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Defect structure in neutron-irradiated P- LiA1 and P- LiA1:
Electrical resistivity and Li diffusion
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The neutron-irradiation effects on the electrical resistivities of p- LiA1 and p- LiA1 with 48—54 at. %
Li at room temperature are presented. A remarkable decrease of the electrical resistivity is observed in
the neutron-irradiated p- LiA1 with around 50 at. % Li, but not in the neutron-irradiated p- LiA1. It is
suggested that the defect complex ( V„;-LiA1) composed of VL; (a vacancy at the Li site) and LiA1 (a Li an-
tisite atom at the Al site) is an effective scatterer for carriers in p- LiA1, and the breakup of the Vt;-Li~&
complex due to the knock on of neutron transmuted H and "He induces the abrupt decrease of the elec-
trical resistivity. A carrier-scattering model based on the defect structure of P-LiA1 explains consistently
the electrical resistivity of p-LiA1 before and after neutron irradiation. The Li self-difFusion constant
shows a linear relationship for [ V„;] (Li content ~ 51.9 at. %) or [ V„;-Li~,] (Li content ~51.9 at. %)
using a conventional diffusion model. This strongly suggests that defect concentrations estimated in the
present work are reasonable. We also find that the Li out diffusion is obstructed by the breakup of the
VL;-LiA1 complex due to neutron irradiation.

I. INTRQDUCTION

The intermetallic compound P-LiAl (48 —56 at. % Li)
crystallizes in the Na Tl-type structure' [space group
Fd3m(Oh)] composed of two interpenetrating diamond
sublattices such that each atom has eight nearest neigh-
bors: four like and four unlike atoms, as shown in Fig. 1.
This compound has been studied as an electrode material
for secondary batteries ' and a blanket material for nu-
clear fusion reactors, because of the high electronic
conductivity and the high diffusivity of Li. We have mea-
sured the electrical resistivity of P-LiA1 below room tem-
perature and at higher temperatures. ' The electrical
conduction of p-LiA1 with a semimetallic band"' is
governed by positive carriers (holes), and considerably
affected by the defect structure. ' ' The Li diffusion in

FICx. 1. Crystal structure of NaTl type (Ref. 1).

P-LiA1 is governed by Li vacancies. ' Thus both elec-
trical and diffusion properties of P-LiA1 have a close rela-
tion with the defect structure.

The defect structure at room temperature consists of
two types of defects, i.e., vacancies in the lithium sublat-
tice ( Vt;) and lithium antistructure atoms in the alumi-
num sublattice (Li~i). The V„; concentration [V„;]de-
creases from 3.5 to 0.2 at. % with increasing Li content
C&; over the range 48 —56 at. %, while the Li~& concentra-
tion [Li~&] varies from 0 to 5.4 at. %%uowit h increasing
Cz;. ' '" Furthermore, the existence of a defect complex
( Vt;-Li~, ) composed of Vt, and Li~, has been suggested
by Li diffusion studies; ' ' a vacancy and an impurity
tend to form a complex to reduce the strain energy of the
matrix, i.e., the atomic size effect. ' ' According to
the dependence of [Vt;] and [Li~&] on C„;, the Vt;-Li~&
complex concentration is expected to be a maximum at
50.7 at. % Li, where [Vt;] equals [LiA, ]. However, the
Vl;-Li~& complex concentration as related to C„; is not
known yet in detail. ' '

Increasing resistivity ' ' ' with C~; over the range
48 —54 at. %%uo isclosel ycorrelate dwit h th e increas eof
[Li~,], since the Li atom (valence +1) on the Al site
(valence —3) is much more effective as a scatterer
for carriers than Vt; (valence —1) according to Linde's
rule. The rule is that the residual resistivity of a metal
containing charged impurities is proportional to the
square of the valence difference between the impurity
atom and the matrix atom. Thus the carrier scattering
for the VI;-Liz& complex is expected to be larger than the
sum of the carrier scattering for Vz; and LiA& defects that
exist separately in P-LiA1. In previous work, however,
the relation between the resistivity and the Vz;-LiA& com-
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plex has not been considered.
Since the resistivity closely correlates with the defect

structure in p-LiA1 as mentioned above, we expect that
reactor irradiation will change the electrical transport
properties of p-LiA1. In a reactor, p-LiA1 is irradiated by
y rays, fast neutrons, and thermal neutrons. As P-LiA1
has a unique defect structure, the displacement per atom
(DPA) induced by fast neutrons and the recoil of
neutron-transmuted atoms must be much larger than
those induced by y rays and thermal neutrons; the main
origins of irradiation effects on the electrical transport
properties of P-LiA1 are the knock on due to fast neu-
trons and the neutron-transmuted atoms, and also the
doping of the neutron-transmuted atoms in p-LiA1. Con-
sidering the great difference of the thermal neutron cross
section between Li and Li, we expect that reactor ir-
radiation will cause a distinct difference in the electrical
transport properties of p- LiAl and p- LiA1.

In a reactor, the dominant nuclear reaction for p-LiA1
is only

Li+n~ H+ He+4. 78 MeV .

Tritium ( H) is a radioactive isotope of hydrogen and de-
cays through p emission with a half-life of 12.26 yr.
The reaction occurs by thermal neutrons (n), because the
Q value for Li is positive. Since the electronegativity
difference between hydrogen ('H) and Li is larger than
that between 'H and Al, ' the ionic interaction between
'H and Li is stronger than that between 'H and Al. The
chemical properties of H are the same as those of 'H
above room temperature. Accordingly, Li diffusion in p-
LiA1 will also inhuence the migration of H produced by
neutron irradiation. Indeed, our previous work suggests
that there is a strong correlation between the diffusion of
H and that of Li in p- LiA1. Thus we examine H

diffusion in order to elucidate the Li diffusion mechanism
in P-LiA1.

In the present paper, we show that the breakup of the
V„;-LiA& complex arises from the knock on of neutron-
transmuted H and He atoms produced by the
Li(n, He) H reaction. Materials containing Li do not

show a transmutation due to thermal neutrons. This
breakup of the Vz;-Li~& complex induces an important
change of electrical resistivity and Li self-diffusion, espe-
cially for P- LiA1. We discuss the correlation between
the resistivities and the defect structure in p-LiA1 as a
function of Cz; at 300 K, owing to Linde's rule. More-
over, on the basis of the defect structure in P-LiA1, we
also discuss the Li diffusion mechanism in neutron-
irradiated p-LiA1 above room temperature.

II. EXPERIMENT

The chemical purities of Li (95.5% in isotopic purity)
and Li (99.9% in isotopic purity) metals were both
99.9% and that of Al over 99.999%. Samples of p- LiAl
and P- LiA1 were prepared in the range 48.2 —54.0 at. %
Li by the same method ' reported previously, in which
the crystals were grown in a closed atmosphere of argon
by slow cooling from a temperature above the melting
point ' of 966 K. The estimated error of Li content was

confirmed to be 0.1% by both atomic absorption spec-
troscopy and lattice-parameter measurements.

The samples were formed in dimensions of 4X4X1
mm and their surfaces were polished with abrasive paper
in paraffin oil. The samples wrapped with Al foil were
enclosed in quartz tubes under 10 Torr. The samples
in the quartz tubes were irradiated for 120 min below 350
K in the Japan Research Reactor 4 (JRR-4). The
thermal and fast neutron cruxes were 8.0X 10' and
1.2X 10' cm s ', respectively. Tritium ( H) and He
atoms were produced by nuclear reaction between
thermal neutrons and Li (cross section 953 b) only in
p- LiA1, but scarcely produced by nuclear reaction be-
tween fast neutrons and Li (cross section 0.037 b) in p-
LiA1. Although Al (natural abundance, 100%', cross

section, 0.00224 b) was transmuted to Al by captur-
ing thermal neutrons and Al (half-life 2.30 min) de-
cayed immediately to the stable atom Si, the amount of

Si was negligibly small. The decay product He of H
(half-life 12.26 yr) in P- LiAl is also negligible, because
the electrical measurements were carried out in one or
two months after neutron irradiation.

Hall coefficients for P- LiA1 with 49.3 at. %%uoLi an dP-
LiA1 with 48.5 at. % Li were measured with a modified

ac method at 300 K. The resistivities of p- LiA1 with
48.2, 49.3, and 51.8 at. % Li were measured from 300 to
800 K under neon gas flow (60 ml/min) with the Van der
Pauw technique. The temperatures of the samples were
increased at the rate of about 1 K/min. Simultaneously,
the amount of H released from the sample was measured
by an ionization chamber. ' The ionization chamber
system uses neon carrier gas for the convenience of other
experiments, ' and the kind of inert carrier gas is not
essential in this study.

III. RESULTS AND DISCUSSION

A. Defect structure of P-LiA1 at 300 K

1. Neutron irradiation -egect on the resistivity of
p LiAi-

The resistivities of unirradiated p- LiAl and p- LiA1
increase with increasing Ct; as shown in Fig. 2(a). There
is no difference in the resistivities of unirradiated p- LiA1
and p- LiA1. Thus the isotope dependence of the resis-
tivity in p- LiA1 and p- LiA1 is negligible. Accordingly,
it is reasonable that the relation between Cz; and the
resistivity of p-LiA1 (natural Li contains 7.5 at. % Li
and 92.5 at. % Li) determined in previous
works ' ' ' is the same in this work. However, the
number of determinations of resistivity in previous work
was not enough to determine the relation between the
resistivity and the defect structures in P-LiA1. The resis-
tivities of irradiated P- LiA1 and P- LiA1 are shown in
Fig. 2(b). The percentage change of resistivity in
neutron-irradiated p- LiAl and p- LiA1,
bp~ =(bp/p„„) X 100, is summarized as a function of C„;
ir Fig. 3. Here, hp is the difference between the resistivi-
ty of irradiated p-LiA1 (p;„) and that of unirradiated p-
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FIG. 2. Li-content dependence of resistivities for unirradiat-
ed P-LiA1 (a) and neutron-irradiated P-LiA1 (b).

LiA1 (p„„). hp is almost zero for P- LiA1 through the
range of Cz; examined. Since there is scarcely any nu-
clear reaction of Li with thermal and fast neutrons, the
above fact means that knock on due to fast neutrons has
no efFect on the resistivity of P- LiA1. The knock on due
to fast neutrons has no efFect on the resistivity of P- LiAl
either. Nevertheless, an apparent decrease of hp is ob-
served for P- LiA1 and bp~ shows a minimum (about
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ties for neutron-irradiated p- LiA1 and p- LiA1 as a function of
Li content. Ap is the di6'erence between the resistivity of
neutron-irradiated P-LiA1 (p;„,) and that of unirradiated P-LiA1
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FICz. 4. The calculated concentration of neutron-transmuted
'H and He atoms from Lil; and Li~&, the concentration of V&;

and Li» (Ref. 13), and the calculated concentration of LiL;, as a
function of Li content in P-LiA1.

50%) around a Ct; of 50 at. %%uo . Ingenera l, radiation
damage increases the resistivity of a conductor owing to
the increase of scatterers. Thus the resistivity decrease in
neutron-irradiated P- LiA1 does not arise from simple ra-
diation damage, but from the decrease of e8ective scatter-
ers induced by the knock on due to the neutron-
transmuted atoms arising from the Li(n, He) H reaction
as discussed later.

The calculated concentrations of H and He atoms
neutron transmuted from LiL; and Liz& in P- LiA1 are
shown in Fig. 4 together with the calculated concentra-
tion of Lit; [LiL;] and the reported values' of [ Vt;] and
[Liz&). As shown in Fig. 4, the number of Li(n, He) H
reactions mainly depends on [LiL;] and is almost constant
in the whole P-phase region. In contrast, as shown in
Fig. 3, the resistivity in P- LiA1 were reduced greatly by
the Li(n, He) H reaction in the stoichiometric region of
the P phase. This resistivity change must be strongly
correlated to the reduction of efFective scatterers. Thus
the Ct; dependence of the efFective scatterers in P- LiA1
should have a maximum in the stoichiometric region.
Since the VL;-Liz& complex in P-LiAl, which acts as the
most efFective scatterer, also has a maximum concentra-
tion in the stoichiometric region [see Fig. 5(a)], it is ex-
pected that the origin of the resistivity decrease in the
neutron-irradiated P- LiA1 is the breakup of the VL;-Li~&
complex induced by the knock on due to particles arising
from the Li(n, He) H reaction.

The Hall coefficient (RH ), the hole concentration (Nz ),
and the hole mobility (pI, ) at room temperature for irra-
diated and unirradiated P-LiA1 are tabulated in Table I.
Although P-LiA1 is a semimetallic compound, in this
work the hole concentration was evaluated using the
one-carrier model. ' As shown in Table I, XI, was not
afFected by neutron irradiation in p-LiA1, but ph in-
creased. This supports the hypothesis that the origin of
the resistivity decrease in neutron-irradiated P- LiA1 is
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TABLE I. Hall coefficient (RH ), hole concentration (N„), and hole mobi1ity (pI, ) for unirradiated and irradiated p-LiA1.

Sample at. % Li
RH (10 cm C ')

unirradiated irradiated
1V'z (10 ' cm )

unirradiated irradiated
pI, (crn V 's ')

unirradiated irradiated

P- LiAl
P-7LiAl

49.3
48.5

0.9
1.2

1.0
1.3

6.9
5.2

6.3
4.8

26
59

the breakup of the Vz;-LiA& complex which is an effective
scatterer.

2. Carrier scatter-ing model for the defect structure of
p I.iAl-

["v„]= [fv„,]+[ vr, -LiA, ]

and the concentration of net Li antisite atoms is

(2)

"LiAi] = [ LtAi]+ [ Vz;-LtAi], (3)

In this section, we discuss the relation between the
resistivity and the defect structure in p-LiA1 according to
Linde's rule. Hereafter, a vacancy at the Li site and a
Li antisite atom at the Al site, which are not part of the
V„,.-Li~, co~pl~~, are de~oted as V~; and Li„,, respec-
tively. That is, Vz; is a free vacancy and LiA& a free
antisite atom. Thus the concentration of net Li vacancies
1s

where [ V„;] is the concentration of Vz;, [Vt;-LiAi] the
concentration of the Vz;-LiAi complex, and [ LiAi] the
concentration of LiAi. The C„; dependence of ["Vt;]
and ["LiAi], which are derived from the reported data'
using the least-squares method, is shown in Fig. 5(a).

When Coulomb scattering is dominant for carriers, the
resistivity due to the ionic impurity atoms per unit
volume (n; ~ ) is given by the first Born approximation

PO=RnlmPZ (4)

where Z is the valence difference between the impurity
atom and the host material and R a constant which de-
pends on the screening radius in the scattering potential
of the impurity and also on the effective mass of the car-
riers, the charge, the Fermi velocity, and the initial wave
number. Equation (4) is the theoretical explanation of
Linde's rule.

From Eq. (4), the resistivity due to each defect is de-
rived as a function of Cz; ..
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(6)

poSD( CLi ) pou +poa +poc

=R„[ Vzil+4R, [ LtAi]+9R, [vz;-L1Ai] .

Here, the net charge of Vz;-LiA& composed to VI; and
LiA& is assumed as —3 in a neutral background. The
subscripts U, a, and c in Eqs. (5), (6), and (7) mean vacan-
cy, antisite, and complex, respectively. Thus the residual
resistivity due to the structural defects in p-LiA1 is given
as
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Here, the subscript "SD" in Eq. (8) means the structural
defect.

The resistivity of p-LiA1 with C„; at a temperature
T,p(Cz;, T), is composed of the temperature-independent
residual resistivity po sD(C„; ) and the temperature-
dependent resistivity p&( T) as follows:

0
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FIG. 5. Defect concentration deduced from previous work
(Ref. 13) (a) and that estimated in this work (b) as a function of
Li content in P-LiA1.

Here, the subscript I in Eq. (9) means lattice, and
p( Cz;, T) equals posD(Cz; ) below 30 K as shown in previ-
ous work. ' Since P-LiA1 contains a very large concen-
tration of constitutional defects (approximately 3 at. %%uo)

below room temPerature, ' ' PosD(Cz;) originates from
the structural defects, but not from the impurities. p&( T)
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is due to both the thermal vibration of the lattice and the
disordered arrangement of VI; which acts as a scattering
center. The contribution of the disorder arrangement of
V« to p&(T) is negligible at room temperature (RT).
Thus in Eq. (8), we regard p&(RT) as constant within ex-
perimental error (+7%) in the whole P-phase region.
According to previous work, ' we estimate p&(RT) as

pI(RT)=17.3 pQ cm . (10)

[ V«]=[ "V«] ["Lt~(] (CL; 50.7at. %)

and

(12)

[ Li~&]=["Liz&]—["VL;] (CL; ~50.7at. %) . (13)

From Eqs. (8) and (9), the resistivity of P-LiA1 at room
temperature is given by

po(C«, RT)=R„[ V«]+4K, [ Lt~~]

+9R, [ V«-Ltp, )]+pt (RT) .

On the basis of Eqs. (2), (3), (10), and (11), the relation
between the resistivity and the defect structure in P-LiAI
is discussed as follows. First, we consider the simplest
dependence of [ VL;-Li~t] on C«, i.e., the case that
[V«-Li~t] equals ["Li~t] at Cz; of less than 50.7 at. %
and ["V«] at CL; of more than 50.7 at. %%uoasshow n in
Fig. 5(a). From Eqs. (2) and (3),

The values of R„R„and R, are determined by the best
fit of Eq. (11), which is indicated as the solid line in Fig.
6(a), using the [fVL; ],[fLi~,], and [ V«-LiA, ] of Fig. 5(a).

and

R, =0.311 pQ cm/at. %%uo

R, =3.93 p0 cm/at. %,

R, =3.42 pQcm/at. % .
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As shown in Fig. 6(a), the experimental resistivity be-
tween 49.4 and 51.9 at. % Li is smaller than the resistivi-
ty simulated in the case of Fig. 5(a). This fact means that
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FICi. 6. Comparison of the calculated resistivities of unirra-
diated (a) and neutron-irradiated (b) P-LiAI with the experimen-
tal ones {Fig.2) as a function of Li content.

FICx. 7. Residual resistivities of P-LiAI due to each defect in
the three kinds of carrier-scattering models: (a) the case of Fig.
5(a), (b) the case of Fig. 5(b), and (c) the case of no VL;-LiA& com-
plex.
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the actual concentration of the VL;-LiAI complex between
49.4 and 51.9 at. % Li is smaller than that expected in the
case of Fig. 5(a). Figure 7(a) indicates that the origin of
the residual resistivity based on the above simulation is
only fVL; at the Li-deficient P-phase boundary. The
dominant origins of the residual resistivity are the VL;-
Li&] complex in both the Li-deficient and stoichiometric
regions, and LiAI in the Li-rich region. Though the lat-
tice distortion around the impurity atoms is not con-
sidered for Linde's rule [Eq. (4)], the experimentally ob-
tained values for R„R„and R, contain t'he correction
for the lattice distortion. We can evaluate the resistivity
per each defect in P-LiA1 using Eqs. (10), (11), and
(14)—(16), as 0.3 pQ cm/at. % for fVL;, 15.7 pQ cm/at. %
for fLiz&, and 30.1 pQcm/at. % for the VL;-Liz& com-
plex. These values reveal that the carrier scattering of
Li~l and the VL;-Li~& complex is much larger than that

of IV„;. The reason is that the lattice strain around Li~&
d LIAI sn the VLi L Al complex is much larger than that

around VL;, since the crystal radius of the Li ion (0.60
A) is larger than that of the A13+ ion (0.50 A). '
Indeed, for the example of a small lattice strain, the
theoretical value of the resistivity per 1 at. % vacancy in
pure Li metal is 0.759 pQ cm. The carrier scattering of
the VL;-LiA& complex is about twice larger than that of

Liz&, as predicted by Linde's rule.
Next, inversely, we estimate the actual defect concen-

trations in P-LiA1 from the experimental resistivity of
Fig. 6(a) using Eqs. (10), (11),and (14)—(16). The estimat-
ed defect concentrations of Fig. 5(b) are different from
the concentrations of Fig. 5(a) considered in the above
paragraph. In particular, [ Vt;-Li~&] in Fig. 5(b) in-
creases linearly with increasing CL; between 49.4 and
51.9 at. %. As discussed in Secs. III B and III C, the Li
diffusion mechanism of P-LiA1 also supports the CL;
dependence of defect concentration in the case of Fig.
5(b). The residual resistivity due to each defect concen-
tration is shown in Fig. 7(b); the resistivity of P-LiA1 is
predominantly due to the VL;-LiAI complex in the
stoichiometric region and Li&& in the Li-rich region.

If all of the Vz;-Li~& complexes in P- LiA1 are broken
up by the Li(n, He) H reaction,

[ V„;-Li~)]=0 .

From Eqs. (2) and (3)

[fv„,]=["V„]

(17)

[fLiAI] = ["Li~,] . (19)

This case is identical to the two-point-defects model' '

with no VL;-Li&I complex. Substitution of Eqs. (17)—(19)
in Eq. (11)gives the resistivity

po(CL;, RT) =R, ["VL; ]+4R, ["Li~)]+p((RT) .

The resistivity predicted from Eqs. (14), (15), and (20) is
shown as the dash-dotted line in Fig. 6(b) together with
the experimental resistivity in neutron-irradiated P-LiA1.
The resistivity estimated from the two-point-defects mod-
el increases with increasing CL; and shows a negative de-

viation from linearity (a concave shape). The resistivity is
similar to the experimental one in neutron-irradiated P-
LiA1, but not to that in P- LiA1. This fact supports our

hypothesis that the origin of the resistivity decrease in
neutron-irradiated P- LiA1 is the breakup of the VL;-Liz&
complex induced by the Li(n, He) H reaction. When
the residual resistivity arises from only the two kinds of
defects VL; and Li~, , Li~l is the dominant origin of the
resistivity as shown in Fig. 7(c}.

3. Breakup mechanism for the defect complex of
neutron-irradiated P LiA -l

The concentration of displacement atoms [N&&] in-
duced by the Li(n, He) H reaction was estimated to be
9.3X10 cm by the NRT (Norgett, Robinson, and
Torrens) model. The number of nuclear reactions in-
duced by neutrons was calculated using the neutron ener-
gy spectrum of the JRR-4, ' and the neutron cross-
section library ENDF/B-IV (Evaluated Nuclear Data
File, Version-IV). ' The damage energy used in the
NRT model was calculated by the extended EDEP —1

computer code. The recoil events for the energetic H
and He atoms produced by the Li(n, H) He reaction
are 73 and 121 per reaction, respectively. In the EDEP —1

calculation, the mean mass number of Li and Al was
used as the mass of the irradiated material. On the other
hand, [No~] induced by the knock on of fast neutrons
was estimated to be 9.3X10' cm using the method
mentioned above. The exact calculation of the DPA for
the cascade in two components was not done at present,
but the above approximations are enough for order-of-
magnitude estimation.

On the basis of the above DPA calculation, we discuss
the possible mechanism for the breakup of the VL;-LiAI
complex by the Li(n, He) H reaction in P- LiA1. Li
atoms at both Li and Al atom sites transmute to H and
He atoms through the Li(n, He) H reaction in P- LiA1.

Tritium ( H) and He atoms recoil with kinetic energies
of 2.7 and 2.0 MeV, respectively; the energies are derived
from the Q value of the Li(n, He) H reaction. ' Con-
sequently, LiL; and Li„,' cha~ge to V„; and V~,

'
respectively. Successively, the recoil H and He atoms
collide with the constituent atoms of P- LiA1 and lose
their energy through multiscattering with the constituent
atoms. The recoil atoms produce vacancies and intersti-
tial atoms to disturb the defect structure of P- LiA1. Al-
though the recoil atoms produce Frenkel pairs, the inter-
stitial atoms of the Frenkel pairs migrate and combine
with vacancies of the same kind of atoms to disappear on
annealing during and after irradiation. In particular, the
activation energy for Li diffusivity in P-LiAI is so small '

(0.09—0.13 eV} that Li atoms easily diffuse through fVL;
(as mentioned in Sec. III B) to occupy the vacancy sites
even at room temperature. Here, it must be noticed that
the interstitial Li atom hardly migrates to VL; in the VL;-
LiAI complex, because there is a repulsive interaction be-
tween the interstitial Li atom and the defect complex due
to the atomic size effect ' ' of Li~l. Since [No~] of
9.3 X 10 cm induced by the Li(n, He} H reaction in
P- LiA1 is four times larger than the [ Vz;-Li~&] of



HIROYUKI SUGAI et ul. 52

2.4X10 cm in the stoichiometric region [see Figs. 4
and 5(b)], it is possible to break up the defect complex by
the rearrangement of atoms in P- LiA1. The above specu-
lation is supported by the facts that the resistivity of
neutron-irradiated P- LiAl was not increased in either
Li-deficient or Li-rich P-phase boundaries, and decreased
in the stoichiometric region of the P phase as shown in
Fig. 3.

After room-temperature annealing, most of the recoil
H and He atoms occupy constituent vacancy sites, be-

cause the number of VL; is 10 times larger than those of
H and He atoms as shown in Fig. 4. The transmuted

atoms trapped in the vacancy sites are more stable than
those trapped in the interstitial sites. Then the constitu-
ent vacancy sites ( Vi; ) change to Hi; and Hei; by
trapping the H and He atoms, respectively. Two vacan-
cy sites, VL; and VA&, are created by the recoil of the
neutron-transmuted atoms as mentioned in the previous
paragraph. The valence change at the constituent vacan-
cy sites trapping He atoms [0—( —1)=1]compensates
the change at the Li sites ( —1 —0= —1) and the Al sites
[ —3—

(
—2)= —1]. On the other hand, the valence of

the constituent vacancy sites trapping He atoms, which
have a closed shell, does not change. Consequently, the
net valence in P- LiA1 is not altered by the neutron-
transmuted H and He. Thus, according to Linde's
rule, the neutron-transmuted H and He do not alter
the resistivity of P- LiA1 not containing the VL;-Li~i
complex. The resistivity of P- LiA1 at both Li-deficient
and Li-rich P-phase boundaries is not afFected by neutron
irradiation as shown in Fig. 3. In the stoichiometric re-
gion, the concentration of the neutron-transmuted H
and He atoms in P- LiA1 is 10 times smaller than [ Vi;-
Li~i] as shown in Fig. 4. Thus the occupation of V„;
with neutron-transmuted H and He atoms is not dom-
inant for the breakup of the Vi;-Li~i complex in P- LiAl,
but the knock on due to the recoil H and He atoms
must be essentially important.

[ND~] of 9.3 X 10' cm estimated for fast neutrons is
30 times smaller than [VL;-Li~i) of 2.4X10 cm in the
stoichiometric region of the P phase [see Figs. 4 and 5(b)].
This supports the fact that a resistivity change was not
observed in neutron-irradiated P- LiAl as shown in Fig.
3. The difference in recoil between fast neutrons and
neutron-transmuted atoms must be the same as that in
mass between neutrons and atoms. %'e conclude that the
knock on due to neutron-transmuted H and He atoms
causes the decrease of the VL;-LiA& complex concentra-
tion.

B. Relation bebveen Li self-diffusion constant and the defect
structure of P-LiA1

In the previous section, we suggested that the existence
of the VL;-LiA& complex is very important for the electri-
cal transport properties in P-LiAl. In this section, we
also suggest that the VL;-LiA& complex plays an important
role for Li diffusion in P-LiA1. In order to verify the path
of Li diffusion in the defect structure, we discuss the rela-
tionship between VL; concentrations ([Vi;]) and Li self-
diffusion constants Do(Li) in P-LiA1. Do(Li) for a simple

vacancy diffusion mechanism is given by

f ( I /6)ro[f VL, ] for Ci,. ~ 51.9 at. %%uo,

f (I /6)so[ VL;-LiAi] for CL; ~ 51.9 at. %%uo,
Do(Li) = '

(21)

where f(=—,
' for a diamond lattice ) is the correlation

factor, l the nearest-neighbor distance (l =v'3/4a, where
a is the lattice constant), and ro is the time when Li„;
atoms Jump into VLi VLi in the VLi LiA1 c mp
CL; —51.9 at. % is the Li concentration at [fVi;]=0
at. %%uo . Figur e 8show s th eexperimenta 1 dat aof Do(Li)
for [fVL; ] or [ VL;-Li~i] and the lines calculated using Eq.
(21). Do(Li) increases linearly with [ Vi;] or [Vi;-LiA, ].
Do(Li) values used here were taken from a recent
study * ' of Li self-diffusion by pulsed-field gradient
NMR at temperatures below SOO K. Here, we estimated
the ro to be 8.2X 10 ' s from Eq. (21) using Do(Li) and

[ Vi;] for near the Li-deficient P-phase boundary where
fVi; is dominant in Ci;-48.2 at. %%uo, an dr 0 for aregion
where the VL;-LiA& complex is dominant in CL;-51.9
at. % is estimated as 2. 8X10 ' s. The calculated lines
are consistent with the experimental data as shown in
Fig. 8. Therefore, the Li self-diffusion mechanism in P-
LiA1 evaluated here supports the defect concentrations
estimated in Sec. III A2. On the other hand, Chen and
co-workers ' ' claiined that the relation between Do(Li)
and [ V„;] is nonlinear from the Li self-difFusion model
using two mean jump times for VL; and VL; in the VL;-
LiA& complex. They suggested that the nonlinear
behavior arises from an attractive interaction between
VL; and I.iAI due to the atomic size effect. ' ' Howev-
er, using [fVi;] or [VL;-Limni], we found that Li self-
diffusion in P-LiA1 can be explained easily with the con-
ventional diffusion model.
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FIG. S. Li diffusion constant as a function of free vacancy
( V&;) and V&;-LiA& complex concentrations. The solid and bro-
ken lines are calculated by Eq. (21). The experimental data are
taken from Ref. 20.
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C. Li out-difFusion mechanism for neutron-irradiated
P-LiAI

In this section, we discuss the Li out-diffusion behavior
below 800 K on the basis of the Li self-diffusion mecha-
nism in P-LiA1, which is made clear in Sec. III B. The Li
out-diffusion behavior is examined in the three defect re-
gions of p-LiA1 where fVL; and the VL;-Lik& complex
coexist (the stoichiometric region), VL; is dominant (the
Li-deficient region), and the VL;-Lik& complex is dom-
inant (the Li-rich region), as shown in Fig. 5(b).

l. Free vacan-cy and defect complex-region

Figure 9 shows the resistivity before and after neutron
irradiation and H release after neutron irradiation in
near-stoichiometric P- LiA1. In the unirradiated samples,
anomalous resistivity is observed around 600 K as in our
previous work. ' This irreversible behavior in the electri-
cal resistivity is interpreted as follows. Above 500 K, VA&

is formed by Li diffusion from LiA& to VI; in the VL;-LiA&

complex, and VAI is filled up successively by Al migration
from AlL; sites at elevated temperatures. As a result, Li
out diffusion from Li~& bound to a Li vacancy (in the
VL;-Lik& complex) creates VL; and the VL;-Lik& complex
disappears. The electrical resistivity decreases with in-
creasing VL;, showing the lower scattering effect. An
oxide layer is formed by the reaction of the out-diffused
Li with oxygen in the atmosphere. The presence of a thin
layer of LizO was observed on the surface of P-LiA1 after
resistivity measurement. ' ' This was confirmed to be
mainly Li20 by Rutherford backscattering and x-ray
diffraction. ' '

We remark that the P-LiA1 crystal in an appropriate
equilibrium pressure of Li vapor is grown with each Li
content. ' On the other hand, as mentioned in the
above paragraph, Li in Li-rich P-LiA1 difFuses out as a re-
sult of heating in the atmosphere to high temperatures.
Thus P-LiA1 is a novel interinetallic compound which

10

reaches a more stable Li-deficient phase containing only
Vz; through a Li out-diffusion process at higher tempera-
tures.

In the irradiated samples, the remarkable irreversible
behavior in the electrical resistivity around 600 K is only
slight (see Fig. 9). These facts suggest that breakup of the
V„;-LiA& complex as a large scatterer is caused by neutron
irradiation. Conversely, the Li out diffusion does not
occur if VL; and LiAi are distributed separately in P-LiA1
since the irreversible change in the resistivity is not ob-
served in neutron-irradiated P- LiA1. Moreover, the
resistivity of neutron-irradiated P- LiA1 does not ap-
proach the value for the Li-deficient P-phase boundary
with decreasing temperature, showing a slight increase in
resistivity, because the remaining LiA& act as scattering
centers. ' We also suggest that the release of H occurs
through V~; from HL; sites rather than from HAl sites
because the H release shows the same tendency as in the
Li-deficient P phase containing only Vi;, as shown in the
next section.

2. Free-vacancy region

Figure 10 shows the resistivity and the H release after
neutron irradiation in Li-deficient P- LiA1. A resistivity
change is not observed in P- LiA1 containing only fVi;.
In the Li-deficient region, the Li diffusion is caused sim-
ply by Li exchange between VL; and LiL;. Thus the H
release in the Li-deficient P phase shows similar behavior
to that in neutron-irradiated stoichiometric P- LiA1,
where the VL;-LiA& complex has already been broken up
by neutron irradiation.

3. Defect complex and-Li anrisite defect -region-

Figure 11 shows the resistivity and the H release after
neutron irradiation in Li-rich P- LiA1. Irreversible
behavior in the resistivity is observed clearly in this re-
gion. This suggests that the V„;-LiA& complex exists in
this region at room temperature because, after the break-
up of the defect complex due to neutron irradiation, in
order to relax the lattice strain due to the atomic size
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FIG. 9. Curves 3: Temperature dependence of electrical
resistivity (heating, closed circles; cooling, open circles) and H
release (open squares) for neutron-irradiated P-LiA1 with 49.3
at. % Li. Curves B: Temperature dependence of electrical
resistivity (heating, closed triangles; cooling, plus) for unirradi-
ated P-LiA1 with 50.1 at. % Li.
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FIG. 10. Temperature dependence of electrical resistivity
(heating, closed circles; cooling, open circles) and H release
(open squares) for neutron-irradiated P-LiA1 with 48.2 at. % Li.
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IV. CONCLUSION

Thermal neutron irradiation of stoichiometric p- LiA1
drastically decreased the resistivity at room temperature,

effect, ' ' which is stronger in the Li-rich region of
the p phase than in either the Li-deficient or the
stoichiometric region, the defect complex is recreated by
the combination of Vz; and LiA&. The recreation of de-
fect complexes is also suggested by the fact that the resis-
tivity of neutron-irradiated p- LiA1 is much the same as
that of unirradiated p- LiA1 above 51.5 at. %%uoLi asshow n
in Fig. 6(b). On the other hand, H begins to be released
through VL; sites attributed to the thermally decom-
posed complex, accompanied by a decrease in resistivity
as mentioned in Sec. III C 1.

but not that of p- LiA1. The phenomena are consistently
explained in terms of the breakup of the VL;-Li~I com-
plex acting as the most effective scatterer in p-LiA1. The
present studies strongly support the conclusion that the
breakup of the complex defect arises from the knock on
of neutron-transmuted H and He atoms produced by
the Li(n, He) H reaction. We also demonstrated that
the RT resistivity of p-LiA1 depends on the concentration
of VI j LiA&, and the VL; -Li~& complex. The relation be-
tween the RT resistivity and the concentrations of the
three kinds of defects ( V„;, Li~&, and the VL;-Li~~ com-
plex) was derived from the carrier-scattering model based
on Linde's rule. The evaluated values of the residual
resistivities for each defect are 0.3 pQ cm/at. % for fVt;,
15.7 @Oem/at. % for fLiz&, and 30.1 pQcm/at. % for
the VLj-LiI j complex.

The Li self-diffusion constant showed a linear relation-
ship for [fVt;] (Li content ~ 51.9 at. %) and [ VL;-LiA, ]
(Li content 51.9 at. %) using a conventional diffusion
model. This strongly suggests that the defect concentra-
tions estimated in the present work are reasonable. We
also found that the Li out diffusion is obstructed by the
breakup of the V~;-LiA& complex due to neutron irradia-
tion.
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