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Surfaces/Interfaces

» E (= Vg, drift)

ionic defect [3/\ [ = (attice site
(] = ionic defect (e.g., oxygen
electron @ A vacancy, lithium ion vacancy...)
Reaction: _
concerted ion & ) Vyu (diffusion)

electron incorporation

lon motion: drift + diffusion
(similar to electrons/holes in semiconductor physics)



@ &M <4 Things we will discuss in this lecture
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Microscopic picture of ion transport:
® \What are the microscopic mechanisms for ionic migration based on the type of ionic defects?

® How to derive the Fick’s law from the microscopic picture of ion migration?

® How to reach the Nernst-Einstein relation (correlating the diffusivity and the mobility) from the
microscopic picture of ion transport?

Goal of this lecture: you should be able to answer the questions above by the end of this lecture : )



W) & #M <4 Mechanisms of ionic defect migration in crystals

Vacancy mechanism

o
O zr*
© o

< Oxygen
¢ yacancy

YSZ (Yttria-Stabilised Zirconia)
Cubic Fluorite Structure

‘ Cation ‘ Anion

_ lonic defects are needed for ion migration in crystals.
(e.g., Ni**) (e.g., O*)




W) & #M <4 Mechanisms of ionic defect migration in crystals

Interstitial mechanism

extra oxide
jons

‘ ‘ ‘ (interstitials) |
‘ Anion
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(e.g., Niz*) (e.g., 0%)




W) & #M <4 Mechanisms of ionic defect migration in crystals

Interstitialcy mechanism

Ln,NiO,,s
Ln=Pr, Nd, La...

Oxide ion transport
through “concerted
motion” of multiple
ions/ionic defects.

Li & Benedek, Chem. Mater., 2015

Cation
(e.g., Ni**)
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W) & #M <4 Mechanisms of ionic defect migration in crystals
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Interstitialcy mechanism

B, >

N

La,NiO,,s w/ protons

Protons forms "-OH" group
with oxygen interstitials.

Cooperative proton-oxide
ion transport via
interstitialcy mechanism.

Protons c?n lattice OH(')
oxygen site

Protons on oxygen ,
interstitial OH;

Zhong, Norby, Han et al., Adv. Energy Mater., 2022

Cation ‘ Anion
(e.g., Ni**) (e.g., O*)



W) &A% lon migration and energy barriers

Lattice constant a

<

2

Enthalpy

Typical energy barriers:

Cation diffusion in metal oxides = ~5-10 eV
O*inYSZ—> ~1eV

» Li*in SSB electrolyte 2 ~ 0.2 eV

k;T at RT > 26 meV
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U) &#M <4 Hop frequency, attempt frequency and mean free time

Enthalpy
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Ejj & #~<4 Microscopic origin of Fick’s law

J = J1i52—J21

sNiT 5ciaAT

.]1—92 = fq 14
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N =

J= %claI‘ — %czaI‘

Enthalpy
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E 2a Compared with ] = —p%
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Interatomic distance a dc D= laZI‘
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2 1 If c; = ¢, = ¢, then exchange flux [y cn = >cal
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ﬁ'jj & #M<4 Microscopic expression of diffusivity
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D = —a?l’ | Microscopic expression of diffusivity (diffusion coefficient)

1
BeyondiD 2> D = C—NaI‘

CN = coordination number, i.e., the # of nearest neighbor for ion hop

['= vexp(— —— |D = 2 B
P N’ 2Nl
Y / \ Y J
Pre-factor Thermal activation
T £ A N
I [ ]
0exp( T ) Dy NV




Ejj & #M<4 Migration under an electric field
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AH

mig-1/2a ze E AH,,,+1/2a ze E

A A

How much energy is a ze E term?

® [nteratomicdistance a ~1nm
® IfAP =1V, acrossalengthl=1
mm =2 E =10 V/cm

_____________________________________________________________________________________________ l

Enthalpy

Interatomic distance a aeE =10 eV (very small)

Compared with kg7 =26 meV at RT

&
< » 1

v

A

Electrostatic
potential

NOT sensitive to applied electric
field.

:
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Position i i.e., normally migration barrier is
i
1
1
1
1
1
1
1
1

Potential profile (¢)

—  However, if[=10nm, then E=1
MV/cm, aeE = 0.1 eV (e.g., the case
of memristors)

v
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I
|
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@ & #M<4 Migration under an electric field
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AHmig

Recall the exchange flux Joxcn = %cal“ = %cav exp(— P )
B
AH,;,, —1/2zeaE 1 AH.... + 1/2 zeaE
J = Jis2 = /201 = Fcav exp(— = T ) — 5cav exp( — T

Note: in this case, the concentrations at position 1&2 are the same (c), however, the migration barriers are different.

1 AH ;3 1/2 zeaE —1/2 zeaE F < kT for lowfiald conditi
J = anv exp( kT )(exp kT exp kT ) | ea B orlow- ield condition

l 1/2 zeaE 1/2 zeaE
P\ T kT
1 AHpig\ zeaE 1 eraE
S = geavexp| == | =2 T
C J

Y
I



Ejj & #M <4 lon migration under an electric field
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J 1 eraE - 1,
= —ca eca D = —a*“T
2 kgT 2 ¢
zeE . . : :
= cD —— Since | is the flux of ions (unit: #/(cm? - s)), we need to convert to the flux of
kgT charge (unit: C/(cm? - s)))
zekE
Jeng =1 ze 1= czeD kB_T Plug in the expression of conductivity: ¢ = ¢ ze M — Mobility
b ze E C d with Ohm’s | E
=0 ——— t ! : =0
Jeng M T ompared wi m's law: Jcpg
D kgT| N D RT
We finally reach the Nernst-Einstein relation: —_— = — or if the unit is per mole: =
M  ze M  zF
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##k4% Nernst-Einstein relation
L D kgT
The Nernst-Einstein relation — =
M ze
AH,,;
Recall | D = Dyexp(— k;fg)
ze ze AH g
have: M =——D=—2-D —
s o1 D = iyr DoexP (=)
A AH ;4
M=—= —
7 €XP( T )
A AH,,;
o=czeM = czeTexp <— k:}f‘g)
o= @ex —AHmig Assumption: const. ¢
T P\ TkoT ption: const.

relates the diffusivity D and the mobility M

Compare mobilities of ionic and electronic defects
in SrTiO3

oz uy = 1.0 x 10*(T~1/Kk™1H)
0.86 eV
(oxygen X exp (— ) cmZV‘ls—l
vacancy) kgT
Electronic | Un = 4.5 % 10°(T/K)~*2cm?V~ts™t
(electrons
& holes) | Hp = 8.9 X 10°(T/K)™*3°cm?V ~1s™*

Guo, Fleig & Maier, SSI, 2002
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## k4 Temperature dependence of ionic conductivity

_15 (b)l I L] I L] I L] I L] I I I
17 m ® & YSZ/TIO.,/YSZ (DC) H
P p02 =1 bar ion ' 2
-2.0 4 NN m o  YSZ/TIO/YSZ (AC) |
‘\‘\:;::.
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‘TE . :\‘.‘
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= 2> - ‘\‘\-\. 7]
L e\
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_5'0 | | | 1 1 1 ! 1
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PhD Thesis, Kiran Adepalli, Max-Planck Institute for

Solid State Research (2013)

oo %0 _AHmig
T P\ ™ kT
® Linear relationship of InaT ~ 1/T;

® Slope 2 AH,,;4 (again, assuming ionic
defect concentration does not change).

Note:

® |[f the range of varying temperature is not too
large, then Ino ~ 1/T is almost linear.

® Be careful what the activation energy actually
mean. If the concentration is a function of
temperature, then E; = AH,,;, + AHp

l

Formation energy



Ejj ## <4 The case of high electric field: field-dependent mobility
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Simulated field-dependent mobility of oxide ions in SrTiO,

— T .
i (a)
10 7 i
N ¢
w |
>
=
E
L
=1 .
1k field-independent ifield-dependent
I Lol . TR
1 10
E. . (MVcm™)

Kemp & de Souza, PRM, 2021

Recall:
1 AHpig
J = Ecav exp (— kT )
1/2 zeaE —1/2 zeaE
(exp kT exp kol )

What if 1/2 zeaE ~kgT? Then the linearization breaks
down.

For SrTiO,, the threshold electric field is given by:

E _ 2ksT 0.9 MV
th = Jea ' e

V2 .
(Z = Z,a = 7d(100) = 2.76 A)

Perovskite ABO3

®.0.8
°




(Gj &#M <4+ Comparing the temperature dependence of mobility
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For electrons in semiconductors, mobility decreases with
increasing electric field after a threshold. v=ME

‘IE+7E /’7— / \
- Velocity (cm/s) Mobility Electric field
: / (cm?/(V-s))  (V/em)
_ Np=0cm™3
0 10'° /
= 1E+6[F
- Ao
% Z 10" | c def Saturation velocity = mobility
g 1019 ectronicdetects | o reases linearly with electric field
8 qg45[
L
_ Energy landscape distortion—>
lonic defects mobility increases exponentially
with electric field
1E+4 | 1 1 11111 | 1 1 11111 | 1 1 11111 | 1 1 11111
1E+2 1E+3 1E+4 1E+5 1E+6
Electric field (V/cm) *High electric field condition (i.e., above a threshold electric field)

Integrated Microelectronic Devices Physics and Modeling, J. A. del Alamo
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['Gj ## k4% Polarons

Electron-phonon interaction = lattice distortion

w r L
_ " - ® & a 'Z—— Example

'5:;:‘-* - . Conduction
electron Electrons & holes in Si

Example:

Ce3* (Cec,) in CeO, 4

Polarons in many ways behave very similarly to ionic defects.
E.g., the conductivity of polarons is thermally activated.

Franchini et al., Nat. Mater. Rev., 2021



WESTLAKE UNIVERSITY

Ejj &#M~4 Irreversible thermodynamics: flux and driving force

concentration unit area

I I

flux J Unit of flux: (mol/L) - cm3/ (cm? - s) = (mol/L)-cm/s (or eV-cm/s) ~ mol/(cm?-s)

unit volume  time

Irreversible thermodynamics flux

1

0S
The rate of entropy production: ] = TE — Z Ji X; — driving force
k

e.g., for diffusion: Il =] (—Vu) Unit: J: mol/(cm?2-s); Vu: (J/mol)/cm = I1: J/(cm3-s)

At equilibrium: IT = 0 (no flow) At “steady state”: IT is minimized (constant flow) > V-] =0




Ejj &M <4 Linear flux-force relationships
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driving force

flux «—— ] = ,B)T(

Linear flux-force relationships

J =D (—Vo) Fick’s Law
j=0 (—Vp) Ohm’s Law
f=21(=-VT) Fourier's Law
* Linear relationships are valid “near-equilibrium”
Ji = — Zi;‘;,z Vii;{ — Forcharged particles (ions & electrons)
Electronic current density:  Jo— = —F Jo- = %V[le— Jpt = F Jp+ = — O-Ir: Vi, +
(zo- = —1) (zy+ = 1)

J. Maier, Physical Chemistry of lonic Materials



LUJ & KA Onsager reciprocity: electron-ion interference
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O-.
Ji = Z-Z}'Z (—Vii;)] — For charged particles (ions & electrons)
vl M

L;: connect flux with driving force;

flux of ionic species +— (]l) | (Lii Lei) (—V/Ii) — driving force for ionic species
Je Lie Li)‘\-Vi

. J
Y

flux of electronic species +— — driving force for electronic species

Lmn: connect flux with driving force;

0;
Zi2F2

O¢

Ly = 2

L., = = : Charge transport coefficient for ions and electrons

Lo = L;p =?7? :cross-term; “interference” effect

Hong-Seok Kim and Han-Ill'Yoo, Phys. Rev. Lett., 97 (25), 2006



@ &M <4% Things we have discussed in this lecture
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Microscopic picture of ion transport:
® \What are the microscopic mechanisms for ionic migration based on the type of ionic defects?

® How to derive the Fick’s law from the microscopic picture of ion migration?

® How to reach the Nernst-Einstein relation (correlating the diffusivity and the mobility) from the
microscopic picture of ion transport?

Goal of this lecture: you should be able to answer the questions above now (hopefully) :)
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