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Extended Hubbard model applied to study the pressure effects
in high-temperature superconductors
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We make use of a BCS-type approach based on the extended Hubbard Hamiltonian to study the supercon-
ductor transition and to give a microscopic interpretation of the pressure effecls imnhigh-temperature
superconductors. This method suggests that the applied pressure causes an increase of the superconducting gap
and this effect is explored in order to explain the variation$ af Our approach is therefore beyond the scope
of previous phenomenological models which basically postulate a pressure-induced charge transfer and an
intrinsic term linear in pressure. We obtain a microscopic interpretation of this intrinsic term and a general
expansion ofT; in terms of the pressure. To demonstrate the efficiency of the method we apply it to the
experimental data of the Hg-based superconducf8&163-18207)07925-3

. INTRODUCTION ay(n)=— 7T on/9P)?, (2b)

After the discovey of high-temperature superconductoré_"’here the_ first term iy, is knczwn as the intrinsic term and
(HTS'’s) it was realized that the critical temperaturg;) It Was estimated to be consté‘nf’.ng a_lp_proachz\évas largely
could be substantially enhanced by applying high pressure&'Séd in describing the data in the vicinity o, but fails
This very interesting effect attracted a lot of attention as it is!0 describe more recently measurements on different com-
summarized by several review articles which have been writPounds with a large variation on the initialvalues from the
ten on the subject:3 The motivation for all this effort is not Underdoped to overdoped regif€. Furthermore, this phe-
only the quest for higher temperatures but also to understarfemenological method does not provide any physical insight
which are the parameters which optimiggbesides the pos- into the origin of the(charge-transfer-independgimtrinsic
sibility of following the structural changes induced by pres-t€rm-
sure by means of x rays and neutron diffraction techniques. It
is hoped that these investigations lead to the preparation of Il. METHOD AND APPROACH

new materials by chemical substitution as well as some bet- We propose in this work some ideas which are general

ter insights into these highly complex systems. . . .
T enough to be applied to any family of compounds and which
One of the effects of the p_ressure_wh|ch S g_enera}IIy aCbrovide some microscopic interpretation on the effects of
cepted and well documented in certain matetidlss an in-

. . pressure. We use as starting point a recently introduced
crease of the carrier concentration on the Guilanes trans- pproach! based on a BCS-type mean-field analysis which
ferred from the reservoir layers. Such pressure-induce

charge transfe(PICT) has been confirmed by Hall effect and SeS the exte_:nded Hubbard HamiltoniafV) on a square
; : lattice (of lattice parametea),
thermoeletric power measurements in several compotinds.
Therefore this effect combined with an assumption of an :
intrinsic variation ofT (linear on the pressuréndependent H=- E t(ci,Cj,+H.c)+ UZ nu”m—VZ nn; .
of the charge transfer was largely explored to account for the (i) ! () 3
guantitative relation betwe€n, and the pressure and gave
the origin of many model$:® Some of these models also  For the sake of completeness we briefly outline the
invoked the fact that several HTS'’s havd aversus carrier method. A gap equation at zero temperature is derived which
densityn (per CuQ,) diagram which satisfies a phenomeno- has the same form as in the usual BCS theory, i.e.,
logical universal parabolic curve, i.e, T,=T{ {1
—n(n— nop)z] wheren,, is the optimummn. Following along Ay
these lines we can write(P)=n+An(P), T.=T.(n,P) A== Vi 4
. S | 2(E°1+A
and derive an expansion in powersRf namely,
where &= —4t[cosk)+coska)]—u, Vi is the Fourier
Tc(n,P)=T.(n,0)+ ay(n)P+ ay(n)P?, (1) transform of the potential of Eq3), which is approximately
o given by
where the coefficients are
Vii~U—4V[cogk,—l,)a+cogk,—Iy)a]. (5)
a(nN)=4dTy(N)/IP—=27T ¥ {(N—Ngy)an/dP  (2a) . _
As in the BCS mean-field methbldthe gap has the same
and functional form of the potential, namely\ = Ay cosk,a)
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*cosk,)l/2, where the plus sign is for thewave and the 120 ; :
minus sign is ford-wave channel. The chemical potential < DT parabelially fit
u must be calculated self-consistently but as it concerns the — S AZ=240K
superconducting phase boundary it suffices to approximate it 80 |

by the value of the maximum enerdggoncentration depen-
dend in a tight-binding band. One then derives a finite-
temperature analog of E§4) and in order to determine the
phase boundary we take=T, at the limit whereA,=0 is 40 |
applied. The zero temperature and the finite temperature with
T=T,. gap equations are solved numerically and one matches

T. with Ay for a given carrier concentration. Thus one 0 ‘

obtains a phase diagraf,xn for a givenA, which was 0.0 - 02 n(percuo, 04

found to reproduce well the experimental phase diagrams for

the HTS'’s when the position of the attractive potentialas FIG. 1. The phase diagram for HggauO,_ ;. The squares are

changed from the original nearest-neighbor position and bethe experimental points of Ref. 6. Our best fitting witg=210 K
came an adjustable parameteithe ratio ofU/V is not rel-  and the results witih =240 K to illustrate the effect of changing
evant to determine the phase diagram boundary as long #is parameter.

U>V, but on the other hand, it determines the value of

Ay. The exact calculations & in terms ofU andV are not s

easy to be performed in a many-body system and thus it To(n,P)= E azP?, (6a)
becomes a second parameter to be determined by compari- -

son with the experimental .Xn phase diagrams. It was ith

showrt! that the chosen values fa, that reproduce the '
phase diagrams of the lanthanum and yttrium family of com-

z
pounds are also in excellent agreement with the gap mea- J dAg 9 dn

=l ———=+——=]| T(n(P),Aq(P)). (6b
surements taken from tunneling experiments and the specific *z dAg P on 9P (N(P).Ag(P)).  (6b)
heat. As concerns the ratio of the positions\bfused for
these families, it was also shovenposteriorithat their val- Furthermore, one can derive simple analytical expressions

ues match their ratio of the coherence len@s discussed in  for each coefficient in an approximate way, using the univer-
Ref. 11, these are strongly coupled systems and the boungh| parabolic fitting and withT®{P)=2Aq(P)/y which
states are confined which is not the case with weakly coupleghakes explicit theT, dependence o [assumption(ii)].
systemg thus providing a possible physical explanation for This procedure gives an intrinsic term which is radically dif-

this quantity and why they are so different for the La and Yferent than that used beféré€ as well as a new third-order
families of compounds. term.

In connection with the above discussion we are led to
propose that the effects of pressure are twof@)dThe well-
accepted PICT andi) the relation 2,= 'YkBTEnaX (y=35 I1l. COMPARISON WITH THE EXPERIMENTS

for weakly BCS andy~4.3 for the method mentioned  To illustrate the entire method we will apply it to the
above suggests that iT{**is a linear function of the pres- mercury system. The mercury family of compounds repre-
sureP (as assumed for the behavior of the intrinsic t&1fy  sents a real challenge to any theory for the following reasons:
thenA, must also be a linear function &f. As concerns the (a) The highest transition temperatures obtained up to date
Hamiltonian of Eq.(3) this is equivalent to saying that the have been measured on Hg1223 at 25—-30 &Pdreaching
structural modifications due to the applied pressure induce galues up to 164 K(b) The various pressure data for the
variation on the attractive potentid (which is the most underdoped and overdoped compounds of HERED,
influencial parameter on the value 4f). In fact the real  (Hg1201 could not be interpretéfby the models described
effect of the structural changes can only be estimate by eledn the Introduction(c) The largest pressure effect g with
tronic band calculation§>*2'3put they are not adequate to a change of almost 50 K over a span of 20 GPa has been
be performed in the context of the strong correlations of thaecently measured by one of'fisn Hg2212.

t-U-V Hamiltonian. As a preliminary step and also in order to determine the
Thus the PICT(i) implies thatn(P)=n+An(P) and the initial parameters, we need to study fig< n phase diagram
assumption of a pressure dependent o@p implies at zero pressure. Thus we perform a calculation using the

Ao(P)=Ay+AA(P) which can be simple written as method of de Mellb' to obtain a Hg1201 phase diagram

T=T(n(P),Aq(P)). In Fig. 1 we plot two curves calcu- which is in agreement with the experimental restflté\s
lated with two differents values &, to study howT.(n) discussed above this method of calculation involves two pa-
change if the pressure induces a changd jnTherefore to  rameters; our best result is obtained wkh=210 K and the
estimateT. of a compound with an initial given value of  position of the attractive potentidl at the sixth neighbor.
and under a given pressuRe we perform an expansion of Our results are plotted in Fig. 1 and, just for comparison and
T.(n) in terms of P. With the assumption of linear variation for future use, the phenomenological parabolic fitting with
of n and T (or A) on the pressure, we obtain only terms 7=50 and T"'"®=97 K as used by Caet al!® Thus the

up to third order, that is, calculation for the Hg family phase diagram is our first step
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and it is independent of the pressure studies which we will 120 ‘ ‘ 125 ‘ ,
deal next. o ° n=0.06 & | on=0.18

To study the effects of the pressure we also plotted in Fig. | vn=0.10 e | en=0.215
1 our calculation for the phase diagram with=240 K. We ,;__:._nf—o'—@—*-‘ i :igg;
see that nean,,=0.16 the variations off ; with respect to 9 2
A, are almost twice as those at the extrerfles T.), and 80 | i —o—o—o-o
since this is the origin of the intrinsic term, it also varies in i
the same way and this behavior will be discussed below. It is 65 Hg1201
important to notice that the two partial derivatives that ap- | Hgi201 | NN
pear in Eq.(6b) become two parameters to be determined by
comparing with theT.XP measurements for two com- 40 "’G’—W 35 gy
pounds with different charge density. At low pressures 00 05 1.0 15 00 05 10 15
only the linear termsy; comes into play since the higher- (a) P(GPa) (b) P(GPa)
order coefficients are negligible. It is desiralfbat not cru-
cial) to start withn=n,, to determineJA,/JP since atng, FIG. 2. (8 The lines are our calculations for the underdoped

the charge transfer term vanishes. So with other sets dfgion in comparison of the experimental points of Ref.(®.The
T.XP data at another value ofi#nyp, we determine same.calculatiops for the overdoped region in comparison of the
anlaP. After these two parameters being determined we ca§XPerimental points of Ref. 10.
apply the expansion Eq6a) to any other compound with
different value ofn.

To illustrate the above general procedure, we will apply it30 GPa which is the value of higheBt for a HTS's® Our
to the low-pressure results of Ca al® for Hg1201 and results can also be applied to other measurements on differ-
those of higher pressures of Gabal® Our purpose is to ents families and compounds of Hg which, @f,, also
show that we can describe all their results with a singleyielded theT, maxima around 30 GP4.This simple theory
choice of parameters. Thus to obtain the value of the twds capable of describing successfully entire this ensemble of
partial derivatives of Eq(6b) pertinent to their measure- |ow- and high-pressure data and furthermore provides some
ments we do the following: We start with the set of datainsight into the microscopic effects of the pressure.
taken with the compound witm,,=0.16, which has a
T.X P curve at low pressures that is a straight line and from
wh@ch we can infer that thg Ii.nefir terma; =1.85 K/GPa, IV. CONCLUSIONS
which atn,, is equal to the intrinsic term, and from this we
determinedA,/dP. To determine the other partial derivative ~ Thus, we conclude by pointing out that our calculations
we study theT.XP plot made with the sample with (based on a BCS-type mean field with the extended Hubbard
n=0.06. We see that the low-pressure slopg)(can be Hamiltonian are demonstrated to be highly successful to
taken asy; = 2.6 K/GPa. Ain=0.06 the intrinsic term is half describe the effects of pressure with just two simple assump-
of that atn,, according to the discussion in the above parations. The PICT which is well accepted and that of the
graph, and therefore the intrinsic term is 0.9 K/GPa and thepressure-induced variation of the superconductor gap which
the charge transfer must be equal to 1.7 K/GPa since the suijias introduced, to our knowledge, in this work. We hope
of both terms is equal ta;. Using now the explicit expres-  that this assumption can be confirmed in the futurénbsitu
sion for a; with the parabolic fitting withT{>=97 K and  experiments like specific heat and tunneling measurements.
7="50 we can derive thatn/JP=1.8x 10"% holes/GPa. We e recently learned about the work of Angilelt al®
notice that this value that we obtain fon/JP is very close \which also uses the extended Hubbard model within a BCS-

4 57189 ; ; :
to other estimation3*®*Thus with this procedure the two type approach. Furthermore they estimate the effects of the
derivatives which are derived in the calculations of the coef-

ficients of Eq.(6b) are determined and we are set now to
apply Eq.(6a) to any Hg compound. Far fromy, the charge
transfer term dominates over the intrinsic one and thus the

linear terma; varies from the 2.6 K/GPa chosen above at 160

n=0.06 up to— 1.0 K/GPa(at n=0.26) in the overdoped 3

region. The results of our calculations for all other com- —

pounds with different densities are in excellent agreement

with the low-pressure experimental data in both the under- 120 = Hg1201

doped and overdoped regimes and are plotted on Figs. 2

and Zb). In Fig. 3 we show the results for the high pressure
measurements for the three families of mercfigt Nop- AS

one can see in Fig. 3 at high pressures the quadratic and the 80 ‘
cubic terms in the pressure expansion become impoftant 0.0 25.0 P(GPa) 50.0

P>20 GPa and the agreement with the data is also remark-

able. It is very interesting that the parameters obtained above FIG. 3. The high-pressure data of Ref. 16 and our calculations
at the low pressure yielded results with the maxima aroundsolid lineg described in the text.
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