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The pressure effects on the normal state electronic struddifferent hole doping concentratian In general this ef-
ture, the superexchange interaction, and the critical temfect is too small except two critical concentratians ~
perature of d-type superconductivity mediated by mag-0.15 andz.. = 0.24 where the Lifshitz transitions oc-
netic pairing have been studied within the multielectroncur with the change of the Fermi surface topology. In
hybrid scheme LDA+GTB that takes into account elec-the vicinity of the critical concentration we have found
tron correlations inCuOy planes. We have found the the giant change of the Fermi surface area up to 100%
changes of the multibangd model parameters at 3% related to the pressure induced Lifshitz transition. The
compression of different symmetry: a) hydrostatic, b) effects of pressure on the antiferromagnetic coupling
along thec-axis, c) ina-b plane. We have studied the and the mean-field value d&f. are obtained in a good
changes of the Fermi surface under external pressure faxgreement to experimental data.
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1 Introduction In spite of a remarkable progress in CuO, placket area (or the bond lengttbetween copper
physics of high?,. superconducting cuprates our under- and in-plane oxygen), and the Cu-apical oxygen distance
standing of the unusual normal state in a wide doping and:,. The role of the apical oxygen on the electronic proper-
temperature range as well as the origin of superconductinges has been addressed in several theoretical works [9-13]
pairing is far from being complete. In this situation exper- as the effect of interlayer coupling in the phonon-mediated
imental study under external pressureis exceptionally  BCS-like theory [14].
valuable as an in situ way to probe the electronic struture  Recently, the time-frequency resolved spectroscopy
and the temperatufE. response [1]. The maximal value of [15] has revealed a dominant role of the non-retarding
T. for cuprates has been achieved in the optimally dopedtlectronic mechanism of pairing. The antiferromagnetic
three-layer compount g BasCasCusOsgyy (Hg—1223) nearest neighbor exchange interactibis one of the can-
with T ~ 134K at ambient pressure [2], reaching a value didates for the electronic pairing. The experimental sisdi
near160K at hydrostatic pressur®G Pa [3]. A combi- [16-18] have foundl.J/dP > 0 under hydrostatic pres-
nation of the hydrostatic and uniaxial pressure results in aure. However we didnt find any publications concerning
separation of different structural effects on the eledgtron the uniaxial pressure effect ah The normal state elec-
structure parameters and the hydrostdiic/dP and uni-  tronic properties as the electronic band structure and the
axial pressure derivativey./dP; (i = a, b, c) [4—6]. Fermi surface under external pressure are less studied. It

Empirically, several correlations &f. and structural is clear that a consistent theoretical description and new
parameter changes under pressure have been revealed [1predictions of the pressure effects on the properties df bot
8]. Two key structural quantities have been suggested: theormal and superconducting phases may results in a more
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profound understanding of the unsolved problems of the (a) (b) (c)
high T, cuprates.

In this paper we have realized this program within the
hybrid multielectron approach LDA+GTB [19,20], where
LDA is the conventional local density approximation to
the density functional theory, and GTB is the general-
ized tight binding method proposed for strongly correlated
electronic systems [21,22]. The GTB method is a version
of the cluster perturbation theory with all local interac-
tions inside theCuO4(CuOg) unit cell treated by exact
diagonalization and the intercell hoppindpy the pertur-
bation theory ovet/E.; where E.; is the charge trans-
fer gap of the parent undoped insulatdra(CuO, for V(P)=0,97V0 V(Pc )=V0 V(Pab )=V0
Las_ . Sr,CuOy). Within the LDA+GTB approach at am-
bient pressure we have calculated the exchange interactiongure 1 Three ways of microscopic simulation of th&uOxg
J = 0.14¢eV for La;CuOy4 [23], and have shown that with  octahedron compression induced by (a) hydrostatic, (il
doping there are two Lifshits transitions with the changeand (c) in-plane applied pressure. The expansion ofth€,
of the Fermi surface. At.; = 0.15 four small hole pock-  squares in the (b) case and elongatior: gfarameter in the (c)
ets centered aroun /2, 7/2) transformed into two hole case were derived from an empirical condition of constaiitt un
pockets aroungr, 7). At 2.2 = 0.24 the small pocket dis-  cell volume.
appears and at > 0.24 only one large hole Fermi surface

remains [24,25]. ) )

) o e as known up to~ 15G Pa the ratioc/a(b) remains con-

Under external hydrostatic and uniaxial pressure we  stant showing microscopic picture isotropic [27]. Thus

have calculated the changes of the tight-binding parame-  the hydrostatic pressur effect is simulated by the
ters for the 5-bang-d model within the LDA approach in 3% deformation of the unit cell volum& (P) and
method for the electronic structure in the spin liquid mag- ¢/0.97d, whered = a, b, ¢ is a lattice parameter:
netic background with a strong short-range antiferromag- \niaxial p’ressure alon’g’theaxisP effect is simulated
netic order. The changes of the Fermi surface area under by the 3% reduction in the strucfurcaparameter at the
the external pressure for different doping value are dis-  .onstant unit cell volumé (P, );
cussed in Sec. 4. The pressure effect on the exchange iQ’in-pIaneP , pressure effect iSc éimulated by the 1%
teraction is given in Sec. 5. Sec. 6 contains the effect of reductio; in the structural andb parameters(Py;)
pressure oY, that results from both the changers of the andb(P,;) at the constant unit cell volumé( P,y ) ¢
normal state electronic structure and the coupling cohstan “ “wr
J. The discussion of results is given in Sec. 7. In the first and last cases, we have selected the equivalent
magnitudes of in-plane deformation (with opposite strains
alongc-axis) in order to be able to highlight the superex-
changeJ(P) dependence on the ratiga(b). Despite the
fact that the table shows the same vectors, a system of the
connecting vectors varies slightly with increasing pressu
Unfortunately, we cant study the uniaxial pressure effects
along a and b axis in this approach, because it changes the
Wannier functions symmetry.

2 Deformation dependence of tight-binding pa-
rameters for the 5-band p-d model within the LDA
approach We model the electronic system of GuO,
layer in cuprates within the multibandd model [26] that
includes twoC'v orbitals:d,2_,» (noted asl,» below) and
ds.2_,2(d,2), and three orbitals of oxygem;,p, for in-

plane oxygen ang for apical oxygen. The Hamiltonian The last line in Table 1 containes the value of the su-

of this model includes the local single-hole energies at dif . . . . .
ferent orbitals, the hopping matri>? clements a?'ld the in_gerexchange interaction that will be discussed below in
f f ec. 5.

traatomic Coulomb interactions d@ri. andO, it has been
discussed in many papers (see, f.e. [19,20,22]) and we
do not repeat it here. The tight-binding parameters of th
Hamiltonian at ambient pressure has been calculated f
Las_,.Sr,CuO4 by construction of the Wannier functions
of the same symmetry starting from the LDA approach
[19]. Here we use the same approach to find the chang
of the tight-binding parameters under external pressure.

3 LDA+GTB method for the electronic struc-
gture in the spin liquid magnetic background with
gtrong short-range antiferromagnetic order The cell
approach of the generalized tight binding method [22,
28] is used to take into account strong electron correla-
ons in the unit cell explicitly. A crystal lattice is divetl
into unit cells, so that the Hamiltonian is presented by
We simulate the effect of applied pressure as followsH = Hy + Hy, where the componert, is the sum of
(see Fig. 1): intracell terms and the componeht takes into account
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Table 1 Structural parameters, b, ¢, single electron energies, hopping parameté(s;) for orthorhombicLa214 (all values except
the connecting vectors iel’). Herex?, 22, p., py, p- denoteCu-d,2_, 2, Cu-ds,2_,2, O-pz, O-py, O-p, orbital respectively.

Parameters Connecting vectors 3% compressidindeformed ma- 3%  hydrostatic In-plane compres-
alongc axis terial compression sion

a 5.416 5.335 5.281 5.281

b 5.498 5.415 5.360 5.360

c 12.724 13.117 12.985 13.386

€42 -2.031 -1.849 -2.174 -2.456

€2 — €,2 0.119 0.225 0.191 0.215

€2 — €p, 0.983 0.957 0.965 0.952

€x2 — €p, 0.983 0.957 0.965 0.952

€2 — €p, -0.503 -0.173 -0.659 -0.614

t(z?, z?) (-0.493, -0.5) -0.173 -0.188 -0.187 -0.188

t(2%, 2*%) (-0.493, -0.5) 0.050 0.054 0.054 0.052

t(x?, py) (0.246, 0.25, -0.02) 1.302 1.355 1.424 1.422

t(2%, p) (0.246, 0.25, -0.02) -0.547 -0.556 -0.571 -0.548

t(2%,p-) (0,0.5,0.041) 0.851 0.773 0.811 0.748

t(pa, Dy) (0.493, 0.0) -0.854 -0.858 -0.882 -0.889

t(pa, p=) (-0.246, -0.21, 0.465)  -0.447 -0.391 -0.409 -0.370

J(AT%) 0.140 (-5.7%) 0.149 0.160 (+7.4%) 0.162 (+8.2%)

the intercell hopping and interactions. The comporiégnt  electric charge 1 and spin'2, nevertheless it is convenient

is exactly diagonalized. The exact multielectron cellegat to call there subbands as singlet and triplet bands depend-
|n, ©) with energiesF,,o are determined, where index ing on the type of the final state. Thus, in more simplified
numerates the eigenstates within three subsectors of thilaree banc-d model the term singlet band is often used
Gilbert space with hole numbers, = 0 (hole vacuum for the fermionic band forming with participation of the
d*%p® with spin S = 0), n, = 1 (mixedd”p® andd'’p®  Zhang-Rice singlet.

configurations), anch;, = 2 (mixed d°p°, d'°p*, d®p° For undopedLa>CuO, the LDA+GTB approach
configurations), spin inde® = 0,5, M for the single results in the charge transfer insulator with the gap
hole doublet with spin projectioa = +1, two hole sin- E. = 1.7¢V [20]. To study the electronic structure

glet S = 0 and triplet states/ = 0,41, —1. Then these at small excitation energies and the Fermi surface one
states are used to construct the Hubbard operators of thmay simplify the problem by constructing the effective
unit cell Ry: X7€7'€" — In©)(n’©'|. Thereafter, the low energy Hamiltonian. The low-energy Hamiltonian for
component; is exactly written in theX -operator repre- L2 Sr2CuO4 (LSCO) is thet-t'-t"-J*-model obtained
sentation and intercell interactions are included in termsvia exclusion of the interband (through the charge-transfe
of the perturbation theory. The cluster perturbation tieor 9ap) excitations. Herd™ means that besides the Heisen-
for the electronic structure, the superexchange intamacti berg exchange term a three-site correlated hoppinds

and the magnetic mechanism of pairing at ambient presalso includedH;_;- = H;_; + Hs. In the wide range
sure for the undeformeduO layer are described in our Of hole doping beyond the long range antifferomagnetic
previous reviews [20,29]. Here we have presented in briePrder atz < 0.03 LSCO is characterized by a short range
the main ideas and results of the LDA+GTB approach thantiferromagnetic order that had been described as an
is necessary to understand the forthcoming results of Sedsotropic spin liquid with zero mean value of every pro-
4. The electron (and hole) in this approach is described aigction of local spin(5*) = (S¥) = (5%) = 0 and

a linear combination of different fermionic quasipartices Nonzero spin correlation functiors;; at different sited
each of them is the excitations between an initial and a fi-Ri, &, Ci; = (57 57) is the same for all spin projections
nal multielectron term&®) with change of the electronic © = %,¥,z. These correlation functions determines the
number+1. For example, excitations fromis) to [0)  electronic self energy’(k) of the electronic Green func-
configurations is the electron addition quasiparticle form tion Gi.(E) in the non crossing diagram approximation

ing the conductivity band. Various Fermi-type excitations [24

from |1o) t0 |2, S) and|2, M) corresponds to the electron 1 9
removal quasiparticles forming subbands of the valence Gko(E) = (1 + )/ - .
band. All such quasiparticles are fermionic and have the E—e+p— (k) - 525 — (k)

1)
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Figure 2 (a) The splitting of the Fermi surface for hydrostatic pteesatz = 0.145. The relative change in the aréa,,.;; = —7.1%
for a small pocket and;.,.qc = 92.9% for a large pocket. (b) The splitting of the Fermi surface tfwe pressure in the-b plane at
x = 0.15 (Osmau = —14.0%, diarge = 85.9%). (c) The splitting of the Fermi surface for the pressurenglo-axis atz = 0.151

(6small — 171%' 5lar e = _829%) Hereésmall large) = S(PT'CSSU"“E) _ S(undefor'med) S(undefor'med) . 100% for (a) and (b)l
g (large)

small(large)

andésmall(lar-ge) — (S(pTESsure) _ S(undefor-med))/S(pressure) -100% for (c).

small(large)

Heree is the singled,--hole energyy is the chemical po-  (7/2,7/2) in agreement with many theoretical calcula-
tential, ¢(k) is the Fourier transform of the intercell hop- tions for the lightly doped antiferromagnetic insulato?{3
ping witht, ¢, ¢ hopping parameters(k) is similar func-  36]. Increasing doping results in the two Lifshitz transi-
tion with the interband hopping parametérs’, ¢ (hop-  tions [37] at the critical points.; = 0.15 andz., = 0.24
ping from siteR,; to siteR ; and from upper Hubbard band [24,25]. Forz.; < = < x.o there are two hole Fermi sur-
to low Hubbard throw the gafi). The self energy’(k) is  faces centered &ir, 7), the smaller one disappearsiat.
given by Above ., the large hole Fermi surface corresponds to the

conventional Fermi liquid normal state.
3

(K = o VK@) - 3%0@), @)
q

4 The change of the Fermi surface area under
the external pressure for different doping Chang-
where ing the energy parameters of the electronic structure
Las_ . Sr,CuO4 by external pressure results in the change
t(K)(q) of the band structure and Fermi energy, and with them the
U shape of the Fermi surface. The changing of the shape
(3) of the Fermi surface in turn leads to a change in the nu-
1— o ik —q) merical value of the area of its extreme sections that may
Yo =tk —q) — (J(q) — 7) be checked by quantum oscillations experiment in strong
2 u magnetic field. As it is known, the oscillation frequency

t(k)t(k —q) w = (A(%))~* of the magnetization in the de Haas - van
—(1+x) U ’ (4) Alphen effect is proportional to this aréa[37]:
In these expressions(q) is the Fourier transform of the cS
spin correlation functiorC;;. The functionK (q) is the w=g— )

kinematic correlation function straightforwardly expsed ) o ) )
via Green function (1). The spin correlation functioiiq) From relationship it follows that the relative change in the
had been found within the isotropic spin liquid approachoscillation frequency is equal to the relative change in the

[30,31]. area of the extremal section of the Fermi surface:
The electronic self energy, spin correlation function, Aw  AS
and chemical potential had been found self-consistently fo — = (6)

different doping concentration[24]. The spin correlation “ S

functions and the electronic band structure appears to be We found that for 3% deformation and concentrations
strongly doping dependent, as well as the Fermi surfaceof the hole doping: outside the region.; < x < x.o

At small doping there are 4 hole pockets centered neawalue of relative changes in the aréa= % < 1073,
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Such changes are too small to be revealed in the moderthe ¢ axis have opposite signs, and the unit cell volume is

oscillation experiment with typical resolution dmabout 3-  constant.

4% [38]. Obviously, the maximum relative change in cross-

sectional area of the Fermi surface to be expected at a poir*

where one of the surfaces (with or without pressure) splits. 700

Fermi surfaces for these points for all three types of pres: I ’ ~
Al : ; 600 ; \

sure are shown in Fig. 2. The relative changes in the are :

of the Fermi surfaces are shown in Table 2. 5001

5 The pressure effect on the exchange interac- = 400}
tion There are several approaches to study of superex + 3gpl
change interaction. The straightforward one is the calcu: !/

. . . . . . undeformed
lation with the intermediated two-hole states which arise 200¢ : — — — hydrosttic
through hopping from copper to oxygen in perturbation 100t 40 | in-plane
theory of fourth order [39,40]. Another approachisacell — ~ | &« | - - c-axis

perturbation theory taking into account two hole excited 0= : : :
states. Using the LDA+GTB approach and extending the 0.05 0.1 0.15 0.2
cell perturbation theory to an arbitrary numbers of the ex- X
cited two hole cell states, we had calculated the superex-. i
change interaction in théasCuO, at ambient pressure F19ure 3 The superconducting temperatufe versus hole con-
[23]. The superexchange interaction appears at the secorgcg}(r:a;'r%ri:?; t(rrmz dagsgﬁégﬁ?ns(;urtﬁé?:,aglfaizhsrgggﬁ(e gjrg{dro-
ﬁ]rt%?l;:r]:dthheog;illlgp,ei;uijsrt;g?r?\rééht?;?fllew\lltirr]turglsgigittetlgotrrlf ted line) and the pressure aloagxis (blue dash-dotted line).
from occupied valence band with singlet and triplet two-
hole origin through the insulating gap to the conduction
band and back.

We obtained that the superexchange interaction

6 Effect of pressure on the superconducting
transition temperature Within the LDA-GTB approach
the AFM superexchange directly results in tiéype su-
perconducting pairing similar to the Hubbard model in
@) the strong correlation limit [42,43]. The mean-field the-

ory of the d-type superconductivity in the limit of strong
electron correlations results in the following equation fo

is given by a sum of the antiferromagnetic (AFM) con-  the superconducting gay, = Ao¢(k), whereA, is the
tributions from all two-hole singlets with excitation ener 9ap amplitude and(k) = (coska — coskya)/2 is the
giesA,, = E,,—2E;, and a sum of all ferromagneti; ~ angular part of the order parameter

contributions from the triplet two hole states with excita-

tion energies\,, = E,, — 2E;,. At ambient pressure the 11 Z 4¢*(q) tanh £(Q) —p ®)
hopping matrix elements and the excitation energies had A N Q) — p kT '

been calculated from thab initio parameters and the to- d

tal superexchange interaction [23] is close to experimentaHere ks is the Boltzmann constartt; is the temperature,
value0.146eV” [41]. . £(q) is the hole dispersion in the superconducting phase.
Here we have calculated the changes in the superexry,q magnetic coupling constakt= J(1 — z)/2. The ex-
change interaction under external pressure of differente | pressure effects on the renormalization of the dispe
symmetry. The valug(P) is shown in the last line of Ta- gjon of the normal and superconducting phases and on the

ble 1 above in Sec. 2. Itis increasing by +7.4% under 3%, 5qnetic coupling constant. Fig. 3 shows the dependencies

hydrostatic compression. At the same time, the superexy ) gptained for the ambient pressure and the external

change interaction is slightly reduced by -5.7% under théyresgyre of different symmetry. We can see that our val-
uniaxial compression alongaxis. The in-plane deforma- o5 ot 7 are too large, this is an usual drawback of the
tion results in theJ increase similar to the hydrostatic aan field theory that cannot pretend to give the correct
loading. According to the available experimental data the, 5| of the critical temperature for all phase transitions

superexchange interaction had been increased by +8.8% @ hay attention that the relative changeZofunder ex-
3% - hydrostatic compression under pressuf&s Pa. In An(T.) 1 dT. .
ternal pressure, the quant <L = ~ % js more reli-

all cases, for hydrostatic (or in-plane) and uniaxial com- dp = T. dp

pressions the/(P) correlates well with an area of the able and may be compa;gd with the experimental data. The
CuO, squares. The magnitude of isotropic and planardoping dependence; ,}}51) obtained under the hydro-
compressions was chosen from the condition of equalitystatic pressur@ = 5.6G'Pa (such pressure corresponds

CuO4 square areas. At the same time deformations alongo the relative decrease in the volume eof= 0.03) is

Ny tO,ns Nt tO,m
Ans 2Am

n=1 m=1

J=Js—Jp=

Copyright line will be provided by the publisher
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Table 2 The relative change in the area of the Fermi surfaces undsespre.

hole dopingz
type of pressure
0.145 0.15 0.151 0.16 0.22
hydrostatic pressure  -7.076;92.932 (3) -14.07; 85.941 (32.128; -93.055 (4)  2.554; 1.071 (4) 13.458; 2.08 (4)
in-plane pressure -1.2 (1) -14.032;85.941 (3) 2.151; & (@Y% 2.554; 1.071 (4) -57.582;-8.913 (4)
pressure along-axis -1.2 (1) 0.0 (1) -17.075;82.933(2) -1.994;-82.912 (419.788; -3.063 (4)

The number in the round brackets indicates which of the fossible cases sold:

(1) both of the Fermi surfaces (with and without pressure)raut cleaved; in the cell there is a numider= ($(7*"<) —
S(undeformed))/S(undeformed) ) 100%’

(2) the Fermi surface for undeformed case is cleaved anddtmaiBurface for the case with the pressure is not cleavetigicell
there are numbe@mall(large) — (S(pTESsure) _ S(undeformed))/S(pressure) . 100%’

small(large)

(3) the Fermi surface for undeformed case is not cleavedla8édrmi surface for the case with the pressure is cleavehleicell
there are numbe'&mall(la'r'ge) — (S(pr'essu'r‘e) _ S(undeformed))/S(undef()'r'med) . 100%'

small(large)

(4) both of the Fermi surfaces (with and without pressured eleaved; in the cell there are nUMbeYS,.u(arge)
(S(p'ressure) _ S(undeformed))/S(undeformed) . 100%

small(large) small(large) small(large)

shown in Fig. 4a. It can be seen that the order of the quantwo types of pressure, we limited by the performance of the

tity Ti% coincide with the experimentally found value dependenci% U(liTc(z) andTl( )d%(m) (Fig. 4b and 4c)
c c\T €a—b e T €c
1 dT. _ -1 _ P . dT.(z) dT.(x
(TC dp )emperiment = 0.04GPa~" atx = 0.15 [6]. not bringing dependenC|e§—cl(z) dpagb and Tcl(z) dp(c ) |
We only mark that the signs of derivativ%csl(T) ‘Z}:—(f; and
Tcl(w) di‘;ﬁ?) are opposite to each other and are equal to the

signs found in experimental studies [6].

7 Conclusions The experimental studies of high-
cuprates properties under external pressure are mostly con
cerned with the critical temperature and structural param-
eters dependence on pressure. Here we have considered
more wide range of properties: the electronic structure, th
superexchange interaction and the critical temperature. A
moderate pressure 10G Pa the deformation of lattice is
rather weak, just several percents. The changes of the elec-
tronic structure parameters are also quite small. We have
calculated the effect of pressure on the area of the Fermi
surface that can be verified by quantum oscillations mea-
surements and predict strong increase of this effect for the
doping close to the critical concentratiap, = 0.15 and
ze.o = 0.24 of the Lifshitz transition. The effect of pres-
sure on the superexchange interaction is more stronger and
has different signs for the deformations alargxis and
in (a,b)-plane. The same different signs we have obtained
for the relative change of tHE. under anisotropic deforma-
tions. For the isotropic pressure the relative changé.of
Figure 4 The relative change of the superconducting temperaturd> ' & go_od agreement. to the experimental data. The main
T., under external pressure versus hole concentratidie dop- contribution to theT,. shift under external pressure r(_esults
ing dependence—— 41e(1) obtained under (a) the hydrostatic from the effect of pressure on the superexchange interac-
pressure = 5.6G Pa, (b) pressure along theaxis and (c) pres- Flon thatis the couplingin t.he mag.netlc mepha_msm of pair-
sure in thez-b plane. ing. _The electron-phonon interaction con_tnbutlon tothe

is still under debates; certainly it also will be affected by

Let us now discuss the change Bf under pressure the external pressure. Nevertheless we do not know now
along thec-axis and in thez-b plane. Since we could not how to estimate it reliably, that is why this problem is out-
find in the literature the compressibility factors for these side of the scope of this paper.

_25 L L L
0.05 0.1 0.15 0.2 0.24
X

Copyright line will be provided by the publisher



pss header will be provided by the publisher

Acknowledgements We are thankful to Dr. M.M. Kor-
shunov for useful discussions. This work was supported lyRF
Grants 13-02-01395, 14-02-00186, grant of Russian Pneside
NSh-2886.2014.2, and the Ministry of Education and Scierice
Russia (SibFU Government Contract for 2014-2016, No. 3085)

References

[1] J. S. Schilling, Handbook of High-Temperature Supercon
ductivity: Theory and experiment (Springer, New York,
2007).

[2] A.K. Klehe, A. K. Gangopadhyay, J. Diederichs, and J. S.
Schilling, Physica @13, 266 (1993).

[8]L. Gao, Y.Y. Xue, F. Chen, Q. Xiong, R.L. Meng,
D. Ramirez, C.W. Chu, J. H. Eggert, and H. K. Mao, Phys.
Rev. B50, 4260 (1994).

[4] F. Gugenberger, C. Meingast, G. Roth, K. Grube, V. Breit,
T. Weber, H. Wuhl, S. Uchida, and Y. Nakamura, Phys.
Rev. B49, 13137 (1994).

[5] C. Meingast, A. Junod, and E. Walker, Physic2%2, 106
(1996).

[6] F. Hardy, N.J. Hillier, C. Meingast, D. Colson, Y. Li,
N. Barisic, G. Yu, X. Zhao, M. Greven, and J. S. Schilling,
Phys. Rev. Lettl05, 167002 (2010).

[71J3.D. Jorgensen, D.G. Hinks, O. Chmaissem, D.N. Ar-
gyriou, J. F. Mitchell, and B. Dabrowski, Recent Develop-
ments in High Temperature Superconductivity (Springer,
Berlin, 1996).

[8] H. Eisaki, N. Kaneko, D.L. Feng, A. Damascelli, P.K.
Mang, K. M. Shen, Z. X. Shen, and M. Greven, Phys. Rev.
B 69, 064512 (2004).

[9] Y. Ohta, T. Tohyama, and S. Maekawa, Phys. Revi33
2968 (1991).

[10] L.F. Feiner, J. H. Jefferson, and R. Raimondi, Phys..Rev
Lett. 76, 4939 (1996).

[11] E. Pavarini, I. Dasgupta, T. Saha-Dasgupta, O. Jepseh,
0O.K. Andersen, Phys. Rev. Le&7, 047003 (2001).

[12] H. Sakakibara, H. Usui, K. Kuroki, R. Arita, and H. Aoki,
Phys. Rev. Lett105, 057003 (2010).

[13] H. Sakakibara, K. Suzuki, H. Usui, K. Kuroki, R. Arita,
D.J. Scalapino, and H. Aoki, Phys. Rev. 8, 134520
(2012).

[14] X.J. Chen, V.V. Struzhkin, Z. Wu, R.J. Hemley, H.K.
Mao, and H. Q. Lin, Phys. Rev. B, 134504 (2007).

[15] S.D. Conte, C. Gianetti, G. Coslovich, F. Cilento,
D. Bossini, T. Abebaw, F. Banfi, G. Ferrini, H. Eisaki,
M. Greven, A. Damascelli, D. van der Marel, and F. Parmi-
giani, Science335, 1600 (2012).

[16] M. C. Aronson, S.B. Dierker, B. S. Dennis, S. W. Cheong,
and Z. Fisk, Phys. Rev. B4, 4657 (1991).

[17] M. 1. Eremets, A.V. Lomsadze, V. V. Struzhkin, A. Maksi-
mov, A. Puchkov, and I. |. Tartakovskii, JETP Lei#, 372
(1991).

[18] J.S. Schilling, Handbook of high temperature supercon
ductivity: Theory and experiment (Springer Verlag, Ham-
burg, 2007).

[19] M. M. Korshunov, V.A. Gavrichkov, S.G. Ovchinnikov,
I.A. Nekrasov, Z.V. Pchelkina, and V. I. Anisimov, Phys.
Rev. B72, 165104 (2005).

[20] S. G. Ovchinnikov, V. A. Gavrichkov, M. M. Korshunov,
and E.l. Shneyder, LDA+GTB method for band structure
calculations in the strongly correlated materials. In Fheo
retical Methods for strongly correlated systems. (Springe
Berlin, 2012).

[21] S. G. Ovchinnikov and I. S. Sandalov, Physicd&l, 607
(1989).

[22] V. A. Gavrichkov, S. G. Ovchinnikov, A. A. Borisov, and
E. V. Goryachev, JETB1, 369 (2000).

[23] V. A. Gavrichkov and S. G. Ovchinnikov, Physics of solid
state50, 1081 (2008).

[24] M. M. Korshunov and S. G. Ovchinnikov, Europ J. Physics
B 57, 271 (2007).

[25] S. G. Ovchinnikov, E. 1. Shneyder, and M. M. Korshunov,
J. Phys.: Condens. Matt28, 045701 (2011).

[26] Y. B. Gaididei and V. M. Loktev, Phys. Status SolidilB7,
163 (1988).

[27] M. J. Akhtar, C. R. A. Catlow, S. M. Clark, and W. M. Tem-
merman, J. Phys. C: Solid State Ph3%.917 (1988).

[28] V. A. Gavrichkov and S. G. Ovchinnikov, Phys. Solidi &ta
40, 163 (1998).

[29] E. . Shneyder, S. G. Ovchinnikov, M. M. Korshunov, and
S. V. Nikolaev, JETP Letterd6, 349 (2012).

[30] H. Shimahara and S. Takada, J. Phys. Soc.GIpr2394
(1991).

[31] A. Barabanov and O. Starych, J. Phys. Soc. 8pn704
(1992).

[32] E. Dagotto, F.Ortolani, and D.Scalapino, Phys. Red6B
3183 (1992).

[33] Y. Ohta, K. Tsutsui, W. Koshibae, T. Shimozato, and
S. Maekawa, Phys. Rev. 485, 14022 (1992).

[34] W. Stephan and P. Horsch, Phys. Rev. Lé&, 2258
(1991).

[35] J.B. Grant and A. K. McMahan, Phys. Rev. Le6, 488
(1991).

[36] S. G. Ovchinnikov, Physics Uspect, 993 (1997).

[37] 1. M. Lifshitz, M. Y. Asbel, and M. |. Kaganov, Electron
Theory of Metals (Consultant Bureau, New York, 1973).

[38] N. Doiron-Leyraud, C.Proust, D. LeBoeuf, J. Levallois
J.B. Bonnemaison, R. Liang, D.A. Bonn, W.N. Hardy,
and L. Taillefer, Naturel47, 565 (2007).

[39] S. Maekawa, T. Tohyama, S.E. Barnes, S. Ishibara,
W. Koshibae, and G. Khaliullin, Physics of Transition
Metal Oxides (Springer Series in Solid-State Sciences)
(Springer, Hamburg, 2004).

[40] H. Eskes and J. H. Jefferson, Phys. Re¥839788 (1993).

[41] R. Coldea, S. M. Hayden, G. Aeppli, T.G. Perring, C.D.
Frost, T.E. Mason, S. W. Cheong, and Z. Fisk, Phys. Rev.
Lett. 86, 5377 (2001).

[42] P.W. Anderson, Scien85, 1196 (1987).

[43] N. M. Plakida, V. Y. Yushankhai, and I. V. Stasyuk, Plogsi
C 160, 80 (1989).

Copyright line will be provided by the publisher



