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Synchrotron-based high-pressure x-ray diffraction measurements indicate that compressibility, a fundamental materials property, can have a size-specific minimum value. The bulk modulus of nanocrystalline titania has
a maximum at particle size of 15 nm. This can be explained by dislocation behavior because very high
dislocation contents can be achieved when shear stress induced within nanoparticles counters the repulsion
between dislocations. As particle size decreases, compression increasingly generates dislocation networks
共hardened by overlap of strain fields兲 that shield intervening regions from external pressure. However, when
particles become too small to sustain high dislocation concentrations, elastic stiffening declines. The compressibility has a minimum at intermediate sizes.
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I. INTRODUCTION

Nanoscale physics has attracted considerable experimental and theoretical interest. Size effects on the plasticity of
materials have been widely investigated.1–3 The increase in
hardness and yield strength of materials with decreasing
grain size, known as the Hall-Petch effect, has been attributed to increase in dislocation pileups in small particles.4,5
Deviation from the Hall-Petch effect has been reported in
particles in nanometer size range.6 Several mechanisms are
proposed for the inverse Hall-Petch effect,7–11 such as the
mechanisms based on dislocations,12 diffusion,13,14 grainboundary shearing,15 core-shell structures,16,17 two-phase
structures,18 collective motion,19 energy gain and cohesive
energy loss,20 and dislocation-absorption models.21 In contrast to size effects on plasticity, the size dependence of elasticity is poorly understood.22–28 Using synchrotron-based
x-ray diffraction 共XRD兲 we measured on nanocrystalline titania 共TiO2兲 sized in a wide range. Here we report a finding:
that the compressibility of nanomaterials has a minimum
value at a specific particle size 共15 nm for TiO2 nanoparticles兲. We also propose the mechanisms that most likely
explain the observations. Our work focuses on titania because it is a well-studied model material of wide technological relevance. Titania is widely used in ceramics, catalysis,
electronics, and metallurgy. The changes in particle size may
change the material properties or processing performance. A
good understanding of the size effect of its elasticity is important to its application, as well as the scientific exploration
of nanophysics.

II. EXPERIMENT

Samples with anatase structure and particle diameters of
4.0, 6.5, 7.2, 9.0, 13.5, 15.0, 21.3, 24.0, 30.1, and 45.0 nm
were prepared by heating amorphous titania in air for spe1098-0121/2009/79共12兲/125406共8兲

cific lengths of time.29 Small nanocrystalline 共⬍5 nm兲 anatase samples were prepared using the method of Scolan and
Sanchez.30 Because anatase is metastable with respect to
rutile at larger particle sizes and it transforms to rutile during
the coarsening,31–33 pure anatase samples with particle sizes
⬎6 nm were prepared from solid amorphous titania. Amorphous titania was synthesized by controlled hydrolysis of
titanium ethoxide and heated in air at temperatures from 375
to 550 ° C for 3 h to produce single-phase anatase powders
with discrete average particle sizes ranging from 7 to 50 nm.
The phase composition and the average particle size of each
sample were analyzed by XRD. The transmission electron
microscope 共TEM兲 and the Brunauer-Emmett-Teller 共BET兲
were also used to confirm the size determination based on
XRD. Details have been reported previously.29
A spring-steel or rhenium gasket, with a chamber having a
diameter of 130 m, was used to contain the sample between diamonds with 350 m culets 共Fig. 1兲.34 A 4:1 mixture of methanol:ethanol was used as a pressure-transmitting
medium in order to maintain a quasihydrostatic environment.
In addition, a small amount of ruby 共⬍2%兲 was included for
pressure determination from its fluorescence shifts. Synchrotron x-ray diffraction patterns were collected at pressure intervals of 1 ⬃ 2 GPa 共Fig. 2兲. At beamline 11.3.1 of ALS,
Lawrence Berkeley National Laboratory, angular dispersive
XRD is measured. The wavelength is 0.7327 Å. The maximum diffraction angle is near 45°. At beamline X17C of
NSLS, Brookhaven National Laboratory, energy-dispersive
XRD is measured. The energy of the light is up to ⬃80 keV.
The diffraction angle is set to ⬃10°. The diffraction pattern
is collected about 20⬃ 30 min for each pressure. Using Rietveld structural refinement 关Fig. 3共a兲兴 we determined the
lattice parameter of titania at each pressure 共Table I兲 and
analyzed the data in terms of the Birch-Murnaghan equation
of state 关Table II; Fig. 3共b兲, Ref. 36兴
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where V / V0 is the ratio of unit cell volume at pressure P and
ambient pressure. K is the bulk modulus, and K⬘ is the pressure derivative of bulk modulus.
III. COMPUTATIONAL MODELING
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3.6 nm in diameter兲 were run in molecular dynamics 共MD兲
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FIG. 2. Representative XRD patterns of 24 nm TiO2 particles in
compression. The unlabeled lines are from the gasket.
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FIG. 1. 共Color online兲 Schematic diagram of the high-pressure
x-ray diffraction experimental setup. Two well-aligned diamonds,
pressing against a sample contained in a gasket hole, constitute the
core of a diamond anvil cell 共DAC兲. Diamond culets are very small
共usually several hundred microns across兲, and a gentle force can
generate a very high pressure. Diamonds are very hard and can
stand higher pressure than all other known materials. The good
transparency of diamonds to radiation including visible light and
x-rays allows optical and spectroscopic measurements on pressurized samples. Diamond anvil cell techniques are well established
for bulk modulus measurements and have been widely used for
several decades despite that the realization of perfectly hydrostatic
compression with DACs is still challenging 共image courtesy of
Serge Desgreniers兲.
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FIG. 3. 共Color online兲 共a兲 Representative Rietveld structural refinement fit of 15 nm TiO2 particles. The broad bump background is
due to diffuse scattering. 共b兲 Representative unit cell volume ratio
and fitted equation of state.

simulations under increasing pressure. The simulations are
based on the Born model of solids,38 which is comprised of
two parts. The long-range interactions are described by Coulombic forces, and the short-range interactions between ions
are modeled by simple parameterized analytical functions,
which aim to represent repulsion between electron-charge
clouds and van der Waals attraction forces. The potentials
used to describe the interactions between titanium and oxygen in anatase are those of Matsui and Akaogi.39 A noninteracting medium was used to apply external pressure to the
nanoparticles. The anatase nanoparticles were incased in argon, where the argon potential is described by a simple
Lennard-Jones interaction.40 As the argon atoms are included
in the simulation to pressurize the nanoparticles, the interactions of the Ti-Ar and O-Ar are represented by their closest
closed shell species; i.e., the Ne-Ar Lennard-Jones potential
is used for the O-Ar interaction. All the anatase nanoparticle
structures were generated using the METADISE code.41 The
molecular dynamics simulations were performed using
DL_POLY 2.14.42 The starting configurations of all simulations were relaxed at 300 K, and no applied pressure for a
MD time of 1 ns worth of data. The end configuration from
these relaxed structures was then used as the starting point
for the high-pressure study. The argon atoms were then used
to incase the nanoparticles, and pressure was increased from
1 to 12 GPa. During the course of the simulations the pres-
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TABLE I. Diffraction lines of pressurized anatase of 15 nm. The values are reported in angstrom.
P
共GPa兲

d101

d004

d200

d105

d211

d204

d116

d220

d215

d224

a

c

Bulka
Ambb
0.6
1.5
2.7
3.6
4.7
6.9
8.8
10.2
11.7

3.5169
3.5110
3.5106
3.5064
3.5018
3.4998
3.4941
3.4864
3.4788
3.4739
3.4735

2.3785
2.3652
2.3652
2.3497
2.3412
2.3389
2.3331
2.3233
2.3128
2.3064
2.3009

1.8925
1.8905
1.8903
1.8896
1.8878
1.8869
1.8841
1.8806
1.8772
1.8750
1.8754

1.7001
1.6921
1.6921
1.6831
1.6779
1.6764
1.6726
1.6663
1.6596
1.6556
1.6525

1.6665
1.6645
1.6643
1.6634
1.6617
1.6609
1.6584
1.6551
1.6520
1.6500
1.6503

1.4809
1.4767
1.4766
1.4725
1.4696
1.4686
1.4658
1.4617
1.4575
1.4549
1.4537

1.3642
1.3582
1.3582
1.3514
1.3475
1.3463
1.3433
1.3384
1.3333
1.3302
1.3279

1.3382
1.3368
1.3366
1.3362
1.3349
1.3343
1.3323
1.3298
1.3274
1.3258
1.3261

1.2647
1.2608
1.2608
1.2568
1.2541
1.2532
1.2508
1.2472
1.2434
1.2410
1.2398

1.1663
1.1638
1.1637
1.1615
1.1597
1.1589
1.1569
1.1541
1.1512
1.1494
1.1490

3.785
3.781
3.781
3.779
3.776
3.774
3.768
3.761
3.754
3.750
3.751

9.514
9.461
9.461
9.399
9.365
9.356
9.332
9.293
9.251
9.226
9.204

aThe

lattice parameters are from Ref. 35 from which the d spacing is calculated.
pressure.

bAmbient

sure was increased at 1 GPa increments at 500 ps intervals
for the 1.6 and 2.5 nm nanoparticles and 1ns intervals for the
3.0 and 3.6 nm nanoparticles. All simulations used a NPT
ensemble 共constant number of ions, pressure, and temperature兲. At 300 K and during the equilibration period of 100 ps,
the temperature and pressure were controlled by a Berendsen
thermostat and barostat, with a relaxation time of 1 ps.

IV. RESULTS AND DISCUSSION
A. Observed size-dependent compressibility

To avoid complications due to the onset of a phase transformation at higher pressure, only the XRD data for pressures below 12 GPa were used for the calculation of the bulk
modulus. XRD peak narrowing did not occur during compression 共Fig. 2兲, suggesting no significant pressure-induced
particle coarsening. In fact, peak broadening increases during
compression due to increasing strain inhomogeneity and microstrains 共Fig. 1兲. Differences in the elastic properties of
nanoparticle interiors and their grain-boundary regions, particle aggregation, and increased nonhydrostaticity due to unavoidable solidification of liquid pressure media likely account for local strain inhomogeneity. Development of some
preferred orientation changed the relative intensities of diffraction peaks, but the peak positions used to determine lattice parameters, which contain the information of macrostrain in the elastic deformation, are not affected.

Hooke’s Law,  = S, describes the elastic properties of a
material, where S is the compliance constant from which
elastic moduli including Young’s Modulus, shear modulus,
and bulk modulus can be calculated.43 Bulk modulus 共the
inverse of compressibility兲 describes how the volume of a
material changes during elastic deformation. It can be determined from changes in the lattice parameters of titania at
each pressure. Lattice parameter information extracted from
experimental data 共Table I兲 was analyzed in terms of the
Birch-Murnaghan equation of state 共Fig. 3兲.36 It is found that
the bulk modulus increases as the particle size decreases to
15 nm in diameter and then decreases in particles less than
15 nm in diameter 共Fig. 4; Table II兲. The current study shows
that the bulk modulus, as hardness, has a maximum at a
specific size and suggests that the mechanisms of plastic and
elastic deformation in nanoparticles may be related.
B. Reduced compressibility due to increased dislocation
contents in stressed nanocrystals

The size dependence of hardness has been attributed to
dislocations, which can either strengthen or soften materials
depending on their mobility.44 It is widely accepted that in
particles of micron size range, dislocation pileups increase as
particle size decreases, leading to greater dislocation densities because pileups impede removal of dislocations.4,5 However, the role of dislocations in nanoparticles is considered
limited because repulsive interactions between them result in

TABLE II. Bulk modulus of anatase with a series of particle sizes. Values with asterisks are from our MD simulations. The measured bulk
modulus of bulk anatase is from Ref. 37. The others are from the measurements of this study. 15 nm TiO2 nanoparticles were measured
twice.
Size
共nm兲
K共GPa兲
⌬K 共GPa兲

3.0

3.6

4.0

6.5

7.2

9.0

13.5

15.0

15.0

21.3

24.0

30.1

45.0

bulk

bulk

131ⴱ

143ⴱ

185
2.6

199
1.5

211
5.0

230
5.1

237
1.5

239
4.8

245
4.2

234
2.6

228
6.3

226
4.6

215
5.7

179
2.0

167ⴱ

125406-3

PHYSICAL REVIEW B 79, 125406 共2009兲

CHEN et al.
260

Bulk Modulus (GPa)

240
220
200

bulk modulus from measurements
bulk modulus of the particle core
bulk modulus of the whole particle

FIG. 6. Illustration of dislocation networks. Circles represent
particles of materials, and lines represent dislocations.
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FIG. 4. Size dependence of the bulk modulus of titania nanoparticles. Two sets of high-pressure XRD measurements are made
for 15 nm TiO2 particles. The solid curve represents the effective
bulk modulus of the whole particle 共core and shell兲 that is fitted
with the model described by Eqs. 共2兲 and 共3兲. The dashed curve is
the fitted bulk modulus of the particle core.

low numbers of dislocations per particle.45,46 Although so,
increased numbers of dislocations have been observed in
stressed nanomaterials47 because shear stress can decrease
the equilibrium distances between dislocations and between
dislocations and the surface 共Fig. 5兲. The force on per unit
length of two edge dislocations separated by a distance of ldd
is f = Gb2 / 2共1 − 兲ldd .48 In the magnitude estimation of the
interaction force, published values of 90 GPa,49 0.27,49 and
0.4 nm 共Ref 46兲 are used for shear modulus 共G兲, Poisson’s
ratio 共兲, and Burgers vector 共b兲 of titania, respectively. The
image force on per unit length of an edge dislocation at a
distance of lds from the particle surface is f = Gb2 / 4共1
− 兲lds .50 The applied stress needed for canceling out dislocation interaction force or image force is ext = f / b.48 Although more complicated dislocations may exist in real
cases, the simplified calculation above is useful for rough
estimation of dislocation concentration in compression. At
room pressure, the predicted equilibrium spacing of disloca-

FIG. 5. Diagram showing the force between dislocations and
between surface and dislocation as a function of their separation.
Inset shows the external stress needed to achieve this range of dislocation separations.

tions in titania is on the order of 100 nm. An external shear
stress of 1.3 GPa could overcome repulsion and could allow
two dislocations to move within 6 nm of each other, so long
as dislocation motion is not impeded by other factors 共Fig.
5兲.
Ashby and Johnson51 observed that hydrostatic pressure
might induce shear stress and dislocation formation if crystals contain regions of different elastic properties. This is
likely the case for nanoparticles due to different compressibility of the core and surface regions. Our measurements of
compressibility involve external pressures of up to 12 GPa.
Based on the fitted results of our measured data, the bulk
moduli of the grain boundaries and particle cores are ⬃139
and 205–258 GPa, respectively. Using the formula of Ashby
and Johnson,51 we estimate the maximum shear stress in the
sample to be 11.8%–18.5% of the applied pressure. These
values actually are underestimated because 共1兲 the sample
particles are not perfectly spherical; 共2兲 the applied pressure
is not ideally hydrostatic. Based on the calculations above,
we predict that GPa levels of shear stress can be induced
within nanoparticles. Consequently, significant numbers of
dislocations are predicted for nanoparticles a few tens of
nanometer in diameter and larger.
In stressed nanomaterials, dislocation pileups will become
more prevalent as particle size decreases due to increasing
interaction of dislocations with interfaces and each other.
Dislocation networks within materials under high pressure
are strained regions that resist compression more than intervening regions because the atoms are already displaced from
their equilibrium positions. Networks of dislocations thus
can shield intervening regions 共from which the majority of
the XRD signal originates兲 from external pressure 共Fig. 6兲,
reducing the compressibility with decrease in particle size.
We propose that the enhanced overlap of dislocation strain
fields in smaller particles accounts for their reduced compressibility. Evidence that dislocations can influence elastic
properties can be inferred from previous reports of increasing
elastic moduli with increasing strain of bulk materials.52,53
Consequently, we infer that dislocations could contribute to
elastic stiffening in microsized and tens of nanometer-scale
particles 共range I in Fig. 4兲.
C. Enhanced compressibility of very fine nanocrystals due to
the dominant contribution of surface layers

A notable feature of Fig. 4 is the decrease in bulk modulus
with decrease in particle size for particles less than 15 nm in
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diameter. In particles of all sizes, dislocations that are very
close to nanoparticle surfaces are likely to be unstable because the defects can be removed readily by diffusion. Thus,
the trend toward more dislocations with reducing size must
reverse below some critical particle diameter. When the crystallite size is comparable to the equilibrium distance between
dislocations 共range II in Fig. 4兲, networks that are sufficiently
large to shield intervening regions cannot form. We infer that
loss of pressure shielding becomes more pronounced as the
particle size of titania decreases below 15 nm. It is not possible to visualize or quantify dislocation concentrations during compression. Elimination of dislocations during decompression is likely,47 so post compression characterization of
dislocation concentrations cannot provide direct confirmation
of dislocation concentrations at high pressure, making it necessary to rely on predictions for this analysis.
Dislocation mechanisms cease in very small particles. The
contribution of the surface layer dominates the elastic behavior more in smaller nanoparticles. In situ high-pressure
Mössbauer spectroscopy has been used to demonstrate the
reduced atomic density and enhanced compressibility of the
surface layers of nanocrystalline iron.54 Surface layers have
open and less rigid structures and thus have smaller shear
modulus and bulk modulus than interiors. We propose that
the absence of interlocking dislocation networks and the increased contribution of more compressible surface layers in
very small particles explain why the bulk modulus decreases
with decreasing particle size.
V. THEORETICAL MODELS
A. Model for the size dependence of compressibility

It is normally believed that the surface regions of nanoparticles differ from regions in nanoparticle interiors due to
strain arising from the presence of atoms with incomplete
coordination shells. Based on this construct, we develop a
model to describe the response of nanoparticles to compression. For simplicity, the nanoparticles may be viewed to be
composed of a spherical crystalline interior surrounded by a
disordered layer at the grain boundary. The measured bulk
modulus is the effective bulk modulus that reflects the contributions of the bulk modulus of the grain interior 共Ki兲 and
bulk modulus of outer interface layer 共Ko兲.55 The bulk modulus of any amorphous layer 共beyond the disordered layer兲
cannot be analyzed by XRD. If such regions exist, they can
be viewed as part of pressure media. The composite spheres
model56 gives the effective bulk modulus, K, as
K = Ko +

c共Ki − Ko兲
,
Ki − Ko
1 + 共1 − c兲
Ko + 34 Go

共2兲

where Go is the shear modulus of the boundary and c is the
volume fraction of the particle interior.
Anatase is tetragonal. However, because the experiments
involve primarily randomly oriented particles, isotropic
structure is approximated for simplicity. 共Notes: preferred
orientation introduces an orientation dependence of shear
modulus and Poisson’s ratio. This will influence the numeri-

cal values of coefficients that relate the bulk modulus to the
shear modulus. However, the related coefficients are determined by fitting in this analysis. The proposed mechanism
will not be affected.兲 Consequently, the bulk modulus of the
2共1+ 兲
particle interior can be written as Ki = 1−2ii Gi, where i is
Poisson’s ratio. The ratio of shear modulus and hardness is
denoted as Gi / i = Hi, and we assume that the particle core
follows the Hall-Petch-type relation, i = 0 + c共d − 2tgb兲−n/2,
where d is the particle size, tgb the thickness of the disorder
surface layer, 0, c and n are coefficients. Below a particle
size of a certain value 共dc兲, dislocation pileups decrease and
then disappear—ultimately eliminating dislocation strengthening. To reflect this behavior, we modify the Hall-Petch
relation to a more general form, i = 0 + c共 ddc 兲dc/d共d
− 2tgb兲−n/2. Accordingly, for the bulk modulus of the particle
core,
Ki = Kⴱi + ck

冉冊
d
dc

dc/d

共d − 2tgb兲−n/2 ,

共3兲

where Kⴱi and ck are coefficients.
Similarly for boundary layers, the bulk modulus can be
2共1+ 兲
written as Ko = 1−2oo Hoo, where o is Poisson’s ratio and Ho
denotes Go / o 共shear modulus/hardness兲. As discussed
above, boundary deformation mechanisms often involve several processes. As a generalized description, the hardness can
−m/2
⬁
cmtgb
, where ⴱ0 and cm are cobe written as o = ⴱo + 兺m=−⬁
efficients. We assume that the surface layer thickness does
not vary dramatically with changing particle size26 and treat
the boundary hardness and bulk modulus as particle-sizeindependent quantities.
Fitting the measured bulk moduli for particles of different
sizes with the model 关Eqs. 共2兲 and 共3兲兴, we estimate the
thickness of the surface layer as ⬃0.2 nm and its bulk
modulus as ⬃139 GPa. As shown in Fig. 4, surface softening, even confined in a very limited region, could significantly affect the effective elasticity of the whole particle. The
fitting generates the critical particle size dc = 15.8 nm. This
value is in good agreement with the apparent position of the
maximum of the effective bulk modulus at ⬃15 nm. The
dependence of bulk modulus on d−3/2 is generated in our fit,
in contrast to the classical dependence of hardness on d−1/2.
B. Compressibility enhancement of very fine nanocrytals
confirmed with molecular dynamics simulations

A series of molecular dynamics simulations were performed for four different-sized anatase nanoparticles 共1.6,
2.5, 3.0, and 3.6 nm in diameter兲 and bulk anatase to further
examine the size dependence of compressibility. MD simulations for 10 nm and larger nanoparticles are beyond the
present computationally accessible range. However, simulations for smaller particles may provide some insights into
nanoparticle response to pressure. The predicted bulk moduli
are 167, 143, and 131 GPa for bulk and 3.6- and 3-nmdiameter TiO2 particles, respectively, reasonably close to the
values measured experimentally. For 1.6 and 2.5 nm particles, the structures are quite amorphous, as shown in the
simulated XRD pattern 共Fig. 7兲 and we got no meaningful
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FIG. 7. 共Color online兲: Simulated density ratio as a function of
pressure for the 3.0 and 3.6 nm sized nanoparticles. Inset: simulated
XRD patterns based on MD simulations of TiO2 nanoparticles.

VI. CONCLUSION

We have shown that the compressibility of nanosized
TiO2 has a minimum value at a specific particle size. We

Intensity
units)
Intensity(arb.
(a.u.)

Intensity
Intensity(arb.
(a.u.)units)

bulk modulus. However the simulated XRD pattern of 3.0
and 3.6 nm shows a more crystalline structure. By calculating the change in density as a function of pressure we observe that after 5 GPa the 3.0 nm nanoparticle is more compressible than the 3.6 nm nanoparticle 共Fig. 7兲, which is
consistent with the experimentally observed trend.

To investigate further the reasoning behind the difference
in compressibility of the 3.0 nm nanoparticle compared to
the 3.6 nm nanoparticle, we analyzed the effects on the surface atoms and core atoms as pressure is increased. We can
separate the surface atoms from the core atoms in the MD
simulation and analyze the change in bond angle distribution
of the O-Ti-O and the Ti-O-Ti bond angles. The bond angle
distribution of the surface O-Ti-O atoms and the Ti-O-Ti
atoms in the 3.0 nm nanoparticle at low pressure shows
much less structure than the 3.6 nm nanoparticle 共Fig. 8兲.
The peaks are much sharper and larger in the 3.6 nm low
pressure simulation compared to the 3.0 nm nanoparticle at
the same pressure. As the surface structure is less ordered, in
the 3.0 nm nanoparticle, the change in bond angle distribution when pressure is increased is greater in these core atoms
compared with the core atoms in the 3.6 nm nanoparticle.
This could give reasons behind the increased compressibility
of the 3.0 nm nanoparticle compared with the 3.6 nm nanoparticle. Our simulations support the inference from fitting
experimental data that very small TiO2 nanoparticles 共3.6 nm
in diameter or smaller兲 are more compressible than bulk
material.
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FIG. 8. 共Color online兲 Bond angle distribution plots of the core and surface atoms from the MD simulation of the 3.0 共red or as labeled兲
and 3.6 共black or as labeled兲 nm nanoparticles at 1 共dashed兲 and 12 共solid兲 GPa. The core bond angles change more in the 3.0 nm
nanoparticle compared with the 3.6 nm nanoparticle. The surface structure of the 3.0 nm nanoparticle is less ordered than the surface
structure of the 3.6 nm nanoparticle.
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think that elastic stiffening conferred by dislocation networks
increases as size decreases until particles become too small
to sustain high dislocation concentrations, leading to a sizespecific compressibility minimum. This work should be of
broad interest because elastic properties are an intrinsic characteristic of all solids. Understanding their correlation with
nanoscale defects will help understand properties of nanomaterials. The results may be found useful in materials technology for optimizing the mechanical performance of nanomaterials to meet specific needs of applications.
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