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Mechanism of tritium diffusion in lithium oxide
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Lithium oxide is a possible candidate for a breeder blanket material in fusion reactors. Tritium is generated
in the material, which can be extracted and fed into the fusion reactor to help sustain the fusion reaction.
Experimental studies have shown the extraction rate is controlled by diffusion of tritium in the bulk, but the
exact mechanism is not clear. Here we preséminitio density functional calculations of the various diffusion
pathways which have been suggested, including the diffusion of tritium as an interstitial and various vacancy
assisted mechanisms. The activation energy has been calculated for each pathway, and by comparison with
experimental results we have deduced which mechanism is most likely. This is shown to be a simple two-stage
swapping of a lithium and tritium ion.

. INTRODUCTION Li,O, including bulk diffusion through the grains, diffusion
. . . _ o _ _ ~along the grain boundaries, release at the surface, etc.
Lithium oxide, LLO, is an ionic material with the anti-  Many experiments have been performed to measure the

fluorite structure. It can be thought of as an fcc lattice ofyjnetics of tritium release from LD, for example the work
O% ions, with tetrahedral holes filled with Liions, and  of Kudo and Okun®d and of Tanifujiet al®—a more com-
vacant octahedral holesee Fig. 1 Among its suggested prehensive list may be found in the references cited in Refs.
uses, lithium oxide is a leading candidate as breeder blankatg Much work has gone into modeling this process, as re-
material for proposed deuterium-tritium fusion reactors. yviewed by Federicet al” An analysis of the observed kinet-
This is because when irradiated with neutrons a nuclear rgpg suggests they are generally controlled by bulk diffusion,
action converts lithium ions to tritium ions, thus creating g3nq experimental values have been obtained for the tritium
equal numbers of tritium ions and lithium vacancies. Tritiump ik diffusion coefficientD . Plots of lod; vs 1T suggest
extracted from the material may be fed into the reactor tqnat at temperatures above about 600 K the diffusion coeffi-
help sustain the fusion reaction. In principle many factorsgjent may be expressed in the familiar Arrhenius form,
can influence the kinetics of tritium release from irradiatedDT: Doexp(—E./ksT) With an activation energ,, gener-
ally found to be about 1.0 eV, although different authors have
found large variations in values for the prefacidg. In the
work by Kudoet al® results were also obtained for samples
. of Li,O which were not irradiated, but in which HT gas was
dissolved, where a lower activation energy of about 0.5 eV
was found.

The interpretation of data obtained for tritium release at
lower temperatures differs widely. The work of Tanifuji
et al. ° simply notes the lower values of the diffusion coef-
ficient obtained in this region, and suggests this could be due
to retardation of tritium motion by radiation defects such as
\ F* centers. This is supported by experimérglowing that
such centers are annealed out at temperatures above about
570 K. Kudo and Okurid found that there is still an

Oxygen Arrhenius-type behavior below about 570 K but with an in-

(00,0 creased activation energy of about 1.4 eV, comparable with
Tetrahedral site Octahedral site the activation energy for the decomposition of LIOH to
(1/4,1/4,1/4) 1/2,1/2,1/2) Li,O and water. They therefore suggest that the rate control-

ling step at lower temperatures is the surface release of tri-
tium by the reaction LIOT.LIOH= Li,O + HTO. They also
FIG. 1. The antifluorite structure of J®, showing the fcc lat-  found that the activation energy for tritium release from sin-
tice of oxygen ions. The lithium ions have been omitted for clarity, tered pelletgrather than the crystalline powder used for most
but occupy the tetrahedral sites of the form ¥/4,=1/4,=1/4).  of their work of Li,O is about 1.4 eV, which could support
The octahedral sites are vacant. the theory that some sort of surface/boundary effect becomes

0163-1829/96/5@.3)/82575)/$10.00 53 8257 © 1996 The American Physical Society



8258 R. SHAH, A. DE VITA, V. HEINE, AND M. C. PAYNE 53

important in the lower temperature region. The review of
Johnson and Hollenberguggests a change to an activation
energy of about 1.3 eV at temperatures below 700 K, with an
intermediate, non-Arrhenius behavior between 700 and 800
K. They offer yet another possible explanation, namely that
the diffusing species is a lithium vacancy/tritium interstitial
complex at low temperatures, which dissociates at higher
temperatures and the diffusing species becomes just the tri-
tium interstitial.

In addition to the lithium vacancies created by the nuclear
reactions, there will also be additional vacancies due to im-
purities. (Even in the “high purity” samples of Tanifuji
et al® the metallic impurity concentration is 10 ppm, of the
same order as the tritum concentratjoiihere has been FIG. 2. The migration path found for the tritium interstitial to
some suggestion of a link between lithiuvacancy diffu-  move through the material100) plane of oxygen ions, denoted by
sion and tritium diffusion, e.g., by Ohnet al.lo Their data black circles, tritium denoted by T.
seems to suggest in the case of single crystal samples of

L|2O little evidence of a link between activation energies forterms of p|ane waves. The total energy is calculated by den-
these processes, although there may be some link for polyity functional theory, with the local density approximation
crystalline samples. It does appear, however, that processgsy the exchange-correlation energy, and minimized by a
such as ionic conductivity, etc., become more rapid at temgonjugate-gradients technigife The calculations are per-
peratures above about 600 K, and as noted above there seef§med on a parallel computer using theTePcode®® A full
to be a lower activation energy for tritium diffusion above gynamical simulation of the diffusion process would be com-
this temperature than below. This may suggest some linkyytationally expensive, and therefore we have opted to ex-
such as a vacancy-assisted diffusion mechanism. amine a number of possible static configurations, searching
“Hence it is seen that experimentally there is much uncerfor the stable structures and transition states. From the en-
tainty about the actual mechanism by which tritium diffusesergy differences between them activation barriers can then be
through L,O, with a variety of inferences being drawn from gptained. Using thab initio Hellman-Feynman forces on the
the available data. The SUbJeCt has been studied theoreucalians and a Simp|e steepest descent technique the ionic con-
11 H H HS H . . crep - ' .
by Schlugeret al™* using semiempirical calculations. They figurations have been relaxed to equilibrium, subject to ap-

support the hypothesis of a vacancy assisted pathway, cogropriate constraints in the case of transition states.
cluding that tritium diffusion takes place by tritium jumping

between two adjacent vacancies, with an activation energy

between 0.5-0.8 eV. Ill. POSSIBLE DIFFUSION PATHWAYS
In a previous stud we have successfully applieab A. Diffusion of tritium alone

initio quantum mechanical methods to the study of tritium

defects in lithium oxide, identifying the stable form of these

defects. These methods are reviewed briefly in Sec. Il. Thi

Tritium alone in the lattice forms an interstitial defect,
;I"i . This is the easiest diffusion mechanism to consider con-

paper extends our work to focus on the mechanism of tritiu gptua!ly, only mvglvmg movement .Of a smglg specg%s, a
diffusion. Although our previous work showed that the stable ritium ion. It was d'SCU.SSEd in detail in our previous w . k

form of such defects is for tritium to be bound to a lithium The stable f.orm of this defeCt was found to have tritium
vacancy forming a substitutional defect, we note that theClose to a single oxygen ion, forming an O—T bond at a

recoil from the nuclear reaction can initially separate tritiumfjIStance of about 1 A. Although we have shown that this

from the associated vacancy by a large distdriédso there interstitial can move freely arpund this single oxygen, to
is the possibility mentioned above of defects being associProdress through the material it must jump from one oxygen

ated with additional lithium vacancies which may exist. we!'© another. The lowest barrier path for this jump was shown

have therefore considered in Sec. Ill possible pathways fo be between nearest neighbor oxygens, with a barrier of

diffusion of tritium ions alondinterstitial9, tritium bound to b.45k'eV’ Z\Vh'Ch we stgggefsihls %ontrolzjed b{ OfET bodnddl
a lithium vacancy(substitutionals and tritum associated reaking. /An examination ot the charge density ot the sadale

with two lithium vacancies. These results are discussed ir‘?}?'nt of this motion shows tritium to be partially bonded to

Sec. IV, and Sec. V summarizes our conclusions. t.e tvyo OXygen 1ons betvveen_ Wh.'Ch It Is Jumpl}b]’ms
diffusion process is illustrated in Fig. 2.

Il. TOTAL ENERGY CALCULATION METHODS B. Diffusion of tritium with a lithium vacancy

The system is modeled by a 48 atom supercell and peri- Our previous work showed that tritium and a lithium va-
odic boundary conditions, and the Schrodinger equation isancy bind to form a substitutional defect,,Twith a bind-
solved for the whole system, to correctly obtain all the bond-ing energy of 1.3 eV. The most stable form of this defect is,
ing and polarization effects. The detailed method is describetike the interstitial, for tritium to be close to an oxygen ion,
in a previous papéf To summarize here, the ionic cores are forming an O—T bond, of length 1 A. However, in this case
represented by norm-conserving pseudopotentials and thibe O—T bond is constrained quite strongly to point in the
valence electron pseudo wave functions are expanded idirection of the vacant Li site with which it is associated. The
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FIG. 3. Diffusion of substitutional defect, befofeft) and after (ii1) ‘
(right) the jump. Effectively the tritium has changed places with the ‘

. Al |
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Li ion. Small black circles are Li ions, and th@00 plane of
oxygen ions below are shown as large black circles. Tritium is

shown as T, and the Li vacancy as small open circle. ‘

T

picture of this defect is therefore of it being associated with a ®
vacant Li site, and with one of the four equivalent oxygens
around that site.
Tritium may jump between these four equivalent sites,
and we have found an energy barrier of 0.58 eV for this Energy
process. This again seems to be controlled by O—T bond 0.98eV
breaking, with the saddle point having T midway between
two oxygen ions, and well off center from the vacant site
(only 0.2 A out of the{100) plane of oxygen ions reducing
the O—T distance to 1.3 A. Displacement away from the
energetically favorable direction of the vacant site accounts
for this barrier being higher than for the similar process of
the interstitial defect. ) o o )
Diffusion of this species requires both the tritium ion and _F!G- 4. (&) Possible pathway for substitutional migration, with
the lithium vacancy to move, since a lithium ion and a tri- fitium moving first, then lithium moving. Symbols as in Fig.(8)
tium ion must swap place€Fig. 3. The presence of two Schematic energy profile along this path. Dots indicate points actu-
moving species and the need for some correlation betwee?‘lly caleulated.
their motion makes the parameter space for modeling their
motion more complex than for the interstitial. We can con-expect the Li and T to be separated as much as possible, and
sider this formally as a six-dimension#bD) coordinate hence expect one of them to go via the vacant octahedral
space consisting of three coordinates for each moving iorsite. Our calculations show that the barrier is lowest in en-
Consider the two sites between which the ions are beingrgy if tritum goes via the octahedral sitee., the O—T
exchanged to be separated along thaxis, with the same bond points towards the cube centend lithium lies almost
x andy coordinates—we can then define theoordinate of ~along the straight line between the cation sites. In this case
one of the moving ions, say Li, as our diffusion coordinatewe find the energy of the fully relaxed structure constrained
z,;. Each value of this coordinate then corresponds to a 5[40 have T and Li on the plane midway between the two sites
hyperp|ane_ If we denote the minimum energy on a giveﬁo be 1.32 eV hlgher in energy than the equilibrium structure,
hyperplane byE(z.), the activation barrier for this pro- i-e., for this path the activation energy barrier is estimated as

cess is then 1.3% eV. .
(ii) One could also consider the opposite extreme, where

E.= masz{Emin(zLi)}. 1) as Li moves between the two sites, tritium moves off to a
third site as an interstitial. However the binding energy of the
Unfortunately an exhaustive search through this 6D spacsubstitutional is 1.3 eV and the energy barrier for L(va-
is well beyond the computing resources available, so weancy and tritium interstitial diffusion are 0.3@Ref. 16 and
have studied particular regions of the phase space that int@®-.45 eV, respectively, making the barrier for this path higher,
itively might be expected to include the saddle point of theat about 1.75 e(1.3 eV + 0.45 e\).
motion. (ii ) A third possibility is first lithium moves across, then
(i) The simplest possibility is a coordinated motion of Li tritium moves to the new vacant Li sitéOf course one could
and T moving at the same time. This would give the saddlergue that tritium moves first, and then lithium, but this is the
point when both ions lie on the plane midway between thes@entical process time reversed, so will have the same barrier
two cation sites. The results above showing the importancas defined aboveOur realization of this pathway is illus-
of the O—T bond suggest that the tritium will probably re- trated in Fig. 4. The maximum energy found along this path
main close to the oxygen ion shared by the two sites durings 0.98 eV higher than the relaxed equilibrium structure.
this motion. However, due to Coulombic repulsion we would  The lowest barrier of these, 0.98 eV, represents an upper

OeV

@) (ii) (iii) Diffusion co-ord
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bound on the activation energy for the substitutional diffu- (a)
sion. Although there always exists the possibility that a lower

oy
barrier path exists in some region of the parameter space we
have not been able to explore, we believe that there is un- O . Q

likely to be any path with a significantly lower barrier than ® . Q
this. . O
\ o

' o L
C. Vacancy assisted tritium diffusion O - ‘ QI_A .
It has been suggested by various auttbsthat tritium ¢ T

diffusion in lithium oxide is associated with additional Li Q ‘ Q

vacancies beyond those produced in association with tritium.

Such vacancies may be present due to, for example, impuri- /

ties in the material and other radiation damage. Therefore we . (iii)

consider a defect complex consisting of two Li vacancies and (iv)

a tritium ion, which we denote by .. ‘ O O ‘ Q
To begin with we examine the stable form of such a com- O ®

plex. This is found to be when the two vacancies are on ° o .
nearest neighbor sites, with an energy 0.17 eV lower than a ‘ O T. . ( )'
separate substitutional defect and isolated lithium vacancy, ° o
O@ O OX RO,

To— Tutv, AE=+0.17 eV )

(b)

Energy

and the complex is bound.

Tritium is, as before, bound to an oxygen ion. This oxy-
gen ion forms one of the tetrahedral corners on both vacant L e
sites, the O—T bond pointing midway between these two
vacancies. This can be understood as minimizing the Cou-

lomb repulsion from the occupied cation sites. 0220} o o

The movement of J; is potentially very complex to ana- -
lyze, with the motion of three atoms forming a 9D parameter @ @ i ad
space. In the work of Schluget al. on this process they Diffusion co-ordinate

considered the saddle point of the motion to simply be when
tritium was in the middle of the two vacancies. However, FIG. 5. (a) Possible pathway for migration of defect complex of

here Webfmdhthls stat_e_ is actually a IOhcaI er_l((jargy_fr_nlglmum, SQwo lithium vacancies and tritium ion. Large open circles denote the
Cf'mn()t e the t_ran_SItlor_l state. We_ ave 1 entifie ' one p°3(100) plane of oxygen ions below the Li ion plane, and large open
sible path for this diffusion mechanism, illustrated in Fig. 5, jicjes the plane of oxygen ions above. Other symbols as in Fig. 3.

and investiggted this. The ba(rier for this path is estimated a8) Schematic energy profile along this path. Dots indicate points
0.50 eV, which can be considered an upper bound on thgcally calculated.

actual barrier. However any pathway must involve an O—T

bond breaking and remaking step, of the kind shown by, e integratiod® although either would be extremely
(iii) — (iv) in Fig. 5. From the results above it is likely that

any step of this form will have an energy barrier of at Ieastcomputationally expensive. We assume both these and the
configurational entropy do not vary significantly with tem-
0.45 eV, thus the activation energy for diffusion of the tri- g Ry Y S Y

. 4 . lex i dtob erature.  Therefore in  the  Arrhenius  form
'gg/m and two vacancies complex is expected to be 0.45-0.5 = Doexp(—G,/ksT) the entropy is absorbed into the pref-

actor, and will not affect the measured activation energy.
The overall diffusion constant for tritium will be the av-
IV. DISCUSSION erage of the diffusion coefficients for each defect species,
weighted by their respective concentrations. Note that the

Table | summarizes the results of the previous section, . " . "
. ) nergy difference between the tritium interstitial defegt, T
How can we relate these to the experimental observation &

temperatures above 600 K of an activation barrier for tritium _
diffusion of around 1.0 eV? We have calculated internal en- ABLE I. Summary of results of Sec. lll. Zero of energy arbi-
ergy barriersE,, and experimental results will involve the T2y taken as energy of isolated interstitial.

free energy barrielG,=E,—TS,. The entropy of diffusion,

. . . Defect Energy Upper limit to
S, consists of a configurational entropy component and A ecies eVv) diffusion barrier(eV)
phonon entropy componeht.(Note that when the jump re- P
quires correlation between different ions, this is likely toT, 0.00 0.45
make the configurational entropy negativ@he normal T, -1.32 0.98
mode frequencies that determine the phonon entropy can i, . -1.49 0.50

principle be determined by harmonic analyisr thermody-
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and the other defect forms is much greater thgh at the  results suggest that additional Li vacancies introduced into
temperatures in questidr:1000 K), and that there will be at the material could speed up the rate of tritium diffusion.
least as many lithium vacancies as tritium atoms in the maHowever, if these extra vacancies are created by introduction
terial due to the stoichiometry of the nuclear reaction pro-of impurities then it is possible these impurities could inhibit
ducing the latter. Therefore, in thermal equilibrium the T diffusion, negating the benefit. Nonetheless this could be a
concentration should be negligible, and hence their contribusuggestion for further experimental work in this area.
tion to the diffusion coefficient should be similarly negli-
gible. The binding energy of the tritium and two lithium
vacancies complex, 5f;, at 0.17 eV, is also much greater
than kgT, so as much tritium as possible will be in this We have performedb initio density functional calcula-
form—if we write the concentration of lithium vacancies astions to elucidate the mechanism of tritium diffusion in
n,=ny+An,, the concentration of jJ; will be approxi- lithium oxide. By comparison between our results and ex-
mately An, . Since the experimental data do not agree withperimental data we have shown that at temperatures above
the results for ;; diffusion, we suggest that this mechanism 600 K this consists of diffusion of a substitutional tritium
is inhibited, either byAn, being small, or a large negative defect by a simple two stage mechanism of tritium swapping
configurational entropy term due to the complicated naturglaces with lithium. Our results do not support previously
of such a mechanism, or a combination of both. proposed theories that the mechanism actually observed is
Thus by comparing the experimental and theoretical reassisted by additional lithium vacancies. However, we do
sults, we propose that the observed mechanism is that @onfirm that more rapid diffusion may be obtained by in-
diffusion of the substitutional defect. Our calculations sug-creasing the number of lithium vacancies in the material,
gest this takes place by a two-stage swapping process. #lthough other factors may affect the benefits gained from
seems likely that the experimental reports of a link betweerthis. Further work is needed to investigate this, and also to
lithium vacancy diffusion and tritium diffusidfi are prob-  elucidate the rate controlling factors at lower temperatures.
ably not significant. While we cannot directly suggest an
explgnation for the lower temperature data, we note that the ACKNOWLEDGMENTS
previously mentioned hypothesis of Johnson and
Hollenberd is not supported by our data. The explanation is We thank EPSRC for a generous allocation of computing
probably due to surface release becoming the limitingime on the Intel Hypercube parallel machine, and for sup-
factor? or retardation by radiation defecta\le note that our porting the work of R.S.
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