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We present arab initio calculation of YH using theGW approximation(GWA). Although a density-
functional calculation incorrectly gives a metallic state unless we assume a very complicated structure, the
self-energy correction with the GWA removes the band overlap, and reproduces insulating behavior. Hence,
the failure of the density-functional calculation can be attributed to an electronic origin. The role of the
self-energy is to raise the unoccupied ¥ Band rather than to decrease the bandwidth of the occupiesl H 1
band.

[. INTRODUCTION may be a more complicated structure which is more stable
and insulating. Kellyet al. conducted a study along this line.
Among continuous researches on metal hydrides for deStarting from the HoB structure, they found a broken sym-
cades, the recent experiment by Huibeetsal® on yttrium  metry structure, which is slightly more stable than the oD
and lanthanum hydrides (Ytand LaH) occupies a special Structure and has a LDA gap of 0.75 é\Hoyvever, t'here is
place in the sense that hydrogen induces dramatic changes§RNtroversy as to Whggher the structure is consistent with
the electronic and optical properties. Yttrium and lanthanunft€utron diffraction data.” Actually, the relaxation energy is
can absorb a large quantity of hydrogen. y&hd Lak are SO Small(less than 0.1 eV pergH, ) that thermal and quan-
known to be metallic but, when the hydrogen concentration UM fluctuation could easily smear out the distortion. In ad-
is increased, the materials show a metal-insulator transitiofition; it is known that the gradient correction to the LDA is
at aroundx=2.8 and turn transparent. Unlike other metal- Significant for systems including hydrogen. A more careful
insulator transitions, the transition in yttrium and lanthanum@nalysis is thus required. Another difficulty with the expla-
hydrides is reversible and it occurs in the visible rangenation based on the broken symmetry structure is that the
thereby making them attractive for application as opticalransition of lanthanum hydrides occurs without structural
switches. Consequently, these materials have drawn muéfpnsfqrmsatlon: The system remains cubic during the
attention among both experimentalists and theorists. OthdFansition- This suggests that the transition is not connected
experiments_followed for deeper understanding of the/ith the structure and has an electronic origin.
phenomenof? and now it is known that the transition is _Considering these observations, some theories, as we
common in a wide range of lanthanide hydrideBhere is shall describe later, have been proposed that claim that elec-
also evidence that by choosing suitable rare-earth element§On correlation at the hydrogen site is crucial to open a

e . . . . . 10,11 .
the transition can be made very quick, which is desirable iffaP: " However, these arguments are based on simple

optical switching applications. models. To look intq the many_—_body effect_s beygnd the
The electronic structure of yttrium and lanthanide hy_LDA, fu_rther_ study. W|th anab initio scheme is desirable.
drides is unfortunately poorly understood. Theoretical workProm this point of view, in the present work, we calculate the
on these materials has followed several lines. Band-structui@uasiparticle band structure with tH8W approximation
calculations based on the local density approximatid»a) ~ (GWA).™ We shall show that the self-energy correction is
of density-functional theory predict YHand LaH to be large enough to open a gap, although band narrowing is not
metals, with a band overlap of about 1 eV, instead of the?bserved. In the light of our results, we discuss possible
experimentally observed semiconduct®fsin the case of mechanls_ms that are I|kely to explaln the electronic structure
yttrium hydride, the transition is accompanied by a structuraPf the yttrium and lanthanide hydrides.
transformation from cubic to hexagonal. The electronic
structure for several possible structures, such as the &ad
HoD; structures, have also been calculated but the band In the GWA!?*2the self-energy is expressed as
structures still show metallic behavior. This stimulated fur-

ther analysis. reoN— '_f . / e
The discrepancy could be due to a structure effect. There 2(rr'e) 2 do Grr o+ o )Wrrio’), (1)

IIl. METHOD
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whereV:P* is the LDA exchange-correlation potential, and 8 " ;
anE[l_’92kn(w)/aw|w:ekEA]_l is the renormalization 05
factor. 3%
In addition to this non-self-consistent procedure, we have ,3E Total d
also employed a semi-self-consistent procedure in calculat- 2
ing the self-energy’ We start from the LDA Hamiltonian B
and calculate the self-energy correction. The main effect of 0.5
the self-energy correction is to raise the conduction band % 8 6 4 2 0 2 4 6
which is primarily of Y 4d character. In the next iteration, E [eV]

we then introduce a potential of the forajY 4q)(Yq| With
a chosen such that the shift due to the self-energy correction FIG. 1. The LDA density of state®OS) of YH;. The DOS is
from the previous iteration is reproduced. The wave func-projected on(@ yttrium and(b) hydrogen at the octahedral site, and
tions and the eigenvalues for the shifted potential are used @) hydrogen at the tetrahedral site. The number of hydrogens at the
evaluate newG and e, from which the new self-energy is octahedraltetrahedralsite is 1(2) per formula unit. The solid line,
calculated. This process is repeated until the self-energy coghort dashed line, and long dashed line are the contributions from
rection does not change the value of the gap. thes, p, andd orbitals, respectively. The gray line is the sum of the
Our calculation is based on the linear-muffin-tin-orbital three.(d) Total derlsity of states. The energy is measured with re-
(LMTO) method within the atomic-sphere approximatiGn. SPect to the Fermi energy.
The atomic-sphere radii used in the present work are the
same as those in Ref. 5. The response function and the self-
energy are expressed as the products of wave functions. In
order to reduce the computational task, we apply the product
basis method proposed in Ref. 16. Typically 50—100 product
basis functions are needed per atom. The band structure is
calculated with an & 8 X8 k-point mesh for the Bif struc-
ture. For the Lak structure with a larger unit cell, we use a
6X6X4 mesh. The frequency dependence of the dielectric
function is treated fully without resorting to simplifications
such as the plasmon-pole approximation. Details of the tech-
nique are found in Ref. 17.

E [eV]

IIl. BAND STRUCTURE

A. BiF; structure

We begin with the calculation of the BjFstructure. In
this structure, Y atoms form a fcc structure. Two hydrogens
(per one Y atorpare at the tetrahedral interstitial site, and
one occupies the octahedral interstitial site.

In Fig. 1 the LDA density of states is shown. The valence
band is predominantly hydroges fvith a mixture of Y (5s,
5p, and 41) whereas the conduction band is dominated by Y
4d with some mixing of hydrogend The hydrogen band is
very broad with a width extending to 10 eV, which is much
larger than the estimated value dfof 2 ev™ FIG. 2. (a) The GW quasiparticle band structure of %Hvith

In Fig. 2(a), we show the band structures obtained by theihe B, structure. The filled circlesempty trianglel denote the
LDA and the GWA. TheGW self-energy correction does not yalence (conduction bands. The solid line represents the LDA

change the valence band very mu€hhe band is raised up band.(b) The same a) but the LDA Y 4d bands are shifted up
slightly as a whole. However, this should be cancelled out ifoy 1.2 eV. The dotted horizontal line denotes the location of the
the Fermi energy is adjusted to conserve particle numberFermi level of the LDA band.

E [eV]

by X w L r K
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4 w , w , a negative gap means band overlafs we increase the
o shift, the GW gap increases monotonically. The self-energy
3¢ . ] correction, however, decreases, and @&/ gap becomes
_— . * 3 smaller when we start from a very large gap. The two gaps
w I . match when they are 3.2 eV. The experimental gap is 1.8 eV.
E 1. ] (Note, however, that the structure used in the present calcu-
lation is different from the experimental one, whose details
0- ] are not knowrn).
This simplified self-consistent procedure turned out to
-1 s ‘ ‘ ‘ overestimate the gap somewhat, similarly to the case of

-1 0 1 2 3 4

A€ st NiO.}* On the other hand, according to a recent calculation

for Si, a fully self-consistentGW calculation using the

FIG. 3. TheGW gap (Aegw) against the gap of the starting dressed Green function also results in a too large'gap.
Hamiltonian A e, in which the Y 4 band is shifted up com- the fully self-consistent procedure, the response function
pared to the LDA bands. The solid line dsegw=Ae€g,n plotted  does not have a clear physical meaning either. Unike
for comparison. —iG Gy, With G, given by the LDA Green function, which

is the response function of the noninteracting system de-

The self-energy correction is much larger for the conductiorscribed within the LDA, the quantitP=—iGG, with G
bands. It shifts up the bands by about 2 eV. given by theGW Green function, does not in general corre-

The LDA band structure shows a band overlap atlhe Spond to some non-interacting system anymore. Indeed, this
poinf with a magnitude of, in our estimation, 0.8 eV. The leads to the disappearance of the plasmon satellite, which is
highest occupied state is triply degenerate and ofd¥char-  unphysicaf'? _
acter. It shifts up by 2.2 eV when we add the self-energy An alternative and physically sound scheme needs to be
correction. On the other hand, the lowest unoccupied statéleveloped for the quantitative description of systems for
with H 1s character, changes by only 0.3 eV. As a result, theVhich the LDA does not give a good starting point. It seems
order of the two states is reversed, and consequently tH&at a fruitful procedure is the “bess bestW’ approach.
quasiparticle band becomes insulating with a gap atlthe The definition of the besE is ambiguous but the idea is to
point of 1.2 eV. In the present calculation, the conductionuSe the calculated self-energy to construct a better starting
band minimum is located at tHepoint, although the energy Hamiltonian. One can imagine a sort of self-consistent pro-
difference between this point and the lowest unoccupie®€SS wWhen the one-particle spectrum is not significantly al-
state at thd™ point is small.(As we shall see later, and also téred by the self-energy. We then take the corresponding
in Ref. 5, the position of the minimum gap depends on thd1amiltonian as the final starting Hamiltonian for a one-

structure. It is thus difficult to distinguish whether the gap ofiteration calculation. The feasibility of such a scheme is il-
the real material is direct or indiregt. lustrated in the present work, albeit in a crude way.

Considering the rather poor starting Hamiltonian with a  G0ing back to our results, we find that the valence band is
band overlap of almost 1 eV, this one-iteration result is veryinsensitive to the self-energy correction. For the unshifted/
reasonable. MosBW calculations on real materials are per- Shifted case shown in Figs(@/2(b), the quasiparticle band
formed with one iteration. In those materials where the LDAWidth is 10.5/10.2 eV compared to that of the LDA, 10.7/
Hamiltonian already gives a reasonable band structure, ond9-7 €V. The GWA is expected to arrow bands whose
iteration calculations have turned out to give very good reWidths are overestimated by the LDAIt is therefore un-
sults. In this respect, it is interesting to bring up a questioH'keW that the mechams_m C_Jf gap opening is due to band
about the starting Hamiltonian. We obtained an insulating’@rowing. The renormalization factdris typically 0.8-0.9,
state starting from a metallic state. This means that th@nd is even larger than those of semiconductors. These facts
charge density given by the LDA is different from the real SUggest that elec_tron correlation is not very strong in this
one. The screening effect will be overestimated, and so th&ystem, as sometimes assumed.
self-energy correction may be quantitatively incorrect. A
simple and reasonable way to overcome this difficulty is to
shift the bands so that the starting Hamiltonian has a small
gap. We shifted the Y d LMTO orbital after the self- To investigate whether the semiconducting state is struc-
consistent LDA calculation, and did an extra LDA calcula- ture dependent, we now perform a calculation for theLaF
tion for one iteration. Starting from thighiftedHamiltonian,  structure. In this structure, Y forms a hcp lattice. Among
we estimated the self-energy correction, and added the cothree hydrogens per one Y atom, one is on the metal plane,
rection to theunshiftedLDA eigenvalues. This procedure and the other two occupy the tetrahedral site which is be-
gives a quasiparticle band shown in FigbR The overall tween two metal planes.
picture is the same as Fig(&. The valence band is un- In Fig. 4, we show the band structure. The LDA band is
changed, while the conduction band is raised. The gap isemimetallic with a band overlap of 1.4 eV. As is the case in
larger than the unshifted one because of less screening, attte previous section, the conduction band is shifted up by
is estimated to be 1.9 eV. about 2 eV by the self-energy. The valence band does not

What happens then if we shift the Yddoand further? In  change significantly in either width or location of the center.
Fig. 3, we plot theGW gap against the gap of the shifted When we look at the detail, however, the self-energy correc-
Hamiltonian from which the self-energy is calculatédere  tion is highly state dependent. For example, the shape of the

B. LaF; structure
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FIG. 4. The quasiparticle band structure for the 4 aEucture. 20 . ‘ ‘
Filled circles (empty triangles denote the valencéconduction :
bands. Solid line represents the LDA band. The dotted horizontal
line denotes the location of the Fermi level of the LDA band.
w
band is modified in the occupied part of thkK and M-L &
lines. We have analyzed the character of the states, and
found that the self-energy correction raises the energy by
about 1 eV when the state is of tetrahedral hydrogen charac- - .
ter, while it shifts the energy down when the state has little e T

tetrahedral hydrogen component. As for the hole pocket, one ® © 5 10 15 0 2% 30
of the two bands al” is of tetrahedral hydrogen character,
and is shifted up by about 1 eV. The net contribution of the FIG. 5. The dielectric function functione(q,w) at g
self-energy correction decreases the band overlap from 1.4 (% L Ly(2x/a) for the BiF; structure(a) The imaginary part
eV (LDA) to 0.8 eV(GWA). and(b) the real part.

The decrease of band overlap changes the charge density
of the ground state. This, as in the case of the;Bifucture, the LDA the system is metallic and the spectrum accordingly

requires adjusting the starting Hamiltonian so that the 'mt'a:%ﬁows a Drude peak at low energy. This is in contrast to the

just enough to open up a small gap and used this shiftegPectrum calculated_ using the quasiparticle energies, yvhich
Hamiltonian to estimate the self-energy. This results in arTc'hOV‘.’s a gap. E)gperlmentall spectra would be valuable in as-
insulating state with a gap between thiepoint (valence sessing the quality of the different band structures. The spec-

statg and theK point (conduction stateof 1.1 eV. Follow- trum_shows a multiple peak structure at around 5 eV and
ing the same simplified self-consistent procedure as in th@dditional peaks at about 12 eV and 19 eV. o
fcc case, we would obtain a curve similar to the one shown '€ |0Ss spectra, on the other hand, are not sensitive to

in Fig. 3. This result suggests that the band gap is controlleg‘e one-particle energies as can be seen in R@. Bhis is

mostly by the electronic interaction rather than by the crysta ecause the main excnathn_ IS dom|_nateq by the plasmon
structure. whose energy is large and it is essentially fixed byfteem

rule. The peak around 15 eV may be identified as a plasmon
excitation. This energy agrees very well with an estimate
based on the electron gas formula. The two secondary peaks
In addition to the quasiparticle energies, we have als@t 11 eV and 20 eV may be traced back to the two peaks in
calculated the following dielectric function: Im e at 12 and 19 eV, respectively, described in the previous
paragraph. No experimental data are available so far for
comparison of either the optical absorption or the energy loss
spectra.
, , ) ) i It is interesting to compare the real part of the dielectric
with smallq. The imaginary part o€(q,w) gives the optical  ,nction calculated in the LDA and in the self-energy-
absorption, and the imaginary part 9‘”(9’0)) gives the  corrected LDA[Fig. 6(b)]. As can be understood from Eq.
energy loss spectrum. The calculation is done with a 125y Re(1k) characterizes the strength of the screening. We
X 12x12 k-point mesh for the Bif structure. The optical  ¢jearly see a significant difference in the values of ReX &t
property is obtained in the limit af—0. However, our code |, frequencies. The LDA inverse dielectric function is
works for a finiteq only, so we use the smallegtvector  gmg|| since the system is metallic, whereas the shifted LDA
(i5.15.13)(2m/a) as a substitute fog=(0,0,0). one is considerably larger since the corresponding system is
In Fig. 5@ the optical absorption spectra from the two an insulator. The small value of the LDA inverse dielectric
methods are compared. In the LDA case, the LDA wavefunction, which implies too much screening, is probably re-
function and eigenvalues are used. In the shifted case, on tleponsible for the insufficient self-energy correction when
other hand, the Y d band is shifted in the same way as only one iteration is performed. Redefining the starting
described in Sec. Il so that the gap is the same as the expetitamiltonian by taking into account the self-energy correc-
mental one. The wave function and eigenvalues for thigion from the first iteration should give a more realistic band
modified LDA potential are used to calculate the spectra. Irstructure. This results in a larger inverse dielectric function

IV. OPTICAL ABSORPTION AND LOSS SPECTRA

1 . S,
e(q,w)zvf drdr'e 'Te(r,r';w)e'?" (4)
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1.2 T w ' the hopping integrals between the hydrogen sites and LDA
ik T Seted] ] calculations for the hybridization between La and H. The

f model is then solved using the Gutzwiller method, predicting
LaH, to be metallic and Laklto be an insulator. The essence
of their result is that the opening of the band gap is caused by
the reduction in the hydrogen bandwidth due to correlations
in H™ ions.

Another related theory was proposed by Edeal!! The
model is based on the observation that the radius of the hy-
drogen is very sensitive to the occupation number. Thus for a
neutral hydrogen the radius is 0.26 A whereas the radius of
H™ is 1.54 A. This strong dependence on the occupation
number is incorporated into the model by having a novel
hopping integral which depends on the occupation number of
the hydrogen. This results in the formation of a local singlet-
like bound state involving one electron on H and one on the
neighboring metal orbitals. Already, at the mean-field level,
the occupation-dependent hopping integral introduces a sig-
¥ nificant correction to the potential at the H site, lowering the

B T 20 25 hydrogen band, which in turn opens up a gap. This model
(b) o [eV] and the previous model have something in common in that
both treat the hydrogens as impurities in the background of
Lo _ e the yttrium/lanthanide metals. The mechanism for gap open-
=(12,12,72) (27/a) for the BiF; structure.(a) The imaginary part  jng, however, is quite different. In the previous model, the
and (b) the real part. gap opening is a result of hydrogen band narrowing, whereas

in the model of Edeet al.the gap opening is due to a shift in
and the difference in the screening enhances the opening 4Re potential at the hydrogen sitscissor operatdmretaining
of the band gap in subsequent iterations. The situation ighe proad hydrogen band.

similar to the NiO casé and in general we expect to observe |t we now put in perspective the theories discussed above
a similar behavior in cases where the LDA band structureg, the light of our results, we could say the following. In

deviate a great deal from the true quasiparticle ones. Thugynirast to the LDA results, 0@ W calculations show that it

for a one-iterationGW scheme to work successfully, it g not necessary to have a broken symmetry structure to open
seems important that the starting one-particle Spectrujy the gap. Both the calculations with cubic and hexagonal
should be as close as possible to the true quasiparticle ongqrctures produce the band gap and thus the gap is of elec-

tronic origin rather than structural. Regarding the hydrogen
V. COMPARISON WITH OTHER THEORIES band, there is no indication of band narrowing as sgggested
by the model of Nget al. Such a band narrowing in the
There are a few theories proposed in the literature to exsWA must come from the long-range screening, which
plain the semiconducting nature of the yttrium and lan-should be at least partially captured by the RPA. We also
thanide trihydrides based on electron correlation. Now wepbserve that the calculated renormalization faciifgcton
will discuss them in detail. Ngt al. studied the correlation for the hydrogen stateg=0.8-0.9, is actually larger than in
problem in metal hydrides using a model Hamiltont8the  normal semiconductors. This large value means that the hy-
Hamiltonian is divided into three terms: the hydrogen part,drogens participate little in plasmon excitations associated
the yttrium/lanthanum part, and a mixing term. Since thewith long-range screening. The renormalization factor usu-
hydrogen band is fully occupied, the hydrogen should be irally indicates the strength of correlations and such a large
the H state. A single H ion is a bound state and they value suggests that correlations beyond the LDA are not as
assume that the ionic picture is valid. They studied the effeclarge as anticipated. This value is to be compared with that in
of correlations on the H bandwidth using the correlated Ni (Z=0.5) or Gd £=0.3). Thus we could say that, if it is
Chandrasekhar wave function and arrived at an expressianue that the hydrogen band is narrowed, this must be due to
for the hopping integral between neighboring hydrogens. Irshort-range correlations which are not accounted for in the
addition, they also included the effect of the crystal field GWA. We cannot therefore rule out the model of Hgal.
which was found to significantly reduce the hopping integral,although our results show that the mechanism of gap opening
by about 60%. A feature of the model is the constraint thais rather similar to that in normal semiconductors, where the
the total occupation number of the hydrogen site is alwaysipward shift of the conduction band results from state-
greater than 1. This corresponds physically to the fact thalependent self-energy. In this respect, the model of Eder
the two electrons in the Hion have very different energies; et al. conforms better with our results, although in their
the inner one is tightly bound whereas the outer one is momodel, the gap opening is affected by shifting down the hy-
bile. In other words, the model prevents the presence of twdrogen band whereas in our case the gap opening is due to
holes on the hydrogen site. The parameters in the model atbe shifting up of the conduction band.
determined by a combination of microscopic calculations for It is pointed out in the literature that LDA calculation of

Ime™!

(a)

Reg"!

FIG. 6. The inverse dielectric function €h,w) at q
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YH; produces a large band overlap of almost 1 eV, whichassumed. The main role of the self-energy correction is just
means that a correction of about 3 eV is needed since the&ising the conduction band, as in semiconductors such as Si.
experimental gap is 1.8 eV. This then is taken to be an indiThis shift is large enough to remove the band overlap ob-
cation of strong correlations. On the other hand, the LDA isserved in the LDA. Therefore, the discrepancy between the
known to underestimate, and sometimes collapse, a band g&PA calculation and experiments can be explained in terms
so that a poor LDA result in this case does not necessarilpf an electronic origin rather than a structural origin. The
imply strong correlations. Moreover, the hydrogen banddarge discrepancy between the LDA and the experimental
width is much larger than the estimated value of the Hubbardesults could well be due to the poor performance of the
U (2 eV),'! so that the usual criterion of strong correlation is LDA in the band gap rather than to strong correlations.
far from satisfied. Our results suggest thatYid a normal  When an attempt is made to improve the starting Hamil-
semiconductor. The fact that a one-iterati®®V calculation  tonian in theGW calculations by a simplified self-consistent
does not immediately give the correct gap is likely due to thgprocedure, the gap indeed becomes larger, although for more
poor starting LDA Hamiltonian. When a simplified self- quantitative discussion of the gap, a more careful analysis is
consistent procedure is applied, the gap becomes larger akquired on self-consistency. In this sense, our results sug-
though the final self-consistent gap is too large. This crudeest that YH is a normal semiconductor like Si. Our results
procedure, however, requires some refinements. One necggartially support the theoretical model proposed by Eder
sary requirement is to have a self-consistent one-particlet al, but a photoemission experiment is crucial in resolving
starting Hamiltonian, and work along this line is now in the electronic structure of metal hydrides.

progress.

VI. CONCLUDING REMARKS ACKNOWLEDGMENTS

We have calculated the quasiparticle band structure of This work is partly supported by the New Energy and
YH3 within the GW approximation. Neither band narrowing Industrial Technology Development OrganizatiGdEDO),
nor strong renormalization is observed. This suggests thand also by the Research for the Future Program of the Japan
correlations beyond the LDA are not as strong as sometimeSociety for the Promotion of Science.

13. N. Huiberts, R. Griessen, J. H. Rector, R. J. Wijngaarden, J. POK. K. Ng, F. C. Zhang, V. I. Anisimov, and T. M. Rice, Phys.

Dekker, D. G. de Groot, and N. J. Koeman, Nat@rendon Rev. Lett.78, 1311(1997).
380, 231(1996. 1R, Eder, H. F. Pen, and G. A. Sawatzky, Phys. Re6B10 115
2J. N. Huiberts, R. Griessen, R. J. Wijngaarden, M. Kremers, and (1997,
C. Van Haesendonck, Phys. Rev. L&t®, 3724(1997. 12| Hedin, Phys. Rev139 A796 (1965.
3M. Kremers, N. J. Koeman, R. Griessen, P. H. L. Notten, R.13 i ist. isoli ics: i
: » N Je v ¢ » PR L » "-2°L. Hedin and S. Lundquuvist, iSolid State Physics: Advances in
Tolboom, P. J. Kelly, and P. A. Duine, Phys. Rev5B 4943 Research and Applicationgdited by H. Ehrenreich, F. Seitz,
(1998. and D. Turnbull(Academic, New York, 19609 Vol. 23, p. 1.

4p. van der Sluis, M. Ouwerkerk, and P. A. Duine, Appl. Phys.14F. Aryasetiawan and O. Gunnarsson, Phys. Rev. [Zdt3221
Lett. 70, 3356(1997). (1995

5 : ,
J. P. Dekker, J. van Ek, A. Lodder, and J. N. Huiberts, J. Phys.;so_ K. Anderson, Phys. Rev. B2, 3060(1975.

Condens. Matteb, 4805(1993. 16 .
6y. Wang and M. Y. Chou, Phys. Rev. Lef1, 1226 (1993 F. Aryasetiawan and O. Gunnarsson, Phys. Rev9816 214

Phys. Rev. B51, 7500(1995. 17F(1i94)' , Po G - .
"P. J. Kelly, J. P. Dekker, and R. Stumpf, Phys. Rev. L&8. - Aryasetiawan an - Gunnarsson, Rep. Prog. Pbys
1315(1997. 1o 1998 .
8T, J. Udovic, Q. Huang, and J. J. Rush, Phys. Rev. z&t2920  W-D. Schme and A. G. Eguiluz, Phys. Rev. Le®l, 1662
(1997). (1998.

9p. J. Kelly, J. P. Dekker, and R. Stumpf, Phys. Rev. L& 19B. Holm and U. von Barth, Phys. Rev. B, 2108(1998.
2921(1997. 20F Aryasetiawan, Phys. Rev. &, 13 051(1992.



