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The broadband gigahertz dynamics of a relaxor ferroelectric crystal 0.70Pb(Sc;,Nby,)Os3-
0.30PbTiO3 with a composition close to the starting point of the morphotropic phase boundary is
studied by Brillouin scattering. The significant anomaly of the longitudinal acoustic (LA) mode is
observed in the vicinity of the Curie temperature, Tc =500 K. Upon cooling, it starts below the
Burns temperature, T =670 K, due to the interaction between the LA mode and dynamic polar
nanoregions (PNRs). The broad central peak (CP) clearly appears below Tp, and its intensity
becomes a maximum at 7. The relaxation time, t-p, determined from the CP width, shows the
typical critical slowing down of the order-disorder phase transition in the vicinity of 7. The size
of a dynamic PNR significantly increases below the intermediate temperature, 7% = 562 K.

© 2011 American Institute of Physics. [doi:10.1063/1.3581025]

. INTRODUCTION

Relaxor ferroelectric-based solid solution single crystals
have attracted much attention because of the giant piezoelec-
tricity and high electromechanical coupling factor.! Relaxor
ferroelectrics exhibit a broad and large maximum of dielec-
tric constant at the temperature, T,,, around which a pro-
nounced dielectric dispersion appears. It has been
extensively discussed and commonly agreed that the static
chemically ordered regions (CORs) and the polar nanore-
gions (PNRs) play an important role in the appearance of the
relaxor behavior.”™ However, recent studies have shown
that the CORs do not contribute to the relaxation dynamics
of relaxors.”® It is confirmed that the dynamic PNRs appear
below the Burns temperature, Tp,’ but the microscopic
mechanism underlying their appearance, growth, dynamics,
and length scale are still unclear.

Due to the colossal piezoelectric effect, the polarization
fluctuations induce the colossal strain fluctuations, which
interact with the long wavelength acoustic waves. Recent ob-
servation of the acoustic emission (AE) of Pb-based relaxors
at the intermediate temperature, 7%, between T and T,, sug-
gests that the rapid growth in the size of PNRs generates AE
bursts.® Such acoustic waves are detectable by an conven-
tional ultrasonic transducer in the kilohertz to the megahertz
range. In contrast, the Brillouin scattering technique detects
the acoustic modes in the gigahertz range the wave length of
which is much shorter than that of the standard ultrasonic
detection.

Therefore the temperature variation of local polarization
fluctuations of the PNRs can be more sensitively detected by
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the broadband Brillouin scattering technique in the fre-
quency range from 1 to 1000 GHz.’ Svitelskiy et al. also pro-
posed the existence of an intermediate temperature on the
basis of a Raman spectra analysis in the terahertz range. '’

In Pb(B’,B",5)Os-type relaxors, the degree of cation
ordering at the B-site can depend on the heat treatment at
high temperatures. A well-annealed sample of B-site ordered
Pb(SCl/szl/z)O:; (PSN), Pb(SCI/2T31/2)03 (PST) undergoes
a normal ferroelectric transition, whereas a quenched one
with a B-site disorder shows the relaxor nature.'"'> Upon
cooling from high temperatures, disordered PSN (PSN-D)
first enters an ergodic relaxor state and then spontaneously
transforms into a ferroelectric phase at the Curie tempera-
ture, T, substantially below T,,,.13 A recent Brillouin scatter-
ing study showed the order-disorder nature of the PSN-D in
the vicinity of To=373 K.'* It was also found that the
relaxor state in the PSN-D can be suppressed by the hydro-
static pressure and a DC electric field.””™'® For the
(1—x)Pb(Sc/5Nby,5)O53-xPbTiO3 (PSN-100xPT) solid solu-
tion, the schematic phase diagram of the PSN-PT is shown in
Fig. 1."97% Besides, the composition dependence of the fer-
roelectric phase transition enthalpy has the minimum around
x=0.30 with the composition close to the starting point of
MPB, which means that in this composition a phase transi-
tion is comparatively a second order."” In the present study,
the broadband Brillouin scattering of a PSN-30PT (x =0.30)
single crystal was investigated to provide new insights into
the PNRs related to the nanoscale dynamic heterogeneity.

Il. EXPERIMENTAL

The PSN-30PT single crystals were grown by the high
temperature solution method at Simon Fraser University.’
The specimen was cut having the size of 1.5x 1.5x0.2

mm® with the largest faces oriented perpendicular to the
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FIG. 1. (Color online) Schematic phase diagram of (1—x)Pb(Sc;,,Nb;,,)O5-
xPbTiO; using the reported values from Refs. 19-25. The starting point of
the MPB may be close to a tricritical point.

pseudocubic [100] direction. The two (100) faces were pol-
ished to an optical grade. The Brillouin scattering was meas-
ured by a micro-Brillouin scattering apparatus, which is a
combination of a microscope and a Sandercock-type 3+ 3
passes tandem multipass Fabry—Perot interferometer at Uni-
versity of Tsukuba.”® All spectra were measured at a back-
ward scattering geometry. The objective lens of the
microscope focuses an incident laser beam onto the sample
and simultaneously collects the scattered light to be studied.
An ordinary photon counting system and a multi-channel an-
alyzer were used to accumulate the output signals. The tem-
perature was controlled by the heating and cooling stage of a
THMS 600 temperature controller (Linkam) from 90 to 870
K. The temperature stability of a sample was within 0.1 K
over the entire temperature range.

lll. RESULTS AND DISCUSSION
A. Elastic anomaly

To study the elastic anomaly in the vicinity of 7= 500
K, the temperature dependence of the Brillouin scattering
spectra was measured above and below T.. Figure 2(a)
shows the broadband Brillouin scattering spectra at three
temperatures. The broad peak at 0 GHz is a central peak
(CP), and sharp peaks at about 33 and 46 GHz at 493 K are
transverse acoustic (TA) and LA peaks, respectively. The
change of LA peaks is clearly observed in the spectra of nar-
row frequency range as shown in Fig. 2(b). For the fitting of
CP, which is related to polarization fluctuations, the distribu-
tion of relaxation time may appear near T, while we assume
the Debye relaxation to avoid the ambiguity caused by
increase of the number of fitting parameters. For the fitting
of a LA peak, because the peak width is relatively small, a
Lorentzian function is a good approximation of a damped
harmonic oscillator model. Therefore, in Figs. 2(a) and 2(b),
solid lines for CP, TA, and LA peaks are the fitted curves by
three Lorentzian functions. The temperature dependence of
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FIG. 2. (Color online) (a) The broadband Brillouin scattering spectra of a
PSN-30PT crystal at three temperatures. The broad peak at 0 GHz is CP and
sharp peaks at about 33 and 46 GHz at 493 K are TA and LA peaks, respec-
tively. (b) In the spectra of narrow frequency range, the change of LA peaks
is clearly observed.

the TA mode is not discussed in this paper because the tem-
perature range for the appearance of the TA peaks is limited.
The temperature dependence of the Brillouin shift of the LA
mode, which is proportional to the LA phase velocity, is
shown in Fig. 3. Upon cooling, the shift shows a remarkable
softening due to the interaction between the LA mode and
the polarization flippings inside the dynamic PNRs.*’ In
Fig. 3, the frequency shifts of a PSN-D single crystal'* are
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FIG. 3. (Color online) Temperature dependence of the LA frequency shift

of a PSN-30PT crystal. The result of a PSN-D crystal from Ref. 14 is also
plotted for comparison.
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FIG. 4. (Color online) Temperature dependence of the LA peak width of a
PSN-30PT crystal upon cooling gives Tp =670 K. The result of a PSN-D
crystal from Ref. 14 is also plotted for comparison. The onset of the increase
in the peak width upon cooling gives T =670 K.

also plotted for comparison. The elastic anomaly near T¢ of
the PSN-D is much smaller than that of the PSN-PT, and it
indicates that the ferroelectric phase transition of the PSN-D
is of the typical first order nature.

The LA peak width is plotted as a function of tempera-
ture as shown in Fig. 4. Upon cooling, the LA width signifi-
cantly increases toward T due to the increase in the
attenuation by the interaction with the dynamic PNRs. Such
an elastic anomaly is very common in relaxor ferroelec-
trics.* The temperature dependence of the LA width of
PSN-D'* is also plotted in Fig. 4 for the comparison. A
nearly divergent increase in the damping is observed at T in
the PSN-30PT, while the increased damping of the PSN-D is
much smaller. These results regarding the LA frequency shift
and damping indicate that the phase transition in the PSN-
30PT becomes nearly second order in comparison with that
of the PSN-D in agreement with the previous calorimetric
measurement.'” This fact can be related to the enhancement
of piezoelectric effect near the MPB composition starting
form a tricritical point (TCP) as observed in the BZT-BCT.”’
This scenario might occur also in PSN-xPT; this would
explain the enhancement of critical slowing down near TCP
from which the MPB starts as shown in Fig. 1.

B. Critical slowing down

The relaxation process related to the order-disorder na-
ture in a ferroelectric phase transition has been observed as a
central peak (CP) around zero frequency shift in an inelastic
scattering spectrum.?®%° The Brillouin scattering spectra of
the PSN-30PT clearly showed a broad CP below and above
Tc as shown in Fig. 2. Under the assumption of a single
Debye relaxation process, the relaxation time t¢p is deter-
mined by the relation 7 x (CP width) X tcp = 1. The temper-
ature dependence of the inverse tcp is plotted in Fig. 5. It
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FIG. 5. (Color online) Temperature dependence of the inverse relaxation
time and 7/Icp of a PSN-30PT crystal.

was found that the critical slowing down given by Eq. (1) is
clearly observed above T =500 K.
1 1 T-T¢

—=— , for T >Tg, @)
Tcp T Tilc

where 179 = 14 ps and 7; =0.47 ps are the fitting parameters.
Below T¢, in the narrow temperature interval of 470-500 K,
the inverse relaxation time approximately follows Eq. (1) as
expected in a second-order phase transition. However, a
deviation is observed below T because the distribution of
the relaxation time appears due to domain wall dynamics. As
to the Pb(B’|,B”2)Os-type relaxors, in addition to PSN-D
(Ref. 14), the ferroelectric transition of the 0.65Pb(In;,,Nby /)
03-0.35PbTiO5 (PIN-35PT) crystal show also the order-
disorder nature above T ~ 540 K.*°

The observed critical slowing down is characteristic of
normal order-disorder type ferroelectric,®® and up to the
present it has not been observed in the canonical relaxors
such as the PMN. For the Pb(B’|;,B",,)O5-type relaxors
such as the PSN and the PIN-35PT, it has been only recently
discovered,'*>? therefore it requires a more detailed discus-
sion. In normal ferroelectrics, in which the permanent dipole
moments in a paraelectric phase (that is, at T>T¢) can be
associated with the unit cells, whereas on the large scale, the
structure is nonpolar. In contrast, upon cooling the relaxors
do not directly transform (at Tg) from a paraelectric phase to
a ferroelectric one but to an “ergodic relaxor” phase.* In the
ergodic relaxor phase, the PNRs exist (several nonometers in
size) in which the dipole moments of the unit cells are per-
manently ordered in a ferroelectric manner. The main relaxa-
tion process in this phase is related to the reorientation
(flipping) of the dipole moments of the PNRs (in other
words, simultaneous reorientations of unit cells inside a par-
ticular PNR).

In a canonical relaxors, such as the PMN or the La-
doped Pb(Zr,_,Ti,)O3, the random fields and the frustrated
interactions among PNRs lead to the non-Arrhenius
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slowing down of their relaxation time. Upon further cool-
ing, they transform into the glassy “nonergodic relaxor”
state in which the PNR dipole moments are randomly fro-
zen in different directions so that the crystal remains meso-
scopically isotropic. The mean relaxation of this process
follows the Vogel—Fulcher-type temperature dependence
in which the relaxation time becomes very long and inac-
cessible for the high frequency range of the Brillouin scatter-
ing technique except for high temperatures. Accordingly the
relaxation time derived from the CP width represents the
lower edge of the wide spectrum of the relaxation time distri-
bution and show a weak nondivergent temperature depend-
ence.’”> However, in the Pb(B';,B”;,)Os-type relaxors
[including the PSN, the PIN-35PT (Ref. 30) and the PSN-
30PT studied in this work], the transition from the ergodic
relaxor to the ferroelectric phase is observed instead of the
glassy freezing. This variation in behavior can be attributed
(at least in some case) to the different mode of interactions
among the PNRs, namely, the interactions promote the
ordering of the PNRs dipole moments in the unique direction
and induce the order-disorder type ferroelectric phase transi-
tion at Tc. In this case, the PNRs with their “giant” dipole
moments play the same role as do the cooperative polar mol-
ecules in normal order-disorder type ferroelectrics. From this
analogy, one may expect that the relaxation time of the PNR
flipping diverges at (or close to) T following Eq. (1) as we
have indeed observed. Close to the temperature of a second-
order phase transition, one can expect a large fluctuations in
the order-disorder-type polarizations (that is, the regions
where the dipole moments of many PNRs are ferroelectri-
cally ordered). These fluctuations increase the CP intensity
and couple to the LA phonons, giving rise to their additional
softening.

Next we discuss the result that the CP intensity becomes
a maximum at Tc. In the high temperature approximation,
the quantity of the temperature divided by the CP intensity
T/lcp is proportional to the real part of the inverse dynamic
susceptibility 7'(0) of the low-frequency limit of Brillouin
scattering.?®

Icp 0o W

L UOC de] s Z0)7". 2)

The origin of CP in the Pb-based relaxors is the polarization
flippings inside the dynamic PNRs.?***® Such polar motions
are infrared active, therefore the dynamic susceptibility is
related to the dielectric susceptibility, which may obey the
extended Curie-Weiss law

1 1 (T-T¢)
= — + —_— 3
70) 1 26° ©)

where yyp, 7, and 0 are the fitting parameters. Fig. 5 shows
the temperature dependence of the T/I-p, which is found to
obey the case of y=1 of Eq. (3) above T¢. Because, 7'(0)
is the susceptibility of the low-frequency limit of Brillouin
scattering measurements, the value of y may increase for
the dielectric constant of the kilohertz frequency range
measured by the conventional impedance analyzer.

J. Appl. Phys. 109, 084114 (2011)

C. Size of dynamic PNR

The density fluctuations on a nanometer scale play a dom-
inant role in the precursor phenomena during a martensitic
transformation, liquid-glass transition, etc. In an austenite
phase, premartensitic embryos appear, and in a supercooled
liquid, the strain relaxation on a nanometer scale has been
extensively discussed regarding the density fluctuation using
the term of the nanoscale strain relaxing region, which is
defined by the products of sound velocity and relaxation
time.>® The characteristic length of such a relaxing region is
closely related to the classical idea of a cooperative rearrange-
ment region (CRR) on a nanometer scale in which the molecu-
lar motion is cooperative.>* In relaxors, dynamic PNRs play
the dominant role in the high frequency local dynamics on a
nanometer length scale. In this section, we discuss the size of a
dynamic PNR in a way similar to the dynamics of a CRR. The
thermally fluctuating flipping of the local spontaneous polar-
ization inside a particular PNR induces flipping of local strain
inside a PNR through the colossal piezoelectric coupling due
to the polar symmetry inside a PNR. The analysis of the 180°
flipping of the local polarization inside a PNR shows the exis-
tence of density fluctuations of PNRs.” In the neutron inelastic
scattering studies, a strong coupling was reported between the
TA mode with a nanometer wavelength and PNRs,35 whereas,
in a long wavelength acoustic mode of a few hundred nano-
meters, the LA mode essentially couples to the dynamics of
PNRs. During the flipping of local polarizations inside a PNR,
which couples to the local strain flipping inside a PNR, the
speed of the propagation of strain flipping motion can be the
phase velocity of the LA mode. Therefore the size of a flipping
PNR is approximately equal to the propagation length of the
LA mode during the flipping period, which is given by the
product of the LA velocity V;4 and the relaxation time tcp.
Consequently, this length, lpyg =Vi4 X Tcp, may give the
rough estimation of the size of a dynamic PNR.**¢

The size of a dynamic PNR, /pyg, is calculated from the
CP width and the LA frequency shift. Figure 6 shows the
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FIG. 6. (Color online) Temperature dependence of the size of a dynamic
PNR of a PSN-30PT crystal.
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temperature dependence of /pyg. Above T* =562 K, the size
of a dynamic PNR is nearly constant because PNRs only
dynamically fluctuate and their size does not grow. Whereas
below T*, the size of a dynamic PNR shows a significant
increase below T* as shown in Fig. 6. The value of the size
of 14 nm at T* gives presumably the initial size of a dynamic
PNR to grow, and above this value, a dynamic PNR
increases in size and changes into a slower or static PNR.
In the (1-x)Pb(Zn,;Nb,/3)05-xPbTiO5; (PZN-100xPT), the
AE study reported the intermediate temperature of 7% ~ 500
K.® In PZN-7PT,* the initial size about 2.5 nm at T* is
much smaller than that of PSN-30PT, and the slowing down
of the relaxation time is suppressed as similar as the case of
the PMN.?® Such a difference of the growing process of
dynamic PNRs reflects the difference of frustrations between
Pb(B';,B",)O5-type and Pb(B’;;3B",,3)Ox-type relaxors.>
Even though the quasistatic or static long range order
appears for further cooling, the size of a dynamic PNR esti-
mated by Brillouin scattering does not diverge at T because
the Brillouin scattering measurements cannot detect the
slower flipping below the gigahertz range.

IV. CONCLUSION

The ferroelectric phase transition of the relaxor ferro-
electric PSN-30PT crystal with a composition close to the
starting point of MPB was studied by Brillouin scattering.
Although the weak elastic anomaly of the PSN-D near
Tc=373 K shows a first order nature,14 the PSN-30PT
exhibits a remarkable elastic anomaly near T =500 K; this
is reminiscent of the critical behavior of a second-order
phase transition. Upon cooling, the width of the LA mode
begins to increase below the Burns temperature, 75 = 670 K.
The broad CP clearly appears below Tp, and its intensity
shows the significant increase in the vicinity of T, reflecting
the growth of dynamic PNRs. The relaxation time tcp shows
the critical slowing down of the order-disorder nature in the
vicinity of T¢. This fact suggests that the ferroelectric phase
transition of the PSN-30PT with the starting composition of
MPB is close to a second-order phase transition. It was found
that the size of a dynamic PNR starts to increase at the inter-
mediate temperature, 7* =562 K, indicating a rapid growth
of a dynamic PNR occurring below T*.

ACKNOWLEDGMENTS

The authors are thankful to Dr. Y. Bing for help with the
crystal growth. This work is supported in part by the Grant-
in-Aids from MEXT, Japan for University of Tsukuba, and

J. Appl. Phys. 109, 084114 (2011)

the U. S. Office of the Naval Research (Grant No. NOOO14-
06-1-0166) and Natural Science & Engineering Research
Council of Canada for Simon Fraser University.

7.-G. Ye, Mater. Res. Soc. Bull. 34, 277 (2009).
2G. A. Smolenskii, J. Phys. Soc. Jpn. 28, Suppl. 26 (1970).
L. E. Cross, Ferroelectrics 76, 241 (1987).
“A. A. Bokov and Z.-G. Ye, J. Mater. Sci. 41, 31 (2006).
5X. Zhao, W. Qu, X. Tan, A.A. Bokov, and Z.-G. Ye, Phys. Rev. B 79,
144101 (2009).
°s. Kamba, D. Nuzhnyy, S. Velijko, V. Bovtun, J. Petzelt, Y. L. Wang, N.
Setter, J. Levoska, M. Tyunina, J. Macutkevic, and J. Banys, J. Appl.
Phys. 102, 074106 (2007).
’G. Burns and F. H. Dacol, Solid State Commun. 28, 853 (1983).
SM. Roth, E. Mojaev, E. Dul’kin, P. Gemeiner, and B. Dkhil, Phys. Rev.
Lett. 98, 265701 (2007).
°S. Tsukada and S. Kojima, Phys. Rev. B 78, 144106 (2008).
190. Svitelskiy, J. Toulouse, G. Yong, and Z.-G. Ye, Phys. Rev. B 68,
104107 (2003).
"'E. Chu, I. M. Reancy, and N. Setter, J. Appl. Phys. 77, 1671 (1995).
2C. G. F. Stenger and A. J. Burggraaf, Phys. Stat. Solidi A 61, 275 (1980).
13G. A. Samara, Phys. Rev. B 71, 224108 (2005).
M. Ahart, A. Hushur, Y. Bing, Z.-G. Ye, R. J. Hemley, and S. Kojima,
Appl. Phys. Lett. 94, 142906 (2009).
ISE. L. Venturini, R. K. Grubbs, G. A. Samara, Y. Bing, and Z.-G. Ye, Phys.
Rev. B 74, 064108 (2006).
1°p. Ganesh, E. Cockayne, M. Ahart, R. E. Cohen, B. Burton, R. J. Hemley,
Y. Ren, W. Yang, and Z.-G. Ye, Phys. Rev. B 81, 144102 (2010).
""M. Ahart, H. Mao, R. E. Cohen, R. J. Hemley, G. A. Samara, Z.-G. Ye,
and S. Kojima, J. Appl. Phys. 107, 074110 (2010).
18A -M. Welsch, B. Mihailova, M. Gospodiv, R. Stosch, B. Gutter, and U.
Bosmayer, J. Phys. Cond. Matt. 21, 235901 (2009).
Yy, 1. Tennery, K. W. Hang, and R. E. Novak, J. Am. Ceram. Soc. 51, 671
(1968).
2R, Haumont, A. Al-Barakaty, B. Dkhil, J. M. Kiat, and L. Bellaiche, Phys.
Rev. B 71, 104106 (2005).
2IR. Haumont, B. Dkhil, J. M. Kiat, A. Al-Barakaty, H. Dammak, and L.
Bellasoche, Phys. Rev. B 68, 014114 (2003).
22Y -H. Bing and Z.-G. Ye, Mater. Sci. Eng. B 120, 72 (2005).
23Y -H. Bing and Z.-G. Ye, J. Cryst. Growth 287, 326 (2006).
2*Y.-H. Bing and Z.-G. Ye, J. Electroceram. 21, 761 (2008).
25Y. Yamashita, Jpn. J. Appl. Phys. 33, 5328 (1994).
26S. Kojima. Jpn. J. Appl. Phys. 49, 07HAO1 (2010).
27W. Rie and X. Ren, Phys. Rev. Lett. 103, 257602 (2009).
2L G. Siny, S. G. Lushinikov, R. Katiyar, and E. A. Rogacheva, Phys. Rev. B
56,7962 (1997).
2W. Hayes and W. Loudon, Scattering of Light by Crystals (Dover, New
York, 1978).
30y. Sivasubramanian, S. Tsukada, and S. Kojima, J. Appl. Phys. 105,
014108 (2009).
3'M. E. Lines and A. M. Glass, Principles and Applications of Ferroelec-
trics and Related Materials (Oxford Press, Oxford, 1977).
32 -H. Ko, D. H. Kim, S. Tsukada, S. Kojima, A. A. Bokov, and Z.-G. Ye,
Phys. Rev. B 82, 104110 (2010).
K. Trachenko and V. V. Brazhkin: J. Phys.: Condens. Matter. 21, 425104
(2009).
**G. Adam and J. H. Gibbs, J. Chem. Phys. 43, 139 (1939).
3G. Xu, J. Wen, C. Stock, and R. M. Gehring, Nature Mater. 7, 562 (2008).
3. Kojima and S. Tsukada, Ferroelectrics, 405, 32 (2010).

Downloaded 19 Jun 2011 to 130.158.56.102. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1557/mrs2009.79
http://dx.doi.org/10.1080/00150198708016945
http://dx.doi.org/10.1007/s10853-005-5915-7
http://dx.doi.org/10.1103/PhysRevB.79.144101
http://dx.doi.org/10.1063/1.2784972
http://dx.doi.org/10.1063/1.2784972
http://dx.doi.org/10.1016/0038-1098(83)90132-1
http://dx.doi.org/10.1103/PhysRevLett.98.265701
http://dx.doi.org/10.1103/PhysRevLett.98.265701
http://dx.doi.org/10.1103/PhysRevB.78.144106
http://dx.doi.org/10.1103/PhysRevB.68.104107
http://dx.doi.org/10.1063/1.358856
http://dx.doi.org/10.1002/pssa.v61:1
http://dx.doi.org/10.1103/PhysRevB.71.224108
http://dx.doi.org/10.1063/1.3115765
http://dx.doi.org/10.1103/PhysRevB.74.064108
http://dx.doi.org/10.1103/PhysRevB.74.064108
http://dx.doi.org/10.1103/PhysRevB.81.144102
http://dx.doi.org/10.1063/1.3369278
http://dx.doi.org/10.1088/0953-8984/21/23/235901
http://dx.doi.org/10.1111/j.1151-2916.1968.tb15925.x
http://dx.doi.org/10.1103/PhysRevB.71.104106
http://dx.doi.org/10.1103/PhysRevB.71.104106
http://dx.doi.org/10.1103/PhysRevB.68.014114
http://dx.doi.org/10.1016/j.mseb.2005.02.019
http://dx.doi.org/10.1016/j.jcrysgro.2005.11.024
http://dx.doi.org/10.1007/s10832-007-9293-1
http://dx.doi.org/10.1143/JJAP.33.5328
http://dx.doi.org/10.1143/JJAP.49.07HA01
http://dx.doi.org/10.1103/PhysRevLett.103.257602
http://dx.doi.org/10.1103/PhysRevB.56.7962
http://dx.doi.org/10.1063/1.3058606
http://dx.doi.org/10.1103/PhysRevB.82.104110
http://dx.doi.org/10.1088/0953-8984/21/42/425104
http://dx.doi.org/10.1063/1.1696442
http://dx.doi.org/10.1038/nmat2196
http://dx.doi.org/10.1080/00150193.2010.482885

