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FIRST-ORDER PHASE TRANSITIS'I INTO VORTEX STAIE IN
LAYEMT $JPERC()NIilCT()RS

A. Rzorx, A. Srnomv
Physics Departraent, Moscov State University, 1t7234 Moscov,USSR

The layered superconductors vith second-order phase transition ln
parallel field and first-order phase transition in perpendicular field
are considered. In the case of incllned field the first-order phase
transition lnLo vortex state is predicted. Nev type of intermediale
state vith the coexisLence of normal and vorLex regions nusL appear.

In Lhe anisotropic layered superconductors the ratio H.7/H.z
depends drasLically on Lhe field orientaLion - iL is nrinlmal for
magneLic field parallel to the Iayens and naxinal for Lhe case of
perpendicular fleld orientation 11,21, Then the inLeresLlng situ-
alion is possible: in the parallel field the superconductivlty
transitlon is of the second-order (H.r)H.r)r but in the perpendlcular-
field flrsl-order lnansiLion takes place (i.e. H.Z(H.., vhere H"o i"
Lhernodynarnic critical field, see Fig.). This case is realized in the
inLercalaLed graphite compound CUK vith T. e 0.1S-0.20 K l3I.

ve consider the peculiar properties for layered superconductons of
this Lype in the frarnevork of Gtnzburg-Landau functlonal F vtth
anisoLropic "effectlve mass" tlt:

F = alvlz t un)lvla *(4rr)-11(hvi- (zie/d Alvlz +r.a/Bn (1)

vhere m.=(n--,m..,m ) are the principal values of the "effective nass"rx'y'z
Lensor and m*=nr=rll , rr=ra. Ve conslder strong anisoLropic lirniL

(2)

Here (tg((r) is the coherence length along(perpendicular) the Iayers
and Ill(\r) is London penetration depth vhen Lhe screening current
flovs parallel(perpendicular) Lo the layers. Further on ve shall con-
centrate on the situaLion (r< rll< (llu r, vhich precisely corresponds
Lo the change of an order of phase transiLion vith field orlentation.

The angular dependence H., (p) (p is the angle betveen field and

ani.sotropy a*." l-th" normal to Lhe layers) ig given by the follovtng
expresslon (see e. g. t?l! I

H", (p)=Ho, (sinzp + cos2?/k2)-12, Ho 7=H ,6/2) (3)

and Lhe angle g betveen i and the axis of vortex ls deLermined by Lhe

relation tgg = u?tgp, rt should be ernphaslzed that for Lhe case of an

(received November 7, f989-)



H

248

W{s{ w{ft

lncllned fleld the vortlces are practically parallel to the layers (as

k2>1), and the condltlon H"1(p)(H"o ls fulfllled. Thls neans that
vortices nust penetrate lnto superconducLor at H=H"o, and this fteld
vill not be the true crltlcal fleld of the first-order transltlon.
Therefore, in the case of an incllned fleld the flrst-order phase

transltlon lnto vorLex sLate nust occur, and the correspondlng
crltlcal fleld H" vlll be greater than H.o and angular dependent.

The critlcal fteld H"(p) coutd be easily calculated uslng Gtbbs
po.l,enllal C=n-BfiZar for the vortex laltlce orlented at angle g to
anlsotropy axts i t?r4l

c-=- 
j t^, 

t 
ez , Jrr^J,*{t%-- j uncosre-pr (4)

" Br, co 8n 4n o' 
4n

Here, as usual t5l, A =Hlrln6/ll/Lne,/C), lt ls equlvalenL to Hlrun
to the Iogarlthnlc accuracy ( d(8,6) ts the perlod of vortex lattlce,
and ve nay neglect veak logarlthnlc dependence of Bo on B and 6).
Note, that Eq. (4) ls adequate for * n tlr.

l'llnlnlzlng (4) over B and g ve can flnd the equllibrlun value for
Gs. The condltlon . Cr(H-)=C (H.) glves us the crltlcal fteld H^

w
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(c*=-Fl2 /8n i.s t he Gibbs potent iatr f or normal phase):

j-t-# .."% -* sinp Ft'ocoto'co
H (o)=- 'vo "c tf ' 

c**Zp 
ry 

Cosp
Thls expresslon ls correct at angles Cosp ) (rAll , and for H=H" t80*

)
rk-Bo/Hco* k (l|/a1 ) k, i.e. gat/z and vortex lattlce ls oriented
practlcally parallel to the layers. As it follovs fron Eq. (5) lhe
critlcal field H"(p) really exceeds H"o (see Ffg. ).

For H=H" nagnetlc inductlon is B * H Sinp r tt tSp , and lhe
magnet lc Enornent jurnp

AM = fle-H|'/an = FlrCosp/An = L1*o/4n e

{5}.

{s}

Fl i. di"""ted along axis i and its Jump does not depend on angle p.

The physical nature of such peculiarlLies of the nragriettc behavior is
connected vtth the absence of screening of parallel fleld.

Ve assumed above that the inLernal field H in the sanple

coincides vlth external $ one, l.e. denagnetizaLion factor n=0. Thls
comesponds to the physical sltuatlon vhen the sample ls needle-!tke
vith axis along il, 1.e. along i.ln tn" case of ellipsotdal sanple vlth
rotallon axis colncldlng vlLh i tn=n,11, the relatlonship betveen B anO

il is as fotlovs [6]

{t-n}Hll + *Bll = 4l , (1+nltll/? + (t-nlBL/? = s'
Vithin the interval of magnetlc fteld (1-n)H"(p)< $6 H.(p) the

intermediate state must exist. For this case, ln contrast to the usual

internedlate state ln lhe superconductors, the sequence of normal

domains and donains of the vortex sLale is reallzed. The domaln valls
orientatlon pracLically coincides vith anisotropy axis ], and ve

obtain a spectfic iltH) depenOence for thts lntermediate state
il=U,,= Co"p (H" (p)-$)/4nn

In conclusion the exisLence of this peculiar lnlernediate state
could be detected in CUK conpound by magnelic il(H) r"..,rements or by

magnetoopLi c raethods.
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