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Strains in superconductors that accompany vortex nucleation and arise due to the difference in the
specific volumes of the superconducting and normal phases are evaluated. The strain in anisotropic
materials causes an extra intervortex interaction, which is long range as compared to a stronger
but finite-range London force. In materials with a strong pressure dependence of superconductivity
(such as NbSez) the strain-induced interaction affects the structure of the flux lattices. For the
field parallel to the c¢ axis of NbSe; the flux lattice is locked on the crystal, a fact that cannot be
explained either by London or by harmonic elastic interactions. The possible role of anharmonic
elastic interactions of vortices for this case is discussed.

I. INTRODUCTION

There is a puzzling disagreement between predictions
of the London theory! and the flux-line lattices (FL) ob-
served in single crystals of NbSe; in the scanning tunnel-
ing experiments (STM),2 decoration,® and in small angle
neutron scattering.* For any angle § between the mag-
netic field and the ¢ crystal axis (except § = 0°,90°), the
London energy is minimum for the structure (A), and
maximum for (B) shown in Fig. 1; see Ref. 5. In all ex-

FIG. 1. The cros-section zy perpendicular to the field B of
the crystal with principal directions a,b,c; B forms angle 6
with the c axis. Vortex axes are along z. The axis y is along b,
whereas z is along the projection of ¢ onto the zy plane. For
an arbitrary vortex orientation within the crystal (except the
principal directions), the flux-line lattices (A) and (B) have
the minimum and maximum London energies, respectively (in
materials with the coherence length ratio £.5/€c > 1). The
structure (B) is seen in the decoration, neutron scattering,
and in most of the STM experiments with NbSe.
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periments in tilted fields, only the structure (B) is seen.
When the field is along ¢, the hexagonal vortex lattice is
locked on the crystal, whereas the London theory does
not distinguish between different orientations of the FL
within the crystal. This suggests that factors other than
London interaction of vortices are at play.

The elastic strain caused by vortices in superconduct-
ing crystals was discussed about 20 years ago as a source
of pinning®7? and as a possible reason® for observed cor-
relations between FL and crystal lattices® (for further
references, see Ref. 10). Recently, the kinetic energy
of “deformable” crystals collateral to vortex motion has
been associated with vortex inertia.!! Early discussions
dealt mostly with cubic Nb and its alloys. With highly
anisotropic superconductors taking the central stage,
much stronger FL-crystal interactions may have broader
implications and deserve careful treatment.

In this paper, we study in some detail the strain-
induced interaction of vortices in anisotropic materials
and show that the interaction is long range [similar to
the interaction of two-dimensional (2D) dipoles in the
1/R? dependence on the intervortex distance R, but dif-
ferent from the latter in the angular behavior]. For a FL
with the vortex density B/¢o (B is the magnetic induc-
tion and ¢y is the flux quantum), the macroscopic energy
density due to this interaction is shown to be of the order

¢oB  OT.\’
Fop~ A [ 22—} . 1
e~ A (167r2/\iTC Op 1)

Here A stands for the order-of-magnitude estimate of elas-
tic moduli (102 erg/cm?®), Ay, is the London penetration
depth, and 8T./dp is the pressure derivative of the crit-
ical temperature (typically, 1071 K cm?®/erg). We note
that London energies for different FL’s in intermediate
fields, He.y < B < H,z, differ by (¢0/A2)? with a small
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numerical factor ~ 10~7; see Ref. 1. Direct compari-
son shows that in materials with a strong pressure de-
pendence of T, and not very high critical temperature
(as NbSez), the energy (1) may play a dominant role in
forming FL structures.

It is worth noting that for H.; <« B < H,3, due to the
long-range interaction, the elastic energy is proportional
to B?, while the London energy is linear in B. Moreover,
in this domain, differences in London energies for dif-
ferent FL’s are practically field independent. Therefore,
as far as the FL’s are concerned, the elastic interactions
become more significant at greater inductions.

II. ELASTIC INTERACTION OF VORTICES

We begin with isotropic materials. Within standard
notation,'? the elastic energy density reads

F = /\'u.lzl/2 + ,uu?k , (2)

where u;, is the strain tensor, and A, u are Lamé coef-
ficients; summation over double indices is implied. The
stress tensor o, = OF/Bu;r = Auyd;x + 2pus,, and the
equilibrium condition 805k /8xk = ok = 0 is given by

/\u”,i + Z;Lu,-k,k =0. (3)

Let us consider vortex nucleation prior to which the
superconductor has been strain free. We model the vor-
tex core as a normal (V) cylinder of radius &, the co-
herence length, surrounded by the superconducting (.5)
phase with the normalized order parameter |¢)| = 1. Nu-
cleation of the normal core causes stress, since the N
phase has larger specific volume V,, than V,. The relative
volume change ( is related to the pressure dependence of
the condensation energy or of the thermodynamic critical
field H. (see, e.g., Ref. 13):

V, -V, H.8H,
= Y T im op 4)

¢

typically, ¢ ~ 10~7-1073,

We take the vortex direction as z. The displacement
u = (Ug,Uy,0) is radial in the plane zy, i.e., curlu =
0 or u = Vyx, and uag = X,a8; the Greek subscripts
acquire only z and y values here and throughout the text.
The equilibrium condition (3) takes the form Ax gga +
2pX,ap8 = 0 with the first integral x gg = V2x = const.
Boundary conditions, however, for the core interior and
for the S phase around are different. In the core center
u = 0, and we obtain

U, = —YnT, uf,';) = —Ynbag (5)

where r = (z,y). In the S phase, u, = 0 at infinity, and

2
2 (5as - pﬁz%) i (8)

&2 is introduced for convenience.
The constants -y, and «y, are to be determined from the
boundary conditions at the core surface r = £. One of
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these relates 4’s to the coefficient { of Eq. (4). To find
this relation, note that had the N core been “extracted”
from the S environment, it would have expanded in a
stress-free situation from the actual radius £ to a &, > &,
whereas the “hole” in S would have contracted to £, < &;
see Ref. 14. This means that u,(§) = £ — &, = —Té,
whereas u,(£) = £ — &, = v,£. On the other hand, w(£2 —
€2) = 2(m¢%/3 (the area expansion factor is 2 of the
bulk coefficient () or &, — & = (£/3. Hence one can
exclude auxiliary quantities £,, and &, to obtain v, +v, =
¢/3. The second equation for v’s is provided by equating
stresses at the IV and S sides of the core surface at r = &.
We then obtain

Cu _ (At

T30tz T 3z M

Tn

The strain energy of a vortex can now be estimated;
it is of the order £2¢%)\. The ratio of elastic energy as-
sociated with a vortex to the London line energy is of
the order ¢2¢2)\/H.1¢o ~ (2A/H?2. Usually, this ratio is
small.

Let us now turn to the question of intervortex interac-
tion. For two parallel vortices, 1 and 2, the total strain
Uag = ugg + ufjg Substitute this in Eq. (2) to obtain
F = F; + F3 + Fi5, where F; and F, are the energy
densities of 1 and 2 taken separately, and

Fiy = Auéguffg + 2/1.uf:gugﬁ) (8)

is the interaction part.
For anisotropic materials,

F = Xikim Uik Uim /2 (9)

and the equilibrium conditions are AjximUim,x = 0 or
in terms of the displacement u: AjgimUmk = 0.12 For
vortices along z, indices m, k,l acquire only z,y values.
The displacement field u outside cores has the core
expansion as a source. To find u for a system of well-
separated vortices (r > £), we consider cores as point
sources. Then, similar to the thermal expansion of
anisotropic bodies subject to point heat sources,'? one

has to add a term

Magtias 3 8( — 7o) (10)

to the free-energy demnsity for the sources at r,. Here
Nap is a 2D symmetric tensor, a characteristics of the
material in the plane perpendicular to the vortex axis.
The equilibrium conditions now read

AaprBUg,uw = —NapOp Z (r —ry). (11)

In the isotropic case 7o = ndap and Aggu, =
Magbuy + p(0andpy + 8audpu). Solving Eq. (11) (by
Fourier transform) we obtain the correct isotropic result,
Egs. (6) and (7), provided

n=—2m¢¢(A+ u)/3. (12)
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Thus 7 is proportional to the core area S = 7¢? (see,
Ref. 15).

In an anisotropic situation, the coefficient ( becomes
a 3D tensor ((;; = (). Besides, the core is no longer a
circle, and in general, T, and H. depend on the direction
of the applied stress.!®"'® For a given vortex direction z
within the crystal, nog transforms as a 2D tensor under
coordinate transformations in the plane zy which leave
the core area S unchanged. Therefore, to construct 7,3
we are left with 2D tensors (,,, and A,g,.,. One can check
that the combination

TNap = —SCuV/\aBuV (13)

has a correct isotropic limit (12).
The equilibrium Eq. (11) can be solved in the Fourier
space following the general idea of Ref. 19:

G;éug = fa,
G;é = )‘auuﬁkukv ) (14)
fa =1napks Zexp(—ik “Ty),

where Gog is the elastic Green’s function: u, = Gasfa-
The total energy is

1
7= El\aﬁﬁ / dzruaﬁuvﬁ + Nap ; Uag(Ty), (15)

where uqog is the strain caused by all vortices.
Let us evaluate now the interaction F;5 of two vortices,
one at r = 0 and another at r = R.:

Fia = dopue [ Erulmude) + 20asu(R),  (16)

where we make use of ugl;(R) = ugg (0). In the Fourier

space

a’k g

flz(R) == — (ZT)ze

'Rn#a'rh,gG“,,kakB . (17)

The relation Aa,,3Gpykuky, = 6oy [see Eq. (14)] and the
symmetry of A,g,, with respect to a +» 8 and u < v
have been used.

Inverting G;é of Eq. (14), we have in the isotropic case

1 A+ p kaks
G""‘W(‘s""_,wzy k2 ) (18)

Substitute this in (17) to see that Fi5 = 0 for any fi-
nite R. Thus, there is no strain-induced interaction of
parallel vortices in isotropic materials (in the harmonic
approximation of elasticity; see Ref. 20).

In a coordinate frame with z along the vortex axis, the
2D tensor A,gs has a maximum of six independent com-
ponents: Azzze, Azozys Asvzyyr Aeyzys Aeyyy, and Ayyyy- If
the vortex axis z happens to lie in one of the crystal sym-
metry planes, one can choose the intersect of this plane
with zy as, e.g., the y axis; then all A,g,s with an odd
number of z’s turn zero, leaving four nonzero compo-
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nents. This is the case for the hexagonal symmetry for
which the crystal is elastically isotropic in the ab plane.
The same is true for a “uniaxial body” isotropic in the
ab plane: irrespective of the vortex direction, zc is the
symmetry plane. For different crystallographic systems
one easily identifies situations (proliferating with increas-
ing symmetry) for which four moduli suffice (in the cubic
case, of course, this number is reduced to three). Thus,
the case of four 2D moduli covers perhaps the largest
number of situations of interest.

We now evaluate the strain-induced interaction be-
tween two parallel vortices for such a situation. The
energy density is

Ty

1
F = 5(/\1’(1:1: + /\guzy) + Aguwmuyy + 2/\4’(1,2 (19)

where Azoze, Ayyyys Azeyy, and Azyzy are abbreviated to
A1, Az, Az, and A4, respectively. Tensor Gp is given by

G;M,A = G;yl = /\4]51: -+ /\2k§ s

GoyA = =G} = —(As + Ag)ksky, (20)
GyyA = G::zl = )‘lkaz.- + /\4]‘33 )
A = Ag(Arkd + A2kd) + (A2 — A2 — 223)4)k2K2.

Since for a uniaxial crystal (zy = 0, 7,3 is diagonal with
eigenvalues 7;,72. The elastic interaction of two vortices
then reads

.7'-12(R) = —/ (;iﬂl)(zeik-R_]A!, (21)

where N = nfkIG ) + nk2G,) — 2minm2kokyGZl. The
integration over k, is done evaluating residues of A in
the lower (for z > 0) half-plane of the complex k,; the
integral over k, is known. We obtain

Fia(R) = ;6(0), (22)

where R = /22 + 32 and ¢ = tan™!(y/z) give the posi-
tion of the second vortex (for the first at the origin). The
constant prefactor is

2

72 2 / y

L = + P2 4

27\ (D? — D2)’ Di.=(P @/2,
Az A2 2 Az

= —_— = —=. 23

o Q=5 (23)

The angular dependence of Fy; is given by a dimension-
less function:

g = g2 - gl )
(D?, + 1)cos?p — 1
= : 24
G12 = A2 (D%, — 1)cos2p + 1]2 (24)
As= Di A — (pDF, +1)? _m

k] b
D1,2 2

and A = (A1 + p?X; —2XA3p)/A4. Equations (23) and (24)
hold provided P? — 4Q > 0, the condition to be checked
dealing with a particular material (in the isotropic case



51 VORTEX-INDUCED STRAIN AND FLUX LATTICES IN .

P2% — 4Q = 0). If this condition is not met, the solution
should be replaced by another one that will be discussed
elsewhere.

Thus, the strain-induced interaction of vortices is long
range: it changes as R™2, i.e., slow as compared to the
exponential decay of the London interaction. Clearly, the
angular behavior of the interaction, G(y), can be studied

only in one quadrant. One can see that f"/z G(p)dp = 0.
Besides, the boundary values, G(0) = A,/D2% — A,/D?
and G(m/2) = Ay — Ag, are of the same sign or not, de-
pending on the constants involved. This means that G(y)
changes sign once or twice within the quadrant. Since G
determines the sign of interaction F;2, the behavior of G
is physically relevant.

The potential F;, is reminiscent of the dipole-dipole
interaction in electrostatics: for two equal 2D dipoles dz,
F4 = d?(2cos?p —1)/R?. This, however, turns zero only
once in a quadrant. The angular dependence of Fy2, on
the other hand, is sensitive to the relative values of the
elastic constants as well as to the vortex orientation in
a quite complicated way [as is evident from Egs. (24)]
An example of this complexity is seen in Fig. 2, where
Fi2(z,y) for NbSe; is plotted in the first quadrant of the
zy plane for vortices at § = 60°.

Given the intervortex interaction, we can evaluate its
part in the energy of a flux-line lattice by summing up all
pairwise contributions. The macroscopic energy density
of elastic interaction can then be written as the interac-
tion of the vortex at the origin with all others, multiplied
by their number density:

0.0 1.0 2.0 3.0

FIG. 2. Strain induced interaction F;2 of vortices for
NbSe;. One vortex is placed at the origin, the second is at
(z,y). Vortices are tilted at 6§ = 60° relative to the c axis.
Coordinates z,y, and z (perpendicular to the figure) are the
same as in Fig. 1. Contours Fi2(z,y) = const are shown in
the first quadrant of the plane zy. The coordinates x and y
are in units (2®0/+/3B)'/2; B = 5 kG. Straight lines corre-
spond to Fi2 = 0; adjacent contours differ by AF;, = 10713
erg/cm.
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Q(somn
mt = ¢0A Z 5 (25)

positions R,,,, form a 2D lattice, ¢,y are the correspond-
ing azimuthal angles, and the prime indicates that the
term m = n = 0 is skipped. Since all RZ,,, o ¢o/B, we
have F o« (B/¢o)?, the direct result of the long-range
interaction. The order-of-magnitude estimate of the en-
ergy (25) is given in Eq. (1). An alternative form of this
estimate is

Fine ~ AC*(B/He2)?. (26)

We note that the estimate Fi,y ~ A(2 of Ref. 8, being
independent of the vortex density, cannot be correct.

The 2D sum 3’ R;;2 diverges logarithmically. Due to
cancellation caused by the angular function G (the aver-
age of which is zero) the sum (25) converges. The result
for Fi,:, however, depends on the shape of the summa-
tion domain chosen. This is a direct consequence of the
long-range dipole-type interaction in question. As in the
case of the dipole-dipole interaction in magnetic mate-
rials, the elastic interaction of vortices yields the shape-
dependent contribution to the total energy. Fortunately,
the difference in Fi, for two different FL’s is shape inde-
pendent since the contribution of large distances to the
sum (25) is sensitive only to the density of vortices rather
than to their arrangement. Hence, evaluating F4 — Fp
we can choose any summation domain which provides for
the cancellation mentioned above. Having this in mind,
we take the domain of summation over m and n so as
to assure the circular shape in the plane zy; then contri-
bution of large R’s (where the sum can be replaced with
an integral) vanishes. In doing so we disregard possible
effects of sample surfaces, which may turn out to be con-
siderable: the convergence of the sum (25) up to three
significant digits is achieved when m,n reach 102-103,
i.e, on macroscopic distances. The shape and surface ef-
fects of the long-range interaction in question call for a
separate consideration.

A. Flux lattice of NbSe; in tilted fields

We apply now the results obtained to the hexagonal
NbSe,. To address major features of FL’s in this material
we consider it as “uniaxial,” so that the potential Fi,
developed above applies. For vortices along z at an angle
0 relative to the sixfold axis ¢, one has to find the 2D
moduli in the plane zy. The zyz frame is obtained from
abc by rotation € about y = b; transforming A;x, from
the crystal frame abc to zyz we have

/\1 = Amzza: = 011(30540 + (2013 -+ 4C44)sin20 c0529
+C33sin49, A2 = Ayyyy = Cha,
A3 = dgayy = Ci2c0s20 + C;3sin?6, (27)

A = )\zy:cy = ‘;‘(Cll = C12)C0529 + C44sin29 .

The moduli C;; (common notation for A, in principal
axes) are estimated in Ref. 21 from the phonon-dispersion
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curves by employing certain theoretical models; we take
the average of the values thus obtained: C;; = 1.47,
ClZ = 0.38, C13 = 011, 033 = 053, and C44 = 0.174 x
102 erg/cm3.

Similarly, one obtains (qg:

sz = CabCOSZG + CCSiI'lZe, ny = Cab ) (28)

where (see Ref. 22)

_ H2(0) OT.

. _ H2(0) 9T,
= 4nT. Opas’

¢7 4nT. Op.

and H.(0) is the low-temperature limit of H.(T). To es-
timate 7, and 7y, we use the T. dependence on unidirec-
tional stress p. along the c axis in the low stress limit:1®
OT./8p. = 5.3 x 1071° K cm3/erg. Combining this with
OT./8p =~ 0.46 x 1071° K cm?/erg for the hydrostatic
compression,'” we estimate 8T, /Opap as —2.4 x 10710 K
cm3/erg. Using T. = 7.2 K, the low-temperature value
of H, ~ 1.4 kG, and Eq. (13) we obtain the needed (’s
and 7’s.

With these input parameters, we are now able to eval-
uate the interaction energy of two FL’s shown in Fig. 1.
The lattice vectors for the cases (A) and (B) given in
units of (2¢9/v/3B)*/? are:!

R =y(n+m/2), R{M =v3m/2y;
R =3yn/2, RP =(@n/2+m)/y.  (30)

Further, 4* = I'"2sin%6 + cos?6 and T' ~ 3.1 for NbSe,.
The core area S = ¢o/Hq2(0) = 2m€2,~? for a uniaxial
material; & =~ 80 A. Doing the sum in Eq. (25) for
B = 5 kG we obtain F4(0) and Fg(0). The energy Fg(0)
is shown by the dashed line in Fig. 3; the lower solid
line shows the difference Fg — F4. Hence, the strain-
induced interaction prefers the FL (B), which is seen
experimentally.2 4

0.1

Py Eg - En
®
(E, 0.0 — . S
< < .-
o <
S S~
N o Fs
2 .01 it st
(2]
o
)
o
3
o -02f
c
i Fa- Fa
0.0 30.0 60.0 90.0

Angle (degrees)

FIG. 3. The energy density Fp of the structure (B) as a
function of the angle § between the field direction and the ¢
axis of NbSez (dashed line). The solid lines show the differ-
ences of the elastic (Fp — F4) and London (Ep — E4) energy
densities.
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These energies are to be compared with the difference
in London energies E for the structures (A) and (B).
Although the London energy in high fields is given by a
logarithmically divergent sum over the reciprocal lattice,!
the difference Ep — E4 is fast convergent. At T = 5 K
(as in Ref. 4), the in-plane London penetration depth
Aap =~ 5000 A, and we obtain Eg — E4 shown in Fig. 3
by the upper solid line. One sees that notwithstanding
the London preference for the structure (A), the elastic
interactions in NbSe,; win, resulting in the observed FL
(B).

B. Flux lattice of NbSe, for B || &

Clearly, the elastic interaction described above cannot
be responsible for the locking of the FL in NbSe, on
a certain crystal direction observed in sufficiently large
fields along the c axis:>? in this case, the 2D tensor Aagu.
is isotropic and the strain-induced interaction is absent.

However, in a treatment based on the standard elas-
ticity we neglect the anharmonic terms in the en-

ergy expansion. The first such term is of the form

(@)
Aa,@’y&uuuaﬂ UysUpy -

rank material tensor A(®) for a hexagonal crystal is not
isotropic even for B || ¢; Ref. 23. Since for the field paral-
lel to the sixfold crystal axis both London and harmonic
elastic interactions are degenerate with respect to differ-
ent orientations of hexagonal FL’s, the effect mentioned
may well be caused by anharmonic strains induced by
vortices.

There is no point in detailed derivation of these extra
interactions because we have no data on actual values of
A(@) Still, the anharmonic contribution to the energy can
be estimated by observing that Eq. (1) can be written as
Finy ~ AU?, where U is an estimate for the strain within
the FL cell. In other words, U is given by the expression
in parentheses of Eq. (1). Then,

It can be shown that the six-

(31)

3
E(,f?~,\(a>( 0B aTc)

1672)2T,. p

Since Fl(n? o B3, in sufficiently small fields the anhar-
monic effects should give way to whatever weak pinning
that is always present even in “perfect” crystals.

The latter is estimated for a weak collective pinning?*

as

H? aoJ. 3
F,~ —5— 2
P ALEr? ( Jo ) (32)

Here, a9 = +/¢o/B is the FL cell size, and j, =
cH./3v/6nAL ~ 3 x 107A/cm? is the depairing current
density. The critical current density j. for the crystals
of NbSe; studied* is field dependent: j. ~ j.oBo/B with
Jeo = 40 A/cm? and By =~ 2 kG. Hence, the pinning
energy increases with the falling field: F), B~9/2,

Equating F(®) to F,, we obtain a crude estimate of
the crossover field B, under which the pinning should
dominate:
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315/2 ~

3
)\5 H2 2 ~c
T H ( 167°T. 3 oBo) . (33)

A2 ¢(1]/2apTc Jo

With the numbers available and taking A(®) ~ X\ ~ 102
erg/cm?®, we estimate B, ~ 1000 G. This is not far from
the experimental estimate of 100 G for this field.3

III. DISCUSSION

There is yet another observation which may possibly
be explained by anharmonic interactions: increasing the
tilt angle 6 from B || é, one sees the structure (B) being
gradually established with increasing 6.2 Qualitatively,
this should be so: although the harmonic interactions
are absent at # = 0, they take over the anharmonic terms
when the angle increases. Actual evaluation of this in-
terplay should involve more than just comparison of two
given FL structures; one has to find the ground-state
structure in the presence of both the London and the full
elastic interactions. This calculation does not seem fea-
sible: suffice it to mention that the moduli A(®) are not
known.

Among other materials for which application of the in-
teraction potential discussed above is of interest, we point
to YBayCusOy. As is seen in Eq. (1), high T, suppresses
the elastic interactions, still the stress dependence of T,
in this material is strong and highly anisotropic.'® The
potential developed here may not apply, however, be-
cause of a peculiar set of elastic constants2® which yields
a negative parameter P2—4Q) [see the discussion after Eq.
(24)]. We will present the proper potential elsewhere.

One should mention that the relative role of vortex-
induced strain and of other possible contributions to the
anisotropic intervortex interaction were the subject of in-
tensive discussion in the early 1970’s. The anisotropy of
the gap A has been removed from the list of major fac-
tors for the coupling between FL’s and the crystal, since
it was established experimentally that the FLL in Nb
crystals is stable with respect to the increasing impurity
concentration that smears out the gap anisotropy (see
the review by Schelten in Ref. 26 and references therein).

Among other factors, a major role belongs to nonlo-
cal effects in superconductors with anisotropic Fermi sur-
faces, the question discussed by Takanaka.?® He derived
terms of higher order in gradients of the order parameter
in the Ginzburg-Landau energy functional, which provide
corrections to GL equations beyond the standard “mass-
tensor” approximation.?” Although Takanaka’s formal-
ism applies only near T, or in the immediate vicinity
of H.o (while the decoration or neutron-scattering tech-
niques imply H < H,.;), he showed that some FL’s seen
in cubic crystals correlate with the model predictions.

A quantitative comparison of Takanaka'’s results with
those presented here is difficult because they are derived
for different field domains. In fact, Takanaka dismissed
any role for the elastic interactions referring to the pa-
per by Roger et al.,?® who incorporated the Fermi sur-
face anisotropies simply by replacing the density of states
N(0) at the Fermi level in the expression for the Lon-
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don penetration depth, A;? o« N(0), with the anisotropic
density of states V(kg). This procedure is hard to jus-
tify, however, because only quantities integrated over the
Fermi surface, such as N (0), enter BCS-type formulas for
the penetration depth (see, e.g., Ref. 27).

One can roughly estimate the role of higher-order
derivatives at arbitrary temperatures by examining the
structure of the general nonlocal BCS relation between
the current j and the vector potential A in the Fourier
space:

_47re"’N(O)TA2 Z B+ h/2T

% (k) B ¢ w>0 ’62
(A

* < (B + k/27)2 + (hv - k/2)? > Ajk).  (34)

Here w is the Matsubara frequency, 52 = A? + A2w?, v
is the Fermi velocity, 7 is the scattering time, and (---)
stands for the average over the Fermi surface. Equation
(34) is the anisotropic version of the BCS result which
holds in small fields.?® One can obtain this equation start-
ing with Eilenberger equations and looking for solutions
which are small perturbations to the zero-field case.

Note that in the clean limit (7 — oc0), the term con-
taining v - k is of the order £2k? relative to the first one
in the denominator of Eq. (34) where & = &(T = 0).
This is the term responsible for nonlocal corrections to
the current (being converted to the real space, it gives
rise to higher derivatives of A in the current-field rela-
tion). The major k’s contributing to the FL energy are
of the order a=! = ,/B/¢o, the inverse unit cell size.
Since in the field domain of our interest £2/a? < 1, one
can expand Eq. (34) in this small parameter and obtain
corrections to the London current. Then one estimates
corrections to the standard London FL energy density
Fr, = H.,B/8m as being of the order

HaB ¢ _ Ha(T)B?
1672H 3 (0)

87 a? (35)

with a numerical factor of about 0.1 since averages over
the Fermi surface (such as (v;vxv;v,,) in the first correc-
tion term) decrease with the number of v’s being aver-
aged.

To estimate relative contributions of the elastic in-
teractions and of the “beyond-London” currents to the
FL energies, this quantity is to be compared with the
elastic energy (1). We then obtain approximately the
same energy due to the nonlocal terms as the elastic
energy: the ratio of the latter to the first in NbSe,
~ 107 *AH 1 He2(8,T:/T.)? ~ 1 at T — 0.

We further observe that for & — 0 (e.g., at large
distances from the vortex core) and in the dirty limit
(7 — 0) the term with v -k in the denominator of Eq. (34)
can be disregarded; then j; o (v;vg)Ag, which is just
the anisotropic London equation (the latter is commonly
written®? in terms of the “mass tensor” m;' oc (v;vk)).
In other words, in the dirty limit, the current-field rela-
tion is local, and there are no corrections from the mi-
croscopic theory to the London description beyond the
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standard mass tensor approach. One can expect that in
materials with a short mean-free path, our estimate (35)
will be further suppressed. As we have mentioned, the
same FL-crystal correlations in the cubic Nb are observed
in dirty crystals as well as in clean. This suggests that
in these crystals, the nonlocal corrections could not be
a major factor in forming FL’s. Similarly, for a “moder-
ately clean” NbSe;, the estimate (35) should be reduced
by impurities and by raising T’s. This would lean the
balance in favor of elastic interactions as the most im-
portant. A quantitative comparison, however, is still to
be done.

Concluding, we have shown that the vortex-induced
strain in anisotropic superconductors results in extra in-
tervortex interaction, which may well compete with Lon-
don energies in determining the equilibrium flux-line ar-
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rangement. This interaction is long range (it goes as
R~2) and has an angular dependence sensitive to details
of elastic properties of a particular crystal, to the stress
dependence of T,, and to the vortex orientation. Most
of the experimental information on flux lattices in NbSe,
can be understood if this interaction is taken into ac-
count.
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