different grain sizes
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Shenyang 110015, People’s Republic of China
~Received 4 February 1997; revised manuscript received 23 April 1997!

Porosity-free nanocrystalline~nc! element Se samples with mean grain sizes ranging from 13 to 70 nm were
synthesized by crystallizing a melt-quenched amorphous Se solid. Microstructures of the nc-Se~with a hcp
structure! samples were characterized by means of quantitative x-ray-diffraction measurements. The Bragg
reflection and the background intensities, as well as the reflection shape of the x-ray-diffraction patterns for the
nc Se were analyzed according to data fitting of the measurement results. The grain-size dependencies of the
microstrain, lattice parameters, unit-cell volume, and the mean Debye-Waller parameter were determined. With
a reduction of grain size, the microstrain increases significantly along^100& direction but decreases along^104&
direction, and exhibits an increasing anisotropic microstrain behavior. The lattice parametera was found to
increase evidently whilec decreased slightly with a decreasing grain size, resulting in a significant lattice
distortion with a dilated unit-cell volume. It agrees with the observation that the mean Debye-Waller parameter
increases with a reduction of grain size, suggesting larger displacements of atoms from their ideal lattice sites
in the nc-Se samples with smaller grains. The similarity of the grain-size dependencies of these structural
parameters as that of the grain-boundary volume fraction implies that the intrinsic microstructure feature of nc
materials is closely related to the crystallite dimension and the amount of grain boundaries.
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I. INTRODUCTION

Nanocrystalline~nc! materials are structurally characte
ized by ultrafine grains and a large number of metasta
grain boundaries. Properties of nc materials have been fo
to be more or less altered, depending upon processing
thermal history of the samples, compared to those of
conventional coarse-grained counterparts.1–3 A complete
characterization of the microstructure of nc materials is n
essary for gaining an understanding of the origin of th
altered properties in this class of materials.

Quantitative x-ray diffraction~XRD! has been proved to
be a powerful tool for structure characterization of nc ma
rials. Previous investigations on nc cubic metals Pd~Ref. 4!
~fcc! and Cr ~Ref. 5! ~bcc! consolidated from ultrafine me
tallic powders~UFPs!, and the nc Cu~fcc! made by means o
the severe plastic deformation,6 etc., have demonstrated th
their XRD patterns differ significantly from those of the co
responding reference coarse-grained polycrystalline coun
parts. Different structure parameters~such as the microstrain
Debye-Waller parameter, lattice parameter, etc.! have been
obtained in the nc materials compared with those for
conventional coarse-grained polycrystalline materials.

Consolidation of UFPs under an ultrahigh pressure~usu-
ally greater than 1 GPa! during the synthesis process of th
nc compact may introduce a large stress and nanometer-
pores~or voids! in the sample, which may significantly affec
the structure parameters and properties as well. The se
plastic deformation7 results in bulk porosity-free nc materia
~actually the grain size is in the submicron regime!, but an
evident texture and residual stress are created in the sa
that are obstacles for gaining the intrinsic structure featur
nc samples from the XRD data. Nanocrystallization of am
phous solids provides an effective approach to prod
560163-1829/97/56~22!/14322~8!/$10.00
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porosity-free nc materials.8,9 During crystallization of the
amorphous solid, nanometer-sized crystallites are formed
numerous nucleation and subsequent growth with a c
trolled rate in the amorphous matrix, eventually resulting i
porosity-free nc sample with a narrow grain-si
distribution.9 The grain size in the as-crystallized samp
could be easily changed within a wide range by adjusting
annealing conditions~i.e., varying the nucleation and growt
rate!, which facilitates the investigation of the grain-size d
pendence of properties and structure parameters.

In this work, we report a quantitative XRD investigatio
on the microstructure of porosity-free nc element seleni
bulk samples with grain sizes ranging from 13 to 70 n
which has a different crystallographic symmetry~hcp! com-
pared with other cubic~fcc and bcc! systems. The nc-Se
samples were synthesized by means of the complete cry
lization of the amorphous solid.8 The Bragg reflection and
the background intensities, as well as the reflection shap
the XRD patterns for the nc Se, were analyzed. Grain-s
dependencies of some structure parameters~such as micros-
train, lattice parameters, and Debye-Waller parameter, e!
were determined and analyzed. In addition, low-tempera
XRD measurements were performed to study the ther
properties and their grain-size dependencies in this mate
which will be addressed in our forthcoming paper.10 These
results will provide an overall picture of the microstructu
characteristics of the nc Se and are helpful for understand
the observed properties and structure-property relationsh
nc materials.

II. EXPERIMENTAL PROCEDURES

A. Sample preparation

The nanocrystalline selenium specimens in the pres
work were synthesized by completely crystallizing a me
14 322 © 1997 The American Physical Society



llized
vations

56 14 323STRUCTURE CHARACTERISTICS OF . . .
TABLE I. A list of the annealing temperature and the resultant mean grain size in the as-crysta
nc-Se samples. The mean grain size was derived from XRD experiments and verified by TEM obser
~in the dark field images!.

Annealing temperature~K! 363 371 403 423 433 470 482

Mean grain size,D ~nm! 1362 1561 2362 3163 3864 6066 7065
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quenched amorphous selenium solid. Commercial am
phous Se with a purity of 99.999% was sealed in a qua
ampoule with a diameter of 10 mm and a length of 200 m
that was evacuated to 1025 Torr. The solid Se sample wa
heated to 673 K and held for 60 min in order to melt t
solid completely, followed by a rapid quenching into th
liquid nitrogen. XRD experiments showed that the whole
bar-shaped specimen with a diameter of 10 mm and a le
of 50 mm is in an amorphous state. The as-quenched am
phous Se~a-Se! sample was annealed at 333 K for 400 h f
a full structure relaxation. Then the a-Se sample, which w
still kept in the vacuum ampoule, was heated up to the
sired annealing temperature~ranging from 363 to 482 K! and
held for 1.5 h so that the a-Se is completely crystallized. T
crystallized Se sample was cooled from the annealing t
perature down to room temperature at the rate of 0.2 K/m
in order to minimize the microstrain. The resultant grain s
of the as-crystallized Se was found to increase at higher
nealing temperatures, ranging from 13 to 70 nm as de
mined from the XRD measurements. According to the Bra
reflection peak broadening in the XRD pattern, the me
grain size was calculated by consideration of the microst
and the instrumental broadening effects. This grain-size
sult is verified by the transmission electron microsco
~TEM! observations of the as-crystallized Se samples. Ta
I lists the annealing conditions and the resultant grain s
of the nc-Se specimens.

B. X-ray-diffraction measurements

The quantitative x-ray-diffraction measurements of t
different grain-sized nc-Se samples were carried out o
Rigaku D/MAX 2400 x-ray diffractometer with a wide ang
goniometer. The nc-Se sample used for XRD measurem
was a flat sheet with a size of 1539 mm2 and a thickness o
4 mm, which was cut and polished from the nc-Se bar
rotating Cu target was used with a voltage of 50 k
and a current of 100 mA. The x-ray wavelengt
lka1(51.540 562 Å) andlka2(51.544 39 Å) were selected
using a graphite crystal̂0002& scattering at the goniomete
receiving slit section. With these wavelengths, the extinct
depth in Se was calculated to be less than 87mm, which was
much smaller than the thickness of the measured sam
The divergence slit~which was placed in the incident x-ra
beam! was selected with a width of 0.5°, ensuring that t
entire beam is either absorbed or diffracted by the sam
The scattering slit~which controls the scattering x-ray on th
counter! was also chosen with a width of 0.5°. The width
0.15 mm was selected as that of the receiving slit~which
controls the width of diffracted x-ray to be entered into t
counter!. Measurements ofu–2u scans for the samples wer
made in the reflection mode with the scattering vec
aligned approximately perpendicular to the sample surfa
r-
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The experimental temperature was 29361 K and the scan
range for 2u was 20°–103°. A small angular step of 2u
~0.02°! and a fixed counting time of 10 s were taken to me
sure the intensity of the Bragg reflections. For the rest of
XRD pattern, which is related to the background intensity
step size of 0.1° and a counting time of 5 s were used.

C. Data analysis

Kinematical x-ray-diffraction theory was used to rela
the measured intensityI (t,T) as a function of scattering vec
tor and temperature to the diffraction processS(t) from the
sample by11

I ~t,T!5I 0LPAu f u2expF2B~T!t2

8p GS~t!, ~1!

whereI 0 represents the incident intensity multiplied by a s
of physical constants,L andP are the Lorentzian and polar
ization factors respectively,A is the absorption factor andf
is the atomic scattering factor. The physical constants wit
the I 0 term are independent oft and T, which are not im-
portant in the present experiment because absolute intens
were not determined. The Lorentzian factor was taken to
equal to (sin2u cosu)21. The polarization factor for the dif-
fracted beam is given by

P~u,a!5~11cos22a cos22u!/2, ~2!

wherea is the Bragg angle of the monochromater that p
vides approximation as an ideal mosaic crystal. The abs
tion correction could be ignored for data collected with t
scintillation detector because the samples were appr
mately flat. The atomic scattering factorf related to the scat-
tering vector was taken equal to

f ~t!5 f 01D f 81~D f 9!2/~2 f 01D f 9!, ~3!

wheref 0 is the atomic scattering magnitude of the free ele
trons,D f 8 andD f 9 are the dispersion correction terms. Th
term of exp@2B(T)t2/8p2# is the Debye-Waller factor, which
accounts for the attenuation of intensity with the increas
angle.B(T) is Debye-Waller parameter that is a measure
static and thermal displacements of atoms from their id
lattice sites.S(t) is the diffraction process that relates to th
measured intensity of the sample.

In order to derive information about the Bragg shapes a
the magnitude of the additional nonpeak intensity, t
Pseudo-Voigt function was used to fit the data. The pseu
Voigt function is a linear combination of Lorentzian an
Gaussian functions represented by12
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Fk~t!5
2hLCk

pGkL
F11

4~t2Ck!
2

GkL
2 G21

1
2~12hL!Ck@~ ln2!/p#1/2

GkL

3expF24 ln2~t2Ck!
2

GkL
2 G ~t,Ck!, ~4a!

Fk~t!5
2hRCk

pGkR
F11

4~t2Ck!
2

GkR
2 G21

1
2~12hR!Ck@~ ln2!/p#1/2

GkR

3expF24 ln2~t2Ck!
2

GkR
2 G ~t.Ck!, ~4b!

whereCk , Gk , andCk are the integrated intensity, full width
at half maximum, and centroid position of thekth intensity
peak, respectively. The parameterh weights the relative
amounts of Lorentzian and Gaussian components, such
h51 is the pure Lorentzian andh50 is the pure Gaussian

The parametersh and Gk were adjusted independent
and fitted in the peak profiles of the nonsubject. For e
peak, whent was in the left of the peak positionCk , Eq.
~4a! was used to calculate the left side of the Bragg refl
tion, whent was in the right of the peak positionCk , Eq.
~4b! was used to present the right side shape.

III. RESULTS AND DISCUSSIONS

A. The integrated intensities of the Bragg reflections

Figure 1 shows typical XRD lines~100!, ~101!, and~200!
for the nc-Se bulk samples with different grain sizes. It
obvious that with a decrease of grain size, the Bragg diffr
tion lines are significantly broadened, and the peak positi
Ck shift towards lowert values~smaller 2u values!.

In order to separate the background intensity from
intensity of Bragg reflection that has been fitted by using
pseudo-Voigt analysis, a couple of edge points located at
both corners of each Bragg reflection were chosen as
background. So, the baseline connecting these edge p
was established. The intensity data above the base line
removed for all Bragg reflections. The remained intens

FIG. 1. The x-ray diffraction profiles of~100!, ~101!, and~200!
for the nc-Se samples with different grain sizes~as indicated!.
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that is not associated with the Bragg reflection is regarde
the background intensity. Figure 2 shows the integrated
tensities of background and Bragg reflections fromu
520° to 103° for the nc-Se samples. It is clear that with
decrease of grain size from 70 to 13 nm, the backgrou
intensity increases slightly from (7.460.3)3104 to (8.2
60.8)3104 cps~about 1167% enhancement!, and the inte-
grated intensity of Bragg reflections decreases from (
60.1)3104 to (0.360.3)3104 cps. A roughly constant
Bragg reflection intensity was observed for the nc-
samples with grain sizes greater than 40 nm. The total s
tered intensity of the nc-Se sample, which is a sum of
background and Bragg reflection intensities, keeps
changed with grain size, as seen in Fig. 2.

Similar results were reported that an enhanced ba
ground intensity in the nc Pd~Ref. 13! ~about 868%! and
Cu ~Ref. 6! (663%), in comparison with those in the con
ventional coarse-grained counterparts. However, a very la
intensity of background scattering was observed in a nc
~with a bcc structure!, which was regarded as originatin
from a ‘‘gaslike’’ grain-boundary structure.14 The present
result seems to imply the so-called ‘‘gas-like-structure
grain boundaries with neither the short-range order nor
long-ranged order have not been detected at least in
present clean nc samples.

The background intensity in XRD patterns is a result
x-ray diffuse scattering from the samples and the instrum
In the present experiments, due to the same background
tensity from the instrument, the background intensity fro
the nc-Se samples can be compared. The increased b
ground intensity patterns indicates a larger x-ray diffuse s
tering from the sample. This observation, as well as the
creased Bragg reflection intensity, might be attributed
larger atomic displacements from their equilibrium sites
the grains and on grain boundaries of which the volume fr
tion increases considerably with a reduction of grain size
the nanometer region.

B. The Bragg reflection shapes analysis

By using the Pseudo-Voigt function@Eqs. ~4a! and ~4b!#
fitting, the Bragg reflection shapes of these nc-Se sam

FIG. 2. Variations of the background integrated intensity~open
circles!, the integrated intensity of the Bragg reflections~open
rhombuses!, and the total scattered intensity~full circles! from 2u
520° to 103° with the mean grain size for the nc-Se specime
The dashed line is obtained by the least-square fitting of the m
sured total scattered intensity.
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can be described by means of a sum of Gaussian and Lo
zian functions with a larger Lorentzian component. For
stance, the Lorentzian fraction is about 6261% ~the Gauss-
ian is 3861%! for the nc Se with a mean grain size (D) of
13 nm. The Lorentzian component for the nc-Se sample
found to be decreasing with a reduction of grain size, fr
about 8468% ~for D570 nm! to 6261% (D513 nm), as
seen in Fig. 3. This variation tendency differs from the o
servations in the literature that enhanced Lorentzian com
nents were detected in nc materials compared with t
coarse-grained counterparts. It has been reported that in
nc Pd made by consolidation of UFPs,4 the primary
Lorentzian-shaped~more than 90% Lorentzian componen!
Bragg reflections were observed, in contrast to a 40–5
Lorentzian component in the coarse-grained polycrystal
Pd. A rather similar behavior has been found in Cu made
severe plastic deformation method.6 The primarily Lorentz-
ian shape of Bragg reflections in the nc samples was in
preted by the small crystallite size and the influence of
long-range internal stress fields of the nonequilibrium gr
boundaries.6

The shape of the Bragg reflections is originated from
broadening profiles of the grain-size refinement, the micr
train, and the instrument. The grain-size broadening pro
which frequently dominates the reflection, can be norma
represented by a pure Lorentzian function.15 The microstrain
broadening profile is related to the distribution of the micro
train in grains. According to the present results, the Lore
zian component varied with grain size, and the instrume

FIG. 3. Variation of the Lorentzian fraction for the Bragg r
flections vs the mean grain size in the nc-Se samples.
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broadening profile~a Gaussian function! is the same for dif-
ferent nc-Se samples. Hence, it can be deduced that t
exists a Gaussian component between grain size and mic
train broadening profiles. Considering that the grain-s
broadening profile is a Lorentzian function, one may
tribute the Gaussian component to the microstrain broad
ing. With a decrease of grain size, the Gaussian frac
gradually increases, indicating an increasing attitude of
crostrain in the nc-Se specimens~as seen in Sec. III C!.

C. Peak broadening effect analysis

The peak broadening is characterized by its integ
width. The measured intensity profile of the Bragg reflecti
is a convolution of the physical intensity profile from th
sample with a profile representing instrumental broaden
As shown above, the measured profile of the Bragg reflec
in the nc-Se sample possesses primarily a Lorentzian c
ponent. The instrumental broadening profile determined
means of a SiO2 reference sample is revealed as to be
Gaussian type in the present study. So, one can suppose
the physical profile of the nc Se is primarily a Lorentzia
type. From the above analysis, one can separate the phy
intensity profile from the measured intensity profile by r
moving the instrumental broadening effect. The microstr
ture broadening of the sample may originate from impuriti
small crystallites, and the presence of microstrain within
specimen. As the effect of impurities can be ruled out for
pure nc-Se samples in this case, the physical broadening
file can be considered as the convolution of the grain-s
broadening profile~usually represented by a Lorentzia
function4! with that of the microstrain broadening~a Gauss-
ian function as analyzed in Sec. III B!.

According to the analyses above, the grain size and
microstrain of the sample can be calculated from the integ
width of the physical broadening profileb in terms of the
Scherrer and Wilson equation16

bhkl
2

tg2uhkl
5

lbhkl

Dhkltguhklsinuhkl
14^«hkl

2 &1/2, ~5!

wherel is the wavelength oflka l
, and Dhkl and ^«hkl

2 &1/2

represent the thickness and the mean magnitude of mic
train inside of the grains and the interfacial regions in t
^hkl& direction, respectively.

Table II lists the resultant mean grain sizes and micr
trains in the as-crystallized nc-Se samples calculated f
TABLE II. A list of the mean grain size and the mean microstrain, the grain sizes and microstrains along the^100& and^104& directions,
and the grain boundary microstrain (^«2&gb

1/2) in the as-crystallized nc-Se samples.

Mean grain
size,D ~nm!

Mean microstrain,
^«2&1/2 ~%!

D100

~nm!
^«100

2 &1/2

~%!
D104

~nm!
^«104

2 &1/2

~%!
^«2&gb

1/2

~%!

1362 0.6060.08 1562 0.7360.07 1064 0.0460.07 1.160.2
1561 0.3960.06 1661 0.5160.06 1363 0.0660.06 0.860.1
2362 0.2760.02 3162 0.4160.05 2062 0.1260.04 0.760.2
3163 0.2960.04 3963 0.4360.05 2763 0.1360.04 0.960.1
3864 0.1660.05 4363 0.2660.04 3564 0.1260.05 0.760.2
6066 0.2060.05 6565 0.2360.05 5465 0.1360.03 0.860.2
7065 0.1360.01 7765 0.1460.02 6566 0.1360.02
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nine single XRD peaks. Figure 4~a! shows the mean micros
trains in the as-crystallized nc-Se specimens as a functio
grain size. It is clearly seen that with a decrease of grain
~from 70 to 13 nm!, the mean microstrain increases eviden
from about 0.1% up to 0.6%. One can see from this re
that the microstrains in the as-crystallized nc-Se samples
smaller compared to those in the mechanically-deformed
materials@that reached as much as about 1–3 %~Refs. 17
and 18!#. The measured grain-size dependence of mean
crostrain in the nc-Se sample has a similar tendency as
of the volume fraction of grain boundaries,Fgb53d/D ~d is
the grain-boundary thickness!, as indicated in Fig. 4~a!,
which is inversely proportional to the mean grain size. A
cording to the two-state model,5 one may describe the overa
microstrain of a nc sample bŷ«2&nc

1/25Fgb̂ «2&gb
1/21(1

2Fgb)^«
2&c

1/2, where^«2&gb
1/2 and^«2&c

1/2 are the microstrains
for the grain boundary and the crystallite, respectively. T
ing the mean microstrain of the 70 nm sample as^«2&c

1/2

(50.13%) for the crystallite andd52 nm ~a thickness of
about four atomic layers!, one can get̂«2&gb

1/2, as shown in
Table II. The^«2&gb

1/2 values seem to be independent of gra
size, being a constant within the error bar,^«2&gb

1/250.9
60.2%. The origin of the microstrain caused by the quen
ing can be ignored since the samples were cooled at a ra

FIG. 4. ~a! A plot of the mean microstrain vs the mean gra
sizes in the nc Se. The dashed line represented the grain-siz
pendence of grain-boundary volume fraction (Fgb) in the nc sam-
ple. ~b! A plot of the microstrains alonĝ100& and ^104& direc-
tions vs the mean grain size in the nc Se. The dashed line repre
the variation of the mean microstrain with grain size.
of
e
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er

slow rate. Experiments also indicated that the microstr
does not change with the annealing time.19 The observed
variation of the mean microstrain might be attributed
larger atomic displacements from their equilibrium sites
the grains, and on grain boundaries of which the volu
fraction increases remarkably with a decrease of grain siz
the nanometer region.

Comparing Fig. 3 with Fig. 4~a!, one can see that th
inverse grain-size dependence of the mean microstrai
more pronounced than the variation of the Gaussian~or
Lorentzian! component. As analyzed in Sec. III B, the sha
of the Bragg reflections originates from~i! the broadening
profile of the grain refinement~Lorentzian function!, ~ii ! the
microstrain broadening profile~Gaussian function!, and~iii !
the instrumental broadening profile~Gaussian!. The instru-
mental broadening profile can be excluded as it is the sa
for different nc-Se samples. A reduction of grain size
creases the Lorentzian component and hence depresse
Gaussian. Meanwhile, with a reduction of grain size, the m
crostrain component increases, which leads to a lar
Gaussian component. Therefore, the overall variation of
Lorentzian component cannot be comparable with that of
microstrain.

Due to the overlapping of the second-order reflect
peaks in the XRD spectra,~210!, ~201!, and~100! reflections
were selected to estimate the grain size and the micros
along ^100& direction,D100, ^«100

2 &1/2 by Eq. ~5!, and ~104!
and~102! lines forD104, ^«104

2 &1/2. The results are presente
in Table II and Fig. 4~b!. It can be seen that, with a reductio
of grain size from 70 to 13 nm,^«100

2 &1/2 increases apparentl
from 0.1460.02% to 0.7360.07%, while ^«104

2 &1/2 de-
creases from 0.1360.02% to 0.0460.07%, which can be
well correlated with the variations of the lattice parametera
andc with grain size, as discussed in Sec. III D. An increa
ing anisotropic microstrain behavior is clearly seen for t
nc-Se samples with smaller grains. For the 70 nm Se sam
the microstrains are comparable along^100& and^104& direc-
tions, but for the 13 nm sample,^«100

2 &1/2 is about one order
of magnitude larger than̂ «104

2 &1/2. The Voigt function
method20 was also used to calculate the grain sizes and
microstrains alonĝ100& and ^104& directions, and similar
results were obtained.

Similar to the present results, Eastman and co-worke4

reported the strain breadths are essentially isotropic in
coarse-grained sample Pd, but very anisotropic in the
sample. The nc Cu made by means of the severe pla
deformation method was also found to be anisotropic.6 The
strains alonĝ 100& direction were found to be much large
than those alonĝ111& direction and in nc, Pd, and C
samples,4,6 while in the nc-Se samples the strain along^100&
direction is larger than that along^104&. Such a difference in
the microstrain can be attributed to different crystallograp
symmetries.

D. Refinement of lattice parameters

Determination of the lattice parameters in nc Se includ
two stages. First, thelka2 component was removed from th
XRD profiles using the modified Rachinger method.21,22Sec-
ond, the lattice parameters were calculated from the inten
peak centroid positions for the nc-Se specimens. The p

de-

nts
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56 14 327STRUCTURE CHARACTERISTICS OF . . .
positions were calibrated by the external standard met
using a pure Si polycrystal in order to minimize the system
error. The calibration function was observed as

D2u5a1b cosu1g sinu, ~6!

wherea relates to 2u-axis origin displacement,b relates to
eccentricity between the sample and goniometer center a
and g relates to the sample flatness or absorption. In
study, a, b, and g were determined by the least-squa
method, being a50.013 891, b520.080 571 2, andg
50.023 696 9. Considering that the nc Se is the hexago
structure, we select the weighted least-square method to
culate the lattice parameters in order to minimize the ca
lation error. The equation is originated from the Bragg’s la
and given by

h2
a*

2
1k2

b*

2
1 l 2

c*

2
12kl

b* c*

cosa*
12lh

a* c*

cosb*

12hk
a* b*

cosg*
1E~u!x5

4 sin2u

l2 , ~7!

wherea* , b* , c* anda* , b* , g* are the reciprocal-lattice
parameters from which the lattice parameters of the nc
can be obtained.E(u) is the error function that is selected a
sin22u andx is the error function weight. Nine single peak
were used in the calculation.

Measured lattice parameters~a and c! for the nc-Se
samples with different grain sizes are shown in Figs. 5~a! and
5~b!. The values ofa are evidently above the equilibrium
lattice parametera0 (54.3662 Å) with grain sizes smalle
than 30 nm, for the nc Se with grain size larger than 35 n
a values are approximately equal toa0 . The value ofa is
found to increase significantly with a reduction of grain siz
The values ofc are found to be larger~about 0.1–0.2 %!
than the tabulated value of the equilibrium Se,c0
(54.9536 Å), and show a slight decreasing tendency wit
reduction of grain size. The enhancement of the lattice
rametera with respect toa0 , Da5(a2a0)/a0 , increases
from 20.05 to 0.3% when the grain size decreases from
to 13 nm. From Fig. 4~b!, one can see that, with a reductio
of the mean grain size, the microstrain along^100& direction
~a axis! increases, but decreases along^104& direction ~that
can be regarded asc axis approximately!. This behavior can
be correlated with the variations of the lattice parametera
and c with grain size. However, the intrinsic nature of th
different grain-size dependencies of the two lattice para
eters~a andc! is actually unknown and needs further inve
tigation.

The lattice parameters for the nc-Se samples from
XRD experiments may be considered as an weighted ave
from the atoms inside the crystallites and those on gr
boundaries that satisfy the Bragg reflection conditions. Or
other words, some of the atoms on the grain boundary m
contribute to the Bragg reflection when they are associa
with the crystallite lattice. The evident deviation of the me
sured lattice parameters of the nc-Se samples from the t
lated values for the equilibrium crystal implies~i! a lattice
distortion in the crystallites, or~ii ! a significant distortion
localized in the grain boundaries while the crystallite latt
structure remains unchanged, or~iii ! a distortion in both the
d
c

is,
is

al
al-
-

e

,

.

a
a-

0

-

e
ge
in
n
y
d

-
u-

crystallite and the grain boundaries. From the present av
able data, however, it is difficult to identify which situatio
holds in the nc-Se samples. Variation of the lattice para
eters in trigonal nanophases has been observed in N3P,
Fe2B,23,24 in which the lattice parametera is enhanced while
c is depressed. In a cubic-structured nanophase~Cr, Pd!,25

increased lattice parameters were also reported based o
XRD measurements.

With the measureda andc, the unit-cell volume (V) of
the nc-Se sample can be calculated according toV
5()/2)a2c. V is found to be larger than the equilibrium
data (V0) for all nc-Se samples, implying an evident lattic
expansion in the nc Se. Figure 6~a! shows the variation of the
unit-cell volume for the nc-Se specimens against the gr
size.DV increases from around 0.1% to 0.7% with a redu
tion of grain size from 70 to 13 nm. The increased unit-c
volume is found to be proportional toD21, as shown in Fig.
6~b!, which is similar to that observed in the nc Ni3P,
Fe2B.23,24

From a thermodynamic point of view, the metastab
structure with an enhanced unit-cell volume~or referred to as
an effective lattice expansion! might be explained. With re-
spect to that of the infinite large crystal, the free energy o
crystallite of which the dimension isD will be enhanced by
DG(T,D)54Vg/D, whereV is the atomic volume of the
grain andg is the interfacial free energy. From this point o
view, a reduction of grain size will enlarge the free energy

FIG. 5. ~a! A plot of the measured lattice parametera vs the
mean grain size in the nc-Se samples.~b! A plot of the measured
lattice parameterc vs the mean grain size in the nc-Se samples
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the crystallites and consequently raise the equilibrium so
solubility in the crystal lattice. In a pure element syste
point defects and vacancies are possibly ‘‘solute’’. Introdu
tion of more point defects or vacancies in the crystal latt
would disturb the lattice structure resulting in lattice disto
tion with a dilated unit cell.26

E. Debye-Waller parameter determination

The Debye-Waller parameter is a measure of the displa
ments of atoms from their ideal positions. Usually t
Debye-Waller parameter can be obtained from XRD patte
by means of the Warren11 method or other methods.27,28 Ac-
cording to Eq.~1!, the Warren method can be expressed a11

2 ln~Ck /mk!5
2B~T!Ck

2

8p2 1J, ~8!

whereCk is the integrated intensity,Ck is the centroid peak
position, andmk is the multiplicity factor of thekth intensity
peak. The parameterJ is a constant scaled with the incide
intensity. Figure 7~a! shows plots of2 ln(Ck /mk) vs t2 (t
54p sinuhkl /l) for the nc-Se samples with grain sizes of
and 70 nm. It was observed that the plots are best fitted
straight lines, the average Debye-Waller parameters at r
temperature~293 K!, B̄(293), can be obtained from the slop
of the straight line. The obtained value ofB̄(293) for 13 nm
Se @(3.560.3) Å2# is about 35% larger than that for 70 n

FIG. 6. ~a! Variation of the unit cell volumeV with the mean
grain size in the nc Se.~b! A plot of the unit cell volume change
(DV5(V2V0)/V0) with D21.
te
,
-
e
-

e-

s

y
m

Se @(2.660.2) Å2#. These values for nc-Se specimens a
obviously larger than that for the conventional coars
grained polycrystalline Se (2.35 Å2).29 The average Debye
Waller parameter of the nc-Se specimen was found to
crease with a reduction of grain size, as can be seen in
7~b!. The grain-size dependence of the Debye-Waller para
eter in the nc Se is consistent with previous observation
nc metals@Pd ~Ref. 30!, Au ~Ref. 27!, and Cu~Ref. 6!# in
which enhancedB(T) was detected relative to their coars
grained counterparts. From a thermodynamic point of vi
as mentioned above, the variation of the Debye-Waller
rameter of the nc-Se specimens against the grain size ca
explained, since the increase in the free energy of the sys
due to the reduction of grain size is offset by enhanced s
bility of defects that is measured byB̄(293).

The determined Debye-Waller parameter according to
~8! provides a measure of the atomic displacements fr
their ideal lattice sites averaged over all crystallographic o
entations and regions. It may be separated into two com
nents:BT andBS . BT is the contribution from thermal vibra
tion of atoms and is temperature-dependent.BS is the

FIG. 7. ~a! The logarithm of integrated peak intensities d
vided by the appropriate multiplicity factors and Lorentzian, pol
ization factors, structural factor for the nc-Se samples with
mean grain size of 13 and 70 nm. The straight lines represen
best weighted linear fit to the data.~b! Variation of the average
Debye-Waller parameters with the mean grain size for the nc
The dashed line represented the grain-size dependence of g
boundary volume fraction (Fgb) in the nc samples. The averag
Debye-Waller parameter for the equilibrium coarse-grained po
crystal Se@B̄c(293)52.35 Å2# is also indicated.
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temperature-independent term due to the existence of
static lattice distortion, i.e., the static atomic displacement31

The present result indicated that the enhanced atomic
placements~thermal and static! in the grains and/or in the
interfacial regions might take place in nc-Se samples. Ho
ever, with these data, one cannot separate the contribut
of the thermal motion and of the static atomic displaceme
Nevertheless, based on the measurement results of mic
trains and the lattice parameters for the nc Se with differ
grain sizes described in Secs. III C and III D, we may su
pose that static atomic displacements might play an imp
tant role in the variation ofB̄(293). In order to identify the
contributions ofB̄T and B̄S to the observed enhancement
B̄(293), it is necessary to measure the Debye-Waller par
eters at different temperatures. With the temperature dep
dence ofB̄(T), B̄T , andB̄S could be separated and the orig
of the B̄(293) enhancement can be clarified, which will b
discussed in our forthcoming paper.10

IV. CONCLUSIONS

Porosity-free bulk nanocrystalline element seleniu
samples with grain sizes ranging from 13 to 70 nm made
nanocrystallization of melt-quenched amorphous Se h
been investigated by means of quantitative XRD analy
The Bragg reflections of the nc-Se specimens can be re
sented by a sum of Gaussian and Lorentzian functions wi
larger Lorentzian component. With a reduction of grain si
the Lorentzian component of the Bragg reflection shapes
creases, and the background integrated intensity of the X
l
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pattern increases. When the grain size decreases from 7
13 nm, the mean microstrain in the nc Se was found to
crease from about 0.1% to 0.6%, and the microstrain
creases significantly along the^100& direction but decreases
along the ^104& direction, exhibiting an increasing aniso
tropic microstrain behavior.

The lattice parameters and the Debye-Waller parame
for the nc-Se specimens were found to be strongly depend
on the grain size. An evident lattice distortion was observ
with an enhanced unit-cell volume relative to the equilibriu
lattice structure. With a reduction of grain size,a increases
significantly by as much as about 0.3%, butc decreases
slightly, the unit-cell volume increases by about 0.7% w
D513 nm. The distorted lattice structure with a dilated un
cell volume is consistent with the grain-size dependence
the average Debye-Waller parameter that increases wi
reduction of grain size, suggesting larger atomic displa
ments in the nc Se with smaller grains.

The observed grain-size dependencies of microstr
unit-cell volume, and the Debye-Waller parameter in t
nc-Se samples exhibit approximatelyD21 relations, and are
rather consistent with that of the volume fraction of gra
boundaries in nc materials. The results imply that the intr
sic microstructure feature of nc materials is closely related
the crystallite dimension and the amount of grain boundar
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