&[ Non-linear Effects in
ARIZONA STATE Physics of Dielectrics

High-Field Dielectric Response:
> Coulombic stress
Langevin effect
Energy absorption
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Time-resolved technique
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Reverse isothermal calorimetry

Ranko Richert




dielectric relaxation technique

dielectric electric
displacement field




typical case near the glass transition

propylene glycol T=174-198 K (3 K)

10" 10° 10’ 10>  10°
v [HZ]

result usually independent of field amplitude




variety of high field techniques

high DC field high AC field low AC field
low AC field no bias on high pulse
mainly 1o 10 + 3w NDE(t)

Heats via o, avoid heating




non-linear susceptibility

= % 4 B+ VEE+ yPEPE+ PUEE+ yWEE ...
%/_J %/_J

%/_J
causality symmetry symmetry

causality: P(0)=0 £,(0)x [1- 2E?]
symmetry: P(E)=-P(-E) A=-Aln(e, )/ E?

P Piekara factor :

— =g+ PR+ fE A, JE? = —az
&E :

S

superpositiorrprinciple : P(t) = _[_t dP(@) = ;(gof_tﬂ E(2jp(t —0)d6

M.S. Green, R. Kubo (1950's) : linear transport coefficients L. _, are related to
auto - correlation function of-the equilibrium fluctuations in the conjugate flux J

V o0
J=L._F, Leyo =3 [(300)3(t), _,dt
0




Coulombic stress




Coulombic stress exercise

top electrode 16 mm @
bottom electrode 30 mm &
ring outer: 20 mm &

ring inner: 14 mm &

glycerol at E, = 283 kV/cm

work Fd = energy $QV
Fod =10(QV )=1QaV +1VaQ =
=0
1Vo(CV )= 1VCoV +1V?0C = LV ig Add ™
=0
F(t):#Ez(t):#Ej < [L— cos(2at)]

Alng——&—+ Ry _ &6A =K
d aY day
a=4.7x10" m* (Teflon ring, d =14 -16 mm)
Y >1GPa (Teflon only)
F,=31N

F,/a=0.67 MPa

Alng :—Ad—ds 6.7x107*




dielectric saturation




expected non-linearity: dielectric saturation (aka Langevin effect)

TCOS 0 eyEcosH/deH
(cos @) =2

TeyEcosa/deg
0

=]
(cos @) = cotanh[%) _ (f__fj

L .
<cos 9> _ L(y_Ej ange_vm
kT function

(cos @) = L(a)=cotanh( )—%
If uE <<KkT or a<<l1

(cosd) ~ a_ M
3  3kT




saturation in water at 293 K

Piekara Ag, [E* =—J¢
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H. A. Kolodziej, G. Parry Jones, M. Davies, J. Chem. Soc. Faraday Trans. 2 71 (1975) 269

E2/10'* V2 m-2

J. H. van Vleck, J. Chem. Phys. 5 (1937) 556
A. Piekara, Acta Phys. Polon. 18 (1959) 361




time resolved NDE experiments

A
144 [

o reference o ot
F-charinel ota acguisifion
countar-timer and contol
module

(]

-

calibration controll

MDE (107 mi )
[

HY puke contrall

posalel
interface
i

HY pulse generaror compuler G

i ===

o
'

FIG. 1. The NDE measurement setup: 1—Measurement capacitor;
2—measurement generator (G'1, freq. f1+Af): 3.4—reference generator
(G,, freq. f2) with tuning capacitor: 5—mixer (freq. Af): 6—bandpass
filter; 7—rectifier; 8—low-pass filter: 9—amplifier; 10—indicator of the

tuning of G, to f>=f;+Af. The elements 2 and 4-10 are contained in one
measurement unit.

M. Gorny, J. Ziolo, S. J. Rzoska, Rev. Sci. Instrum. 67 (1996) 4290



field effect (71 - 283 kV/cm) result for propylene glycol

propylene glycol

0

X

E2 455 V(kT)  (2¢
(van Vleck)

propylene glycol

Aln¢'

5.6 Hz - 100 Hz
[

Vel
283 kV/cm

2 4 6 8
E02 [10"° V? cm™]

S. Weinstein, R. Richert, Phys. Rev. B 75 (2007) 064302
S. Weinstein, R. Richert, J. Phys.: Condens. Matter 19 (2007) 205128




enerqgy absorption




dielectric hole-burning technique: summary

time

. polarization at constant field E

Y
'‘burn cycle' (n = 3) 'measure cycle'

I
T.RT,RT, 1l
1 2 3 1/ b original
response
P(t)

selective
heating
P*(t)

plain
heating
P(t)

» E(t)=E, sin(w,t) ol— L

-1 0
AQ = 75, &"(@, ) Ey 10g,(t/s)

B. Schiener, R. Bohmer, A. Loidl, R. V. Chamberlin, Science 274 (1996) 752
B. Schiener, R. V. Chamberlin, G. Diezemann, R. Bohmer, J. Chem. Phys. 107 (1997) 7746




features of homogeneous dynamics

local behavior ensemble average




features of heterogeneous dynamics

local behavior ensemble average




high field impedance - beyond the linear regime

SI1-1260 PZD-700

x 100

x 1

R=100Q "w i
V;, <300V 10

fields up to 450 kV/cm
UE up to 0.082 kT
0.1 Hz to 50 kHz range v [HZ]

E:ZeleCtret+ZE+Z(l)EE (2)E2E 1(3)E3E+Z(4)E4E+.”
& & X 7 { (L )

E 0 —— v —
=0 =0 usually =0 usually
causality symmetry too small symmetry way toosmall

S. Weinstein, R. Richert, Phys. Rev. B 75 (2007) 064302
S. Weinstein, R. Richert, J. Phys.: Condens. Matter 19 (2007) 205128




analyzer input protection

ANALOG Ultralow, Input-Bias Current
DEVICES Operational Amplifier

AD549

AD 549 L
R,=101Q
C,=0.8pF
lpias = 40 fA

bias

In the corresponding version of this scheme for a follower,
shown in Figure 38, Rp and the capacitance at the positive input
terminal produce a pole in the signal frequency response at a

f = ¥nRC. Again, the Johnson noise, By, adds to the amplifier’s

input voltage noise.

SOURCE

Figure 38, Followerwith Input Current Limit
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1=595%x10°s

f s = 26750 Hz

10°

IQPROTECT = 3 MQ
protects against 300 V (no time limit)

S. Weinstein, R. Richert, Phys. Rev. B 75 (2007) 064302

. Weinstein, R. Richert, J. Phys.: Condens. Matter 19 (2007) 205128



adding time-resolution capabilities to high-field technique

PZD-700 voltage

field amplitude x 5:
32.4 to 162 kV/cm

Sigma-100 /
R=1kQ —

V,, <300V ] %

S(t)=V(t) or It time / ms

27/w
o /

R=— _[sin(a)t)s(t)dt:Acos(gp) A JRETT (D:arctan(Lj
0 R

27/w
1= [coslat)s(t)dt = Asinp) 1o =t 2 -ap)
7 0

L.-M. Wang, R. Richert, Phys. Rev. Lett. 99 (2007) 185701
W. Huang, R. Richert, J. Phys.Chem. B 112 (2008) 9909




single / multiple frequency technique

2
time / ms

4 channels
1 Ms depth

12 bit @ 100 Ms/s
14 bit @ 1 Ms/s

Nicolet Sigma 100 Digital Oscilloscope

W. Huang, R. Richert, J. Chem. Phys. 130 (2009) 194509



1w versus 3w data analysis

low field response

high field response

1w approximation €, -

E:Io

/A

lw+3w response A, /A,




3w signal during field change: 32.4 to 162 kV/cm

D, = e&,E, + Aee,E;
= g2, E, x (1+ AE?)
A=Alng/E.

E = E, sin(at)

D, (t)= e&,E, sin(at)+ Aeg,EE 3sin(awt)
= A, ~eg,E,

D, (t)= —Aeg,ES Lsin(3at)
= A, =sse,EAIne

0.1 0.2
time /s

:% [[sin(3et)v (t)dt |

0
27w

Izg j cos(3awt \V (t)dt

W. Huang, R. Richert, Eur. Phys. J. B 66 (2008) 217



calculated frequency dependence of y;

glycerol
T =206 K

R. Richert, J. Non-Cryst. Solids (in press)



high field impedance of glycerol and propylene carbonate

glycerol propylene carbonate
(Eq = 283 kV/cm) (Ep =177 kV/cm)

‘MW.“ O

E0 =
283 kV/cm

14 kV/cm

glycerol

T=213K

R. Richert, S. Weinstein, Phys. Rev. Lett. 97 (2006) 095703
W. Huang, R. Richert, J. Chem. Phys. 130 (2009) 194509




rise of configurational temperature for different frequencies

 ® v=500Hz
v v=1kHz

NS
A =2 kH AAA
A% kHz aad A

RN L e
SIS

A In(tan d)

Q
S

hallmark of
heterogeneity
regarding

Tr Of Cp(W)

time / ms

W. Huang, R. Richert, J. Chem. Phys. 130 (2009) 194509



agreement between experiment and model

a)Zﬂ/a)
R=— _[sin(na)t)S(t)dt
0

T

a)2ﬂ/a)
| =— _[ cos(nat)S(t)dt
4 0

tano = tan(% — Agpj

0.02  0.04 . A, _Alng
time /s

W. Huang, R. Richert, J. Chem. Phys. 130 (2009) 194509




non-steady state version of ‘box’'-model

[ Ag, =Agy(r)dr = D Ag; = Ac
AC,; =AC,g(r)dr =) AC,, =AC
initial conditions :
D,(0)=0andT,(0)=T
dD—i(t) _ ()= £,E(t)Ag,
dt ! (t)

O Ry TE-T

p

dt £,Ag;AC z,(t)

)=z (O){l— T (?‘T (kEﬁ ﬂ

_Ti(t)_T AC
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P! for adiabatic case

W. Huang, R. Richert, J. Chem. Phys. 130 (2009) 194509



non-steady state version of ‘box’'-model

E(t)=E,sin(at)
for each mode 'i'
Ag = Asg(r)dr = Zi Ag, =A¢
AC,; =AC,g(r)dr = > AC,, =AC

p

initial conditions : D,(0)=0and T,(0)=T (equil.)

polarization :

Ti (t) |
t

conf .temp.: anify) _ N A

adj. time const.:

W. Huang, R. Richert, J. Chem. Phys. 130 (2009) 194509




high field impedance technique

[ glycerol
- T=206K

R. Richert, J. Non-Cryst. Solids (in press) R. Richert, Thermochim. Acta (submitted)




testing the claim: = = 7 versus 7 = 7p/h

2
EESAE
><OO

2pAC,

B g,E(Ae Xa)ZTD 5 /h
keT? 2pAc,/h 1+ w°c]

h=1.41
——h=1.00
h=0.71
h=0.50

. > 15 /h

result :

T =1Tp
+15%

0.01 0.02 0.03 0.04
time/s

0.05

Richert, Phys. Rev. Lett. 104 (2010) 239603



summary of relevant non-linear effects (~E?)

Coulombicstress:
Fd=1QV,Q=CV,C=¢5A/d

&8 A EsEoA EE A
propylene glycol ] F(t)z%Ez(t):%Eoz - 340 E¢ cos(2at)

I d I d I
P [ ~31N
__dielectricsaturation :

Aln¢' Asg Nz’ y 8:(500 + 2)4
5.6 Hz - 100 Hz ' E? 455V (KT) (26, +¢, V(267 +&2)

: : | | | (van V|€Ck)

1000 x A In &'

0

Alng"

422 Hz - 42.2 kHz i energy absorption :
E—

2 2_2 2_2
cESAg O°T T
T (r)=200"" 0" —TOx_—2

¢ 2Ac, 1+ wit’ f 1+ altt

100 x A In &"

l+iwr™

1 . 1 . 1 . - é(@)=8w+A8Ig(T) L dr
0

2 4 6
E,” [10°V*cm?]

S. Weinstein, R. Richert, Phys. Rev. B 75 (2007) 064302



reverse calorimetry




basic techniques: heat capacity

Differential Scanning Calorimetry

Ts Tr

heater

power

SPEL!FlL

T EMPELATURE ——t

W. Kauzmann, Chem. Rev. 43 (1948) 219




dynamic heat capacity in glycerol

H : Thermostat
LEADS TO SIGNAL Film Heater Sample . Sensor 2

GENERATOR
BSTRATE /
SUSST LEVEL OF - .
- / LIQUID Uniform Rod 2

X

Sensor |

F—— THICK FiLM

THIN NICKEL FILM

---3---0.02Hz
—a— (0.05Hz
—&—0.1Hz
—r—0.2Hz
$—0.5Hz
—4— 1Hz
—>—2Hz
—e—5Hz
—e— 10Hz

REAL ¢, K

Specific Heat Capacity in Jiem’K

T T T T T T
160 170 180 190 200
Temperature in K

T T

T
210

N. O. Birge, S. R. Nagel, Phys. Rev. Lett. 54 (1985) 2674 A. A. Minakov et al. Thermochim. Acta 403 (2003) 89



standard dynamic heat capacity

C

T EEEEEE N

conventional heat source




reverse dynamic heat capacity (isothermal)

electric field E = E; sin(t/ ;)

mrppeee

Cp2| [Cp3| |[Cp4

Ts Ty Ty




reverse dynamic: microwave heating in slow motion

Mode Stirrer Wave Guide

Magnetron Tube
 (source of radiation)

Filler

Oven Cavil

N :
-
-

step-up Transformer

pet— Power Plug
\_/_'

typical frequency: 2.45 GHz




what do we learn ?

nonlinearity from energy absorption
measure configurational C,
thermal time scales
thermal heterogeneity
alcohols / ionic liquids
physical aging




