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Asystematic study ofthe resistivity апд НаН effect in single-crystal films Nd2_., Се", CU04_6 
(0.12:5 ж :5 0.20) is presented, with special emphasis оп the low-temperature дерепдепсе ofthe 
поnnal state conductance. Two-dimensional weak localization effects are'found both in а nonnal1y 
conducting underdoped sample (ж - 0.12) апд in situ superconducting optimaHydoped (ж - 0.15) 
ос overdoped (ж = 0.18) samples in а high mзgпеНс field В > B~2. ТЬе рhзse соЬесепсе time 
т'" (5.4· 10-11 s а! 2 К) anд (Ье effective thickness of а CU02 conducting layer d (~ 1.5 А) Ьауе 
Ьееп estimated Ьу fitting 2D weak localization theory expressions (о magnetoresistivity даtз for 
mзgпеНс fields perpendicular (о (Ье аЬ plane апд in plane. Estimates of (Ье parameter d ensure 
strong саrПес confmement anд justify а mодеl consisting of almost decoupled 2D mеtзlliс sheets 
for the Nd2_.,Ce",Cu04_6 single crystaJ. 

PACS: 74.60.Ес; 74.76.Bz 

1. INТRОDUСТЮN 

Тhe field ofhigh-transition-temperature (high-Te) superconductivity Ьзs generated several 
thousand publications in the last few years. For а short overview of the lattice structure 
and phase diagram of the most widely studied copper oxide compounds, such as hole-doped 
.La2-жSгжСuО4 and УВа2СUзО6+ж or electron-doped ~-жСежСuО4 (L=Nd or Pr), оnе. сап 
consult, e.g., the review in Ref. [1] or book Ьу Plakida [2J. ТЬе copper oxide ЬЩh-Т~ materia1s 
are basically tetragonaI, and аП ос, them have оnе or mOre СuО2 planes in their structure, 
which are separated Ьу layers of other atoms (Ва-О, La",O, Nd-O, ... ). Most researchers ~ 

empirically and theoretically have соте to а consensus that superconductivity isrelated to 
processes occurring solely in the conducting СuО2 planes, with the other layers simply providing 
the carriers (they are therefore called charge reservoirs). In the Cu02planes, еасЬ copper ion 
is strong1y bonded to four oxygen ions separated Ьу approxirnately 1.9 А. 

Due to the layered character of the crystal structures, the high -Те соррес oxide compounds 
are highly anisotropic in their normal-state electrical properties. A1though the resistivity iц the . ' 
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Fig. 1. Crystal structure of three types of copper oxides (Ref. (4)) 

СиО2 planes, РаЬ, shows metallic temperature dependence, the temperature behavior and the 
rnagnitude ofthe resistivity parallel to the с axis, Ре, асе strong1y dependent оп crystai structure, 
and оп the concentration of charge carriers. 

Systematic data for Ре in а питЬес of ЬЩЬ-Те materials obtained оп well characterized 
шng1е crystals асе presented Ьу Ito et al. [3]. Рос hole-doped systems УВа2СUзО6+ж and 
La2-ж Sгж СиО4 Ре exhibits а marked change in magnitude as well as in temperature dependence 
with changing hole concentration О.е., changing х). For the underdoped (low х) and 
optimaIly doped (superconducting) compounds Ре is nonmetallic (dpe/dT < О) at low enough 
temperatures. In both systems the anisotropy coefficient, Ре/ РаЬ, decreases noticeably with 
doping, being '" 1 02 for the superconducting compounds. 

ТЬе crystaI structure Т' of the electron doped Nd2_жСежСuО4_б system is the simplest 
атоng the superconducting cuprates with the perovskite structure [4]. ТЬе Си atoms 
in the СиО2 layers of hole-doped La2-",SгжСuО4 or Nd2_ж_уСежSГуСuО4_б (у > х) 
superconductors асе surrounded Ьу apical О atoms, forrnlng octahedrons(T structure) ос 
semioctahedrons (Т' structure). ТЬе most important difference in the crystal structures of 
Nd2(Ce)Cu04and La2(Sr)Cu04 is that the apical oxygen atoms in the Т' structure are displaced 
so as to rnake ап isolated СиО2 plane (РЩ. 1). 

ТЬе Undopedsystem Nd2CU04 is ап insulator, with the valence band main1y of О 2р 
, character, and the empty conduction band being the upper Hubbard Си 3d band. ТЬе Coulomb 

3d-3d repulsion at the Си site U(~ 6-7 еУ) is strong, and it is greater thanthe oxygen to 
- metaI charge-transfer energy д (~, 1-2 eV). As the gap between the conduction and valence 

bands is deterrnined just Ьу the energy д, these cuprates асе classified as charge-transfer 
semiconductors [5]. . 

ТЬе combination of Се doping and О reduction results in n-type conduction in Cu~ 
layers in Nd2_",Се",СuО4_б single crystals [4,6]. An energy band structure calculation [71 
shows that the Fermi level is located in а band of pdu-type formed Ьу 3d (х2 - у2) orbitaIs 
of Си and рО'(х, у) orbitals of oxygen. ТЬе pdu band appears to Ье of higbly two-dimensional 
(2D) character, with almost по dispersion in the z-direction поrrnal to СиО2 planes. ТЬе 
electrons are concentratec;l within the confines of conducting СиО2 layers, separated from each 

1724 



ЖЭТФ, 1999, 116, 8Ыn. 5(11) Тwo-dimensiona/ weak (oealization effeet . .. 

. 
bther Ьу а distanee с ::.: 6 А. 

In aeeordanee with such а strueture Nd2_жСежСuО4_б, single crystals have а significant1y 
higher resistive anisotropy than у- or La-systerns: Ре/ РаЬ ::.: 104 for х = 0.15 [8,9] and for 
х = 0.16-0.20 with different values of oxygen defieiency б [10] at room temperature, it inereases 
with deereasing temperature [10]. Measurements Ьу Ito et al. [3] for another eleetron-doped 
eompound with the same Т' strueture, Рr2_жСежСuО4_6, show that for х = 0.15 the anisotropy 
is very large, Ре/ РаЬ ~. 10\ and nonmetallie Ре is observed. Preliminary measurements оп а 
Pr-system with different х indicated that, as in the ease of у- and La-systerns, Ре deereases 
with inereasing еапiес eoneentration mueh more rapidly than РаЬ. 

Тhe larger anisotropy in Nd- or Pr-systerns eompared with La- or Y.-systerns would imply 
that fluorite-type Nd202 or Pr202 layers bloek out-of-plane conduetion more effeetively than 
NaCl-tуре La20 2 or Ва202 layers [3). 

The nonmetalie behavior of out-of-plane eonductance suggests that the сапiет are 
eonfined tightly in the СиО2 plane [3]. It is thus ofinterest to search for two-dimensional effects 
in the in-plane eonductanee of the layered euprates. There are several previous reports оп the 
manifestation of2D weak 10calization effeets in the in-plane conduetanee ofNd2-жСежСuО4_6 
single erystals ос Шrns. Тhus а linear dependenee of resistivity оп In Т. eomes about at Т < Те 
for samples with х ::.: 0.15, in whieh the supereonducting state is destroyed Ьу а magnetie 
field [11]. FurthеПnоre, а highly anisotropie negative magnetoresistanee, predieted for 2D 
weak loealization, has Ьееп observed in the nonsupereondueting state at low temperatures: in 

_ samples with х = 0.11 [12] and in unredueed samples with х = 0.15 [13] or х = 0.18 [14jJ. 
We report here а systematie study of 2D weak localization effects for а number of optimally 
redueed samples of Nd2_жСежСuО4_6 with 0.12 ::; х ::; 0.20. 

2. EXPERIMENТAL PROCEDURE 

The flux separation teehnique was used for Nd2_жСежСuО4_6 Шm deposition [15]. 
High-quality с-axiз oriented single erystal Шrns with thiekness around 5000 А and 0.12 ::; 
::; х ::; 0.20 were grown. The values of Те after sample reduction are shown in ТаЫе 1. 

ТаЫе 1 

. 
ро·l05 , 'РЗОО К . 105, Рзоо к/ РО А ·109, Х t,A Те, К 
а·сm а·сm а·ет/К2 

0.12 5500 - - 102 - -
0.15 5000 20 8.2 42.4 5.2 4.0 
0.17 5700 12 8.6 29.6 3.4 2.7 
0.18 5000 6.0 6.0 23.5 3.9 2.2 
0.20 4000 < 1.3 1.1 10.0 9.1 1.1 

Figure 2 demonstrates that Те of the Шm with х = 0.15 is in agreement with previously 
published data for bulk single erystals [4]. The values of Те for overdoped Шrns with х ~ 0.17 
are higher than for corresponding bulk erystals in accordance with the inforrnation of Хи et 
а1. [16] that supereonductivity surVives ир to х = 0.22 in Nd2-жСежСuО4_б Шrns. 

Standard four-terminal measurements of t.he resistivity Р and Hall effect R OIlab, В"с) in 
the de regime were carried out in the temperature range Те < Т ::; 300 К without а maanetic 
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Fig. 2. РЬзsе diagram of Nd2_.,Се.,СUО._б. 
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Fig. 3. Temperature dependence of in-plane resistivity for the samples investigated 
Nd2_.,Се.,СuО4_б 

field В, and in magnetic fields ир to В = 12 Т at temperature down to 0.2 К. ТЬе electrical 
contacts were prepared Ьу evaporating thin silver strips onto the sample, and attaching silver 
wires to these with conducting glue. 

3. RESULTS 

ТЬе temperature dependence of the zero-field in-plane resistivity for the investigated 
samples at Т ир to 300 К is shown in Fig. 3. А clear resistance minimum is obselVed at 
т ~ 150 К for the nonsuperconducting sample with х = 0.12. ТЬе р(Т) dependence is 
described Ьу р = РО + АТ2 at Т = 20-180 К for х = 0.15, 0.17, and 0.18, and over the wider 
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Fig.4. In-plane resistivity (j ..L В) ofthe sample with х = 0.20 as а function of 
magnetic fie!d В ..L аЬ at two different temperatures. Апоws indicate values of 
the second critica! field. Inset: Hall coefficient (jllab; В ..L аЬ) as а function 

of magnetic fie!d at Т = 1.3 К . 

Т = 10-300 К for х = 0.20. The values of ро and А are presented in ТаЫе 1. 
We describe here the rnagnetoresistance measurements оnlу for the underdoped 

nonsuperconducting sample (х = 0.12) and for two overdoped superconducting samples 
(х = 0.18 arid х = 0.20). Detailed investigations of р(В, Т) dependencies for the optimally 
doped sari1ple -with х = 0.15 were presented earlier [17], as were some results оп the х = 0.18 
sample [18]. 

In the superconducting samples, norrnal-state transport at low Т is hidden unless the 
rnagnetic field stronger than the second critical field Ве2 is applied. As we are interested in the 
low-temperature р(Т) dependence, we have" destroyed the superconductivity with а magnetic 
field В.l.. perpendicular to the СиО2 planes. In Fig. 4, the p(B.l..) dependence Cor х = 0.20 at 
Т = 1.3 К and Т = 4.2 К in а magnetic fields ир to В = 5.5Т are presented. In the inset 
of Fig. 4, the dependence of the Hall coefficient R оп magnetic field В.l.. at Т = 1.3 К is 
Ш0 shown. Оп the assumption that В;Ь(Т) is а field in which p(B.l..) and R(B.l..) at given Т 
соте upto their normal-state value, we have В;Ь = 2.2 Т at Т = 1.3 К and в;Ь = 1.5 Т at 
Т=4.2 К. 

In our previous investigation [18] ofthe sample with х = 0.18, negative rnagnetoresistance 
was observed after the destruction of superconductivity Ьу а rnagnetic field ир to 5.5 Т at 
Т ;::: 1.4 К. In Fig. 5, p(B.l..) is shown for this sample at much lower temperatures (down 
to О.2К) and in fields ир to 12Т. The inset of Fig. 5 shows ап ехатрlе of R(B.l..) at given 
Т < Те. The nonmonotonic R(B.l..} behavior, with reveisaI of the sign of the Hall effect, is 
usually observed in the mixed state ofthe superconductor [18, 19]. The transition to the norrnal 
state is completed at В = Ве2, where the Hall coefficient becomes nearly constant with the 
same value as in the normal state at Т > Те (Ве2 :::: 5 Т \1t Т = 0.2 К). Values of Вс2 for 
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with х = 0.18 at Т = 0.2 К. Fit parameters of the broken line are: В", = 0.1 Т, а = 6.6. 

Inset: Surface conductivity as а function ofln В 

х = 0.18 estimated in this way at different temperatures are marked Ьу the arrows in Fig. 6. 
Тhт ftgиre alЗО clearly demonstrates the transition from positive to negative magnetoresistance 
after the suppression of superconductivity . 

. In Fig. 7, the results of the theoretical description of the magnetoconductivity at В > В с2 
are presented. Figure 8 demonstrates that the resistivity ofthe sample with х = 0.18 is а linear 
function of ln Т in magnetic fields В > Вс2. Тhe ехрептепtal points for В = 1.5 Т arealso 
shown. If the logarithmic temperature dependence of the resistivity is typical of the normal 
state, then the discrepancy between the ехрептепtal points апд the logarithmic law indicates 
that the normal state has not yet Ьееп attained at В = 1.5 Т. 

We have alЗО measured the in-plane conductivity in nonsuperconducting sample with 
х = 0.12 for magnetic fields perpendicular апд parallel to the СuО2 planes uр to 5.5 Т at 
т = 1.9 К and 4.2 К (Fig. 9). The po~itive magnetoconductivity (negative magnetoresistance) 
observed in this sample is obviously ariisotropic relative to the direction of the таgnеНс field. 

4. DlSCUSSION 

А logarithmic· temperature dependence of the conductivity is опе indication of the 
interference quantum correction due to 2D weak localization. А magnetic field normal to 
Ше djffusion path of а carrier destroys the interference. In а two-dimensional system, it саtщ:s 
negative magnetoresistance for the field perpendicular to the plane, but по effect for the paraЦel 
conftgиration. Weak loca1ization effects are almost totally suppressed for BJ. > B tr [20], where 
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the so caIled «transport field» is defined as the field at which 

21Г BtrP = 410. (1) 

Here 1 is the elastic теап free path and ФО = 1Гch/е is the elementary flux quantum. 
; Let us compare Eq. (1) with the relations between the coherence length ~ and the second 

criticaI field in the pиre superconductor (~ « 1), 

(2) 

or in the so-сaIlеd «dirty 1imit» (~ » l): 

21Г Bc2~l = ФО. (3) 

From Eqs. (1) апд (2) we have B tr / ВС2 == (~/o2, so B tr « Вс2 , and it is impossible to 
observe weak localization effects in the pиre case, In c;ontrast, from Eqs. (1) and (3) опе 
has B tr / Вс2 == (~/l), B tr > Вс2 , апд weak focaIization should survive in the normaI state 
(В > Вс2 ) of а dirtysuperconductor. 

In ТаЫе 2, the param.eters of investigated samples essentiaI to а description of 10caIization 
are presented. From the experimentaI values of the in-plane resistivity р and НаIl constant R 
in the normaI state, we have obtainedthe surface resistance Rs == р / с per СиО2 layer апд the 
bulk anд surface electron densities n = (eR)-1 апд nа == nс (с == 6 А is the distance between 
Cu02Iayers). Using the relations [21] иа == (e2/h)kFl for the 2D conductance и" = I/Rs , 

and kF = (21Гn.)l/2 for the Fermi wave vector, we have estimated the important parameter 
kFl, the inеап free path 1, апд then according to Eq. (1) the characteristic field B tr . For the 
sample with х == 0.15 we use the data of Ref. [17]. 

ТаЫе 2 

n·1O- 22 , 1,А В;Ь,Т 
. 

х kFl Btr , Т ~,A 
ст-З (Т == 1.4 К) 

0.12 0.2* 2 ~ 10 ~ 270 - -
0.15 2.0* 18 ;::::: 30 ~ 30 5.5 180 
0.18 1.1 25 40 22.5 4.0 200 
0.20 1.0 150 240 0.6 2.2 150 

* Data from Ref. [1) at Т = 80 К. 

In а random two-dimensional system, the parameter kFl сап serve as а measure of 
disorder [21]. It is зееп from ТаЫе 2 that we have а wide range '" 1-102 of kFl in the investigated 
series ofsamples. For kFl» 1, а true.meta1lic conduction takes place in СиО2 layers. Тhus, 
we have а rather pиre 2D systern with kFl '" 10 for х == 0.15 or х == 0.18, and ап extremely 
pиre system with kFl '" 102 for х = 0.20. It is quite remarkable that еуеп at such high vaIues 
of the parameter kFl, а trace of localization comes to 1ight: for BJ. > Вс2 , Р is greater at 
1.3 К than at 4.2 К (зее Fig. 4). As for the sample with х == 0.12, where kFl is ofthe order of 
unity, this system is in close proxirnity to transition from weak logarithrnic to strong exponentiaI 
locaIization asdisorder increases (kFl decreases). 

Тhe second criticaI field Ва. at temperatures around Т ~ 1.4 К (зее Figs. 4 and 5) and 
values of ~ estimated according to Eqs. (2) or (3) are also shown in ТаЫе 2. Inthe pure 
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system with х=0.20, { < 1, and n~gative magnetoresistance is not detected at В > Вс2 , at 
lеат for Т ~ 1.3К (see Fig. 4). Systerns with х = 0.15 and 0.18 асе situated close to the 
dirty lirnit { » 1, and there exist appreciable field ranges Вс2 < В < B tr where negative 
magnetoresistance due to 2D weak localization is actually observed (see Ref. [17] and Fig. 6). 

In 2D weak localization theory, the quantum correction to the Drude conductivity in а 
perpendicular rnagnetic field is [22] 

(4) 

where а is а factor of the order of unity, '1' is the digamma function, and В<р = ch/4eL~. 
Несе L<p = V DT <р is the phase соЬесепсе length, D is the diffusion coefficient, and т <р is the 
phase Ьсешng time. 

Thе fit of (4) to the experimental (18(BJJ data for х = 0.18 at В1. > Ва is shown in 
Fig. 7. For еасЬ temperature there асе two fit parameters: the characteristic field В<р (ос L<p) 
and the factor а. Thе widest range of requisite magnetic fields and thus the most accurate fit 
results асе obtained for the 10west temperature Т = 0.2 К. With Btr = 22.5 Т, the best fit is 
obtained for В<р ~ 0:1 Т (L<p= 560 д) and а = 6.6. Тhe fitting procedure is highly sensitive 
to the value of the parameter а. In contrast, the value of В<р is obtained only to order of 
magnitude, as we have по zero-field and weak-field data. Nevertheless, there is по doubt that 
the inequality В<р «: B tr is valid. 

In the field rangе В<р «: В «: Btr , the expression (4) сап ье written 

/1(18(В1.) = а 2;:п { -'1' (~) -ln ~~}. (5) 

Thе inset of Fig. 7 shows that the experimental data at Т = 0.2 К сап ье fitted rather closely 
Ьу this simple formula over а wide range of fields, 5$ В $ 11 Т. But as we have the factor 
а = 6.6, negative magnetoresistance is too large to ье due to the destruction ofweak 10calization 
оnlу. ТЬш we conclude that some additional mechanism of negative magnetoresistance must 
ье at work. 

Thесе exists another quantum correction to the normal-state conductivity with а 
logarithrnic dependence of magnetoresistivity оп В, namely the correction due to disorder-mo­
dified electron-electron interaction (EEI) in the Соорес channel [23]. In the range ofmagnetic 

- fields ВТ «: В «: Btr , we have 

ЕЕ! _ е2 (В1.) /1(1. (В 1.) - - 27Г2п g(T) ln B tr ,. (6) 

where ВТ = 7Гch/2еL}, LT = VhD / kT is the thermal соЬесепсе length, and g(T) is 
the effective interaction constant of two electrons with opposite momenta. Forthe attractive 
electron-electron interaction due to virtual phonon exchange, 9 > О, and according to (6) the 
magnetoresistance should Ье negative. 

As we have dealt with in situ superconducting samples, so that 9 > О, the contribution 
due to ЕЕI is most рсоЬаЫу the reason for the extra negative rnagnetoresistance at very low 
temperatures (ВТ = 0.02 Т at Т = 0.2 К). With increasing temperature, the magnitude of the 
ЕЕ! conribution decreases rapidly (а = 2.5 at Т = 0.8 К), and at Т ~ 1 К the estirnated value 
ofthe factor is close to unity (а = 0.77 at Т = 2.1 К), as it should ье for weak localization. 
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It should ье noted that pronounced negative magnetoresistance due to the suppression 
of weak electron 10calization is observed in ordinary superconductors as well. The 
electron. transport properties of three-dimensional (3D) amorphous a-МозSi and a-NЬзGе 
superconducting films Ьауе Ьееп investigated in rnagnetic fields ир to В = 30 Т а! temperatures 
down to Т = 0.35 К [24]. ТЬе authors Ьауе found that both the temperature and field 
dependence of the resistivity Р сап ье qualitatively described Ьу weak localization theory. 
At 10w temperatures апд in magnetic fields аЬоуе the upper critical field, В > Вс2, 
magnetoconductivity is proportional to В1/2 • This field dependence is consistent with weak 
10calization in the high-field limit (В :> В'Р) for 3D disordered systems, in contrast to а 2D 
system with t.a(B) сх: lп В. 

Опе important indication of the 2D character of а system is the strong dependence of 
magnetoresistance оп magnetic field orientation. Highly'anisotropic (negative) magnetoresis­
tance is actually observed in а nonsuperconducting sample with х = 0.12 (зее рщ. 9). From 
the fit to as(B1.) Ьу the functional form (4) with а = 1, we find L'f' = 770 А at Т = 1.9 К and 

L", = 550 А at Т = 4.2 К, зо that the phase coherence Нте T'f' = 5.4·10-11 S at Т = 1.9 К 
and Т'Р = 2.7 . 10~11 s at Т = 4.2 К. 

We explain the mисЬ weaker negative magnetoresistance for the parallel configuration BllaЬ 
Ьу incorporating finite-thickness (d) corrections into the strictly 2D theory [25]: 

(7) 

Ву fitting the theoretical expression (7) to the curves for a(B11) (зее Fig. 9), we Ьауе found 

the effective thickness of а conducting CU02 layer, d ~ 1.5 А. This уаlие yields ап estimate 
for the extent of the electron wave function in the normal direction, and ensures strong carrier 
confinement (d < с). ТЬе single crystal NdCeCuO сап therefore ье regarded as ап analog of 
ап ultra-short-period superlattice (1.5 А wells /4.5 А Ьщ·riеrs). 

As the 2D version of weak localization theory is аЫе to describe {Ье behavior of а(В, Т) 
in our sample, the inequality Тевс > T'f' should ье valid for the езсаре Нте of ап electron from 
опе СиО2 plane to another. ТЬеп we Ьауе Тевс ~ 5·10-11 з. ТЬе езсаре Нте betweenadjacent 
wells in а superlattice сап also ье estimated from the value of the normal diffusion constant, 
Тевс = е / D i.. For the parameters of our sample at 300 К, we Ьауе [9] D II / D 1. = 1.7 . 104 
with the in-plane diffusion constant D II = 1.2 ст2 з-1. ТЬеп Тевс ~ 5· 10-11 S еуеп а! room 
temperature, зо Тевс > т'" with certainty at low temperatures. 

5. CONCLUSION 

We Ьауе investigated the low-temperature and magnetic field dependence of the normal 
state in-plane resistivity, РаЬ, in а layered copper oxide single crystal Nd2-жСежСUО4-б. ТЬе 
material is regarded as ап intrinsic two-dimensional conduction system (а collection of 2D 
conducting СиО2 planes), and the results are interpreted in terms ofthe 2D weak localization 
model. Three indications of 2D weak localization Ьауе Ьееп displayed: logarithmic temperature 
dependence of the resistivity, significant negative/ magnetoresistance for а field normal to the 
ab-рJапе, апд pronounced magnetoresistance anisotropy (mисЬ weaker effect for а раraПеl 
conflguration). А strong dependence of the magnitude of magnetoresistance оп the direction 
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of the magnetic field is the most importaI1t experimental test for the two-dimensional character 
of а conducting system. 

In а series of samples with х = 0.12-0.20, we have а full range of disorder parameter values, 
kFl = 2-150. Estimates of essential microscopic parameters, such as the elastic mean free path 
l, the inelastic scattering length L"" and the effective thickness of а conducting layer d, have 
shown that in accordance with the adopted model, d «: 1 < L", «: t (t is the geometrical 
thicknesS of а sample). Moreover, ош estimates show that the thickness of the conducting 
layer is less than the distance between СиО2 layers, d < с, and this favors carrier confinement 
within а separate СиО2 layer. Thus, the NdCeCuO single crystal сап ье described as а natural 
superlattice with а confining potential induced both Ьу the specific pdu symmetry of the electron 
wave function and strong Coulomb correlation effects. 

Тhis research was supported Ьу the Russian Program «Current Problems in Condensed 
Matter Physics,. (Grant N.! 98004) and the Russian Foundation for Basic Research (Grant 
N.! 99-02-17343). 
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