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Long range proton conduction pathways can be have a 
dominant limiting barrier
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Ways of investigating proton 
conduction pathways
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Proton conduction at different temperatures
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Perovskite Geometry



The environment can 
make the pathways
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The environment can 
make the pathways
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Map to graph:  Each binding site is a vertex and 
are connected by an edge when there is a single 

transition state between them.
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Some paths are loops while others are 
longer range pathways.
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Most probable periodic paths in 
Al/SrZrO3 avoid dopant while those in 

Y/SrZrO3 hug dopant.
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kMC suggests that individual proton motion is characterized 
by trapping and escape to fast conduction barriers.
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Y/BaZrO3 Al/BaZrO3

(0-16 ps) (1271-1419 ps)(0-1271 ps)
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Y/BaZrO3
Al/BaZrO3

Showing the whole trajectory site probabilities yields the 
Boltzmann distribution



Towards centrality measures 
based on time

Mean first passage time to go from i to j.

Mean first passage 
number of steps to go 
from i to j.  (Grinstead 

and Snell)
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Towards centrality measures 
based on time

Round trip time to go 
from i to j and back to i

Average round trip time to 
go from i to any j and back

Centrality of i



Centrality measures highlight proton traps and 
access points to proton highways in kinetic 

Monte Carlo trajectories

Y/BaZrO3 Al/BaZrO3
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Barriers to proton conduction
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Limiting 
Barrier in 

Long range 
paths 
(graph 

theory) (eV)

Barrier 
Range to 
Escape 
dopant 
Trap
(eV)

Long 
Range 

Limiting 
Barrier to 

Kinetic 
Monte 
Carlo 

1 proton
(eV)

Long 
Range 
Kinetic 
Monte 
Carlo

4 protons
(eV)

Experiment
(eV)

H.G. Bohn, T. 
Schober, J. Am. 
Ceram. Soc. 83 
(2000) 768.

Y/BaZrO3 0.32 same 0.39 0.43 
0.43

for 10% 
doping

Al/BaZrO3 0.40 0.7-0.9 0.81 0.88

In Y/BaZrO3, the percent of limiting barriers that are intra-octahedral transfers, 
rotations, and inter-octahedral transfers changes from 87% , 11%, and 2% in 
the single proton case to 90%, 0%, and 10% in the four proton case. 
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Barriers to proton conduction
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Limiting 
Barrier in 

Long range 
paths 
(graph 

theory) (eV)

Barrier 
Range to 
Escape 
dopant 
Trap
(eV)

Long 
Range 

Limiting 
Barrier to 

Kinetic 
Monte 
Carlo 

1 proton
(eV)

Long 
Range 
Kinetic 
Monte 
Carlo

4 protons
(eV)

Experiment
(eV)

H.G. Bohn, T. 
Schober, J. Am. 
Ceram. Soc. 83 
(2000) 768.

Y/SrZrO3 0.43 same 0.57 0.69
0.43

for 5% 
doping

Al/SrZrO3 0.60 0.7-0.8 0.73 0.84 0.97 for 5% 
doping

Y

Experimental numbers from :  H.G. Bohn, T. Schober, J. Am. Ceram. Soc. 83 (2000) 768. 
Y. Liu, M. Yoshino, K. Tatsumi, I. Tanaka, M. Morinaga, H. Adachi, Mater. Trans. 46 (2005) 1106 
T. Yajima, H. Suzuki, T. Yogo, and H. Iwahara, Solid State Ionics 51 (1992) 101. 



Lattice distortions stabilize a 
second proton binding near the 

first proton

Maria A. Gomez, Dana L. Fry, Marie E. Sweet, “Effects of the proton conduction limiting barriers and 
trajectories in BaZr0.875Y0.125O3 due to the presence of other protons,” J. of the Korean Ceramic Society.  
53, 1, 2016. 



Second 
proton 

pathways 
move along 
regions of 

high 
centrality



Conclusions
• Traditional graph theory ideas can help find long range conduction highways.

• Centrality measures using mean time to first returns rather than mean number of 
steps to first returns can highlight traps, access points to fast long range pathways, 
and long range pathways.

• Kinetic Monte Carlo both verifies the path information seen using centrality 
measures and also allows us to calculate limiting barriers which compare well with 
experiment.

• Proton conduction pathways in yttrium doped barium zirconate tend to be in 
regions with the dopant which include the yttrium trap.   In contrast, protons 
moving in the aluminum doped system escape traps to fast highways away from 
the dopant to do long range conduction.
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