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Α system of charged weakly interacting bosons with «d" symmetry is
considered. The interaction U(d) = U (s) f (0) contains the angle dependence
f(θ) . Υ2,2 2 consistent with «d" symmetry. This system resembles much
more free bosons than the system with «s" symmetry (interaction U(s)). For
example at Τ = 0, n n, where n, n are the densities of particles and
condensate respectively.

PACS numbers: 67.40.-w, 74.20.—z

Most results of the recent experiments, specially for the cuprate high tem-
perature superconductors, are consistent with the "d-wave" symmetry [1, 2]. More
precisely, important is the particular form of the "d-wave" known as the dx2 -y2
one, connected with Ι = 2 and m ± 1.

Superconducting properties of the charged free and weakly interacting Bose
gas with 's" symmetry were considered in Refs. [3-5] respectively. The ground
state of the weakly interacting bosons has been considered already in 1947 by
Bogolyubov [6].

For the case of "s" symmetry the interaction was described by
U(s) = 2πΙl2α/m, where "α" denotes the scattering length. In case considered here
"d" symmetry U(d) contains the angle dependence f(θ) proportional to
. (Υ2,ιΥ1 + Υ2,-ιΥ',-1), see e.g. [7], where Υ2,±1 sin θ cοs exρ(±iιβ), Ι = 2,

m = ±1 i.e.

The considered now system is described by the Hamiltonian

where «u" is the sound velocity.
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After Bogolyubov [6] unitary transformation (α+, α)  — (b+, b) the diagonal
-ized Hamiltonian (2) has the form

On the basis of the flow properties one can express the density of bosons n
as a sum of the density of the normal component nn and the density ns of the
superfluid component (n = n s+nn).

On the other hand, after use of the  Bogolyubov transformation to the op-
erator one can, like in [4], introduce the alternative decomposition of the
density n. Namely

(The dimensionless parameter γ wa8 denoted in [4, 5] by "s".)
In Eq. (4) nc(d))(γ, T) describes the density of the Bose condensate. The den-

sity n presents bosons which due to interactions u(') are at Τ = Ο not in
condensate. In case of noninteracting bosons at Τ = 0, 100% of particles is in the
Bose condensate. On the other hand, in  superfluid lie4 at Τ = 0, because of strong
interaction, 90% of particles is not in the condensate.

.	 (d)	 . 	 . 	 . 	 . 	 . 	 . Finally,, nex) (γ, T)is the excitations density described by the Bose dstribu-
tion function.

Now, in case of interaction  U(d)(0) we have for n the following expression:

We see that in case of "d" symmetry n is two orders of magnitude smaller
than n.

For nex(γ, T) appearing in (4), using formula for critical temperature  Ί for
free Bose gas, we have
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where

and

Finally, we have

From (8), (9) and form of Ι()(γ) (see [4]) follows

Ι
	The second version of J(d)(γ), formula (7), is convenient for a power series

expansion in powers of  ηf (0).
Formula (6) shows that n2 vanishes at Τ = Ο i.e.

From (4), (5) and (12) follows that at  Τ = Ο

where n < n. Therefore, at least 94% of bosons is in the Bose condensate. In
comparison to the system with "s" symmetry the system with the "d" one behaves
much more similar to the free bosons system.

As we mentioned above, the density of the normal component  nn(γ, T) is
calculated from the flow properties of the excitations with energies ε = ε(ρ, θ)+ ρν.
In the power series development of the averaged current we consider only term
proportional to u, where u denotes relative velocity between normal and  superfluid
component.

In order to find relation between n2 and n we rewrite expression for n
in the form (see [4])

Here Ι(d)(γ) is given in terms of the second version presented in (7).
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For the density of the normal component we have

where

The first term of the right hand side of (16) appears in (7). From (7), (14), (15)
and (16) follows

The integral K(d) is expressed by the second term on the right hand side of (16)
as follows:

Hence

The first expression for  K(d) in (18) is convenient for a power series expansion.
The critical temperature Τ is determined from the condition that the density

of the condensate nc(d)(γ, T) should vanish at Τ = Τ. From (4), (5) and (6) we
have (see also (11))

Because nb/n < 1, it follows from (5) that n/n = 0.057n 	 1 and can be
neglected in (19). Equation (19) has now the form (see (11))
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For the "s" symmetry considered in [4] there are estimations of the integrals
/(s)(γ), Κ()(γ) as a series exDansion in powers of γ

After integration over angles of suitable terms in (21) we get approximate expres-
sions for the case of "d" symmetry. In case 	.

Now we will perform estimations of (22), (23) for γ in the interval 0  < γ<0.5.
The mean values (arithmetic' J(s)•  j(d) frn mt xri .lq Τ()(-ν' T(d)(-,'

This leads to the relations (see (20))

We see that there is more Bose condensate in the density of  superiiuid component(d) 	 .	 s)ns(d) than in ns(s) .

As concerns electrodynamics it was shown in [8] that in case of interaction
U(s) ≠ Ο in the Schafroth [3] formula for supercurrent of free bosons the density
of the condensate n' should be replaced by the density of  superfluid component
n. Namely (U(s) ψ 0)

From (28) we see that especially when Τ → 0, (d) (U(') Ο 0) can be
considered in good approximation as proportional to n like in the Schafroth
case for noninteracting bosons.
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From (13), (25), (28) follows that considered here system of weakly interact-
ing bosons with "d" symmetry (U(d) = U(s) f (Ο)) resembles much more the system
of free bosons than the system with "s" symmetry [4, 5].

References

[i] D.J. Van Harlingen, Rev. Mod. Phys. 67, 515 (1995).
[2] B. Goss Levi, Phys. Τοdαy49, 19 (1996).
[3] M.R. Schafroth, Phys. Rev. 100, 463 (1955).
[4] C.P. Enz, Z.M. Galasiewicz, Physica C 214, 239 (1993).
[5] Z.M. Galasiewicz, Μ. Wolf, Physica C 248, 49 (1995).
[6] N.N. Bogolyubov, J. Phys. (USSR) 11, 23 (1947).
[7] D.J. Blokhintzev, Foundations of Quantum Mechanics, Nanka, Moscow 1961,

Ch. VIII (in Russian).
[8] Z.M. Galasiewicz, in: Recent Developments in High Temperature Superconductiv-

ity, Ed. J. Klamut, Springer-Verlag, Berlin 1996, p. 279.


