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Q: Is the Fragility of chalcogenide glass-formers controlled
by the rigidity percolation (mean coordination)?

A: Probably not.
Talk Outline:

1- Rigidity percolation: review
2- Structural origin of Fragility in the Ge-As-Se system

3- Structural origin of Fragility in the As-Se system
4- Structural origin of Fragility in the Ge-Se system

Prof. Pierre Lucas

Structural Contributions to the Fragility of Network Glasses




@JTHE UNIVERSITY
. OF ARIZONA.
1- ngldlty percolation: review

CHALCOGENIDE GLASSES = COVALENT NETWORKS

w, Ge, As, Sh, S, Se, Te,
eyt Same electronegativity ~ 2

A
L 'f, 2 b
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o Clear number of bonds
» Clear bond angles
« Good model glasses for counting structural constraints
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1- Rigidity percolation: review

Structural constraints for system with r bonds:

i : Can
i r bond constraints \
N 90

2r - 3 angle constraints 4 T ;
¥ 5/
Atomic degrees of freedom= 3 Bond Angle

>

T
/O*-——* d=3  Three dimensional structure: x, y, z
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1- Rigidity percolation: review

If <r> is the average coordination number (average number of bonds

per atoms) B |
<r >= Z ra a : molar fraction
. : covalent coordination

o If <r>< 2.4 : floppy network o If <r>> 2.4 : rigid network
underconstrained overconstrained
low coordination high coordination
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Talk Outline:

1- Rigidity percolation: review
2- Structural origin of Fragility in the Ge-As-Se system
3- Structural origin of Fragility in the As-Se system

4- Structural origin of Fragility in the Ge-Se system
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2- Structural origin of Fragility in the Ge-As-Se system: Stoichiometry
Fragility index m is obtained calorimetrically:
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First, the activation energy for enthalpy relaxation E_
is calculated using Moynihan’s cool-rate method: d( To)

--5%
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2- Structural origin of Fragility in the Ge-As-Se system: Stoichiometry

. . 60 AS,Se100.
The Fragility Index m is then O
obtained from the activation 55 @ m viscosity
energy for enthalpy relaxation E_ £ 50 -
" Om enthalpy
and the glass transition $45 -
temperature T ._; 40 - O
Ea :55,35 . o O
m = i 30 - g O
RTgIn10
g 25 -
The Fragility Index m values obtained from the 20 10 15 20 25 30 35 40
activation energy for enthalpy relaxation E, are in Arsenic %

good agreement with that obtained from the
viscosity activation energy E,.
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Poor correlation between Fragility index m and
average coordination number:

44 -
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Fragility index (m)
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No clear minimum in m.
Not centered at <r>=2.4
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Ge-As-Se glasses are known to satisfy chemical order:

Not a random network of Ge,
As and Se.

Each Ge and As Is surrounded
preferentially by Se atoms (if
the stoichiometry permits).

Could these chemical effects
correlate with the Fragility ?
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2- Structural origin of Fragility in the Ge-As-Se system: Stoichiometry

Excellent correlation between Fragility index m
and deviation from stoichiometry:

46 v T v T v T v T T T T T
aa] @ OtherMCN ] Clear minimum in m for stoichiometric
® 23 .

o] ® 24 ) compositions where all Ge and As
T 20 : 225 ® | atoms are linked by exactly one Se.
— "1a 55 ] (5 data points at “0”)
v o
o %7 2.72 ]
T 3] .‘ ] Only heteropolar bonds in the
E, 34 O.~ .0 ) stoichiometric compositions.
E 32'. ‘. '. Il .
S ] . “ &° | Fragility is controlled by
iy o8 ! stoichiometry in

O A0 20 8§ 2 o e GE-AS-SE glaSSES

Selenium rich/poor (%)
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Talk Outline:

1- Rigidity percolation: review
2- Structural origin of Fragility in the Ge-As-Se system
3- Structural origin of Fragility in the As-Se system

4- Structural origin of Fragility in the Ge-Se system
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3- Structural origin of Fragility in the As-Se system: Dimensionality
Structural evolution of As-Se network with <r>: RAMAN

é!} 70 ! i , @ Saochain
—_— > — (7)) @ Se chain
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Asse, E¥ 7= 50 . 2
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] Arsenic %
10
2.00 . . .
Se, o — > Evolution from Se-chains to pyramidal
160 200 240 280 320
Raman Shift (cnt’) network, to phase separated molecular glass.

PRB 82, 195206 (2010)
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3- Structural origin of Fragility in the As-Se system: Dimensionality
Structural evolution of As-Se network with <r>: Se’’NMR

Se-57: L [AsSe-As Se: 1D AsipSeqs: 1D/2D

sSeSp rele <r>-2 <r>-21 .

B/ e T1 NMR confirms that the
“‘\ ‘Z r 1 : structure evolves from

) AT
&“x m 1 ?{1 ¢ 1D Se-chains

Rt to 3D chain crossing
AsgoSero: 3D AsgSeg: 2D model
e <=2 to 2D pyramidal

to OD phase separated
molecular glass.

Ve o5 <t network
h%‘?@ QQ\V%‘% )

AsgoSesy: 3D+0D AsgoSeq: 1D/2D+0D
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3- Structural origin of Fragility in the As-Se system: Dlmensmnalltv

Fragility index m is obtained from viscosity: » = RT?}’;( T
f“} 1 (0) O - /7 K 00
I .
%’ 2D e ; J
T s “ﬁs;iq“ Fragility is controlled by
PRe 245 | A0 stryctural dimensionality
i‘rf::*' 132‘.3!3 < '? .® &. © in As-Se glasses
G\'E..n "-._:.‘.-‘“ & L 35
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Average Coordination <r>
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Talk Outline:

1- Rigidity percolation: review
2- Structural origin of Fragility in the Ge-As-Se system

3- Structural origin of Fragility in the As-Se system

4- Structural origin of Fragility in the Ge-Se system
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0.02q emmmm Modulated Heat Flow
e Average Heat Flow

Temperature (°C)

i [ o veeernd

Heat Capacity Spectroscopy: Modulated DSC

Raw MDSC data: T : temperature rate
Q : heat flow

From which is extracted two important parameters:

C.= 9 Modulated heat capacity
S | w =60 sec

— %o Phase lag between T and Q

0.015+

0.010+

e
o
=3
o

(9, B/r) do 1eay

o
=]

Structural Co

s Which leads to the complex heat capacity:

Ch(w) = C"+iC" = |C(w)] exp(igo)

Phase laggo= 0 below and above T,
Within transition: slow structural processes are probed
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Heat capacity spectroscopy ot ;\ob ""g_ <ot
2R FIEL
Aging of Se glass at 25° C Asq,Se,, i v g A
¢ o
0.012] . . . As60Se40 1005 ' ' ' ' ' ¢
' 115 hours pesosets
—— As60Se40 180s
As60Se40 200s
0.009+
i aQ
8‘ 0.006; Initial glass 250 hours ©
0.003-
0.00 =
0.000 . i i ——— T
30 35 40 45 50 100 120 140 160 180
Temperature (°C) Temperature (°C)
Fast relaxing domains Cp” show two very distinct
vanish after long aging relaxation processes.
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4- Structural origin of Fragility in the Ge-Se system: Heterogeneity

Se Se
Ge Ge

MU . Significant amount of
M edge sharing GeSe,
% tetrahedra even in Se-

rich glass

g
QM GeSe, tetrahedra tend
E

cwsew  tO Cluster in the glass.

/ﬂ_JL/\ e
Im/% GeI,J.S:. O;Z?]—O
— e, . — el

Raman Shift (cm') Sen etal. JPC b 115, 4307 (2011)
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Vitreous 5e |,
- wguw I
line positionf :

Net sharpening of the Se
chain line: mobile phase.

GeSe,), line stays broad:
low mobility.

460 K

480 K

520K
Crvstallim.:.- 5'e

0 -400 -800 (ppm)
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Temperature (C) FWHM of the Cp” peak as a function of composition
(averaged over all measured modulation frequencies w)

*The dynamics of structural domains in Ge-Se glasses can be probed by
heat capacity spectroscopy.

* The Cp” peak FWHM then shows a clear maximum at <r> = 2.4,
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*Ge-Se glass near <r>=2.4 can not be fitted with a single Gaussian.
« Two structural units gain mobility at different temperatures

 Surface area of fast relaxing domain (Se chain) and slow relaxing domain
(GeSe,, tetrahedra) crosses over at <r> = 2.4.
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Cp” peaks shift to high T with higher frequencies w : <r>=2.4 : Strong glasses gain structural degrees of
Derive activation energy E, freedom over wider temperature range.
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« Activation energy obtain by MDSC or conventional cool rate method shows
the same sharp minimum in fragility at <r>=2.4
» There is again no evidence for an Intermediate Phase
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2 @ Ea
m =
RTgIn10

The minimum in fragility at

PY <r>=2.4 is consistent with rigidity
percolation threshold value but
originate from maximum in
structural heterogeneity due to
highest ratio of Se-chains and
GeSe, tetrahedra
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53 )3 )4 )5 , ¢ Fragility is controlled py
Average Coordination <r> stru‘ctural heterogenelty
in Ge-Se glasses
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CONCLUSIONS

Fragility shows no trend with <r> in Ge-As-Se but instead
is controlled by deviation from stoichiometry.

Fragility does not follow predictions from rigidity
percolation in As-Se but instead correlates with structural
dimensionality.

Fragility shows a minimum at <r>=2.4 which correlates to
maximum in structural heterogeneity aassociated with
highest ratio of Se-chains and GeSe,, tetrahedra.

Structural rather than topological factors appear to
control the Fragility of chalcogenide glasses.
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