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Abstract

The two-orbital Hubbard model is used to obtain formulas for the
fermion excitation spectrum in the energy bands hybridized by the Anderson
interaction.. An analysis of the lower part of the energy spectrum leads to a
formula for the superconducting transition temperaturg aesociated with the
pairing of quasiparticles in one of the correlated bands. The dependence of T
upon pressure is analyzed, and the individual influence of -carrier density
enhancement and interaction strength is obtained as a function of oxygen
concentration. The experimental discrimination made by Honma et “lin
Yo,,Ca,;Ba,Cu;0,.5 by separating out the contributions due to carrier density

and pairing strength can be reproduced quanitatively, and perhaps with



further refinement, so can the carrier concentration. Although the prediction
of the absolute value of the transition temperature is not accurate using the
present model, it is clear that it furnishes a reasonably accurate description of
the change in transition temperature with pressure. The component
contributions due to change in carrier concentration and due to change in
interaction strength as a function of oxygen concentration are also in

reasonable agreement with the experimental results.

a. T. Honma, K. Yamaya, N. Mori, and M. Tanimoto, Solid State Comna,).
No.5, 395-399 (1996).

l. INTRODUCTION

The investigation of the mechanism of superconductivity in
cuprate superconductors is related to the effects of oxygen doping
and pressure on the superconducting transition temperatuge ofT
these substances. One of the advantages of using high pressure
techniques is the ability to change atomic distances without
substitution of components, which often causes some side éffects
At the present time several review articles concerning high-pressure
work in cuprate superconductors have been published. According to
the experimental results and the conclusions of Shafer ét aald
Kubo et af, the carrier concentration increases with increasing
pressure in many high<T materials. This increase in carriers is
considered to be due to charge transfer from a charge reservoir layer
to the Cu-O plane. The evidence for the dependence of the carrier

concentration upon pressure comes from measurements of the Hall



number 1/eR and the thermoelectric power under high-pressure.
Generally, T initially increases with increasing 1/gR but decreases
when 1/eR exceeds a specific value. However, the relation between
T.and 1l/eR in high-pressure experiments varies among different
cuprate superconductors. For instance, in La-Sr-Cu-O ceramigs, T
increases with increasing pressure, but no change in ylisR
observed. On the other hand, in the case of Y-Ba-Cu-O, a variation of
T. with 1/eR;is observed by several authors in high-pressure
experiments. It was proposedhat the change in ;due to pressure
(AT¢) should be expressed as the sum of two term3,)¢ and QT¢),,
where QAT.). is the change in Jdue to pressure-induced changes in
the carrier density, andA{l¢),is the change in Jdue to pressure-
enhanced electron pairing (e.g., change in the electron-phonon
coupling strength, or in the exchange coupling constant). Honma et
al.® investigated the dependence of.onh the Hall number by
changing the oxygen content and the pressure gnC¥y :Ba,CuzOy.
They determined that the contribution oAT.).to (AT.)increases
with decreasing oxygen content.

In this work we use the idea thahT.) = AT¢)c+ (AT¢)p and
apply the Anderson-Hubbard two orbital moflefo describe the
experimental results of Ref. 6. In Section Il we introduce the
Hamiltonian of the problem, the Green’'s functions of the
guasiparticles in correlated bands, and the equation for Section
11 is devoted to the calculation of the pressure effect on the
superconducting transition temperature. By proposing a simple
relation between the value of pressure P and the width of the

correlated band W, the dependence of ®n pressure can be



obtained. In addition, a comparison with experimental results on the
dependence of J (AT¢) (AT¢)cand @QTc), on the concentration of

carriers in YCaBaCuO is made. Good agreement between the
theoretical calculation of the dependence A&T() and AT:).0n

pressure, and the experimental results is found. It is concluded that
the model under consideration is quite promising for studying the
effects of oxygen doping and pressure on the superconducting

transition in cuprate superconductors.

II. FORMULATION

One of the popular models used for describing a strongly
correlated system is the Hubbard model. Recently Kosov and Sfiilov
studied the superconducting transition and pressure effects by using
a unified Hamiltonian containing operators of the Hubbard two-
orbital model and the Anderson interaction. The interaction
considerably enhances the applicability of the Hubbard model and
allowed the authors to describe the interaction of non-localized and
localized electrons by proceeding from the mixing of their one-
particle states.

The model in Refs.7,8 is based on the following Hamiltonian:

H =Ho+ Hpn =Y Hoi +3 tj C'isCis (1)

HOi:'U(niaT + Na, + Net +ncl)+E(naT +nal)'



- H (r\aT - Mg, + Ner - nicl) + Mat Niay + U(niaT + Nay ) (ncT +

Nicy )+ Up Nict Nicy +

+ Vo (@1 Cip +d5,Ciy + h.c.),

where Ci, Cs anda’is, as are field operators corresponding to free
and localized electrons at the site i with spin projection ;s =& isa;s
and ni= C'sCis are the operators for the number of electroBsand
s; are the spin operators of c- and a- electromsjs the chemical
potential; H is the applied magnetic field; E the one-particle energy of
the a- electrons; I, U, and ;Uare the energy parameters defining
intra-atomic correlation; | is the Hubbard interaction between
localized electrons; U is the inter-orbital Coulomb interaction of c-
and a - electrons; Uis the repulsive interaction of c-electrons on one
site; Vp is the matrix element responsible for the hybridization of the
c- and a- electronic states (Anderson’s constant); ary #escribes
the interstitial tunneling of c-electrons with transport integral t
Diagonalization of the single-cell Hamiltonian gHand a
transition to Hubbard’'s operators ,X leads to the following results

for the wave function and the energy spectrum:

Eo =0, W,=00, 0O- vacuum state;

Eag = 4 + (E - 2H)/2+ ((Ef2) 2 + (Vo))Y?;

= cosf) [+, O sin(@)OO, +J

€
>
]

|



Ecp=-u + (E + 2H)/2% ((E/2)* + (Vo))'?;
We p = cos@)O-, O+ sin()0O0,

Os, 0= ds 00, 00 0O, +0= C* s 00, 01
cos@) = ZI(Z?+V )% sin@) = Vol (Z%+V 92
O ((Ef2)? + (Vo)A)Y? +E/2 |, if E > 0;

Z=0
O((E/f2) ? + (Vo)®)Y2 -E/2 , if E < 0;

It was mentioned in the Introduction that the one-particle

states A, B, C, and D depend on the energy We find:

Erg= U-2u+Ez 2H;

We= O+, +0 W= 0,

Er= U-2u+E;

wg = 2Y2¢ o+, -O- O-, +0O};

O+, +0= &; C"; 00, 0O -, -0= 4, C%, 00, O

[+, -O= ajriTCJril 0o, O



The energy of the remaining two-particle states, E , and g
can be obtained by using the cubic equation:
X*+AX?*+BX+C=0; (2)

A=-(1+U+U +3E); B=(l+2E)(I+U) + YBE+U+) - 4(W)%
C = 2(Vp)? (I + 2E +U)) - U;(E + U)(2E + I).

The roots X = {X,} of Eq. (2) define the energy xkEm: Xm =2u +
Em, m=«k L m It must be emphasized that a consideration of two-
particle states is the most significant aspect of this research, and
distinguishes it from the widely discussed calculation qQfid the t-J
modelP, which does not directly take into consideration the two-
particle electron states at a single site.

After exact diagonalization of the single-lattice part of the
Hamiltonian (1), it can be represented in terms of Hubbard diagonal

operators X%in the following fornf:
Hoi =3 Ep Xp'; (3)
P=0AB,...,K L, M
The operator kg responsible for interstitial electron jumps can

be represented in a quadratic form using nondiagonal Hubbard

operators:



Hine = 3 t Jis (X) gis (X). (4)

a. E>0;

C*i1 = cost)Xg’ + R Xk°=g i1 (X);

C*iy = cost)Xp’ + Re“ Xk®=g11 (X);

RoX = R = cosf)*(A 1B, - A;B1) + sin@)*(A B3 - AsB1)V2.

b. E<O;

C'it = cost)Xa% + R XkP°=¢g i1 (X);

Cy = cost)X + R XcBA= g1y (X);

RS = R = cosf)*(C1A3 - A1C3)IV2 + sinf)*(C1A, - GA,).
A= (1+ A+ Ad)"5 A= Ai*A1; Ag = Asr*A g

Aoy = (B -2E - I¥/2V% A1 = (B -2E - IVI(EL - U)?

B,= (1+ B, +By,)"% Bl = B12"B2; B3 = B3y*By;



B =[ (Em +2E - U)*(Ey -U,) - 2*V02 VIv2Vo*( Enm -Uy)]; Bsz =
V2V/(Em - Uy);

Co= (1+G&+C)™  G=C*Cs G =CyCy
Ciz =[ (Ex -E - U)*(Ex -U1) - 2*V¢® J[2*V o7,  Cos = (Ex - U1/ V2V
Ex <Bu<H.
We assume that the density of states in the dispersion region
has a rectangular shapé:*°
p(e) = (1/2W) 6(W? -¢%);
where 2W is the width of the c-band.
Carrying out calculations similar to those in Refs.7,10, we

obtain the following expression for the chemical potential:

U =-A2 -WB,/2 +2(rk+ ng) W (R¢®°)? -P/2;
(8)

P+ = {B.>W*+ 2 A; BW + 4,43

B+ = coSa(no+ ng) + (Ro" )*(Nk+ ne).
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The chemical potentialh is determined by the concentration of
electrons in the dispersed correlated band, which equats (R«° )?
(nk+ ng). The dependence of.mandpu upon \p shows different
behaviors in the cases E>0 and E<O. An increase in the hybridization
parameter ¥ leads to a decrease in rwhen E>0, and to an increase
when E<O.

A transition to the Hubbard operators allows the use of the
Green’s temperature function technique to take the interstitial jump
term into account in order to study the superconducting properties of
the model. An analysis of the lower part of the energy spectrum
leads to the following formula for the superconducting transition
temperature associated with the pairing of quasiparticles in one of

the correlated bands:

TJ/2W = 0.57 [E10 (-W) &30 (W)/W?exp[-1/A(N,b)];
(11)

10 (W) = -2 (R ) (n+ ng);

E]_O (W) = - u + (B+W = P+ 'A)/Z,

A(n,ty) =T (n,to)/A(N,ty);

r(n,to) = tof cos’(a) (No* Ng)(Es- Ex)(Es +B. to) +

+ (R¢® )? (nk+ ns) Eq(Eq - Ex +B. to)};
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A(N,to) = W[B.(2u+4A) + B.AL](2p + A - Bito).

The quantity A(n, ¢) plays the role of the quasiparticle
scattering amplitude with different spin orientation. The attraction
between quasiparticles in a correlated band takes place under the

conditions:
AN, 1) >0; -W<g<W,; &, (W)=20. (12)
The conditions (12) can be used to determine the concentration

Ns; < N < nspfor which T. # 0. Solving the equatio,o (W) = 0 gives

the following value for s, .

ns; = 2cod(a)/[cos?(a) + (R¢° )*]. (12a)

The condition A(n, ¢) = 0 gives the following result forgh:

ns: = 2cod(a)/[cosi(a) +2 (R )?].
(12b)

In particular, if we put Y =0 and E > 0 in (12a) and (12b), we
obtain ny; =2/3 and m,=1. This result has been obtained Bwitsev
and lvanov'in the frame of the one-orbital Hubbard model (the so-

called “kinematic mechanism of superconductivity”).

IIl. PRESSURE EFFECTS
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In applying the two-orbital Anderson-Hubbard model to
describe the pressure dependence @f We choose to examine the
energy parameters, which more sensitively depend on the value of
pressure. Since U, I, Y Vo, and E are on-site properties, their
pressure dependence can be neglected. The transport integral t
depends on the spatial distribution of atoms and is changed by
applied pressure. Let us consider the region where W depends
linearly on § (W Ot, ). According to Marsiglo and Hirsh, the
transport integral in cuprate superconductors can be expressed
trough the lattice parameters of the Gu@lanesa, b, andc by the
formulas:

tm= M/ @2mm); 1 =H/(2moc);
where mmpand npjare the respective effective masses.

Neglecting any pressure dependence of the effective masses,
we estimate the magnitude of dW/dP:

dW/dP O dt/dP O -2W(dIna/dP) = 2Wk .
(13)

Here k, ky, and k are the compressibility components along

each crystallographic direction as defined by:
ko = -dina/dP; k = -dIinb/dP; k = -dinc/dP.

In order to simplify the numerical estimation of the results, we
consider the case ;k k,= k.. Using the relations in the equation
(13), the following expression for the dependence of the bandwidth

upon pressure is obtained:

W(P) = W(P=0)exp(2kP). (14)
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Formulas (11) and (14) allow us to express a a function of
pressure. Using expression (13) it is possible to obtain formulas for
dT./dP and dInT/dP:

dTJ/dP = TdInTJ/dP O 2Wk, (dT/dW): (15)

dTJ/dW = (T/2W){1 + 2W[B. + (B.2(P,-P)W - AB.(P, + P
))/2P,P] +

+ (2W/A?%(n, 1)) (dA(N,t)/dW)};

dA(N,)/dW = -A(n,H)/W + A(n,t) {(2(2p + A) - Bitg)[ cosa(ne+
NQ)(Es - Ex)(Es + 2Bt) + (R«® )(nk+ ng)Eq(Eq- Ex + 2Bto) +
A(N,to)B.W(B.(2u +A) +4:B)] - 2WA(n,)[ 2B.(2u +A) +A;B. -
B.to]}(d p/dW);

du/dW = 2(R¢® Y3(ng+ ng) - B./2 -(WB.,? - A,B.)/2P..

By means of formula (15) we obtain a theoretical expression for

(AT¢)p:

(ATc)p = (dT/dP)* AP = (dT/dW)* AW.
(16)
To compare our results with the experimental data of Ref.6 we

obtain the value AT.). from formula (11):
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(ATo)e= (dT/dn)* An = (dT /dn)* (dn/dP)* AP = (dT./dn)* (d
n/dW)* AW.
(17)
IV. DISCUSSION

We have chosen to compare the theoretical results presented in
the previous section with the recent experimental results of Honma
et af, who studied the pressure dependence and the effect of oxygen
doping on the transition temperature of thg Ca,,Ba,Cu,0, (YCBCO)
system. These authors systematically investigated the critical
temperature dependence and the dependence of the Hall number
1/eRy, upon pressure, in order to be able to distinguish between
those effects which result from changes in carrier dengiy. )., and
changes in the coupling strength (electron pairingY .

The first comparison we shall examine is the dependence of the
critical temperature J, on the oxygen content y. The theoretical
results for a pressure of 2 GPa and a compressibiliyok 0.0024
GPa' are displayed in Fig. 1, where 5 curves are plotted, each with a
variation in one or more of the following bandwidth-normalized
parameters: the single-particle energy —-E/W, the inter-atomic
correlation energies I/W, YW, and U/W; and the hybridization
energy W/W. The values of the parameters used in the various
curves used to fit the data are listed in Table | below:

TABLE | Parameter Values Used
Curve Number -E/W |/W u,/ W Uu/w VvV, I W
1 -1.9 6.0 3.5 2.4 1.8
2 -1.9 6.0 3.5 2.4 2.0
3 -1.7 6.0 3.5 2.4 1.8
4 -1.8 5.0 2.5 2.8 1.8
5 -1.9 6.0 2.4 3.5 2.0
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The data of Fig. 1 in the paper by Honma et al. are represented by
open circles. As can be seen from the figure, the general concave-
down form of the experimental results can be qualitatively
reproduced by the theoretical curves with the same maximum value,
and with little variation exhibited for different parameter
combinations. The requisite width of the curve exhibited by the
experimental data is however not readily attained with any
reasonable variation in the parameters. The difficulty in fitting the
theory to an absolute quantity like the critical temperature is not
unexpected, since the absolute values of the potentials chosen are
involved in making such a comparison.

In Figs. 2a and 2b are plotted the critical temperature change
at a pressure of 2 GPa and a compressibilityok 0.0024 GPa' , due
to changes in carrier density and pairing strengthT:f. and QT¢)p,
respectively, as a function of oxygen content y. Here, the agreement
with the experimental results of Honma et al (open circles) is fairly
good. Once again, the theoretical curves exhibit a concave down
behavior over the range of y that was measured. Of the parameter
sets chosen for illustration, it appears that the parameters
corresponding to curve number 5 (-E/W= -1.9, I/W=6.0/W=2.4,
U/W=3.5, and \/W=2.0) give the closest fit to the experimental data
in both cases. Fig. 3 illustrates the sum of the two effects to give the
total change in temperatureATc)c+ (AT¢), = AT, plotted vs. oxygen
content y, along with the experimental data. Once again the
theoretical treatment yields a set of concave down curves which
qualitatively approximate the data with the best fit to the
experimental data given by curve number 5. Over all, the theoretical
model appears to quite accurately account for the observed
experiemental variation with oxygen content. In contrast with the
first plot, these comparisons involve the change in critical
temperature with pressure and so can be more realisitically
accounted for by the theoretical model.

For the Hall number 1/e6R which should scale with the ratio of
the carrier density enhancement of the critical temperatéwg;)({ to
the sum of the absolute values of the individual critical temperature
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+

enhancements{(ATc)c (ATC)pD, the plot vs. oxygen concentration y

shown in Fig. 4 illustrates the comparison between theory and
experimental data of Honma et al., who labelled this ratio Here the

fit is not good with any of the parameter variations that were tried.
Although the experimental data fall on curve 4 near

ATC/«ATC)C

entirely due to change in carrier concentration, the slopes are clearly
not in agreement. We believe this discrepancy arises from the
reduced accuracy in evaluating this fraction when the Hall coefficient
changes sign, which it does in the case wherea(y,= (6.87, 0.39).

The theoretical curve nevertheless gives a reasonable qualitative
description of the variation in this parameter, as a decreasing

+|(ATC)p|) = 1, where the temperature change is almost

: . dr, :
function of oxygen content. In order to determine heggf— varies

with oxygen concentration y, we have used a third-order polynomial
fit of the form: dn(y) = a,y® + ay* + ay + a,. The fitting
parameters are obtained by using the data of Honma et al. at y =

6.59, 6.72 and 6.87, respectively, and by setting dn (#0)0. The
values of the fitting parameters are;, = -461.1850;a = 141.5920;

a, = -11.6100; a, = 0.1135. This relation provides a reasonable

idea about the strength of the effect of charge carrier density upon
AT,.

Finally, in Fig. 5, we plot the total change in the transition
temperature vs. pressure as obtained from the theoretical model.
The experimental results are shown as data points according to the
legend. It is apparent that the quality of agreement is good, with no
more than 10% discrepancy. The rate of increase Jnwith pressure
is faithfully reproduced for all three fractional oxygen contents
studied by Honma et al. It is important to note the nearly zero slope
at the highest concentration, y = 6.87.

CONCLUSIONS
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In this paper we have demonstrated that the application of the
Hubbard model provides a good basis for describing the observed
variation of the pressure dependence of the critical temperature on
oxygen concentration in theY,,Ca, Ba,Cu,0, (YCBCO) system. It
appears that the experimental discrimination made by Honma et al
in separating out the contributions due to carrier density and pairing
strength can be reproduced quantitatively, and perhaps with further
refinement, so can the carrier concentration. Although the prediction
of the absolute value of the transition temperature is not accurate
using the present model, it is clear that it furnishes a reasonably
accurate description of the change in transition temperature with
pressure. The component contributions due to change in carrier
concentration and due to change in interaction strength as a function
of oxygen concentration are also in reasonable agreement with the
experimental results.
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CAPTIONS

FIG.1. Dependence of the function, Dn the oxygen content y for
Y 0.9Cap.1Ba,CuzOy obtained for the parameters=K.00024 GP3; P=2
GPa.

FIG.2a. Dependence of AT ), on the oxygen content y for
Y 0.9Cap.1Ba,CuzOy obtained for the parameters=K.00024 GP3; P=2
GPa.

FIG.2b. Dependence of A(T.). on the oxygen content y for
Y 0.9Cap.1Ba,CuzOy obtained for the parameters=K.00024 GP3; P=2
GPa.

FIG.3. Dependence ofA{T¢)p+ (AT:)c on the oxygen content y for
Y 0.9Cap.1Ba,CuzOy obtained for the parameters=K.00024 GP3; P=2
GPa.

FIG.4. Dependence of the ratw = O(AT¢)0/( O(ATe)p0+ O(AT)O) on
the oxygen content y for ¢sCap1Ba,Cuz;O, obtained for the
parameters k0.00024 GPa&; P=2 GPa.

FIG.5. T. as a function of pressure ing¥CayBa,CuzOy (cross -y =
6.59, star - y = 6.72, open circle - y = 6.87 - experimental ®Jata

obtained for the parameter ,40.00024 GP4 (used for curve 5).
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