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Eigen Modes of Vortex Lattice and the
Induced Long-Range van der Waals Attraction

¥. Y. Chen
Department of Physics, Tamkang Univ.NTaipei, Taiwan, R.0.C.

We_consider the eigen modes of the vortex lattice in an anisotropic
superconductor and calculate the induced long-range van der Waals
attraction among vortices by using quantum statistical physics. The
Gibbs free energy density of the system has been obtained and the low-
field phase diagram of these materials is also discussed.

PA%S numbers : 74.60.Ge
I. Introduction

It is well known that the vortices in type-II superconductors repel one
another!. In an anisotropic or layered material, however, fluctuation can
induce long-range van der Waals (LRVDW) attraction among vortices. The
effects of induced LRVD¥ attraction have been studied extensively??.
Brandt? et al. considered the induced LRVD¥ attraction of vortices to the
surface in layered superconductors. Blatter® et al. studied the induced
attraction of vortices in anisotropic and layered superconductors. The
physics of the induced LRVD¥ attraction can be understood by considering an
extremely layered superconductor with ﬁegligible superconducting coupling
between layers. let two straight vortices 1 and 2 separate by a distance
R. The fluctuation #; of the pancake vortex 1 is equivalent to placing a

pancake-antipancake pair or pancake dipole &, in position 1. The force,
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which is proportional to ﬁ;, from dipole d; acting on vortex 2 will induce

another pancake dipole d; ~ d\/R? at position 2. The interaction potential

between d; and dy is proportional to ﬁ;. Finally, the induced LRVDW
attractive potential Vs is proportional to ﬁ; between dy and d2. In this

paper,we study the eigen modes of the flux line lattice and investigate the
induced LRVDW attraction by considering the correlation effects of vortex
fluctuation. In sec. II, a mathematical model is given. The induced LRVDW
attraction between vortices in anisotropic superconductors is calculated.

In sec.IIl, the low-field phase diagram of these materials is discussed. In
j

sec.1V, a conclusive remarks is given.
I[. Mathematical Description
The Hamiltonian for the fluctuations of flux line lattice (FLL) is™®
H=Hy,+H. , (o

where  Hiin = 35 % Pu(K)P(-K)
)

]

and H,=1 K%v CLK K u,(Kyu(-K) + 1 Kzu(csﬁKi + CuKDu, (K)uy (-K)

(M, V)=x,y , where P is the effective mass density of the flux lines,
}(i:=}(§-+1(§,fﬁ(1(),uu(l() are the Fourier components of the momentum and
displacement operators and Cj;,Ci;,Cys,Ces are the bulk, compression,tilt,
and shear modulus respectively. This Hamiltonian can be diagonalized®

H=S[Ng+ihog | (2)
Kp 7

+




where Ok, = _J_;;h—[-J—P__j—HP“(K) + POk u (-K)]

i = T [ PuK) + 07 (K]
and the eigen mode frequencies of the FLL are
@i = (S[CLKE8,1 + CeK? + CaaK2])?
The fluctuation-induced energy functional of two parallel lines

directed along the z axis and separated by a distance R is’

2 e n
F[S“]=u£l~§ [ dS.adS. VS, - Sy) , (3)

here S] =T +U1(Z) = (R,Z})+U(R,21),SQ =r; +l12(Z) = (0, 0,22)+ U(0,0,Zz),

i

specify the positions of the two vortices,dS = (8.u(z), 1)dz,gy =

2 .
nt

q)O
(4may? ’ ap
is the interaction between two vortices segments. For a uniaxially

anisotropic material with crystal axis c”%,the Fourier transform of gﬁ is

1 22l

int 2 ADK oK g
ap(K) = 77 57 [Bas -

122+ (1 2-a K2

] , (4)

here F(=:(kx,ky),lil==(ky;fkg). This free energy functional is split into
the self energy part Fo with W=V, and an interaction part Fu with
L#v. The interaction part can be decomposed further into a longitudinal
term Fy (involving the term V., in Bq.(3)), and a transverse term F.
(0:)w1a0-,u2p Vg in Eq.(3)). By using the method of quantum statistical
physics, the effect vortex-vortex interaction can be obtained

LVg(R) = -TInZ(R) = ~T exp[- 221 ) » (F1) + (F1) (5)
where L is the sample dimension in the z direction, Z(R) is the partition

3
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function,()denotes the quantum and thermal average,and the last equality is
valided only for the lowest order in u,.The term {F)|) gives the mean-field
~type repulsive interaction V,.,(R)=28¢Ko(R/A), with Ky the zero order

modified Bessel function. The term {(F'\) provides the LRVDW attraction

2
Vidw = HFL) = 128 [ Lh il itk (K)e KoRee12(5, (R, 21)8:,up(0, 0, 22))

(2m?
(6)
Taking the Fourier transformation of u(R,z;) and u(0,0,z;) and considering

the correlation effect of u(k). After some algebra®, we arrive at

~_x sokgT Ayd
Vvdw e 2 JLSI-C(;F.‘62+C44T52](R) . (7)

' 111. Discussion of Low Field Phase Diagram

The Gibbs free energy density for the FLL of coordinate number z is

£g 2Ly Ye
G= 2 7[2Ko(x) - "+ 5 + 74 . (8)
X x X
where x=2 T, =22l _2,2 Ly = In(VEX1 ~ 21y, xgo i
R 4 33[Cepe? +Cagn?] e 27008g 0 0 YH S H 00 18

the first zero of Jy, and H. is the renormalized lower critical field by
pondering the contribution of single vortex entropy in the free energy
density. For high magnetic field, the high density phase is formed from the
competition between the repulsive and LRVDW attractive interactions. As the
magnetic field decreases, it undergoes a first order phase transition to
the low density phase, in which the LRVDW attraction is balanced by the
entropy repulsion. The transition occurs at the line G(B.)= G(B,), with

B. (the low density min. of G), B,(the high density min. ofG)satisfy the

2

ﬂBv .4
cas. 2vehBe~ 3z (5=)? +Yu = 0,and J‘(—)B* 3 ST 2Bl =0

respectively. Reducing the magnetic field further.B. shifts toward smaller
4




field value, and finally crosses over to Meissner-Ochsenfeld (MO)phase via
a second order phase transition. Following the high and low density phase
transition'iine;a critical point with 63(?=:8é(}==8§(?==0w111 be reached
with increasing temperature, at this point and beyond the high and low
density phase can no longer be distinguished. A triple point (H,Ty) is
attainedrwith decreasing temperature,here”,is determined by G(B,,H.)=0.
Fhen T < Tg only the high density and MO phases exist. The second order
phase transition line between these two phases is determined by G(B,)=0.
IV. Conclusion

By cénsidering the correlation of vortex fluctuation, the induced van der
Waals type attraction and the low density phase diagram are discussed.
Neglecting the correlation effect, higher order in w(k) is néeded; the
results agree with those obtained by Blatter et al.. To 6bserve these
new phenomena experimentally, samples of strong anisotropy and high quality
(weak pinning) are required. Acknowledgements: This work is supported in

part by the National Science Council of the R.0.C under Grants No.NSC88-211

2-M-032-014.
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