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Mechanical stresses in crystals

* External forces lead to crystal strains —
variations of its shape and volume

* The simplest strains _ 1=l

E
— Tension and compression Io
. . [, — length before tension
— Relative E|0ngat|0n 0l—Iength after tension
e Elastic forces -

. O — g = Cg
— Mechanical stress

] ] F — elastic force
— Proportional to strain S — area of section

— Elastic constants
— Compliance constants & = SU



Mechanical stresses in crystals
e Second rank tensors
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Mechanical stresses in crystals

Uniaxial stress Biaxial stress
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Mechanical stresses in crystals

Vacancy Interstitial Atom

* Crystal lattice defects

— Inclusions
— Dislocations
— Twin and domain walls

— Pressure-induced Substitutional interstitial

Impurity Atom Impurity Atom

phase transitions %

-

— Residual mechanical stresses

* |Indicator of local lattice distortions
and/or preceding pressure exposure



Experimental methods
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* High-Resolution Transmission
Electron Microscopy

— Spatial resolution 0.1-0.2 nm
— Samples thickness below 50 nm
e X-Ray Diffraction
— Spatial resolution 10 um
— Strain accuracy 10~
* Electron Backscatter Diffraction
— Spatial resolution 100 nm
— Strain accuracy 104
* Raman Spectroscopy
— Spatial resolution 250 nm =1 um
— Strain accuracy 10-3-104




Outline
e Stress effect on Raman spectrum

— Qualitative approach
* Group-theoretical analysis
 Example. Rutile

— Quantitative approach
e Secular equation
e Example. Silicon

 Examples
— Quartz particles in porcelain ceramic
— Graphene at the silicon grating



STRESS EFFECT ON RAMAN SPECTRUM

QUALITATIVE APPROACH



Qualitative approach

* Raman spectrum — strong correlation with
structure and symmetry of the crystal

* Group-theoretical analysis
— Number of vibrations
— Symmetry of vibrations
— Polarization activity

* |[nput data
— Initial crystal symmetry
— Symmetry of the stress
— Correlation tables

Bilbao Crystallographic Server - http://www.cryst.ehu.es/



http://www.cryst.ehu.es/

Qualitative approach

Uniaxial mechanical stress D,
Initial point group of the crystal G,
Symmetry reduction G,

Compatibility relations - Possible variation of
vibration spectrum

Curie Principle

— G, group contains symmetry elements that are
common for group G, and for group of the stress

— compare symmetry elements of G, and D,
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Qualitative approach. Example
* Rutile TiO,

0
* Unstressed crystal
)T

— Tetragonal structure
— D, (P4/mmm)
— 15 optical modes
- I'=A,+B,+B,, +E,
+ A, +3E, + A, +2B,,
— Raman active:
Alg' Blg' BZg and Eg 10 234 E, A S
— IR active: 4,,, and 3£, {B3y 1

. 100 200 300 400 500 600 700 800
— Forb|dden: AZg and ZBlu Raman Shift (cm™)

J. Phys. Chem. B 103, 3308 (1999); J. Phys. Chem. C 117, 24015 (2013) 11
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Qualitative approach. Example

* Stress along ag-axis

* Common symmetry elements for Dy, and D,
- E, C%,2C',, i, 0y, 20,
— Point group D,p,

e Correlation table (Bilbao Crystallographic Server)

Alg Alu AZg AZu Blg Blu BZg BZu Eg Eu
DZh Ag Au Blg Blu Blg Blu Ag Au BZg-I_BBg B2u+B3u

e Stressed crystal
—I'=2A,+2B, +B,, + By, +2A, + B, +3B,, +3B;,
— Raman active: 24,4, 2B, , B, B3,
— IR active: By, 3B
— Forbidden: 24,

19’ =29’

3B,

2u?

12



STRESS EFFECT ON RAMAN SPECTRUM

QUANTITATIVE APPROACH



Quantitative approach
* Dynamic equation
[K—cc),fM]Ur =0

K — force constant matrix

M — mass matrix

Wy - frequency of rth vibrational mode

U, — relative atomic displacement during r'" mode

e Matrix K

— depends on average atomic distances
— sensitive to stress/strain state of the crystal

* For strained crystal

[K(g) —a)fl\/l]ur =0
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Quantitative approach
* For low strains

oK. )
Kiﬁg) = Ki? "‘Z( Jjgm = Ki? "‘Z Kigm)gkl
K I

EEk|
0 _ 2

— wq - mode frequency without stress/strain

. Ki(]fg,gl - phonon deformation potentials

— 4t rank tensor

— structure and number of independent components
is determined by the crystal symmetry

15



Quantitative approach. Example
* Crystals with diamond structure (Si)

(&)

fensor Ky hasonly three ¢ @ ¢
independent components: o Se
T e
pl q/ r g C é : , :
* Secular equation ¢ Lc :
P&y + (6, +633) — 4 2re;, 2rg;,
2rey, Peyp +0(Egs + 1) — 4 2r &y, =0
2é 21 &5 Peys + (e +E5)— A
° ' . — 2 2
Eigenvalues: /1]- = Wi — W
: Aj
* Frequency shift:  Aw; = =
2(,()]'0 =



Quantitative approach. Example

* Unstressed Si crystal
— A=A, = A5
— 3-fold degeneracy mode
— wg =520 cm™

* For uniaxial stress o along [100] direction

€y = 90 Eyp = 91,0 €33 = 910

* Therefore frequency shift

1

Aw, = 2/11 = [pS11 + 2q512]c7 1-fold degeneracy mode

W, 2w,

A 1
Aw, = 5 2= [p512 +09(S;, + 812)]0

W, 20,

A 1
2w, 2,

\

> 2-fold degeneracy mode

Aw, = [pslz +q(Sy; + 812)]0 D
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Quantitative approach. Example

€

“ Si Awq I
o VA .

u

I

0 3

> |
O 2

Z

=R

&) y Aw, 3

g QO o K 4 ! I 5

w O 0.4 0.8 1.2

UNIAXIAL STRESS (GPa)

Semicond. Sci. Technol. 11, 139 (1996) 18



Quantitative approach. Example

* For biaxial stress in (110) plane with stress
components 0., and o,,

O,. +O
Aw, = 112(0 = [p812 +0(S;; + 812)]
0

* For Si crystal
— Compressive stress - increase of Raman frequency
— Tensile stress - decrease of Raman frequency

19



QUARTZ PARTICLES
IN PORCELAIN CERAMIC



Quartz particles in porcelain ceramic
* Porcelain ceramic = glass matrix + crystalline phases
 Quartz is the most abundant crystalline phase

e Quartz particles reinforce the ceramic
— Higher coefficient of thermal expansion
— Strong compressive stresses on matrix
— Strength improvements of the ceramic

* Very high stresses
can lead to cracks

Material Research 8, 39 (2005) 21



Quartz particles in porcelain ceramic

Optical Microscopy Raman Phase Map

Quartz

-

Feldspar

200 400 600 800 1000 1200

Raman Shift (cm™)
Ceramics International 41, 13598 (2015) 22

Intensity (r.u.)




Quartz particles in porcelain ceramic
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Ceramics International 41, 13598 (2015) 23



Quartz particles in porcelain ceramic

Optical Microscopy Position of A line

¥ Min shift

Min stress

Ceramics International 41, 13598 (2015)
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GRAPHENE
AT THE SILICON GRATING
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OD Fullerenes

Graphene

1D Nanotubes 3D Graphite

Single layer of sp?
bonded carbon atoms

Basic structure for
fullerenes, nanotubes
and graphite

Unique electrical,
mechanical, optical and
thermal properties




Raman Spectrum of Graphene

Main Raman lines:

* G-line (1580 cm™): in-plane vibrations of C-atoms

* D-line (1350 cm): defect-activated breathing mode
» 2D-line (2692 cm™): 2"9-order scattering of D-line
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Raman shift, cm
27



Raman Characterization of Graphene

For details:

Number of layers

Orientation of layers

Defects

Mechanical stresses

Doping and functionalization
Electrical transport

Heat transport

Magnetic properties
publications of Andrea C. Ferrari

and Mildred S. Dresselhaus

28



Raman Characterization of Graphene
 Number of layers (2D-line)

() 146
— Shape changes: J\
* SLG - Single line 218 : '
* BLG-4lines Zgg
* Graphite - 2 lines © 310 : "
— Weak difference in shape 2 &
for graphene with more @6 N
than 5 layers AA___

(e) HOPG é

2550 2600 2650 e wse 2800 2850
Roman shift fom )

L.M. Malard, M.A. Pimenta et al. Phys. Rep. 473, 51 (2009) 29



Raman Characterization of Graphene
* Number of layers (C-line)

— New line corresponding to shear vibrations of layers
— Position depends on number of layers

5 1,584+
2LG ﬁ1531;#;; : g
-~ _ 1,578 G
ﬁ w‘lﬁ.‘l’\j’l‘»{;‘% E 4'14!3}
=L \ 4LG i N
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I= 6-/lE E 354 T
m 1 _
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A.C. Ferrari and D.M. Basko, Nature Nanotechn. 8, 235 (2013) 30



Raman Characterization of Graphene

 Defects

— Defect-activated D-line
— Satisfy momentum conservation law
— Defect characterization by ratio I, /1

— L — average distance between defects
4 e S

High concentration — [t Low concentration
{ I C)

D _ / 2
G = 2 G D
Maximum: No additional
contribution from new 1le
defects A
0 : . . :
0 5 10 15 20 25
L, (nm)

M.M. Lucchese, F. Stavale et al., Carbon 45, 1592 (2010)
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Raman Characterization of Graphene

* Mechanical strains (G-line)
— Splitting into G~ and G*
under uniaxial strain

— Linear position shift:
e Tension - Phonon softening

G-, G*) (em™)

S—

Pos

 Compression - Phonon hardening

1,590
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Frank, O. et al. Nat. Commun. 2, 255 (2011)
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T. M. G. Mohiuddin et al. Phys. Rev. B. 79, 205433 (2009)
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Pos(2D) {cm ')

Raman Characterization of Graphene

* Mechanical strains (2D-line)
— Linear position shift
— No splitting
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T. M. G. Mohiuddin et al. Phys. Rev. B. 79, 205433 (2009)
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Graphene at the silicon grating
* Scheme of the sample

Graphene
I | I l I l s SiO,

Si
(30mmx30mm)

. _ 08—
: /B |NEn 1! °[
N S o B B

-1
Wavenum ber, cm

— Graphene flake at the surface
— Defects’ distribution: holes, wrinkles

— Periodical variations of P - Periodical stress
Nat. Comm. 6, 7572 (2015) 34
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Graphene at the silicon grating

* Position of G-line IR
— Linearly proportional to Young modulus 0O¢

* Young modulus E is the proportionality

coefficient between axial stress o and strain €

8(06 —kE = iaa)G :aa)G =k = Aa):a)—a)o —ko

o€ E oO¢ oo

= kE

* Final expression 77.46 GPa

_ E (0 —w,)

"Yoe

* For CVD graphene
005 _ g1 1cm™/%: E=1.1TPa

O

& -7757 GPa

o€
Nat. Comm. 6, 7572 (2015)



Summary

Raman spectroscopy can be used for characteri-
zation of mechanical stresses in crystals.

Powerful tool provide quantitative anc
gualitative information about stresses.

The method is based on simple theoretical
background.

We briefly looked the micro-Raman application
for characterization of stresses in several
systems.
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