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The pressure effects on the normal state electronic structure,
the superexchange interaction, and the critical temperature of d-
type superconductivity mediated by magnetic pairing have been
studied within the multielectron hybrid scheme LDA+GTB that
takes into account electron correlations in CuO2 planes. We
have found the changes of the multiband p–d model parame-
ters at 3% compression of different symmetry: (i) hydrostatic,
(ii) along the c-axis, and (iii) in a–b plane. We have studied
the changes of the Fermi surface under external pressure for

different hole doping concentration x. In general, this effect
is too small except two critical concentrations xc1 ≈ 0.15 and
xc2 = 0.24 where the Lifshitz transitions occur with the change
of the Fermi surface topology. In the vicinity of the critical con-
centration, we have found the giant change of the Fermi surface
area up to 100% related to the pressure-induced Lifshitz transi-
tion. The effects of pressure on the antiferromagnetic coupling J

and the mean-field value of Tc are obtained in a good agreement
to experimental data.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction In spite of a remarkable progress in
physics of high-Tc superconducting cuprates, our under-
standing of the unusual normal state in a wide doping and
temperature range as well as the origin of superconducting
pairing is far from being complete. In this situation, exper-
imental study under external pressure P is exceptionally
valuable as an in situ way to probe the electronic structure
and the temperature Tc response [1]. The maximal value of
Tc for cuprates has been achieved in the optimally doped
three-layer compound HgBa2Ca2Cu3O8+y (Hg-1223) with
Tc ≈ 134 K at ambient pressure [2], reaching a value near
160 K at hydrostatic pressure 30 GPa [3]. A combination of
the hydrostatic and uniaxial pressures results in a separation
of different structural effects on the electronic structure
parameters and the hydrostatic dTc/dP and uniaxial pressure
derivatives dTc/dPi (i = a, b, c) [4–6].

Empirically, several correlations of Tc and structural pa-
rameter changes under pressure have been revealed [1, 7, 8].
Two key structural quantities have been suggested: the CuO4

placket area (or the bond length l between copper and in-
plane oxygen), and the Cu-apical oxygen distance ho. The

role of the apical oxygen on the electronic properties has been
addressed in several theoretical works [9–13] as the effect of
interlayer coupling in the phonon-mediated BCS-like theory
[14].

Recently, the time-frequency-resolved spectroscopy
[15] has revealed a dominant role of the nonretarding elec-
tronic mechanism of pairing. The antiferromagnetic nearest
neighbor exchange interaction J is one of the candidates for
the electronic pairing. The experimental studies [1, 16, 17]
have found dJ/dP > 0 under hydrostatic pressure. However,
we did not find any publications concerning the uniaxial
pressure effect on J . The normal state electronic properties
as the electronic band structure and the Fermi surface under
external pressure are less studied. It is clear that a consistent
theoretical description and new predictions of the pressure
effects on the properties of both normal and superconducting
phases may results in a more profound understanding of the
unsolved problems of the high-Tc cuprates.

In this paper, we have realized this program within the
hybrid multielectron approach LDA+GTB [18, 19], where
LDA is the conventional local density approximation to the
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density functional theory, and GTB is the generalized tight-
binding method proposed for strongly correlated electronic
systems [20, 21]. The GTB method is a version of the clus-
ter perturbation theory with all local interactions inside the
CuO4(CuO6) unit cell treated by exact diagonalization and
the intercell hopping t by the perturbation theory over t/Ect ,
where Ect is the charge transfer gap of the parent undoped in-
sulator (La2CuO4 for La2−xSrxCuO4). Within the LDA+GTB
approach at ambient pressure, we have calculated the ex-
change interaction J = 0.14 eV for La2CuO4 [22], and have
shown that with doping there are two Lifshits transitions
with the change of the Fermi surface. At xc1 = 0.15, four
small hole pockets centered around (π/2, π/2) transformed
into two-hole pockets around (π, π). At xc2 = 0.24, the small
pocket disappears and at x > 0.24 only one large hole Fermi
surface remains [23, 24].

Under external hydrostatic and uniaxial pressure, we
have calculated the changes of the tight-binding parameters
for the five-band p–d model within the LDA approach in Sec-
tion 2. In Section 3, we give a brief outlook of the LDA+GTB
method for the electronic structure in the spin liquid magnetic
background with a strong short-range antiferromagnetic or-
der. The changes of the Fermi surface area under the external
pressure for different doping value are discussed in Section 4.
The pressure effect on the exchange interaction is given in
Section 5. Section 6 contains the effect of pressure on Tc

that results from both the changes of the normal state elec-
tronic structure and the coupling constant J . The discussion
of results is given in Section 7.

2 Deformation dependence of tight-binding pa-
rameters for the five-band p–d model within the
LDA approach We model the electronic system of a CuO2

layer in cuprates within the multiband p–d model [25] that
includes two Cu-orbitals: dx2−y2 (noted as dx2 below) and
d3z2−r2 (dz2 ), and three orbitals of oxygen: px, py for in-plane
oxygen and pz for apical oxygen. The Hamiltonian of this
model contains the local single-hole energies at different
orbitals, the hopping matrix elements, and the intra-atomic
Coulomb interactions on Cu and O, it has been discussed
in many papers (see, f.e. [18, 19, 21]) and we do not repeat
it here. The tight-binding parameters of the Hamiltonian at
ambient pressure have been calculated for La2−xSrxCuO4 by
constructing the Wannier functions of the same symmetry
starting from the LDA approach [18]. Here, we use the same
approach to find the changes of the tight-binding parameters
under external pressure which gives the lattice deformation.
Note, in present work we use the strain simulation, and not
the pressure (stress) simulation.

We simulate the effect of applied pressure as follows (see
Fig. 1):

(i) the hydrostatic pressure P effect is simulated by the 3%
deformation of the unit cell volume V (P) and ∼ 1%
deformation in the unit cell linear size d(P) = 3

√
0.97d,

where d = a, b, c is a lattice parameter;

(a) (b) (с)

Figure 1 Three ways of microscopic simulation of the CuO6 oc-
tahedron compression induced by (a) hydrostatic, (b) uniaxial, and
(c) in-plane applied pressure. The expansion of the CuO4 squares
in the (b) case and elongation of c parameter in the (c) case were
derived from an empirical condition of constant unit cell volume.

(ii) uniaxial pressure along the c-axis Pc effect is simulated
by the 3% reduction in the structural c-parameter at the
constant unit cell volume V (Pc);

(iii) in-plane Pab pressure effect is simulated by the ∼ 1%
reduction in the structural a and b parameters a(Pab)
and b(Pab) at the constant unit cell volume V (Pab).

In the first and last cases, we have selected the equivalent
magnitudes of in-plane deformation (with opposite strains
along the c-axis) in order to be able to highlight the superex-
change J(P) dependence on the ratio c/a(b). Despite the fact
that Table 1 shows the same vectors, a system of the connect-
ing vectors varies slightly with increasing pressure. Unfor-
tunately, we cannot study the uniaxial pressure effects along
a- and b-axis in this approach, because it changes the Wan-
nier functions symmetry. For each strain, we have calculated
the relaxed ion positions. That is why the energy levels and
hopping parameters in Table 1 are strain dependent. Espe-
cially important is decreasing of the apical oxygen pz energy
level related to the change of the apical oxygen position. The
hopping matrix element t(px, pz) changes more strongly than
t(x2, px) ≡ tpd .

The last line in Table 1 contains the value of the superex-
change interaction that will be discussed below in Section 5.

3 LDA+GTB method for the electronic struc-
ture in the spin liquid magnetic background with
strong short-range antiferromagnetic order The cell
approach of the generalized tight-binding method [21, 26]
is used to take into account strong electron correlations in
the unit cell explicitly. A crystal lattice is divided into unit
cells, so that the Hamiltonian is presented by H = H0 + H1,
where the component H0 is the sum of intracell terms and
the component H1 takes into account the intercell hopping
and interactions. The component H0 is exactly diagonalized.
The exact multielectron cell states |n, Θ〉 with energies EnΘ

are determined, where index n numerates the eigenstates
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488 K. A. Sidorov et al.: Effect of external pressure on the properties of high-Tc cuprates

Table 1 Structural parameters a, b, c, single electron energies, hopping parameters, J(P) for orthorhombic La214 (all values except the
connecting vectors in eV). Here x2, z2, px, py, pz denote Cu-dx2−y2 , Cu-d3z2−r2 , O-px, O-py, O-pz orbital, respectively.

parameter connecting 3% compression undeformed 3% hydrostatic in-plane
vector along the c-axis material compression compression

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
εx2 −2.031 −1.849 −2.174 −2.456
εx2 − εz2 0.119 0.225 0.191 0.215
εx2 − εpx

0.983 0.957 0.965 0.952
εx2 − εpy

0.983 0.957 0.965 0.952
εx2 − εpz

−0.503 −0.173 −0.659 −0.614
t(x2, x2) (−0.493, −0.5) −0.173 −0.188 −0.187 −0.188
t(z2, z2) (−0.493, −0.5) 0.050 0.054 0.054 0.052
t(x2, px) (0.246, 0.25, −0.02) 1.302 1.355 1.424 1.422
t(z2, px) (0.246, 0.25, −0.02) −0.547 −0.556 −0.571 −0.548
t(z2, pz) (0,0.5, 0.041) 0.851 0.773 0.811 0.748
t(px, py) (0.493, 0.0) −0.854 −0.858 −0.882 −0.889
t(px, pz) (−0.246, −0.21, 0.465) −0.447 −0.391 −0.409 −0.370
J (�J%) 0.140 (−5.7%) 0.149 0.160 (+7.4%) 0.162 (+8.2%)

within three subspaces of the Hilbert space with hole num-
bers nh = 0 (hole vacuum d10p6 with spin S = 0), nh = 1
(mixed d9p6 and d10p5 configurations), and nh = 2 (mixed
d9p5, d10p4, d8p6 configurations), spin index Θ = σ, S, M

for the single-hole doublet with spin projection σ = ±1,
two-hole singlet S = 0, and triplet states M = 0, +1, −1.
Then, these states are used to construct the Hubbard opera-
tors of the unit cell �Rf : X

nΘ,n′Θ′
f = |n, Θ〉〈n′, Θ′|. Thereafter,

the component H1 is exactly written in the X-operator repre-
sentation and the intercell interactions are included in terms
of the perturbation theory. The cluster perturbation theory
for the electronic structure, the superexchange interaction,
and the magnetic mechanism of pairing at ambient pressure
for the undeformed CuO2 layer have been described in our
previous reviews [19, 27].

Here, we have presented in brief the main ideas and
results of the LDA+GTB approach that is necessary to
understand the forthcoming results of Section 4. The
electron (and hole) in this approach is described as a linear
combination of different fermionic quasiparticles, each
of them is the excitations between an initial and a final
multielectron terms |n, Θ〉 with change of the electronic
number ±1. For example, excitations from |1, σ〉 to |0〉
configurations is the electron addition quasiparticle forming
the conductivity band. Various Fermi-type excitations from
|1, σ〉 to |2, S〉 and |2, M〉 corresponds to the electron
removal quasiparticles forming subbands of the valence
band. All such quasiparticles are fermionic and have the
electric charge 1 and spin 1/2, nevertheless it is convenient
to call these subbands as singlet and triplet bands depending
on the type of the final state. Thus, in more simplified three
band p-d model the term singlet band is often used for the
fermionic band forming with participation of the Zhang–Rice
singlet.

In the LDA+GTB approach, the band structure is con-
centration dependent because it depends on the occupation
numbers of the relevant multielectron states. In our case,
these states are the ground single-hole term with occupation
number 〈X1σ,1σ〉 and the ground two-hole Zhang–Rice
singlet with occupation number 〈X2S,2S〉. The occupation
numbers are calculated self-consistently via the chemical
potential equation and the condition of completeness of the
local basis

∑
σ
〈X1σ,1σ〉+ ∑

M
〈X2M,2M〉 + 〈X2S,2S〉 = 1. For

the hole-doped La2−xSrxCuO4, the hole concentration per
unit cell is nh = 1 + x that results in 〈X1σ,1σ〉 = (1 − x)/2
and 〈X2S,2S〉 = x, 〈X2M,2M〉 = 0. The numerator of the Green
function is given by the occupation factor Fσ = 〈X1σ,1σ〉 +
〈X2S,2S〉 = (1 + x)/2. There is also one more mechanism
of the doping effect on the band structure; traditional in
the single-electron band theory and related to the structural
effect of doping. Within the LDA+GTB approach, the
comparison of the single-electron and the multielectron
mechanisms has been carried out earlier in Ref. [28]. It was
found that for La2−xSrxCuO4 at small doping, the multielec-
tron mechanism is dominating. Thus in the region of optimal
doping with x ∼ 0.15, the changes of the tight-binding
parameters due to structural effects are of less importance
than the variations of the occupation factor. The similarity
of the properties and phase diagram of two cuprates
La2−xSrxCuO4 and La2CuO4+δ with different way of the hole
doping with different structural defects for La substitution
by Sr in former and extra oxygen in latter also support our
conclusion that the change of doping concentration is more
important than structural defects induced by doping.

For undoped La2CuO4, the LDA+GTB approach results
in the charge transfer insulator with the gap Ect = 1.7 eV
[19]. To study the electronic structure at small excitation en-
ergies and the Fermi surface, one may simplify the problem

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com
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by constructing the effective low-energy Hamiltonian. The
low-energy Hamiltonian for La2−xSrxCuO4 (LSCO) is the
t-t′-t′′-J ∗-model obtained via exclusion of the interband
(through the charge-transfer gap) excitations. Here, J ∗ means
that besides the Heisenberg exchange term, a three-site
correlated hopping H3 is also included: Ht−J∗ = Ht−J + H3.
In the wide range of hole doping beyond the long-range
anti-ferromagnetic order at x < 0.03, LSCO is characterized
by a short-range antiferromagnetic order that had been
described as an isotropic spin liquid with zero mean value
of every projection of local spin (〈Sx〉 = 〈Sy〉 = 〈Sz〉 = 0)
and nonzero spin correlation functions Cij at different sited
�Ri, �Rj, Cij = 〈Sr

i
Sr

j
〉 is the same for all spin projections

r = x, y, z. These correlation functions determine the
electronic self energy Σ(k) of the electronic Green function
Gkσ(E) in the noncrossing diagram approximation [23]

Gkσ(E)

= (1 + x)/2

E − ε + μ − 1 + x

2
t(k) − 1 − x2

4

t̃2(k)

Ect

− Σ(k)
.

(1)

Here ε is the single dx2 -hole energy, μ is the chemical po-
tential, t(k) is the Fourier transform of the intercell hopping
with t, t′, t′′ hopping parameters, t̃(k) is similar function with
the interband hopping parameters t̃, t̃′, t̃′′ (hopping from site
�Ri to site �Rj and from upper Hubbard band to low Hubbard
band throw the gap Ect). The self energy Σ(k) is given by

Σ(k) = 1

N

2

1 + x

∑
q

{
Y1K(q) − 3

2
Y2C(q)

}
, (2)

where

Y1 = t(q) − 1 − x

2
J(k − q) − x

t̃2(q)

Ect

− (1 + x)
t̃(k)t̃(q)

Ect

,

(3)

Y2 = t(k − q) − 1 − x

2

(
J(q) − t̃2(k − q)

Ect

)

− (1 + x)
t̃(k)t̃(k − q)

Ect

. (4)

In these expressions, C(q) is the Fourier transform of the
spin correlation function Cij. The function K(q) is the kine-
matic correlation function straightforwardly expressed via
the Green function (1). The spin correlation function C(q)
had been found within the isotropic spin liquid approach
[29, 30].

The electronic self-energy, spin correlation functions,
and chemical potential had been found self-consistently for
different doping concentration x [23]. The spin correlation
functions and the electronic band structure appear to be

strongly doping dependent, as well as the Fermi surface.
At small doping, there are four-hole pockets centered near
(π/2, π/2) in agreement with many theoretical calculations
for the lightly doped antiferromagnetic insulator [31–35].
Increasing doping results in the two Lifshitz transitions [36]
at the critical points xc1 = 0.15 and xc2 = 0.24 [23, 24]. For
xc1 < x < xc2, there are two-hole Fermi surfaces centered at
(π, π), the smaller one disappears at xc2. Above xc2, the large
hole Fermi surface corresponds to the conventional Fermi
liquid normal state.

4 The change of the Fermi surface area under
the external pressure for different doping Chang-
ing the energy parameters of the electronic structure
La2−xSrxCuO4 by external pressure results in the change of
the band structure and Fermi energy, and with them the shape
of the Fermi surface. The changing of the shape of the Fermi
surface in turn leads to a change in the numerical value of
the area of its extreme sections that may be checked by quan-
tum oscillations experiment in strong magnetic field. As it
is known, the oscillation frequency ω = (�(1/H))−1 of the
magnetization in the de Haas–van Alphen effect is propor-
tional to this area S [36]:

ω = cS

2πe�
. (5)

From this relationship, it follows that the relative change in
the oscillation frequency is equal to the relative change in the
area of the extremal section of the Fermi surface:

�ω

ω
= �S

S
. (6)

We found that for 3% deformation and concentrations of
the hole doping x outside the region xc1 < x < xc2 value of
relative changes in the area δ = �S/S < 10−3. Such changes
are too small to be revealed in the modern oscillation experi-
ment with typical resolution in δ about 3–4% [37]. Obviously,
the maximum relative change in the cross-sectional area of
the Fermi surface is to be expected at a point where one of the
surfaces (with or without pressure) splits or at a point where
one of the surfaces disappears. The points of the Lifshits
transition xc1 and xc2 for all types of the pressure are shown in
Table 2. Fermi surfaces for point xc1 for all three types of the
pressure are shown in Fig. 2. As can be seen from Fig. 2a, for
ambient pressure the undeformed cuprates have four closed
Fermi surfaces centered at (π/2, π/2) (dash-dotted line).
The hydrostatic pressure results in the Lifshitz transition

Table 2 The points of the Lifshits transition xc1 and xc2 for different
types of compression.

type of compression xc1 xc2

undeformed material (P = 0) 0.151 0.243
hydrostatic 3%-compression 0.145 0.243
in-plane 3%-compression 0.150 0.243
3% compression along the c-axis 0.152 0.241

www.pss-b.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 (a) The splitting of the Fermi surface for hydrostatic pressure at x = 0.145. The relative change in the area is δs = −7.1% for
a small pocket and δl = 92.9% for a large pocket. (b) The splitting of the Fermi surface for the pressure in the a–b plane at x = 0.15
(δs = −14.0%, δl = 85.9%). (c) The splitting of the Fermi surface for uniaxial pressure along the c-axis at x = 0.151 (δs = 17.1%,
δl = −82.9%). Here, δs(l) = (S(p)

s(l) − S(u))/S(u) · 100% for (a) and (b), and δs(l) = (S(p) − S
(u)
s(l))/S

(p) · 100% for (c). Subscripts s and l denote
the small and large pocket, respectively. Superscripts (p) and (u) denote the type of applied pressure and ambient pressure.

and formation of two large Fermi surfaces centered at (π, π)
(solid line). Similar effects are shown for the in-plane (Fig.
2b) and c-axis (Fig. 2c) strains. As can be seen from Table 2,
the points xc2 for hydrostatic 3%-compression, in-plane
3%-compression, and undeformed case are approximately
equal to each other. Therefore, for the point xc2 we give only
one figure (Fig. 3), where the small pocket of the Fermi
surface for 3% compression along the c-axis disappears.
The relative changes in the area of the Fermi surfaces are
shown in Table 3.

5 The pressure effect on the exchange interac-
tion There are several approaches to study of superex-
change interaction. The straightforward one is the calculation
with the intermediated two-hole states which arise through
hopping from copper to oxygen in the fourth order pertur-
bation theory [38, 39]. Another approach is a cell perturba-
tion theory taking into account two-hole excited states. Using
the LDA+GTB approach and extending the cell perturbation
theory to an arbitrary numbers of the excited two-hole cell
states, we had calculated the superexchange interaction in

k
x

 

 

pressure along
c-axis

k
x

 

 

pressure along
c-axis

 

 k y

pressure along
c-axis

undeformed

 

 

k
x

0

2π

2π

Figure 3 The disappearance of the inner pocket of the Fermi sur-
face for 3% compression along the c-axis at x = 0.241.

Table 3 The relative change in the area of the Fermi surfaces δ under pressure.

hole doping x
type of pressure

0.145 0.15 0.151 0.16 0.22

hydrostatic pressure −7.076; 92.932 (3) −14.07; 85.941 (3) 2.128; −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; 97.096 (4) 2.554; 1.071 (4) −57.582; −8.913 (4)
pressure along the c-axis −1.2 (1) 0.0 (1) −17.075; 82.933 (2) −1.994; −82.912 (4) −19.788; −3.063 (4)

Here in the cells there is δ or δs; δl. The number in round brackets indicates which of the four possible cases is considered (notation is the same as in Fig. 2):

(1) both of the Fermi surfaces (with and without pressure) are not cleaved; δ = (S(p) − S(u))/S(u) · 100%;
(2) the Fermi surface for undeformed case is cleaved and the Fermi surface for the case with the pressure is not cleaved; δs(l) = (S(p) − S

(u)
s(l))/S

(p) · 100%;

(3) the Fermi surface for undeformed case is not cleaved and the Fermi surface for the case with the pressure is cleaved; δs(l) = (S(p)
s(l) − S(u))/S(u) · 100%;

(4) both of the Fermi surfaces (with and without pressure) are cleaved; δs(l) = (S(p)
s(l) − S

(u)
s(l))/S

(u)
s(l) · 100%.
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0

S1

M1

nS

mM

Figure 4 The virtual excitations from the occupied singlet (solid
line) and triplet (dotted line) subbands of the valence band states
into the empty conductivity band and back that results in the su-
perexchange interaction in La214.

the La2CuO4 at ambient pressure [22]. The superexchange
interaction appears at the second order of the cell perturba-
tion theory with respect to the interband hopping, it is formed
by the virtual excitations from occupied valence band with
singlet and triplet two-hole origin through the insulating gap
to the conduction band and back (Fig. 4).

By summing up over all virtual excitations from the sin-
glet and triplet bands, we find the following expression for
the effective exchange interaction parameter:

J = JA − JB =
NS∑
n=1

|t0,nS
ij |2

ΔnS

−
NT∑
m=1

|t0,mM
ij |2

2ΔmM

. (7)

The opposite orientation of the two-hole spins in the interme-
diate singlet states with excitation energies ΔnS = ΩnS − Ω0

results in the AFM coupling JA. Similarly, its parallel orienta-
tion in the intermediate triplet states with excitation energies
ΔmM = ΩmM − Ω0 results in the FM contribution JB. The re-
lation between AFM and FM contributions depends on the
specific features of the Cu state in the ligand oxygen envi-
ronment. Due to the large number of virtual excitations in the
five orbital approach (N = 45), the final result is not obvious
in advance.

Calculated the superexchange interaction J ≈ 0.15 eV in
the undeformed La214 agrees well with J = 0.146 eV from
neutron experiments [40]. The last line in the table shows
the superexchange parameter J(P) calculated by the expres-
sion (7). J(P) increases by ∼ 7.4% under the hydrostatic
3%-compression. In contrast, under the uniaxial 3% com-
pression along the c-axis J(Pc) decreases by 5.7%. In all
cases, the superexchange parameter J(P) correlates with the
in-plane hopping parameters. Relation between the AFM and
FM contributions in Eq. (7) in addition depends on the dd-
excitation energy δs = Ω1M(3B1) − Ω1S(A1). In reality, under
the P ∼ 6 GPa hydrostatic pressure, rCu−O reduces by ∼ 1%
[41], while J(P) in La214 increases by ∼ 8.8% [16]. There
are also indications that the linear dependence of superex-
change on pressure was observed up to P = 41 GPa [17].

By comparing the results obtained under in-plane Pab

and uniaxial Pc compressions (the in-plane deformations are

reversed to each other), we conclude that the superexchange
interaction J(P) increases mainly due to reduction of the
area of CuO4 squares. Hereinafter, comparing the results at
the hydrostatic P and in-plane Pab pressures (where the in-
plane deformations are equal to each other), we conclude
the ferromagnetic contribution JB increases with decreasing
structural ratio c/a, and the in-plane pressure Pab is the most
effective tool to enhance the total antiferromagnetic superex-
change in La214. In reality, such an impact can be reproduced
in the film grown on a substrate with mismatched in-plane
cell parameters. Since the 1% deformation is quite achiev-
able in the growth of magnetic oxide material films [42], the
in-plane impact could be useful in practical terms. Authors
[43] observed a moderate (<30%) enhancement of the Tc up
to 51.5 K the LSCO thin films under compressive epitaxial
strain.

6 Effect of pressure on the superconducting
transition temperature Within the LDA-GTB approach,
the AFM superexchange directly results in the d-type super-
conducting pairing similar to the Hubbard model in the strong
correlation limit [44, 45]. Of course, the phonon contribution
to superconducting pairing in high-Tc cuprates also exists as
indicated directly from the oxygen isotope effect measure-
ments [46]. Both magnetic and phonon pairing mechanisms
have been considered within our LDA+GTB approach in
paper [47]. The effective electron–phonon coupling G has
been estimated from the fitting of the isotope effect vs. dop-
ing dependence. The value G ∼ J has been found which
results in the phonon contribution to Tc approximately equal
to magnetic contribution. The reliable way to calculate the
phonon coupling in the regime of strong electron correlation
is still unknown, all ab initio DFT calculation of electron–
phonon coupling gives a weak coupling [48], that is why in
the present paper we do not discuss the pressure effect on
phonon mechanism of pairing. The mean-field theory of the
d-type superconductivity in the limit of strong electron cor-
relations results in the following equation for the supercon-
ducting gap Δk = Δ0φ(k), where Δ0 is the gap amplitude
and φ(k) = (cos kxa − cos kya)/2 is the angular part of the
order parameter

1

λ
= 1

N

∑
q

4φ2(q)

ξ(q) − μ
tanh

(
ξ(q) − μ

2kBT

)
. (8)

Here kB is the Boltzmann constant, T is the temperature,
ξ(q) is the hole dispersion in the superconducting phase. The
magnetic coupling constant λ = J(1 − x)/2. The external
pressure results in the renormalization of the dispersion of
the normal and superconducting phases and of the magnetic
coupling constant. Figure 5 shows the dependencies Tc(x)
obtained for the ambient pressure and the external pressure
of different symmetry. We can see that our values of Tc are
too large, this is an usual drawback of the mean field theory
that cannot pretend to give the correct value of the critical
temperature for all phase transitions. We pay attention that
the relative change of Tc under external pressure, the quantity
d ln(Tc)

dP
= 1

Tc

dTc

dP
is more reliable and may be compared with the
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Figure 5 The superconducting temperature Tc versus hole concen-
tration x for the absent pressure (black solid line), the hydrostatic
pressure (red dashed line), the in-plane pressure (green dotted line),
and the pressure along the c-axis (blue dash-dotted line).

experimental data. The doping dependence 1
Tc(x)

dTc(x)
dP

obtained
under the hydrostatic pressure P = 5.6 GPa (such pressure
corresponds to the relative decrease in the volume of ε =
0.03) is shown in Fig. 6a. It can be seen that the order of the
quantity 1

Tc

dTc

dP
coincides with the experimentally found value(

1
Tc

dTc

dP

)
ex

= 0.04 GPa−1 at x = 0.15 [6].

Let us now discuss the change of Tc under the pressure in
the a–b plane and along the c-axis. Since we could not find in
the literature the compressibility factors for these two types
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Figure 6 The relative change of the superconducting temperature
Tc under external pressure versus hole concentration x. The doping
dependences are obtained under (a) the hydrostatic pressure P =
5.6 GPa, (b) pressure in the a–b plane, and (c) pressure along the
c-axis. Note the different quantities (see text).

of pressure, we limited by the performance of the strain de-
pendencies 1

Tc(x)
dTc(x)
dεa−b

and 1
Tc(x)

dTc(x)
dεc

(Fig. 6b and c) not bringing

dependencies 1
Tc(x)

dTc(x)
dPa−b

and 1
Tc(x)

dTc(x)
dPc

. We only mark that the

signs of the derivatives 1
Tc(x)

dTc(x)
dPa−b

and 1
Tc(x)

dTc(x)
dPc

are opposite to
each other and are equal to the signs found in experimental
studies [6].

7 Conclusions The experimental studies of high-Tc

cuprates properties under external pressure are mostly
concerned with the critical temperature and structural pa-
rameters dependence on pressure. Here, we have considered
more wide range of properties: the electronic structure, the
superexchange interaction, and the critical temperature. We
are restricted by small pressure and small deformations to be
sure that our tight-binding approach accurately reproduces
the Fermi surface. At higher pressure, the transformation of
the whole band structure may be strong enough to involve
contributions of another band at the Fermi energy, then
our low-energy effective model would be not reliable.
Previously, we have found such example in the band
structure transformation under the “chemical pressure” in
Bi2Sr2Ca1−xYxCu2O8+δ, where increasing Y concentration
from x = 0.5 till x = 1 results in the 1% decrease of the
parameter c with increasing a and b parameters while all
samples in this concentration region are insulators [49]. This
strain changes the dispersion of the top valence band states
as has been revealed by ARPES measurements [50] and
was related to the increasing contribution of the copper dz2

orbitals hybridized with oxygen a1 orbitals. These states are
beyond the conventional three-band model. In iron-based su-
perconductors where the electronic structure has a multiband
character, small volume collapse produces dramatic changes
in the electronic structure. The changes of the electronic
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 measurements and
predict strong increase of this effect for the doping close to
the critical concentration xc1 = 0.15 and xc2 = 0.24 of the
Lifshitz transition. The effect of the pressure on the superex-
change interaction is more stronger and has different signs for
the deformations along the c-axis and in the a–b plane. The
same different signs we have obtained for the relative change
of the Tc under anisotropic deformations. For the isotropic
pressure, the relative change of Tc is in a good agreement to
the experimental data. The main contribution to the Tc shift
under external pressure results from the effect of the pressure
on the superexchange interaction that is the coupling in the
magnetic mechanism of pairing. The electron–phonon inter-
action contribution to the Tc is still under debates; certainly it
also will be affected by the external pressure. Nevertheless,
we do not know now how to estimate it reliably, that is why
this problem is outside of the scope of this paper.
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