ResearchGate

See discussions, stats, and author profiles for this publication at:

Many-zone effects in cuprate superconductors

Article /1 Superconductor Science and Technology - January 1998

DOI: 10.1088/0953-2048/11/1/002

CITATIONS READS
8 27
2 authors:

e National Academy of Sciences of Ukraine -Q) National Academy of Sciences of Ukraine V. E. L...

88 PUBLICATIONS 233 CITATIONS 96 PUBLICATIONS 527 CITATIONS
SEE PROFILE SEE PROFILE
All content following this page was uploaded by on 15 November 2014.
The user has requested enhancement of the downloaded file. All in-text references are added to the original document

and are linked to publications on ResearchGate, letting you access and read them immediately.


https://www.researchgate.net/publication/253585848_Many-zone_effects_in_cuprate_superconductors?enrichId=rgreq-112a0416b80d3390f9e45b8dae675a8b-XXX&enrichSource=Y292ZXJQYWdlOzI1MzU4NTg0ODtBUzoxNjM4NDU5ODEwODk3OTJAMTQxNjA3NTMzNDU5OQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/253585848_Many-zone_effects_in_cuprate_superconductors?enrichId=rgreq-112a0416b80d3390f9e45b8dae675a8b-XXX&enrichSource=Y292ZXJQYWdlOzI1MzU4NTg0ODtBUzoxNjM4NDU5ODEwODk3OTJAMTQxNjA3NTMzNDU5OQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-112a0416b80d3390f9e45b8dae675a8b-XXX&enrichSource=Y292ZXJQYWdlOzI1MzU4NTg0ODtBUzoxNjM4NDU5ODEwODk3OTJAMTQxNjA3NTMzNDU5OQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sergei_Kruchinin3?enrichId=rgreq-112a0416b80d3390f9e45b8dae675a8b-XXX&enrichSource=Y292ZXJQYWdlOzI1MzU4NTg0ODtBUzoxNjM4NDU5ODEwODk3OTJAMTQxNjA3NTMzNDU5OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sergei_Kruchinin3?enrichId=rgreq-112a0416b80d3390f9e45b8dae675a8b-XXX&enrichSource=Y292ZXJQYWdlOzI1MzU4NTg0ODtBUzoxNjM4NDU5ODEwODk3OTJAMTQxNjA3NTMzNDU5OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/National_Academy_of_Sciences_of_Ukraine?enrichId=rgreq-112a0416b80d3390f9e45b8dae675a8b-XXX&enrichSource=Y292ZXJQYWdlOzI1MzU4NTg0ODtBUzoxNjM4NDU5ODEwODk3OTJAMTQxNjA3NTMzNDU5OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sergei_Kruchinin3?enrichId=rgreq-112a0416b80d3390f9e45b8dae675a8b-XXX&enrichSource=Y292ZXJQYWdlOzI1MzU4NTg0ODtBUzoxNjM4NDU5ODEwODk3OTJAMTQxNjA3NTMzNDU5OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/A_Yaremko?enrichId=rgreq-112a0416b80d3390f9e45b8dae675a8b-XXX&enrichSource=Y292ZXJQYWdlOzI1MzU4NTg0ODtBUzoxNjM4NDU5ODEwODk3OTJAMTQxNjA3NTMzNDU5OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/A_Yaremko?enrichId=rgreq-112a0416b80d3390f9e45b8dae675a8b-XXX&enrichSource=Y292ZXJQYWdlOzI1MzU4NTg0ODtBUzoxNjM4NDU5ODEwODk3OTJAMTQxNjA3NTMzNDU5OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/A_Yaremko?enrichId=rgreq-112a0416b80d3390f9e45b8dae675a8b-XXX&enrichSource=Y292ZXJQYWdlOzI1MzU4NTg0ODtBUzoxNjM4NDU5ODEwODk3OTJAMTQxNjA3NTMzNDU5OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sergei_Kruchinin3?enrichId=rgreq-112a0416b80d3390f9e45b8dae675a8b-XXX&enrichSource=Y292ZXJQYWdlOzI1MzU4NTg0ODtBUzoxNjM4NDU5ODEwODk3OTJAMTQxNjA3NTMzNDU5OQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Supercond. Sci. Technol. 11 (1998) 4-8. Printed in the UK PIl: S0953-2048(98)88758-7

Many-zone effects in cuprate
superconductors

S P Kruchinin 1 and A M Yaremko

1 Bogolubov Institute for Theoretical Physics, The Ukranian National Academy of
Sciences, Kiev 252143, Ukraine

1 Institute of Semiconductor Physics, The Ukranian National Academy of Sciences,
Kiev 252028, Ukraine

Received 23 October 1997

Abstract. A new theoretical approach is proposed to study the states responsible
for the superconductivity of crystals. Within the framework of the approach it is
shown that in the electron—phonon system a class of new so-called coupled states
arises. Electron-pair states with k; + k; =0, s + s’ =0, postulated in the BCS
method are included in this class in a natural manner. The model numerical
calculations have shown that the SC gap depends on the number of bands crossing
the Fermi level and on the momenta k; + k; = K #Z 0 of interacting electrons and
that the temperature dependence of the SC gap for HTSCs is more complicated (in
agreement with the recent experimental data) than predicted in the BCS approach.

1. Introduction by the corresponding electron zone (band) they belong to;

(iii) the structure and symmetry of electron bands are given
The explanation of the higifz superconductivity of these  py the crystal structure.
crystals is now one of the important problems in condensed
matter physics. This is confirmed by numerous papers
and review articles [1-8] concerned with this aspect but
the theoretical models describing this phenomenon are still
in development even though this may be one of the most

From our calculations it follows that new so-called
coupled states can arise in the electron system which
give rise to the lowering of the system energy and to
the appearance of new features in the density of states.

important questions. That is clearly seen for example from The appearance of these states depends on the constants

[5, 7] where the discussion of the mechanisms of SC is the of electron—electron and electron—phonon interactions, on
dominant problem of these articles. We want to look at the structure qf glectron bands al_nd on the temperature of
this problem once more and to study in more detail some the crystal. Similar types of excitations are well known
aspects of electron—phonon interactions. Theoretical studyin phonon and polariton spectra of crystals ([9,10] and
of superconductivity is based as a rule on the physical ideareferences therein). The essential difference is that the
of pairing of electrons with opposite spins € s* = 0) electrons have their own magnetic moment (spin), and
and momentak(+ k' = 0) (e.g. [1,2,5]; the presence of therefore the coupled states in the electron system will
electron pairing is postulated in all mechanisms). Using also depend on the spins of the crystal electron bands
this postulate the possibility of the coupled states arising generating these coupled states. It will be seen that the
in the electron (electron—phonon) system was investigated.energies of some of the discussed coupled states precisely
These states are responsible for superconductivity in thiscoincide with the values of the energy which are obtained
system. for the superconducting gap using the traditional BCS

In this work a new approach to the SC problem is ,5iing approach. However, our results show that many
proposed (as a first step we will study the density of other states (with nonzero moment& (= k + k' # 0)

electron states (DES) in a crystal). Within the framework and spins § = s + s’ # 0) of interacting electrons) also

of our approach we do not suppoaepriori that special contribute to the SC of crystals (see also [11, 12]). It should

pairing of electrons (with opposite spins and momenta
as is traditionally supposed in the BCS method) takes also be noted that the presence of several electron bands

place. However, electrons in the crystal have to satisfy the Crossing the Fermi level (or closely located to the latter)
following natural conditions: (i) they move in the crystal 9ives rise to qualitatively new features in the density of
under a periodic field generated by the lattice ions; (i) the States of the electron system (for example, coupled states
electrons interact with each other and the ions of the lattice With a whole number { # 0) of spins and located apart
by the Coulomb law, which means that colliding electrons from the Fermi level can arise). The spin featur&s4 0)

may possess arbitrary momenig énd spins ) allowed agree with some results of recent work [13].
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2. Density of current and Hamiltonian 3. Two-particle Green function, coupled states
and gap

In this article we present the general idea of our approach.
The density of current can be written [14] To calculate the DES we have to study the Green function

. _ &2 . for the case with approximatiot — ¢ — 0 in accordance
(0 0) = (G (D)o = - —(n(x))oA(x. 1) + higher order with equation (2). When this situation arises the two-

@ particle Green function can be written as follows:
+

e =Iir§1\p (ﬁs)(\p (i»?) — (=T (x, DU, 1))] G2Giltimgagt = 1) = T Akt Dty )

IR T L * o X AL (AL, ()] /=1 —0. @)

= ‘Z[Xk: 1-i kZ: G(k, w)] (2) Such a two-particle Green function satisfies the Bethe—

Salpeter type of equation (we do not split this function into
where the operatord (x) satisfy the Fermi commutation  two one-particle Green functions of the Gorkov type [15]).

relations and are given by the expression The solution this equation according to the Bogolubov—
W(x) = Zal‘:,a(pl];,a(x) ) Tyabhko_v method [14, ;6] gives rise to the foIIowmg
fapd expression for the Fourier component of the two-particle
Green function:
where
; N Ga( 2Lyt )
P o (X) = @ (X) X (5) @ s 3" 14 = Sk k8,080, kita.uke=g.v
“ ¢ o ol = B @) Sk, ko, v @) 3, 5 (i, v; 0, 07) ®
@} (x) is the Bloch function of an electron in the¢h energy 1—VK(ka, u; k2, v; ®)
band of the crystal ang, (s) describes the spin of this 1 1—nfl+q — N,y
electron. The DESn(x))o is expressed (equation (2)) by K (ky. pika, viw) = > oo e
the Fourier components of the Green functiétk, w); Vo | €‘1|2 s 2y
is the volume of the crystal. y Xq
I o . . =V,=V,—2)» —— = constant 9
The Hamiltonian describing the system of interacting e Z 2y ©

electrons and phonons of the crystal after transformation
by a unitary operator is written in the following form (it
will be described in more detail elsewhere; see also [9, 10]):

n; is the filling number of electrons; V is the
effective Fourier component of the electron—electron (e—e)

2 interaction.  If the constant of the e-e interaction
H= Z el — 1 Z Xal "\ g+ 4 renormalized by the electron—phonon interaction becomes
k N Q k,v kv .
PR sg Sis negative ¥ > 0) the appearance of new types of
1 |X§|2 states (coupled states) in the electron system is possible.
‘*‘ﬁ Z <Vq _ZZ T) Equations (8) and (9) give the spectral features in the
N "*ﬁ;“”‘"”' s . region of two-particle states. Therefore, let us study these
XALAL L Aig v Ak g+ ) QgBl B expressions. It is seen from equations (8) and (9) that if
1 -4 the momenta of interacting electrons satigfy= k, = 0
—i > (el — & DAL Akmg 0y (5)  or ko = —ki the denominator in the right-hand side
k.g.v of equation (8) is precisely reduced to the well-known

whereV, = V_,, x* = x*, are the Fourier components expression describing the SC gap of a crystal, but for
of the Coulomb interaction of electrons with each other other arbitrary monent&; and k, of the electrons the
and their coupling constant with the lattice phonons situation is significantly different. From equations (8) and
respectivelyg; is the energy of the electron. The constants (9) it follows that in addition to states corresponding to
V, andy; are both independent of the band and spin indices traditional BCS pairing there are many new states occurring
of electrons. in equation (8) and contributions to the SC gap which,
hence, depends on the momenta of the interacting electrons.

. = [exp S]Ax [exp(—S L .
@i, = [exp S]Ac.[exp(=5)] This will be shown below. The numerator of the right-

by = [exp S1B;4[exp(—S)] (6) hand side of equation (8) gives rise to new possibilities.

where S is an anti-hermitian operatoSt = —S) and the ~ Here f(ki, u; k2, v; w) is some function depending on
o, operator is linear on the phonon operatgrs. ;. the frequency ¢) and momenta; and k, of interacting

In equation (5) we united two indexes so that= electrons; the second functigriu, v; o, o’) is expressed in
(v,0),v = (V,0’) are the complex indices which terms of functions); ; and defines the spin-forbidden rules
characterize the number of the crystal band and the spinfor the coupled state (responsible for superconductivity
of the electron. effects):

The unitary transformation gives rise to renormalization
of the electron energy (first term) and renormalization of o, v;0,0") = 8568516 — 8408608507 (10)

the Fourier component of the Coulomb electron—electron

interaction. In the latter case we can conclude that if the whereo, o’ are the spins of the first) and secondd’)
crystal unit cell contains many atoms the effective Coulomb electrons;u, v indicate the number of the electron band.
potential can become negative and large in value. The following particular cases are possible.
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(i) w = v. (1) If the spins of the electrons are
equal to each othero( = o’) then ¢(u, u; 0,0") = 0.
(2) If the spins of both electrons are different & o)
the second term in the right-hand part of equation (10)
(which is proportional toé, ) disappears and therefore
o(u, u; 0,0’y # 0. This means that only states with
oppositely directed spins (namely singlet states ¢’ = 0
in this simplest case) can contribute to the coupled states
of the electron system.

(i) u # v. This case corresponds to a more complex
structure of the crystal zones (in particular that which

Energy (eV)

means that all possible spin states (for example ¢’ = /“
0,+1,...) are admitted. -1.0 %/‘\

The energy positions of coupled states are given by 2.0 i//x / A
the zeros of the denominator of the right-hand side of r K zTr X z
equation (8) and depend or.] the functisiiiks, u; k2, v; ) Figure 1. Energy band structures around the Fermi energy
and the constant (equation (9)). Let us study the o (a) the high-temperature superconductor
particular case supposing that = k, = kg = k and that  Ba,Sr,CaCu,Og and (b) the low-temperature
&k = €, COrresponds to the extremum of the zone. Then superconductor Bi;Sr,CuOg from [19].
expanding the energy in terms of the momentusi ¢ in
series up to terms of second order we can obtain

occurs for layers of the Bi-based type of crystal [17, 18]). 0 Sy

The second term in the right-hand part of equation (10) = 1.0 //

(which is proportional tos,,) disappears and therefore ‘;’

@(u,v;0,06") # 0 for all values of the spins. This £ oo kAN .

bismuth oxide layers are metallic. It should also be noted

(k + ¢)2 (k £ ¢)? that the Krakaner—Pickett calculations showed that mixed
Ektqu = Ep + Tom. Y +A,+ “om. (11) Bi—CuO bands can arise and extend near 0.1-0.5 eV higher
" . than Er.
wherem,, is the effective mass of an electron in tpgh For comparison the band structure of the lgw-

(u = 1,2,...) energy band of the crystal. A, is a Bi,Sr,CuG; compound is shown in figure Y. The
parameter which indicates the position of the extremum principal difference between the band structures of crystals
of u band relative to the Fermi level. It may be can be observed around the K point. The two Bi
negative or positive and the effective mass the same. (Thep bands barely cross and extend less than 0.1 eV below
anisotropy of the crystal can be simply taken into account Er, compared with 0.7 eV in the case of the higher-
by the anisotropy of the effective mass in equation (11).) 7. compound in figure ¥). This difference in the

In the traditional approximationu( = 1) the function location of extremal bands relative tp (parameterA,, in
Kk, u; k, u; w) and the SC gap are described by the equation (11)) is very important for the value Tif and for
well-known standard expressions [12] but exact numerical small A, the coupled states and SC effect may be absent
calculation of functionk (k, ; k, iu; @) gives rise to new  as was shown in [12].

features especially if several electron bangds# 1) are Therefore we will study theoretically the situation close
taken into consideration. This is because the analytical to the BaSr,CaCuyOg crystal because it has a high.
analysis does not take into account many features which ~ The results of some numerical calculations are given in
are contained in the functioki (k, u; k, v; ) because of the  figures 2 and 3. The effect of temperature is seen in figure 2
influence of momenta and temperature through the electronwhere theT dependences ok (k, u; k, v; w) functions for
filling number. It should also be noted that for some types different electron band structures are presented. It follows
of SC crystals the minimum of the electron band is located from figure 2¢) that the presence of several electron bands
much lower (for BaSrLCaCuyOg [17,18]) than the Fermi  generates & (k, u; k, v; ) function having the minimum
level energy. As an example two cases of Bi-based crystalslocated apart from thes2 energy level. The arrows 5-7

are presented in figure 1. in figure 1@) correspond to different values of the constant
Figure 1@) shows the band structure obtained by 1/V (V < 0) (see caption to figure). The intersection, if
Sterne and Wang [17,19] for the high-BaSr,CaCuyOg it occurs, of curves 1-4 with the extensions of the arrows

compound which is very similar to calculations of gives the energy of coupled states because the solutions
Hyberstein and Mattheiss [20], Krakaner and Pickett [18] obtained correspond to the zeros of the denominator in the
and Freemaet al [21]. The new feature of this compound right-hand side of equation (8).

is the presence of two bismuth p-electron bands which dip Therefore the coupled states obtained from the crossing
below Er by about 0.7 eV around the K point. A shallow of the extensions of the arrows 5—7 with the functi&nn

band of mixed Bi and Cu—xharacter which barely crosses figure 2¢) will also be located a substantial distance from
Er and a more dispersive band which has almost pure the 2, energy level. As result th& dependence of the SC
bismuth character crossingr are seen, indicating that state (SC gap) may become more complicated than for only

6
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Figure 2. The effect of temperature on the K(k, u; k, v; w)
function (E = k?/2m = 0) for different structures of the
energy zones: (a) Ay = -1, mf=1; (b) A, =0.2, mj = -2,
() Ar=—-1,m{=1,A;=02,m;y=-2,curves 4, T=2K;
curves 3, T =10 K curves 2, T =50 K; curves 1,

T =100 K; arrows 5-7 correspond to different 1/V values
(arrow 5, V = —0.07; arrow 6, V = —0.06; arrow 7,

V = —0.05). All energy values are taken as arbitrary
values, i.e. V = V/M, where M is a scale factor (M =1 eV,
for convenience; mf = m;/m, m is the free electron mass).
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Figure 3. The temperature dependences of the SC gap:
(a) calculated dependences of the SC gap for different
values of the effective e—e interaction parameter V (the
structure of the electron bands and meaning of V as in
figure 2(a)); (b) experiment (e, A) and theory (——, BCS;
our calculation).

one electron band. In figure 1 the curves+4 1 describe
the change of th&K (k, u; k, v; ) function with increase
of temperature. Therefore, for a fixed value of the constant
V (arrow 7, for example) the coupled states arise at low

Many-zone effects in cuprates

predicting the maximum in th€ dependence of the SC gap
gives the curve which is closer to the experimental results.

In our approach we take into account that all electron
bands (the numerical calculations show that only bands
located near the Fermi level are important) contribute to the
coupled states. Therefore the energy of the coupled states
depends on change with temperature of the filling number
n; and on the DES, i.e. on the dispersion of the electron
band. The latter means that the resultihglependence of
the SC gap may be more complicated, especially for the
presence of several bands near the Fermi level.

Moreover, the presence of some electron bands crossing
the Fermi level generates a very complex density function
of two-electron states (responsible for the appearance of
coupled states) and as a result a singularity in the density of
two-electron states (saddle point type) may arise within the
band (far from the Fermi level energy) which can dominate
the description of the SC properties of the crystal. This is
demonstrated in figure ).

Our calculations also show that the SC gap depends
on the momentak( of the interacting electrons. However,
coupled states arise # < k;;,, where k;,, depends on
V. It is obvious that thek factor must be contained in
the experimental’ dependence of the SC gap and so that
may be one of the reasons for the difference between the
curve YK (figure 3@)) calculated by us fok = 0 and
experimental results.

4. Conclusion

In conclusion, a new theoretical approach is proposed
for the study of the coupled states responsible for
superconductivity in crystals without using the idea of
electron pairing. In the proposed approach it is shown
that SC coupled states arise naturally as poles of the two-
particle Green function and are created as a result of the
effective Coulomb interaction of electrons with nonzero full
momenta and sping{+ k, # 0, s +s’ # 0) in the general
case. The model numerical calculations have shown that
the dependence of the SC gap (energy of coupled states)
on temperature is different from the BCS type and depends
on the momenta of interacting electrons.
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temperature (curve 4) but disappear at higher temperaturedieferences

(curves 3-1). The temperature dependence of the coupled

state energies (for the case of the band given in figuaig) 1(
is shown in figure 3f) by curves 11" and 1’ (full lines)
corresponding to different values of the paraméterThe
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