
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tphl20

Philosophical Magazine Letters

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tphl20

Accurate values of 3C, 2H, 4H, and 6H SiC elastic
constants using DFT calculations and heuristic
errors corrections

L. Pizzagalli

To cite this article: L. Pizzagalli (2021) Accurate values of 3C, 2H, 4H, and 6H SiC elastic
constants using DFT calculations and heuristic errors corrections, Philosophical Magazine Letters,
101:6, 242-252, DOI: 10.1080/09500839.2021.1909167

To link to this article:  https://doi.org/10.1080/09500839.2021.1909167

Published online: 09 Apr 2021.

Submit your article to this journal 

Article views: 27

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tphl20
https://www.tandfonline.com/loi/tphl20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/09500839.2021.1909167
https://doi.org/10.1080/09500839.2021.1909167
https://www.tandfonline.com/action/authorSubmission?journalCode=tphl20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tphl20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/09500839.2021.1909167
https://www.tandfonline.com/doi/mlt/10.1080/09500839.2021.1909167
http://crossmark.crossref.org/dialog/?doi=10.1080/09500839.2021.1909167&domain=pdf&date_stamp=2021-04-09
http://crossmark.crossref.org/dialog/?doi=10.1080/09500839.2021.1909167&domain=pdf&date_stamp=2021-04-09


Accurate values of 3C, 2H, 4H, and 6H SiC elastic constants
using DFT calculations and heuristic errors corrections
L. Pizzagalli

Departement of Physics and Mechanics of Materials, Institut P’, CNRS-Université de Poitiers UPR 3346,
Chassenueil, France

ABSTRACT
Silicon carbide is an important material with applications in
numerous domains, but for which our knowledge of basic
properties like elastic constants is surprisingly limited.
Although several density functional theory calculations
have been reported, those are usually not accurate enough,
with a sizeable dispersion of published values. A heuristic
method is proposed here, allowing for largely reducing the
uncertainty. It is based on the use of a weighted average of
errors for two reference materials, Si and C. It is
demonstrated that this method is effective for physical
properties like the lattice parameter and the bulk modulus.
It is then used for determining the full sets of elastic
constants for the 3C, 2H, 4H, and 6H silicon carbide
polytypes.
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Silicon carbide, a ceramic compound, has found its way in various applications,
in particular as an abrasive and a structural material due to its excellent mech-
anical properties [1]. It is also used in high-frequency or high temperature elec-
tronic devices. Its high resistance to radiation makes it a potential key
component in nuclear applications [2]. Finally, SiC is bio-compatible and inter-
esting for biosensor applications [3]. It is then not surprising to find an abun-
dance of dedicated studies in the literature.

It is however surprising that despite of all these works, basic SiC properties
like the elastic constants are still not known with a high accuracy. Table 1 shows
available data, both from experiments and calculations, for the most common
polytypes. It appears clearly that measured values are scarce, and are associated
to a non negligible uncertainty. There are also no reported values for 2H SiC.
One of the main issue for these measurements is the lack of monocrystalline
samples with very high crystalline quality and of large enough dimensions.
Numerical simulations offer an alternative to this issue, but the ranges of
reported values are often large, even when obtained using first principles
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calculations. For instance, reported ranges for 3C C11 and C44 values are greater
than 60 GPa. It would then be highly desirable to determine more accurate
values of these elastic constants.

Unfortunately, there are not many practical solutions. The determination of
elastic constants requires an accurate calculation of the second-order derivative
of the energy relatively to the strain. For density functional theory (DFT), this
quantity considerably depends on the functional used to describe exchange cor-
relation (XC) contributions. This partially explains the dispersion of values
reported in the literature. Other first principle methods like quantum Monte
Carlo or other wavefunction based quantum chemistry approaches are more
accurate than DFT. However they are not well suited for periodic system calcu-
lations and for computing elastic constants.

In this work we describe a heuristic method allowing for correcting DFT
computed elastic constants in silicon carbide. It is based on estimating the
error associated to the XC functional from a weighted average of the errors
computed for Si and C as references. The gain in accuracy is demonstrated
in the case of the lattice parameter and the bulk modulus, using data from
the literature. Then the method is applied to determine the elastic constants
of 3C, 2H, 4H and 6H SiC, by correcting DFT calculations carried out with
six different XC functionals.

First, let XAB be the value of a given property for an AB alloy, such as the
lattice parameter or the bulk modulus. Let us assume that XAB can be expressed
as the weighted average of the same quantity for its constituent materials A and
B. For cubic SiC, for instance, one can write

XSiC = aXC + (1− a)XSi (1)

Knowing XSiC, XSi and XC values, α is obtained with

a = XSiC − XSi

XC − XSi
(2)

For instance, a = 0.575 for the lattice parameter and a = 0.362 for the bulk
modulus. Next, let ˜X be the DFT computed value of the property X. The
error compared to the correct reference value is

D = ˜X − X (3)

Δ depends on the considered property as well as on material. It also critically
depends on the exchange correlation functional used in the DFT calculation.
Now, for the property X and a given exchange correlation functional, let us
assume that Δ for 3C-SiC can be computed using a weighted average

DSiC = aDC + (1− a)DSi (4)

with α obtained from Equation (2). Knowing DSiC would then allow for

244 L. PIZZAGALLI



determining an error-corrected value X∗
SiC from

X∗
SiC = ˜XSiC − DSiC (5)

This assumption is tested for three properties, the lattice parameter, the
cohesive energy and the bulk modulus, and different exchange correlation func-
tionals. Figure 1 compares both original DFT (˜X) and corrected values (X∗)
using data compiled by Tran et al. [17]. For each property, α is computed
with Equation (2) and reference values for C, Si, and 3C-SiC (given in Ref.
[17]). For each functional, the corrected value is obtained from Equation (5),
DSiC being calculated using Equation (4). Figure 1 clearly shows that a signifi-
cant improvement is achieved for most functionals for the three quantities.
Going deeper into the analysis, it appears that for the lattice parameter and
the bulk modulus, an impressive agreement is obtained for LDA, GGA func-
tionals, and their hybrid versions (left part of the graphs). It is less satisfactory
for dispersion-corrected functionals (right part). A quantitative assessment of
the correction is obtained by calculating the mean average errors (MAE) for
the different sets of data (Table 2). The MAE are significantly reduced for all
datasets, which confirms the visual impression in Figure 1.

This analysis confirms that our assumption is correct for the considered
properties, and that Equations (4) and (5) can be used to correct DFT data
for SiC. In other words, it is shown that the DFT errors for SiC can be approxi-
mated by a weighted average of the DFT errors for Si and C, at least for quan-
tities like lattice parameter, cohesive energy, and bulk modulus.

Note that for computing the weight factor α, one needs to know the value of
the desired SiC quantity (Equation (2)). However, it can be shown that a

Figure 1. DFT calculated values for SiC lattice parameter (top), cohesive energy (middle), and
bulk modulus (bottom), for various exchange correlation functionals (data from Ref. [17]). Red
dots correspond to the original data, and blue dots to corrected values using Equation (5). The
dashed lines show the experimental reference values.
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relevant error reduction can be achieved even with an approximate value.
Figure 2 represents the variation of the MAE using a weight factor α ranging
from 0 to 1, and using data from Ref. [17] (a similar picture is obtained for
all datasets). Two findings stand out. First, for the lattice parameter and the
bulk modulus, the lowest MAE are obtained for α computed using Equation

Table 2. Mean average errors (MAE) for 3C-SiC lattice parameter a0, cohesive energy Ecoh and
bulk modulus B from original data reported in Ref. [18] (4 XC functionals), Ref. [17] (63 XC
functionals), and Ref. [19] (18 XC functionals), as well as MAE for corrected values (see text
for details).

a0 (Å) Ecoh (eV) B (GPa)

Ref. [18] Orig. 0.0118 0.157 7.520
Corr. 0.0019 0.091 1.208

Ref. [17] Orig. 0.0200 0.245 8.859
Corr. 0.0041 0.085 3.669

Ref. [17]∗ Orig. 0.0240 0.315 10.348
Corr. 0.0029 0.118 0.556

Ref. [19] Orig. 0.0258 0.237 11.042
Corr. 0.0027 0.090 1.931

Note: The values corresponding to a subset of 24 XC functionals from Ref. [17] are also reported.

Figure 2. Variations of mean average error (MAE) for three 3C-SiC quantities, with corrections
using a weight factor α ranging from 0 to 1 and Equation 4, using data reported in Ref. [17]. The
crosses show the MAE with corrections using α computed using Equation (2). Values for lattice
parameter (cohesive energy) were multiplied by 500 (50) for the sake of comparison.
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(2). This is not true for cohesive energy. This is probably related to the fact that
there is an energy gain by forming SiC from its constituents, which is not
described by Equation (1). Second, for lattice parameter and bulk modulus, it
appears that significant errors corrections can be obtained even when α is
close but not equal to the ideal value given by Equation (2). Therefore the
error correction scheme proposed in this work can be employed even if only
approximate XSiC data are available.

The DFT calculations were performed using the Quantum Espresso package
[22]. Overestimated parameters were used whenever possible in order to mini-
mize computational errors. For instance, excellent convergence was obtained
with plane-wave and charge density cutoffs of 90 and 720 Ry. The Brillouin
zone sampling was achieved with k-points grids of 12× 12× 12 for 3C (2
atoms) and 2H (4 atoms), 12× 12× 6 for 4H (8 atoms), and 12× 12× 4 for
6H (12 atoms). An initial variable cell optimization was performed to determine
the lattice parameters, with convergence thresholds of 10−9 eV for the energy,
3× 10−5 eV Å−1 for forces, and 10−4 GPa for cell stress components. The
second-order elastic constants were next determined using the ElaStic tool
[23], with DFT convergence thresholds of 10−9 eV for the energy and
3× 10−3 eV Å−1 for forces. The range of applied strains was +0.06, and
elastic constants were computed by fitting the energies of the strained cells
using 6th-order polynomials. We checked that these parameters were appropri-
ate to obtain extremely well converged elastic constants (Tables 3 and 4).

Regarding the choice of the exchange correlation (XC) functionals, it is
important to emphasize that we aim at determining accurate values for SiC
polytypes elastic constants, and not at assessing the accuracy of a large set of
these functionals. However, several ones should be considered to gain confi-
dence in the robustness of our results. As a compromise, six different XC func-
tionals (LDA [24, 25], PBE [26], PBEsol [27], revPBE [28], optB88 [29], and
optB86bb [30]) were selected. In particular, we found that bulk modulus
values computed with these functionals match closely the reference data,
with differences lower than 1 GPa, when the corrections described in the pre-
vious section are applied.

Table 3. Lattice parameter and elastic constants (raw and corrected values) for 3C-SiC from DFT
calculations with different XC functionals.

3C-SiC a0 (Å) C11 (GPa) C12 (GPa) C44 (GPa)

Raw Corr. Raw Corr. Raw Corr.

LDA 4.3288 403.8 403.1 142.3 112.3 253.7 253.2
PBE 4.3805 383.9 401.8 127.6 124.7 239.5 251.3
PBEsol 4.3575 390.9 401.3 138.0 116.7 243.4 249.7
optB88 4.3721 387.5 402.9 129.5 122.0 241.9 251.7
optB86b 4.3663 385.8 400.3 135.6 117.2 240.3 248.8
revPBE 4.3966 377.2 401.5 122.7 128.5 235.3 250.6
Avg. 388.2 400.3 132.6 120.2 242.3 250.9
Std. Dev. 8.1 1.0 6.6 5.4 5.7 1.4
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The full-potential projector augmented wave method was used to compute
the electron-ion interactions [31]. Pseudopotentials for C and Si, generated
for LDA, PBE, and PBEsol functionals, were selected from the PSlibrary [32].
For the calculations with the revPBE, optB88 and optB86B functionals, the
PBE pseudopotential was used. Note that all calculations were carried out
with the scalar relativistic version of these pseudopotentials, since tests made
with full relativistic pseudopotentials resulted in negligible differences.

There is an additional hurdle for computing the elastic constants of the hex-
agonal polytypes. In fact, accurate reference values of the elastic constants of
hexagonal diamond and silicon are not available. A way to circumvent this
issue is to transform the cubic elastic constants for Si and C into their hexagonal
counterparts, using the known relations [33] reported below:

CH
11 =

1
6
3C11 + 3C12 + 6C44( ) (6)

CH
12 =

1
6
C11 + 5C12 − 2C44( ) (7)

CH
13 =

1
6
2C11 + 4C12 − 4C44( ) (8)

CH
33 =

1
6
2C11 + 4C12 + 8C44( ) (9)

CH
44 =

1
6
2C11 − 2C12 + 2C44( ) (10)

Such a transformation is accurate if internal strains in the hexagonal phase are
negligible, which we assume to be the case for elemental materials like C and Si.
The raw and corrected DFT results for 2H, 4H and 6H SiC are reported in
Tables 5, 6, and 7. A large reduction of the standard deviation is clearly obtained
for C11 and C33, and to a lesser extent for C13 and C44. Only for C12 the
improvement is moderate, as for 3C-SiC. Our values are in excellent agreement
with experiments by Kamitani et al. [14], except for C12. It is not clear if the
discrepancy is related to the correction scheme or to the experiments. Arlt

Table 4. DFT calculated lattice parameters and elastic constants for C and Si with different XC
functionals, and experimental reference values for C [20] and Si [21] elastic constants.

C Si

a0 (Å) C11 (GPa) C12 (GPa) C44 (GPa) a0 (Å) C11 (GPa) C12 (GPa) C44 (GPa)

Ref. 1080.9 125.0 578.9 167.54 64.92 80.24
LDA 4.3288 1102.4 148.3 591.0 5.3995 161.6 64.4 74.4
PBE 4.3805 1051.7 125.5 557.6 5.4692 153.3 56.8 73.6
PBEsol 4.3575 1071.0 141.1 573.3 5.4325 157.0 62.6 73.6
optB88 4.3721 1057.7 129.3 561.4 5.4571 154.6 58.0 74.6
optB86b 4.3663 1059.5 138.5 567.8 5.4440 155.3 61.2 73.1
revPBE 4.3966 1033.6 118.1 547.0 5.4919 150.6 54.0 73.9
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and Schodder reported a C12 value close to ours, but associated to a significant
error [16]. Finally, a value of 203.5 GPa for C66 was recently reported [34] for
4H SiC. Since C66 = (C11 − C12)/2, it would suggest that C12 = 102 GPa using
our C11 value, or C12 = 100 GPa if C11 = 507 GPa as in Ref. [14]. Finally,
Karmann et al. measured C33 = 551.2 GPa and C33 = 605.2 GPa in 6H and
4H, respectively Table 1. While their 6H value is comparable to ours and to pre-
vious works, the second one is probably overestimated.

Since we have now a full set of accurate elastic constants for several poly-
types, it is interesting to examine trends. We note that there is a slight decrease
for C11 from 2H to 6H. Conversely, shear-related constants like C12 and C44

increase. No obvious variation exist for C13 and C33. Overall, the differences
between hexagonal polytypes remain small.

In this work, we have presented a heuristic method allowing for computing
elastic constants in different SiC polytypes with an unprecedented accuracy.
This method is based on a determination of the error associated to density func-
tional theory calculations from a weighted average of equivalent errors estimated
for Si and C, two materials for which accurate data are available. The validity of
the approach is demonstrated for the lattice parameter and the bulk modulus. In
the case of elastic constants, it is shown that a significant reduction of the dis-
persion of DFT computed values is obtained in all cases, except for the C12 con-
stant for which the improvement is marginal. As a result, the full sets of elastic
constants for 3C, 2H, 4H, and 6H were determined. Our results are in excellent
agreement with experimental values fromKamitani et al. for 6H and 4H polytypes
[14], and fill a gap for 2H and 3C for which there are few or no available data.

Acknowledgments

All calculations have been performed using the supercomputer facilities at the Spin Center
at the University of Poitiers. This work was supported by the French government pro-
gramme ‘Investissements d’Avenir’ (EUR INTREE, reference ANR-18-EURE-0010).

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the French government programme ‘Investisse-
ments d’Avenir’ (EUR INTREE, reference ANR-18-EURE-0010).

Data availability statement

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

250 L. PIZZAGALLI



References

[1] O. Madelung, U. Rössler and M. Schulz, Group IV Elements, IV-IV and III-V
Compounds. Part A – Lattice Properties, Springer, Berlin Heidelberg, 2001.

[2] Y. Katoh, L. Snead, C.H. Henager Jr., A. Hasegawa, A. Kohyama, B. Riccardi, and H.
Hegeman, J. Nuclear Mater. 367–370 (2007), p. 659.

[3] A. Oliveros, A. Guiseppi-Elie, and S. Saddow, Biomed Microdevices 15 (2013),
p. 353.

[4] P. Djemia, Y. Roussigné, G. Dirras, and K. Jackson, J. Appl. Phys. 95 (2004),
p. 2324.

[5] W.R.L. Lambrecht, B. Segall, M. Methfessel, and M. van Schilfgaarde, Phys. Rev. B 44
(1991), p. 3685.

[6] K. Karch, P. Pavone, W. Windl, O. Schütt, and D. Strauch, Phys. Rev. B 50 (1994),
p. 17054.

[7] D.G. Clerc, J. Phys. Chem. Solids 60 (1999), p. 103.
[8] S.Q. Wang and H.Q. Ye, J. Phys.: Condensed Matter 15 (2003), p. 5307.
[9] M. Iuga, G. Steinle-Neumann, and J. Meinhardt, Eur. Phys. J. B. 58 (2007), p. 127.

[10] E. Konstantinova, M. Bell, and V. Anjos, Intermetallics 16 (2008), p. 1040.
[11] J. Tan, Y. Li, and G. Ji, Comput. Mater. Sci. 58 (2012), p. 243.
[12] L. Pizzagalli, Acta Mater. 78 (2014), p. 236.
[13] K. Sarasamak, S. Limpijumnong, and W.R.L. Lambrecht, Phys. Rev. B 82 (2010),

p. 035201.
[14] K. Kamitani, M. Grimsditch, J.C. Nipko, C.K. Loong, M. Okada, and I. Kimura,

J. Appl. Phys. 82 (1997), p. 3152.
[15] S. Karmann, R. Helbig, and R.A. Stein, J. Appl. Phys. 66 (1989), p. 3922.
[16] G. Arlt and G.R. Schodder, J. Acoust. Soc. Am. 37 (1965), p. 384.
[17] F. Tran, J. Stelzl, and P. Blaha, J. Chem. Phys. 144 (2016), p. 204120.
[18] L. Schimka, J. Harl, and G. Kresse, J. Chem. Phys. 134 (2011), p. 024116.
[19] F. Tran, L. Kalantari, B. Traoré, X. Rocquefelte, and P. Blaha, Phys. Rev. Mater. 3 (2019.
[20] H.J. McSkimin and P. Andreatch, J. Appl. Phys. 43 (1972), p. 2944.
[21] J.J. Hall, Phys. Rev. 161 (1967), p. 756.
[22] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli,

G.L. Chiarotti, M. Cococcioni, I. Dabo, A. Dal Corso, S. de Gironcoli, S. Fabris, G.
Fratesi, R. Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lazzeri, L. Martin-
Samos, N. Marzari, F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto,
C. Sbraccia, S. Scandolo, G. Sclauzero, A.P. Seitsonen, A. Smogunov, P. Umari, and
R.M. Wentzcovitch, J. Phys.: Condens. Matter 21 (2009), p. 395502. Available at
http://www.quantum-espresso.org.

[23] R. Golesorkhtabar, P. Pavone, J. Spitaler, P. Puschnig, and C. Draxl, Comput. Phys.
Commun. 184 (2013), p. 1861.

[24] P. Hohenberg and W. Kohn, Phys. Rev. 136 (1964), p. B864.
[25] W. Kohn and L.J. Sham, Phys. Rev. 140 (1965), p. A1133.
[26] J.P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77 (1996), p. 3865.
[27] J.P. Perdew, A. Ruzsinszky, G.I. Csonka, O.A. Vydrov, G.E. Scuseria, L.A. Constantin,

X. Zhou, and K. Burke, Phys. Rev. Lett. 100 (2008), p. 136406.
[28] Y. Zhang and W. Yang, Phys. Rev. Lett. 80 (1998), p. 890.
[29] J. Klimeš, D.R. Bowler, and A. Michaelides, J. Phys.: Condensed Matter 22 (2009),

p. 022201.
[30] J.c.v. Klime, D.R. Bowler, and A. Michaelides, Phys. Rev. B 83 (2011), p. 195131.
[31] P.E. Blöchl, Phys. Rev. B 50 (1994), p. 17953.

PHILOSOPHICAL MAGAZINE LETTERS 251

http://www.quantum-espresso.org


[32] A. Dal Corso, Comput. Mater. Sci. 95 (2014), p. 337.
[33] E.R. Fuller and W.F. Weston, J. Appl. Phys. 45 (1974), p. 3772.
[34] J. Yang, B. Hamelin and F. Ayazi, J. Microelectromechanical Syst. 29 (2020), p. 1.

252 L. PIZZAGALLI


	Abstract
	Acknowledgments
	Disclosure statement
	Funding
	Data availability statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


