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FIRST-ORDER PHASE TRANSITION INTO VORTEX STATE IN
LAYERED SUPERCONDUCTORS

A. Buzoin, A. Simonov
Physics Department, Moscow State University, 117234 Moscow, USSR

The layered superconductors with second-order phase transition in
parallel field and first-order phase transition in perpendicular field
are considered. In the case of inclined field the first-order phase
transition into vortex state is predicted. New type of intermediate
state with the coexistence of normal and vortex regions must appear.

In the anisotropic layered superconductors the ratio Hc1/Hc2
depends drastically on the field orientation - it is minimal for
magnetic field parallel to the layers and maximal for the case of
perpendicular field orientation [1,2]1. Then the interesting situ-
ation 1is possible: in the parallel field the superconductivity

transition is of the second-order (HC2>H ), but in the perpendicular

c1

field first-order transition takes place (i.e. HC <Hco’ vhere HCo is

2
thermodynamic critical field, see Fig.). This case is realized in the

intercalated graphite compound C_K with TC x 0.15-0.20 K [31.

8

Ve consider the peculiar properties for layered superconductors of
this type in the framework of Ginzburg-Landau functional F with
anisotropic "effective mass" [11:

F=alv]®+ w2 pl* can)™ 0w - @iese apy|® BB ()

vhere mi=(mx,my,mz) are the principal values of the "effective mass”
tensor and mx=my=m” » m=m . Ve consider strong anisotropic limit

k2= m,/m = (E“/El)2= (Al/xu)z > 1 @)
Here E“(El) is the coherence length along(perpendicular) the layers
and A”(Al) is London penetration depth when the screening current
flows parallel (perpendicular) to the layers. Further on we shall con-
centrate on the situation fl< A“< E“< kl vhich precisely corresponds
to the change of an order of phase transition with field orientation.

The angular dependence ch(p) (p is the angle between field and

anisotropy axes D-the normal to the layers) is given by the following

expression (see e.g. [21]) !

0 e 2 2 . 2-1/2 o0 _
Hoq (PI=H, (Sin"p + Cos“p/k™) 7%, HO =H_ G/2) 3)

and the angle 6 between D and the axis of vortex is determined by the

relation tg6 = kztgp. It should be emphasized that for the case of an
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inclined field the vortices are practically parallel to the layers (as
kz)i), and the condition Hc1(P)<Hco is fulfilled. This means that
vortices must penetrate into superconductor at H=Hco’ and this field
will not be the true critical field of the first-order transition.
Therefore, in the case of an inclined field the first-order phase
transition into vortex state must occur, and the corresponding
critical field Hc wvill be greater than Hco and angular dependent.

The critical field Hc(p) could be easily calculated using Gibbs

potential C=F-Bi/4n for the vortex lattice oriented at angle 6 to
anisotropy axis v (2,41
1 1 1 1
€= — H§0+ —B% ¢ — 880151n29+k2C0528 - — HBCos (6-p) 4
81 8n 4n 4n

Here, as usual [5], B°=H21ln(d/t)/ln(k/t), it 1s equivalent to H21up
to the logarithmic accuracy ( d(B,8) is the period of vortex lattice,
and wve may neglect weak logarithmic dependence of Bo on B and 6).
Note, that Eq. (4) is adequate for H » H21.

Minimizing (4) over B and 6 we can find the equilibrium value for
€_. The condition.-€ (H.)=G. (H ) gives us the critical field H
s s c n ¢ c
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(Gn=-H2/8n is the Gibbs potential for normal phase):

jBZ+H2 Cos p B Slnp H

_~o_co co
Hc(p)

x— - (5).
Cos p Cosp

This expression is correct at angles Cosp > tl/k“ , and for H=Hc tgo=

zszo/Hcoz k t!V%” > k, i.e. 6xm/2 and vortex lattice is oriented

practically parallel to the layers. As it follows from Eq. (5) the

critical field Hc(p) really exceeds HCo (see Fig.).
For H=Hc magnetic induction is Bcz HcSinp = Hcotgp , and the
magnetic moment jump
= |B-H|/4n = H Cosp/dn = H_ /4n . (6)
M is directed along axis » and its Jump dces not depend on angle .
The physical nature of such peculiarities of the magnetic behavior is
connected with the absence of screening of parallel field.

We assumed above that the internal field H in the sample
coincides with external 9 one, i.e. demagnetization factor n=0. This
corresponds to the physical situation when the sample is needle-like
vith axis along ﬂ, i.e. along ?.In the case of ellipsoidal sample with
rotation axis coinciding with b (n=n“), the relationship betveen‘ﬁ and
i is as follows (6]

(1= n)H + nB” 5“ , (1+n)Hl/2 + (1—n)Bl/2 = ﬁl

thhln the interval of magnetic field (1-n)Hc(p)S H< Hc(p) the
intermediate state must exist. For this case, in contrast to the usual
intermediate state in the superconductors, the sequence of normal
domains and domains of the vortex state is realized. The domain walls
orientation practically coincides with anisotropy axis 3, and we
obtain a specific HaD dependence for this intermediate state

H=M”= Cosp (H_(p)=$%)/41n

In conclusion the existence of this peculiar intermediate state
could be detected in C8K compound by magnetic #(H) measurements or by

magnetooptic methods.
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