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Abstract. The pressure effect ofi. for Lay_,Sr,CuOs has been investigated within the van
Hove singularity scenario of highi; superconductivity by taking into account the variation of the
Fermi energy and the effective attractive interaction with pressure. It was found that the pressure
coefficient of 7, decreases with increasifg and remains positive over the whole doping region.
The predictedl,. increases with increasing pressure, reaching a maximum at 4 GPa, and then
decreases with further increasing pressure. These results are in agreement with experiments.

1. Introduction

High-pressure studies have been shown [1-3] to be effective in elucidating the microscopic
mechanism of the superconducting state and in providing clues that are useful in the search for
new ground states of solids as well as in finding new materials with higher critical temperatures
by using the chemical pressure.,LaSr, CuQ, is the simplest superconducting cuprate system
inthatit has a single Cugxonducting layer and in that the hole concentration in the {ai@he
is uniquely determined by the Sr concentration inthe La(Sr)O double layers. The pressure effect
on the superconducting transition temperatfirén La,_, Sr,CuQ, compounds has attracted
particular interest because the pressure coefficientTg/bhP, is positive over the whole
doping range [4-6], which contrasts with the decreasg.innder pressure observed in the
overdoped region for other single-Cu—O-layer cuprate8&ICuGs., [7] and HgBaCuCy.s
[8]. Meanwhile, the pressure derivative Bf, dT,./dP, is very high compared with those for
other hole-doped higiiz superconductors (HTSCs). On the other hand, the %, CuQ,
system shows the nonlinear pressure dependendg [, 6] generally found for HTSCs.
Within the pressure-induced charge-transfer model (PICT) [9-17}/dP is expected to
depend strongly on the carrier concentration in the £pi@nes. The always-positivedd/dP
values found for La_, Sr, CuQy, irrespective of the doping level, go against this simple model.
So far, there have been few successful theoretical analyses of the pressure depengience of
in this system.

With the aim of establishing the origin of the high critical temperature and the anom-
alous normal-state properties of HTSCs, several models have been proposed. The van Hove
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singularity (VHS) scenario is one such model, based on the phonon-mediated BCS pairing
mechanism. The anomalous isotope effect, the linear temperature dependence of the resistivity,
the pressure effect, and some characteristic features of the thermoelectric power of the high-
oxides can be explained qualitatively within the VHS scenario [12,13]. High-resolution angle-
resolved photoemission data have identified the presence of a saddle pointin the band-structure
energy surface within 100-200 K of the Fermi ener@y:) [14, 15]. The electrostatics of the
system will be changed under the application of pressure, which causes a charge redistribution
to take place in such a way that the carrier concentratigy) {n the CuQ plane changes.
Such an effect has been observed in Hall effect [16], thermopower [17], and neutron power
diffraction [18] investigations under high pressure. Electronic structure calculations [19]
indicate that there is a prominent VHS close to the Fermi ené&rgand that the behaviour
of T. depends strongly on the Fermi level passing close to or through the energy location of
the VHS with increasing pressure, and also that there is a correspondence between the hole
doping and the pressure treatment. Herftecan be viewed as a pressure-sensitive variable.
Previous studies suggested that interlayer coupling between the adjacentaye
plays animportant role in enhancifig[20—24]. The origin of the interlayer coupling has been
found to be the addition of interlayer interaction [25]. Furthermore, Tesanovic [26] found that
the interlayer coupling due to interactions plays an important role both in stabilizing the long-
range order in cuprate superconductors and in providing a mechanism for further enhancement
of T.. It has been proposed that the enhancemerti,. afith pressure also arises through a
gradual increase of the pressure-induced interlayer coupling [27, 28]. Using high-pressure
Raman scattering, Aronsagt al [29] found that the in-plane superexchange interaction
in antiferromagnetic LaCuQ, varies with pressure, which is directly related to the effective
pairing interactionV,s. It is reasonable to assume that the pressure-induced changg of
is another important factor in producing the pressure dependeri¢e of
Inthis paper, we provide a theoretical explanation for the pressure efféctrothe typical
compound La_, Sr,CuQ, in terms of the VHS scenario within the BCS framework [12,30], in
which (i) the difference between the Fermi enefgyyandEy s and (ii) the effective pairing
interactionV,;, are considered to be the two pressure-dependent variables.

2. Theoretical approach

The quasiparticle energy in a tight-binding band is given by
E(k) = —2t(cosk,a + coskya) + 4t COSk,a cosk,a (1)
wherea is the lattice spacing between Cu atoms on they] plane, and andz, are the
nearest-neighbour and the next-nearest-neighbour hopping integrals, respectively.
The density of states per spin is easily calculated as

N(E) = NoIn )

E—EF+5"

HereD = 16t (1—4:5/t?)Y2, No = 8/(n2D) is the density of states normalized to a flat band,
8§ = Er — Eyys, andEyys = —41, is the energy at which the VHS is located. In high-
superconductors the Fermi levél f) shifts with doping, and correspondindlychanges. The
equation for the superconducting transition temperatyy®btained from the standard BCS
gap equation, is

2 _/EF“”D E—Er dE
E

N(E)tanh _—
E—Ep

F—Wp <

3
Vers )
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where V.4 is an effective interaction due to exchange of phonons, spin fluctuations, or
combined charge fluctuations and lattice distortions, @pds the cut-off energy. In order

to generalize equation (3) to include the effects of pressure, we assume that the pressure
dependence of the parameté&rsandwp can be neglected to a first approximation. Thus the
pressure dependence of the intringidn equation (3) is related to the pressure dependence

of the parameter&andV, ;. That s,

S3(P)=8+mP (4)
and

Vers(P) = Vorp(L+azP) (5)
wherea; = d§/dP|p—g x kv [31],a0 = dInV,ss/dP|p—o = —kyv dIN Vs /d INV|p—g, and
ky = —dInV/dP|p—_g is the volume compressibility. This approximation is reasonable for

low values ofP, but is likely to break down for larg® since one expectg,(P) ands(P)
to saturate at larger pressures. Thus the variatidh wfith pressureP can be simply written
as

T.(P) = T[8(P), Vers (P)]. (6)
From equations (3) and (6) one can calculatg(@)/dP as
dT.(P) _ 1 daVery  2m Ertop tanhE —Ep 1 dE
dapr I1(P) No(Veff(P))2 I(P) Jgr—w, 2T.(P) E—Ep+48(P) E—Ef
(1)

with

I(P —/EFmD L o sech( E=Er) 4 (8)
(F)= Er-wp (T.(P)2 |E — Ep+8(P) <2n-(P>) '

Putting P = 0, one can obtain the initial pressure coefficienT)gofd In7./dP, as

dinT, 1 da 2a; [Errer E—Er 1 dE
= — tanh . 9)
dpr T.1(0) NoVeys  T.1(0) Jg, _w, 21, E—Ep+8 E—Ep

From equations (6) and (7), one notices that in order to study the pressure dependence of
T.(P) and dI.(P)/dP, one must have a knowledge of the valuesipfinda,. In general,
the Fermi level shifts toward the energy location where the VHS lies under the application
of pressure for underdoped materials and overdoped materials. The signddf & then
expected to be positive for underdoped compounds and negative for overdoped compounds.
It is therefore reasonable to writg/wp = —BSxy whereg is a constant which depends on
the superconducting material. In the present study we consider the vatuefd.1 for the
Lay_,Sr,CuQ, system.

The success of the VHS scenario lies in the assumptionstisakero for the optimum
doping concentration for which. is maximum [12]. When the compound is optimally doped,
8§ = 0 and thusz; = 0. Putting these values into equations (3) and (9), one can obtain an
expression fot:

1 dingmaxp pErtop E — Ep
2T dp Er-wy | E—Er 2T
Er+op D E—E de 77t
x / In tanh a . (10)
Er-wy | E—Ep 2Tmax | E — Ey

Therefore the values @b as well as d Vs /d In V| p—o for HTSCs can be determined from
equation (10) on the basis of the experiment valueEs¥ and dI'"®/dP.



4404 Yabin Yu et al
3. Results and discussion

For fixed values of the parametelsandwp and of the pairing potentidl, s, equation (3)
yields the solutions foff,.. According to equation (3), we plot the transition temperature in
figure 1 as a function of the position of the Fermi level with respect to the van Hove singularity
with different values o/ s,. The parameters used in the numerical calculatiomese 5800 K
andwp = 754 K [12]. Itis seen that transition temperature peaks extremely strongly around
the point where the Fermi level lies at the saddle pdipis maximum a = 0 and decreases
as|é| increases, i.e., as the Fermi level shifts from the energy of the VHS. On the other hand,
the transition temperature increases with the increasépf Whens — 0 the transition
temperature rises rapidly with 4. In fact, the variation in the transition temperature among
the various cuprate superconductors indicates Thaghould be related t&,;; [32]. The
magnitude off. depends strongly on the doping lewehnd reaches its maximum.at~ 0.16

in the La_, Sr,CuQ, system [33]. The change ifi. with compositionx is associated with a
change of throughEr. These results are very consistent with the present picture. Thus, it
is clear that the strong variation M(E r), derived from the quasi-2D VHS, plays a dominant
role in the anomalous behaviour Bf with varying compositiorx in Lay_, Sr,CuQy.
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Figure 1. Variation of the superconducting transition temperatfiravith §/wp for different
coupling parameters: square¥.;; = 6151; open circles:V,;; = 6286; upwards-pointing
triangles: V,sr = 6419; crossesV, s = 6549. D = 5800 K,wp = 754 K.

The above analysis enables us to plot @lyd P as a function oé. Forthe La_,Sr,CuQ,
systems, the maximufh of 39 K, the maximum pressure derivativ®/d P of 3.1 K GPa®
[5], and the volume compressibilityy of 6.8 x 102 GPa! [34] are obtained when the
compound is optimally doped. With these parameters, equation (10) yields a value of
dInV,sr/dInV|p_g of about—5.0. Thenthe pressure coefficient djiydP can be calculated
numerically by using equation (9). The variation of bdth and dIn7,/dP with § for
Lay,_Sr,CuQy is shown in figure 2. For comparison, data from Tanahashli [5] are also
displayed. The curves fdf. and d InT./d P as functions o8 show the typical shape observed
experimentally. The pressure coefficient is larger for underdoped samples (néy#tiae at
optimum doping § ~ 0). The minimum d Ir¥, /dP occurs in the overdoped region (positive
8). It is interesting to note that d Ifi. /dP is positive for all values 08, in agreement with
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Figure 2. (a) Experimental values, taken from the work obiVet al [6] for the superconducting
transition temperaturé. and the pressure coefficient diyy/dP of La,_, Sr, CuQ, as functions
of x. (b) Calculated values df. and d InT,./dP versus§/wp.

observation [5]. Similar behaviour has been reported by Jagtsal{35] on the basis of an
indirect exchange pairing mechanism for conduction electrons via oxygen anions.

The procedure developed above is now applied to a numerical evaluafiproffor the
nearly optimally doped but slightly underdoped,LaSr, CuO, compound withl, = 36.6 K.
The corresponding value éfcan be determined from equation (3)8d&, = —9.0 x 1072,
Hence one obtaing, /wp = 6.12 x 1072, On the basis of these parameters, we calcul&ted
from equation (6) as a function of pressutdn the range 0< P < 8 GPa. In figure 3 we
present the numerical results. As can be seen, as pressure is incf@adsettases initially
until it reaches a maximum at some pressure level, and at higher pregsdexseases. The
maximumT,. of 46 K on theT.—P curve is exhibited at about 4 GPa. The hydrostatic pressure
study by Mori et al[6] shows thafl,.(P) passes through a maximum at 4 GPa. Erskira[4]
found a gradual increase ©f with pressure up te-4 GPa, a plateau of 46 K from 4 to 6 GPa
and a decrease above 6 GPa. Interestingly, our prediction coincides well with experiments.
The predicted variation df,. with pressure in La , Sr, CuQy is very similar to that found for
YBa,Cu;0;_5 and Hg-based series within the framework of the PICT model [9, 10]. Itis
therefore indicated that the VHS scenario can account for the pressure effctrohole-
doped HTSCs.

The present VHS scenario is based on the assumption of s-wave pairing. However, recent
experiments seem to increasingly favour d-wave, in particylagd pairing. Recently, Newns
et al[36] investigated the assumption that the pairing has,d symmetry in an investigation
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Figure 3. The pressure dependence Bf
0 2 4 6 8 in the nearly optimally doped but slightly
underdoped La., Sr, CuO; compound with
P (GPa) T, — 36,6 K up to 8 GPa.

36 1 1

of the transition temperature, gap, and specific jump at the BCS level of approximation. It is
found that the effect of the VHS on these properties is similar to the effect of s-wave pairing. In
particular, the two intrinsic factors which are responsible for the valig ohder pressure are

the same, i.eT, decreases with the increases&ifand reaches the maximum value wles 0;
meanwhileT, increases with the effective coupling constéfyt,. Therefore, it is indicated

that considering the VHS scenario with d-wave pairing would not make much difference from
considering the case with s-wave pairing as regards the pressure depend&ncat déast
qualitatively.

4. Conclusions

We have investigated the pressure dependence of the superconducting transition temperature
for the typical cuprate superconductors,Lgr, CuQy in terms of the van Hove singularity
scenario. The model utilized the assumption that both (i) the difference between the Fermi
level and the van Hove singularity and (ii) the pairing potential change under the application of
pressure can account for the pressure dependerf¢@bserved experimentally. The pressure
coefficients ofT, are observed to be positive for all dopant concentratian$he predicted

T, is found to increase with increasing pressures, reaching a maximum at 4 GPa, and then
decrease with further increasing pressure. These results are in agreement with experiments.
Thus, this analysis suggests that a reasonable description of the pressure deperificioce of

the La_, Sr,CuQ, cuprates can be realized using an s-wave theor§ for
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