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Abstract. Electrical resistivityp of zirconium hydrides Zrid and deuterides ZrDhas been
measured over the range of hydrogen concentration ® < 0.9 (x: H/Zr or D/Zr) and
temperature 700 K 7 < 1100 K. It has been found that increases linearly with in the o

phase and exhibits a parabolic change in ghehase, shows almost no difference for H and D

in the range O< x < 0.9 and deviates from Matthiessen’s rule in thghase. To help discuss

the findings, we have made energy band calculations of, Znhitl computed quantities that are
closely related tqo. The observed change jm with x can be explained by assuming that H
atoms form independent electron scatterers indthghase and H atom vacancies additionally
form electron scatterers in thephase. The lack of difference observedifor H and D can be
explained by the fact that electron—optical phonon coupling constant obtained from the energy
band calculations is much smaller than the electron—acoustic phonon coupling constant. It is
difficult to give a reasonable explanation of the deviation from Matthiessen’s rule only by the
energy band calculation result.

1. Introduction

Metallic zirconium (Zr) can absorb hydrogen (H) up to a concentratiaf about two in
atomic ratio HZr to form Zr hydrides [1]. In this rather wide range ofQ x < 2 the
electrical resistivityp of the Zr hydrides may change differently withdepending on the
origins of p in the Zr—H system. It has been reported that fd&& ¢ x < 1.9 the optical
phonon, as well as the acoustic phonon, plays an important rgl2h However, almost
no precise knowledge is available fprat smallx although there are some reports @iin
the Zr—H system [3-5] and in the Ti—H system [6], which has similar physical properties to
the Zr—H system. In the Pd-H system, the optical phonon has been found to be important
for x < 0.01 [7] andx > 0.7 [8,9]. In the V-, Nb— and Ta—H systems, on the other hand,
measuredo has been found to show no difference for H and its isotope D up 460.1
[10], suggesting a slight contribution of the optical phonon. The purpose of this paper is
to estimate the main origin gf in the Zr—H system particularly for & x < 1 at high
temperatures.

In the present study we first obtain experimentally the temperature—H concentration—
resistivity (T—x—p) relationship for Zr hydrides (ZrH and deuterides (ZrD. We next
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discuss possible origins ¢f in ZrH, by considering the interaction of electrons with H
atoms and with vibrations of H and Zr atoms and by compagirgbtained experimentally
with p resulting from the interaction. The difference infor H and D is made use of

to identify the main possible origins. In addition, quantities that are closely related to
are computed with the aid of energy band calculations of,ZaHd are used to help with
identifying the main possible origins. In the present study we do not attempt to discuss
due to the hopping conduction arising from localization of electrons [11-13] although the
band picture is found to give only an incomplete explanation of measwredZrH, and

the hopping conduction may be a clue to a better explanation.

2. Experiment

Figure 1 shows a schematic illustration of the apparatus used to imake measurements

of p of ZrH, and ZrD,. The value ofp was obtained from the voltage drop across and

the current through a sample. To measure accurately the current, we applied a sinusoidal
current (1 kHz, 1 mA) to a circuit that includes the sample and a resistor¢l B8mperature
coefficient 5x 10> K~1), and measured the voltage on the resistor. Two lock-in amplifiers
were used to pick out two voltages, on the sample and on the resistor, that had the same phase
as the applied current. This resulted in eliminating successfully the effect of thermopower
generated at contacts between the sample and current leads on it when the sample was
heated. We found almost no frequency dependence of the measured voltages between
100 Hz and 100 kHz. The current of 1 mA was small enough not to give any effect on the
temperature of the sample.

pressure gauges pressure gauges

hydrogen purifier []__:l thermocouple

heater .

O O - sample
hydrogen " "} :
reservoir :

O{|lO O OO0
valves %} H
lock-in
_________________________________ amplifier
A resistor
lock-in
‘& amplifier
H.D vacuum pumps

2 2 function generator

Figure 1. Schematic illustration of the apparatus used to mak&tu measurements gf. The
dotted line indicates the part of the apparatus that can be baked out.

H concentrationr in the sample was calculated from the difference in H pressures
in a chamber (H reservoir in figure 1) before and after admitting H gas to a chamber
(sample chamber), which was made of a quartz tube and contained the samplexin it.
was corrected for the corresponding H pressures in the sample chamber. Details of the
procedure of admitting H and D gases have previously been described [14, 15]. To measure
x accurately, we put near the sample a Zr piece (not shown in figure 1) of 120 g and of
the same purity as the sample, and increased the difference in the H pressures in the H
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reservoir. Temperaturg€ of the sample was measured with a WRe5-WRe26 thermocouple
placed near the sample and, by using it, controlled to within2 K. The WRe5-WRe26
thermocouple was calibrated by comparing its emf with that of a Pt—-PtRh13 thermocouple
in a vacuum over the temperature range where the present study was made.

The measurements were made in the rangge © < 0.9 and 700 K< 7 < 1100 K.
The dotted line in figure 2 shows the range over which the measurements were made. Phase
boundaries in th& —x phase diagram were assumed to be the same for the Zr-H and Zr-D
systems. We restricted the measuremenissomewhat less than those at &3 +6 phase
boundary because the presence of ¢hghase, particularly at relatively low temperatures,
caused cracks in the sample and large errors in the values of measured

1200

1000

600

400 L— :
0.0 0.4 0.8 1.2 1.6

x (H/Zr)

Figure 2. T—x phase diagram of the Zr-H system (adapted from Zwtlkal [1]). The
measurements op were made in thel'—x region encircled by the dotted line. The Greek
letters indicate the phases.

The samples were polycrystalline Zr wires of 50 mm in length and 1 mm in diameter
with a nominal purity of 99.97%. Each sample weighed 0.26 g and had a resistanteof 0
at room temperature. For the measurements af the « phase, which extends only to
x ~ 0.06, we used a longer sample of 150 mm to increase the accuracy of the measurements
and folded it into a piece of 50 mm in length to minimize the temperature distribution in
the sample. Most experimental error came from measurements of the diameter of the
sample. The diameter was not completely uniform along the sample and we made sixteen
measurements along it. The resulting error in the area obtained for the cross section of
the sample was typicall¢-2.3%. The H and D gases were purified by permeating them
through a heated Pd alloy membrane.

Contamination of the sample, particularly by oxidation, caused a serious effect on
measuredo. To minimize the oxidation during the measurements, we heated before the
measurements the part of the apparatus indicated by the dashed line in figure 1 to 500 K
for 10 h and kept the base pressure of the apparatus in the order®®P#0 After repeated
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Figure 3. T—p relationship for Zr at the twentieth measurement on the same sample. The dotted
line indicates thex/B phase transition temperature of Zr.

measurements, we could observe at &g transformation temperature 183 a sharp
change inp, which readily becomes less sharp as the sample is contaminated by oxidation.
Twenty measurements resulted in a practically identlead relationship and figure 3 shows

the result of the twentieth measurement, which is in agreement with previously reported
measurements [16].

3. Results and discussion

3.1. Summary of experimental results

Figure 4@) shows thex—p relationship obtained for H and D at 1050 K.increased as
x increased in thex phase of ZrH (a-ZrH,), decreased rapidly in the + B8 phase and
showed a parabolic change in tiephase of ZrH (8-ZrH,). The change irp in 8-ZrH,
is similar to that reported fog-TiH, [6]. No difference was found in measuredfor H
and D. The results for 1000 K (figurel®)j and 950 K (figure 4f)) were similar to that for
1050 K.

Figure 5 shows measuregdof «-ZrH, anda-ZrD, at temperatures between 700 K and
1050 K. Values ofo were found to be almost the same for H and D. We can clearly see from
figure 5 a deviation from Matthiessen’s rulep tix decreased af increased. The values
of p atx = 0 were slightly different from those corresponding to figura)4(c) since the
measurements were made on a different sample as mentioned in the previous section.

Figure 6 shows the—p relationship obtained for H at temperatures between 900 K and
1100 K. The parabolic change jm of g-ZrH, will be discussed later in detail. Since we
did not make measurements on the same sample as used to obtain faE)46light
differences can be observed between figure 6 and figure-@j.
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Figure 4. x—p relationship obtained for H and D aa)( 1050 K, ) 1000 K and ¢) 950 K.
The dotted lines indicate the phase boundaries.

3.2. Possible origins ob in the Zr—H system

Any deviation from perfect periodicity in the structure of ZrHtan cause electrical
resistance. A possible origin of is the deviation due to the presence of H atoms in
the crystal lattice of Zr. We can assume that Zr and ZrH have perfect crystal lattices and
cause no resistance at 0 K. H atoms in ZrlHowever, cause resistance since most,ZrH



4650 A Kaneda et al
1.30 T ’ ,l T T T
(©)
aiokf | B
125F .
®
N ;
120f
—_ 120F i@ : -
E g : Q0
g I q &
2 + Q %
Q = + 4
1.15 ; qu
P o 950 K
o i O hyds
Lo °, gq + dewternm
",
i ) 3 i i
L055% 02 0.4 0.6 038
x(H/Zr,D/Zr)
Figure 4. (Continued)
1_3 T T T T T
0 ® 1050
© 1000 K.
000® © 0
$®@9 ® 0 ®® féJr% 900 K
12 _@@9@@ +0 P O 850 K+
— 69999@ 0+0+°“"OJr + 800K
g ® o +
Gl @@@Q +©
2k o0 o § TOK i
X 9'99 +O+O
' &
00 40+ + 700K
o+°
10 4@ :
®
o®
O hydrogen
+  deuterium
09 3 1 3 i I
~0.00 0.01 0.02 0.03 0.04 0.05

x(H/Zx,D/Zr)

Figure 5. x—p relationship for H and D in the phase at the temperatures shown in the figure.

is nonstoichiometric and H atoms are no longer in a perfectly periodic arrangement. In
fact, H atoms are known to occupy randomly the interstitial sites of the crystal lattice of
and B-Zr [1, 17]. Interstitial H atoms, which we hereafter refer to as H atoms, thus form
electron scatterers whenis small and vacant interstitial sites, in addition to the H atoms,
form electron scatterers whenapproaches unity, as in the casecoin alloys [11].
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Figure 6. x—p relationship for H at the temperatures shown in the figure. The solid lines are
only for clarity of the figure.

Another possible origin ofp is the deviation due to phonons in ZrHat finite
temperatures. The large difference in the mass of H and Zr atoms allows us to regard
the acoustic phonon with the large dispersion as vibration of Zr atoms and the optical
phonon with the small dispersion as independent vibration of H atoms. We can therefore
apply the Debye model to the vibration of Zr atoms and the Einstein model to that of H
atoms. Other possible origins such as grain boundaries and dislocations in the sample will
not be considered in the present study in view of the fact that the change in measured
was much larger than the difference gnin different samples.

We can thus discuss of ZrH, in terms of three contributions:

P = po + PHvib + Pzrvib (1)

where pg is the residual resistivity due to the presence of H atoms@ng and pzin are

the resistivities due to the vibrations of H and Zr atoms, respectively. It should be noted
that pzrvip depends orx. This can be seen from the fact that the elastic constants of ZrH
change withx [18] and characteristics of the acoustic phonon in Zdtfle closely related

to the elastic constants as discussed, e.g. for V, Nb and Ta hydrides and deuterides [19].

3.3. Resistivity of-ZrH, and«-ZrD,

Measuredo increases linearly with: (figure 5) except at above ~ 0.02 at 700 K, where

the o/ + § phase boundary seems to have some effecp.oriThe linear increase ip
corresponds to the linear increaseognand implies that each H atom forms an independent
electron scatterer. There is no appreciable difference in meagufed H and D. This

fact, together with the smaller scattering potential of H than of Zr, implies that electrons
are scattered mainly from the strain of the Zr lattice induced around H atoms, not from H
atoms, as previously suggested for V, Nb and Ta [10]. The induced strain is expected to
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Figure 7. Ratio of the increase ip due to D absorption to that due to H absorption in ¢he
phase. The open circles indicate the ratio of the increases 010 — 0.01; the filled circles
indicate the ratio for the values @fyvin/(Apo + Apzrvib) shown in the figure (see the text for
details). The solid line is the ratio computed for equation (2) using = 2%%hwp = 0.144 eV.

be almost the same in ZgHand ZrD, from the fact that H atoms cause only one per cent
larger expansion of Pd lattice than D atoms [20], and gives almost the gafioe H and
D.
We next discus®pyip. In @-ZrH,, H atoms randomly occupy tetrahedral sites of the
Zr lattice [1, 17]. Applying the Einstein model to the vibration of H atoms as mentioned
above, we can writegnip as [21]
A ho 1 1
PHvib = 0T explho/kaT) — 11— exp—hw/ksT)

wherehw is the energy of vibration of H atom&g is the Boltzmann constant amtl is a
constant determined from the magnitude of interaction between electrons and the vibration
of H atoms. Using equations (1) and (2) we can estimate the magnitugg,gfrelative

to p from the difference in increases in, Apy (= Apo + PHvib + Apzrvib) and App

(= Apo + povib + Apzrvib), due to the addition of H and D atoms to Zr because)
and Apzip are the same for H and D. Figure 7 shows the comparisoppQf/onvib
computed for equation (2) antlpp/Apn obtained from figure 5. The solid line in figure 7
shows ppvib/ pHvie COmputed for equation (2) using the valbey = 2Y%hwp = 0.144 eV
[17]. The open circles indicate the values afop/Apy for the increasesApy and
App corresponding to the change = 0 — 0.01 in figure 5. Statistical errors in the
values of App/Apy range from+0.03 at 900 K t0+0.17 at 700 K. From the fact that
Opvib/PHvib > 1.5 andApp/Apy ~ 1 (figure 7), we can see that,i, makes only a small
contribution toApy. To estimate the contribution we have calculated values o/ Apn

at 800 K for ppvin/(Apo + Apzrvin) = 0.1, 0.5 and 3.0. They are shown in figure 7
by the filled circles with the values ouvin/(Apo + Apzrvin) ON them. The values of

@)
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App/Apy obtained experimentally (open circles) compare well with the value calculated
for prvin/(Apo+ Apzrvip) = 0.1, implying thatA in equation (2) is small, i.e. the electron—
optical phonon interaction is small -ZrH, .

The small contribution opy.ir Suggests that a cause of the deviation from Matthiessen’s
rule (DMR) observed fow-ZrH, is the dependence @k, ip, Onx andT. dpo/dx is unlikely
to depend strongly off' because the expansion of the Zr lattice due to H absorption is
almost independent df [22] and the strain around H atoms is therefore unlikely to depend
strongly on7T. However, it seems that more experimental and theoretical study [11, 23] is
needed to discuss in detail the DMRdrZrH,. For example, atomic correlations, i.e. H—H
correlations in the present study, may become significant [11}-#rH, even at smalk
becauser/a + 8 andw/a +§ phase boundaries occur at rather smalligure 2). The strain
of the Zr lattice resulting from the H—H correlations forms electron scatterers different from
the independent scatterers discussed above, and may lead to the DMR.

Table 1. Values of Er, n(Eg), (v&)%/2 andx for -Zr and -ZrH. The values of. for Zr site
and H site correspond toy and 1z, respectively, in equation (3).

Er (Ryd) n(Ep) (states RydY/cell/spin) (vA)Y2 (ms?1) i

Zr 0.660 10.65 &0 x 10° 0.922
ZrH  0.695 11.04 23 x 10° 0.050 (H site)
0.659 (Zr site)

3.4. Electron states ig-Zr and g-ZrH

To discussp of B-ZrH,, wherex is not always small, we have to consider the effect of the
presence of H atoms opy,yip. In this section, quantities that are closely relateg tand
used to discuss it are estimated from energy band calculatiofsZofand g-ZrH.

The electron states are computed by using the augmented plane-wave method [24] with
the exchange—correlation potential based on the local density approximation [25]. We use
the simplest version of the method because we only need a crude estimate of the quantities.
By reproducing the reported electron statesweZr [26,27] andB-Zr [28], we confirm
that the method gives correctness and enough accuracy for the present purpose. In the
computation ofg-ZrH, H atoms are assumed to occupy periodically the tetrahedral site in
bce g-Zr as in 8-Ti [17]. We have also made calculations for<Ox < 1 using the virtual
crystal approximation [11]. All values calculated for<Ox < 1 are found to fall between
those forg-Zr and 8-ZrH as expected and they are not discussed here.

Table 1 lists the result of the computation of the Fermi endtgythe density of states
n(Er) at Eg, the square root of the squared average of the Fermi velogiy’? and the
electron—phonon coupling constant Using the result of the energy band calculations, we
have computedv2)¥/? from v, = (1/R)dE/dk and A from A = n(Eg)(I%)/(M («?)) [29]
whereM is the mass of the H or Zr atoniw?) is the squared average of phonon frequency
and(7?) is the squared average of electron—phonon matrix elements at the Fermi surface and
is computed from the phase shift, the partial density of states etc [30], which are obtained
in the course of the energy band calculations. Since the mass greatly differs for H and Zr,
we can write for ZrH [9, 31, 32]

_ n(ERUR) | n(ERZ)
My (@?) Mz {(3,)

= AH + Az (3
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In the computation of., we have used the valués{w?') = 0.12 eV, which is the same
as for B-TiH, [17], andi{w2,) = 0.015 eV, which we have estimated from the reported
value obtained from the inelastic neutron scattering measurement [33]. The values listed in
table 1 will be used in the next section to discuss.thdgependence gbg, onvie and pzrvip
of B-ZrH,.

We here mention the following two points concerning the computation result above.
Firstly, all the quantities were computed upite= 1 and for theg phase. At larger, the
B phase transforms to the fétphase (figure 2) and the electron states change accordingly.
The calculated electron states of Zrf82] show thatpy is small in thes phase as well.
Observedp in the § phase, however, indicates a considerable contribution of the optical
phonon [2]. In the present study we cannot comment on this discrepancy. Secondly, we
should be careful about the applicability of the energy band calculation to the discussion of
p of ZrH,. If the mean free path of electrons that participate ibecomes comparable to
the lattice constant of Zr, then the electrons are in a localized state and the band picture is
no longer applicable directly tp of ZrH, [11]. The values ofp obtained in the present
study seem somewhat smaller than those in which the localized electron state plays a major
role. The DMR and the decrease ip /@7 in Zr at high temperatures (figure 3) observed
in the present study, however, suggest invalidation of the applicability of the band picture
and necessity to consider, e.g. the hopping conduction mechanism [12, 13].

3.5. Resistivity oB-ZrH,

The residual resistivitypg can be written as
3 1
= 2B n(EoT )
2 e2(vE)n(Ep)T
wherer is the relaxation time. This is the same equation as given in Ziman [21]. When H

atoms and vacant interstitial sites are regarded as electron scatterers as mentioned above,
can be written as [11]

Lo

1
— = Bx(1-x)n(Er) (5)

where B is a constant. From equations (4) and (5) we see ghatepends onx through

the termsx(1 — x) and (ve)?. However, (ve)? can be regarded as constant foQr < 1
because the values o) atx = 0 and 1 do not differ considerably (table 1) and the

value can be found from the energy band calculations to lie in the region where the energies
of s and d bands do not change considerably fetr 0 < 1. We therefore have a parabolic
change inpg:

po=B'x(1—x) (6)

where B’ is a constant.

The contribution ofpn.ip t0 p can be regarded as small because only a small difference
is found in measure@ for H and D (figure 4). The energy band calculation result shows
that Ay < Az (table 1), supporting the small contribution pfii, up tox = 1. This is
the same conclusion as obtained §oZrH,. At largerx, however, we cannot completely
exclude possible importance pf;\ir as pointed out for Zrk[2]. The optical phonon has
been shown to play an important role gnfor x > 0.7 in the Pd—H system as well [8, 9].

We now discuss the contribution @i, to p. At x = 0 and 1,p consists only of
Ozrvib @S mentioned above ang, i, at x = 0 and 1, which we hereafter refer to asgip
and pzvip, respectively, have different values (figure 6). However, the difference, which
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Figure 8. Result of the fit of equation (8) (solid lines) to measugetbr g-ZrH (open circles).
The open circles have been taken from figure 6.
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Figure 9. Values of p obtained from figure 8 fop-Zr (filled circles) below thex/g phase
transition temperature and fg8-ZrH (filled triangles) below theg/8 + § phase transition

temperature. The open circles indicate the measured values taken from figure 1 and the dotted
line thea/B phase transition temperature of Zr.

arises from the dependence BE, (vg) and A on x, is not large. We therefore assume a
linear change irp for 0 < x < 1 and have

(1 — x)pzrvib + XPzrHvib- (7)
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Equation (1) is now written, by using equations (4) and (5), as
p = B'x(1—x)+ (1 — x)pzrvib + XpzitHvib- (8

Figure 8 shows the result of a fit of equation (8) to measyreaf 8-ZrH,. The fit has

first been made for 1100 K with as an independent variable and with vip, 0zrHvib @nd

B’ as parameters and then for other temperatures ayith, and oz vin @s parameters and

with the value of B’ (= 0.517+ 0.012 12 m) fixed at the value determined for 1100 K.
Statistical errors for the values @i, and pzvip range from=+0.001 Q2 m for pzrvin

at 1050 K t0+0.003 2 m for pznvip at 1150 K. The result of the fit is excellent and
suggests that the assumption made to obtain equation (6), i.e. periodic arrangement of H
atoms ing-ZrH, is reasonable.

From the result of the fit in figure 8 we obtainof g-Zr at temperatures below the' 8
phase transition (figure 9). The valuesbf 8-Zr obtained in this way (solid circles) are
in agreement with those extrapolated from measuyrédpen circles) and tend to decrease
with decreasing’ like those ofa-Zr. This is in contrast to the result reported §@4Ti, for
which the p value does not decrease with decreasing6]. A similar result is obtained
also forp of g-ZrH below theg/g + § phase transition temperature (triangles).

4. Conclusions

We have measured of ZrH, and ZrD. and computed the quantities that are closely related
to p with the help of the energy band calculations of ZrH he linear increase in measured

p of a-ZrH, with x is due to the independent electron scatterers formed by H atoms. The
parabolic change in measuredf 8-ZrH, is due to the vacant interstitial sites in it as well

as to H atoms. The optical phonon does not contribute appreciahlyféo 0 < x < 0.9,
because there is almost no difference in measpradd computed. is much smaller than

Azr. We have estimated the values @bf g-Zr below thea /8 transformation temperature
and of 8-ZrH below theg/B + § phase transition temperature.

References

[1] Zurek E, Abriata A, San-Martin A and Mancheste D 1990Bull. Alloy Phase Diagram4 385-95
[2] Bickel P W and BerlincourT G 1970Phys. RevB 2 4807-13
[3] Aladjem A 1996Solid State Phenomena (Diffusion and Defect Data B 49€80f A Lewis and A Aladjem
(Switzerland: Scitec Publications) p 281
[4] Mishima Y, Ishino S and Nakajima S 196B Nucl. Mater.27 33544
[5] Kandasamy K and SurplcN A 1985J. Phys. D: Appl. Physl8 1377-84
[6] Ames S L and McQuilla A D 1956 Acta Metall.4 602-10
[7] Szokefalvi-Nagy A, Huag X Y and Kirchheim R 1987. Phys. F: Met. Physl7 427-31
[8] Burger J P 198Metal Hydridesed G Bambakidis (New York: Plenum) p 243
[9] Papaconstantopoulos D A, Klein B M, Econom& N and Boye L L 1978 Phys. RevB 17 141-50
[10] Watanabe K and Fukai Y 198D Phys. F: Met. Physl0 1795-1801
[11] Rossiter P L 1987The Electrical Resistivity of Metals and Allogysondon: Cambridge University Press)
pp 50, 160, 236, 300, 373
[12] Lee P A and Ramakrishmal V 1985Rev. Mod. Phys57 287-337
[13] Mott N F 1990Metal-Insulator Transition®nd edn (London: Taylor and Francis) p 45
[14] Naito S 1983J. Chem. Phys79 3113-20
[15] Naito S, Yamamoto M and Hashino T 1990Phys.: Condens. Matte2 1963-70
[16] Horz G, Hammel M and Kanbach H 1975 Nucl. Mater.55 291-8
[17] Khoda-Bakhsh R and Re< K 1982J. Phys. F: Met. Physl2 15-24
[18] Ashida Y, Yamamoto M, Naito S, Mabuchi M and Hashino T 190&\ppl. Phys30 3254-8
[19] Springe T S 1978Hydrogen in Metals ked G Alefeld and J WIkl (Berlin: Springer) p 90



[20]
[21]

[22]
(23]
[24]
[25]
[26]
[27]
(28]
[29]
(30]
(31]
(32]
(33]

Electrical resistivity of zirconium hydrides 4657

Schirbe J E and Morosin B 197®hys. RevB 12 117-18

Ziman J M 1971Principles of the Theory of Solidad edn (London: Cambridge University Press) pp 218,
225

Ohta Y, Naito S and Hashino T 19&lenki Kagaku49 772—6 (abstract, figure captions and table in English)

Bass J 197Adv. Phys21 431-604

Loucks T L 1967Augmented Plane Wave Meth@dew York: Benjamin)

Pendrev J P and Zunger A 198Phys. RevB 23 5048-79

Jespen O, AndergseO K and Machintas A R 1975Phys. RevB 12 3084-103

Blaha P, Schwarz K and Dedergl? H 1988Phys. RevB 38 9368-74

Myron H W, Freema A J and Moss S C 1975olid State Commuri.7 1467-70

McMillan W L 1968Phys. Rev167 331-44

GasparG D and Gyorfy B L 1972 Phys. Rev. Let28 801-5

Klein B M and Papaconstantoposl® A 1976J. Phys. F: Met. Phys5 1135-43

Gupta M and BurgeJ P 1981Phys. RevB 24 7099-111

Chen Y, Fu C L, b KM and Harma B N 1985Phys. RevB 31 6775-7



