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A system of charged weakly interacting bosons with “d” symmetry is
considered. The interaction U(# = () f (9) contains the angle dependence
f(8) ~ |Y2,1]* consistent with “d” symmetry. This system resembles much
more free bosons than the system with “s” symmetry (interaction U(*)). For
example at T =0, n = ngd), where n, n&d) 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 dy2_,2
one, connected with / =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®) = 2wh%a/m, where “a” denotes the scattering length. In case considered here
“@ symmetry U(9 contains the angle dependence f(f) proportional to
3 (Y2,1Y3, + Ya,1Ys ), see e.g. [7], where Yz 11 ~ sinf cosfexp(i¢), | = 2,
m = %1 ie.

U@D =y @), f(0) = (sinfcosb)?, /f(8) =|sindcosf| > 0. (1)

The considered now system is described by the Hamiltonian

~ 2 N
H=Ey+ Z 2£m_a;-ap + U(S)V Z f(®)(apa—p + ai'pa; + 2a;'ap), (2)

p#0 p#0
U(")-JX _ mu? u= \/maN/V2h
14 2’ m ’

where “u” is the sound velocity.

(1011)
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After Bogolyubov [6] unitary transformation (a*,a) — (b%*,b) the diagonal-
ized Hamiltonian (2) has the form

2
7 = const + S e(p,O)btby,  <(p,6) = \/ (Z) + s, )

p#0

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 n, and the density ns of the
superfluid component (n = ns + ny,).

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

1
n=n{D(y,T)+n{(T)= ) _afe,
r

2
mu
=@, T) +n{R (W) +nd(1,T), 7= (4)
kT .
(The dimensionless parameter 4 was denoted in [4, 5] by “s”.)

In Eq. (4) n d)(7, T) describes the density of the Bose condensate. The den-
sity n; 4 presents bosons which due to interactions U(9 are at T = 0 not in

int
condensate. In case of noninteracting bosons at T" = 0, 100% of particles is in the
Bose condensate. On the other hand, in superfluid He* at T' = 0, because of strong
interaction, 90% of particles is not in the condensate. _

Finally, ngi)('y, T) is the excitations density described by the Bose distribu-
tion function.

Now, in case of interaction U(9)(8) we have for nl(nt) the following expression:

i (u) =

L T 2 .
1 P sin §d6
2d = o 2 _ it
o 2h3 / parg /0 [Zm +mu*f(0) —e(p, 6)] 2¢(p, 0)

M)
= n{®)(u) ID=0.057n{")(u), (5)

int

(d)—— / f(0)\/ £(8)sin6d8 = —/ sin? 0| cos® 8]df = 0.057.

We see that in case of “d” symmetry n{ is two orders of magnitude smaller

int
than n{?).

For nex(7,T) appearing in (4), using formula for critical temperature T for
free Bose gas, we have

3/2 T\ 3/2 T ()
@y Ty = MEBTY 1y (T v
nex (7’ ) 21/27l'2h3 J (7) n Té) J(O) ) (6)

L—co

® pl/2dg
J(0) = : = 2.
(0) /0 L =235,
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where
@ _ [7 zde (@)
190 = [* 22T @
_3 [T zdz 1 (™ f(8)\/F(6) sin 6dé
" (m+1)1/22/ O @)
and
(2) 1 /7 sin §dé 1 ®
I (:L"')'):— = —_ 7 (.’E,‘)’), (8)
2! VEFEEm +are) Ve

(3) a 29 20 oin2 .
I (z,7) = %/ cos? f(cos? @ — sin? @) sin d6

(Ve T 770 +50)] "

f(6
x[—wz\/%%ﬂ}w. (9)

Finally, we have
3
190 =10~ [ 25 T @) (10)
From (8), (9) and form of I(“)(’y) (see [4]) follows
J(0) > JD(y) > JO)(y). (11)
The second version of J(@(y), formula (7), is convenient for a power series

expansion in powers of v f(9).
Formula (6) shows that n{® vanishes at 7' = 0 i.e.

e :cd:c

n{P(7,0) = 0. (12)
From (4), (5) and (12) follows that at T'= 0
n = n{D(7,0) + ni3(w) = n{O(7,0) +0.057n3)(u) ~ n(,0), (13)

where nl(,ft) < 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(y,T) is
calculated from the flow properties of the excitations with energies € = ¢(p, 8)+ pv.
In the power series development of the averaged current we consider only term
proportional to v, where v denotes relative velocity between normal and superfluid
component.

In order to find relation between ngx) and ng ) we rewrite expression for n( 4)

in the form (see [4])

V2 (mu)
ET

Here I(9)(y) is given in terms of the second version presented in (7).

nd(y,T) = JD(y),  (mu)® = (mksT)>/2y3/2. (14)
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For the density of the normal component we have

#D(y, T) = YA L o / / F(0)\/F(0) sin 8d0d 2

3 zh3 2 e f(8) — 1
4| (I 1)*? (1s)
dz V22 41 ’
where
d |(V22+1- 1)3/2 z
dz 2241
3 ¢ _ (VEF1+2) (\/z2+1- ) (16)
2(vZFi+1)"? 2 (VZ+1)°

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

and (16) follows
2 T\¥? |, K9(y)
(d) =n{d -z 22 21 17

The integral K(4) is expressed by the second term on the right hand side of (16)
as follows:

K@(y) =

F(0)\/F(O)sin6dddz (V22 +1+2) (V2Z+1 1>1/2
/ / ex1f(8) — 1 (\/m

3/2/ / dzsin 6’dt9

AT+ 27f(9)] NEETDHO) 7f(0)]
2 [T+

(18)

Hence
n{ (7, T) > n{?.

The first expression for K(9) in (18) is convenient for a power series expansion.
The critical temperature Tt is determined from the condition that the density

of the condensate n¢ )('y,T) should vanish at T = T¢. From (4), (5) and (6) we
have (see also (11))

3/2 j(d (9
P IO (3o, 782)
n T9 J(0) '
Because n(’)/n < 1, it follows from (5) that n(d)/n = 0.057n{’) < 1 and can be

int

neglected in (19). Equatlon (19) has now the form (see (11))

O\ 10
< =7 51, (d) 0
( T ) IO (7, 7 > > T (20)

J(0) > J(@. (19)
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For the “s” symmetry considered in [4] there are estimations of the integrals
IG)N(y), K (3)(y) as a series expansion in powers of v. Namely

T (y) = 2.315 - 2.2439%/2 4 1,994y — 0.47143/2,
K©)(v) = 1.122 — 0.706+. (21)

After integration over angles of suitable terms in (21) we get approximate expres-
sions for the case of “d” symmetry. In case J G)(y) - J @ (y)

7= %70 /0 ) f%(8)sin 6do
and we have

T (y) = 2.315 - 0747912 4 0.172y — 0.027,%/2 < T (). (22)
In case KC)(v) — K(d)(y) '

% — %7“ /0 ’ Fo+2(6) sin 6d
and

K@ (y) = 0.374 - 0.05y < K)(y). (23)

Now we will perform estimations of (22), (23) for 4 in the interval 0 < v < 0.5.
The mean values (arithmetic) J(*), J(4) for integrals J(*)(y), J(@(y) are

T =175  Jd =291, (24)
This leads to the relations (see (20))

T = 1.065T0 T, T =1.214T°. (25)

The mean values of integrals K(*)(y), K (@ (y) are

K =0995, K@ =0.365=0.367K. (26)
From (4), (5) we have

(D ~ n{® = n{® 4 2@ — n(® = 0.057n) + n(® — n@. (27)

From (16) and (27) follows

T\ 3/2 _
_) P20367R < nl) — 0. (28)

n{® — n(® = 0.057n(%) + 2n ( 75
<

int 3

We see that there is more Bose condensate in the density of superfluid component
n$ than in n$®.

As concerns electrodynamics it was shown in [8] that in case of interaction

U() % 0 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
ns. Namely (U() £ 0)
FONL Ay (29)
me
From (28) we see that especially when T' — 0, j(@ (U@ # 0) can be

considered in good approximation as proportional to ngd) 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(9) = U(s) f(9)) resembles much more the system
of free bosons than the system with “s” symmetry [4, 5].
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