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Tilt modulus and angle-dependent flux lattice melting in the lowest Landau level approximation
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For a clean highF. superconductor, we analyze the Lawrence-Doniach free energy in a tilted magnetic field
within the lowest Landau level approximation. The free energy maps onto that of a stréotlg field, but with
a reduced interlayer coupling. We use this result to calculate the tilt mo@ulusf a vortex lattice and vortex
liquid. The vortex contribution taC,, can be expressed in terms of the squaceakis Josephson plasmon
frequencywﬁ, . The transverse component of the field has very little effect on the position of the melting curve.

I. INTRODUCTION Il. LOWEST LANDAU LEVEL APPROXIMATION
WITH TILTED FIELD

This paper is concerned with the tilt modulGs, of the At fixed external magnetic fieldH=H,z+H,x, the

vortex system in a higfi- or otherwise layered supercon- | awrence-Doniach Gibbs free energy in a form which incor-
ductor. Cyy is an elastic constant which measures the fregyorates the field energyfs

energy cost of applying a small transverse field in addition to

a field applied parallel to the axis. It is a relevant parameter

in many physical processes, such as collective pinhithg

“peak effect,”>? and the transition to the Bose glass state. Gly,Al=d f dzf[ a(T)|¢n(n)|?
Previous investigations have shown tlat, is very strongly i

dependent on the wave vectorof the transverse fieltl® In

addition, it is finite in the flux liquid as well as the flux solid +t[g(r)e 1 ETPIAL—y o (r)]?

phase and is strongly affected by different kinds of

disorder®”’ _ q 2 b .
A number of authors have analyz&, in various ap- + 2M.p (_'ﬁvi_ EAL> Yn(1)| + 5 lin(r)] ]

proximations. Several group3®have calculate®4(k) in a

flux lattice as a function of the wave vectkrof the trans- IB—H|?

verse magnetic field. Other authors have consid€gdin +V

the flux liquid stat€;° and in the presence of disorder in both 8w

the solid and liquid phasés.
In this paper, we calculat€,, for a layered supercon- ~ |B—H|?

ductor athigh fields We describe the superconductor using a =G[yAl+V 87 @

Lawrence-Doniacl free energy functional, and we evaluate
fluctuations in the lowest Landau leuglLL ) approximation,
appropriate for strong-axis magnetic fields! This LLL ap-  Here ¢, is the order parameter in the" layer, d is the
proach accounts well for the position of the flux lattice melt-distance between layerg=—2|e|, andt=7%%/(2m.d?) is
ing curve in the magnetic-field/temperature plah¥ as the interlayer coupling energy. In a cuprate superconductor
well as the value of the magnetization in both solid andSuch as BiS,CaCuyOg, 5, d represents the repeat distance
liquid phase<2 both in Bi,Sr,CaCuyOg, s and the less an- N thec dlr_ectlon.VL is the xy component of the_ g_radlen_t
isotropic YBaCu;0,_,. To obtainC,,, we generalize the operator)V is the system volume, and the magnetic induction
LLL approximation to apply to fields with a finitab com- B~ ¥ XA, where the vector potentidl=(A, ,A,).
ponent. For a defect-free system in the LLL approximation, We choose the gauge=—B,yx+B,yz and expand the
the tilted field free energy can be exactly mapped onto thé/n'S 8s alinear combination of LLL states, to obtajg(r)
usual free energy for a fielB|c, but with a weaker inter- = (\/3a3(T)/4b%) VS, c, ,e™*~ K727 where k=2mp/
layer coupling which depends on tilt angle. Ly is the quantized momentump(a positive integey

As a byproduct of this transformation, we can also anal=y®y/27B, is the magnetic length,ay(T)=[a(T)
lyze the behavior of the flux lattice melting curve in a mag-+2t][1—-B,/Hc,(T)], and sample volume i¥=L,LL,.
netic field tilted at an angle to the axis. We find that this In terms of measurable quantities,a(T)+2t=
curve is little affected by the presence of a transverse mag=7%qH.,(T)/(2m,,C), wheremy, is the transverse effective
netic field component at fields where the LLL approximationmass andH.,(T) is the upper critical field as a function of
is applicable, consistent with availablébut limited  temperaturel. Substituting this expansion into E¢l) and
experiment. integrating oveix andy yields
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b k,n

t exp(— (wB,dl/®g)?)
lay(T)|

_ 2,
X (Cf (Crn18 2B Pot ¢ )
31/4

2y2
+q))1212
+55/2 E ClunCk+qy,nCk+q,.nCh+ ay + . -(apray)ifizl

)

whereN,
energy as a function of the expansion coefficiesits for a
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= (L, /1)(\/3/4m) Y2 This expresses the Gibbs free
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corresponding, at low temperatures, to a tilted Abrikosov
lattice.

IIl. TILT MODULUS
C,4 is defined by

4=y, (6)

azg)
2
90°] h_o

whered is the angle betweeH and thec axis, and wherg,

tited magnetic field. This expression differs from that for

B||2 in only two respects? (i) there is an extra phase factor
in the interlayer coupling; andi) the strength of the inter-
layer coupling is renormalized by an exponentially decaying

the Gibbs free energy appropriate to an experiment at con-
stantH andT, is given by

factor.

The phase factor in E@2) can be eliminated by introduc-

f 2 .
—i(27BdiPkibo)n

ing a new set of coefficientEk,nEck,ne
—i27B,dI%k/ D

Eq. (2). The product term becomeg ,C n— 1€

o~ =
Ckann 1-

This transformation does not affect the free

B—H|?
g=—kBTInJH dendene_G/kBT+V| 877'
|B—H|?
=G"+V—g—. (7)

energy term which contains products of four coefficients. To

see this, note that when such a typical product is trans]
factor the second term in Eq(?) contributes a termCg,

formed, it picks up a
ei(2wad|2“/4’o)(k—(k+ql)—(k+qz)+(k+ql+t12))

phase
, Where each K

+q;) term is an integer moduldly, , Ng being the number
of flux lines in the sample. The terms in the exponential ca
be summed to yield zero, leaving this term unaltered. Simi-

larly, |ci,nl*=[Cicnl* _ _
In terms of the new variables, the free energy is thus

2 2
~ ap(T)ml“dN ~ t’
G= = 2 { el iy
b kon ’ lan(T)]
31/4
X(Ckann 1t+c. c)+55/2

2y12
+q5)14/2
XqEq Ck an+q nck+q2 Ck+q1+q ne (ql qz) ],
1.92

©)

where

t = te—(wadI/d)O)Z (4)

is the renormalized interlayer coupling. Thus, the tilted
B-field free energy isdentical in formto the free energy for

a field B[z, but with a weaker interlayer coupling. The

ground state solution for the redefined amplitu&% are
identical to those for they ,'s in a strictly longitudinal field

but weakeiB||z. However, the order parametey, picks up a
B, dependency,

J3ag(m\ ¥

Yn(r)= 4b2

XE Ek’ne—ik(szXd|2/<bO)neikx—(y—k|2)2/2|2, (5)
K

Then, writing d/d6—H,d/dH, for small H,, we find that

=H?2/(47)~B2/(4) in the LLL regime, where the magne-
tization is small. This is the compressive contribution to the

rJplt modulus.

To calculate the remainin@ortex-relategl contribution to

C,4, Which we denoteCy,, we first write GlkgT=HIT,
where7=bkgT/a?(T)=l%d and

t exp(— (wB,dl/d)?)
lap(T)|

H=N,>, {—lck,nlz—
k,n

X (Ck nCkn—11C.C.)
31/4

2, 22,2
+ il
+25/2 E Ckan+q an+q2 Ck+q1+q e (it %) ]

®

Then, writing 9%/96°=B24?/9B2, taking B,~H,, and

evaluating the derivatives from Eq), with the result

. _( Jﬁ) 1’2( mtd3|a(T) + 2t|
“le VogbLyL,

X JB—< kE (cz,nck,n_1+c.c.>>T, (9)

)(1—Bz/ch)

where we have dropped the tildes on thg,'s because this
expression is evaluated &,=0. Equation(9) can be ex-
pressed in terms of measurable quantities using the identities
a(T)+2t=AqH(T)/2m,,c  and b=2m«k?(qh/m,,c)?,
wherexk=\,p(B,,T)/&45(B,,T) is the ratio of theab pen-
etration depth and coherence length. We also witite
=%2/(2m,,d2y?), where y? is the anisotropy parameter.
The result is
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cy ! He(T)—B,]B Nx
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Finally, the total tilt modulus is &5
2
z
C44"‘ E +CZ4 (11)

In a triangular Abrikosov lattice, for example, only,

=N, /N, of the Ny, coefficients in each layer are nonzero.

The nonzero coefficients  are copn n=(2/8)"%
C2p+ 1N, .n=1(2/Ba) "%, wherep is an integer ranging from
0toN, andB,=1.1595% . . . is theAbrikosov ratio** Sub-
stituting these values into Ed10), using Ny/L,=2N,/
(Ly/3), and adding the compressive term, we obtain

BZ

z

2 2(H02(T)_Bz)Bz- (12)

Cpy=—+———
M 4 8T BAK Y

Equation(12) can be compared to a previous estimiate
CLYC=(B2/4m)[1+ 1/(47\2y(B,,T)¥*ng)], where ng is

40 T (K) 50 60 70 80

FIG. 1. Vortex contributiorCy, to the tilt modulus, plotted ver-
sus temperature for Bsr,CaCyOg, s at B,=2 T, as evaluated
using Eq.(14) and w3 from Ref. 16.C}, is discontinuous at the
flux lattice melting temperatur€,,(B,) (indicated by arrow Inset:
enlargement o}, near and abové, .

that wf),, and henceCy,, have discontinuities at flux lattice
melting in clean BjSr,CaCyOg, 5.178

IV. FLUX LATTICE MELTING IN A TILTED
MAGNETIC FIELD

the superfluid number density for a two-dimensional Bose Equations(3) and(4) have some striking implications for
system related to the three-dimensional flux line system by &#1¢ LLL phase diagram of a clean layered superconductor.

path integral formalismi.Writing A ,5(B,,T) = k&a5(B;,T),
1/¢2,(B,,T)~2m(H(T)—B,)/®,, and approximating,
by no=B,/®,, the number of boson§.e., flux lines per
unit ared®’ we obtain CLY®~BZ/(47)+[(Hey(T)
—B,)B,]/(87«%y?) This result is in agreement with our
own result, Eq.(12), except for the factor (J,)~0.86,
which arises from the nonuniformity af; in the Abrikosov
lattice phase.

WhenBl||c, this phase diagram depends on only two param-
eters, namelg=ay\/71%d/(bksT) and p=t/|ay|.12 Our re-
sults show that, even with a transverse fi8ld, the phase
diagram still depends on ontyvo parameters, except that

is now replaced by;’ = nexp[—(wBﬁdz)/(ZB;bo)]. As found
previously'*~13 this phase diagram contains a single first-
order melting line separating a triangular vortex lattice from
a vortex liquid. In the regime where the LLL approximation

Our CY, is closely connected to the so-called Josephsorils adequate, our results show that this first-order line should

plasmon frequencyw,, as calculated in the same LLL

approximationt® wj
of the Josephson junction formed between adjaedntay-

ers, and is given by

w§|<B,T>=(wmp>2%[ﬁANx/<2N@NZ>J
X kE (CknCkn-1+C.C))T, (13
where  wpy"=\[(H(T)—B)cql/[eox?y?hiffa]l is the

mean-field Josephson plasmon frequency ang an inter-
layer dielectric constant. Combining E¢$0) and(13) gives

CiB, T) _ BA?
€0wh(B,,T)  8®q?

(14

Figure 1 showsC;,,B,,T) for B,=2 T in clean
Bi,Sr,CaCy0Og, 5, using this relationwf;I as calculated in

Ref. 16. Likewf,I , Ci4 has a discontinuity at the flux lattice

(B, T) is the squared plasma frequency

persist in a tilted magnetic fiel@tf. Fig. 2). Furthermore, in
most highT,. materials, the line is shifted very little by a

0.08

& 006 | 3D Vortex Solid
0.04 |

0.02 |

10.00 16.00

FIG. 2. Phase diagram of a clean high-material in the LLL
approximation, including a transverse magnetic field component

melting transition, and remains finite in the flux liquid state.B, . The parameters;’ andg are defined in the text. Points and
Experiments onof)I are consistent with this result, indicating spline fit are given by Hu and MacDona{Ref. 12.
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nonzero B,. (For Bi,S,CaCyOg, 5, t'~texd—7.5 melting temperature will be little affected by the application
X107 'B%/B,].) of an qbliq_ue magnetic field in thg range where the LLL
We have found no experimental melting data in tilted @PProximation is valid, except possibly at angles nearly par-
magnetic fields at fields where the LLL approximation isallel to the layers. This prediction appears consistent with
applicable. In BiSjCaCu,0g. 4, the low-field melting tem- Some existingbut low-field) experiments® We also obtain
perature has been reportétb depend only on the compo- ~ an expression for the zero-wave-vector tilt modullig, in
nent ofH, which, though obtained in a very different regime, good agreement with previous estimates by other meahs.
would be consistent with the result of our calculations. ItFinally, the vortex contributiorCy, is proportional to the
would be of great interest to have further tests of the LLLsquared Josephson plasmon frequeméy, as calculated in
predictions in the relevant high-field regime. the same LLL approximation, and remains finite in the vor-
tex liquid as well as the vortex solid phase.

V. SUMMARY

In_thls paper, we have extended t_he LL!_ approximation ACKNOWLEDGMENTS
for high-T; superconductors to treat fields tilted at an angle
to the layer perpendicular. The resulting free energy has ex- This work was supported by the Midwest Superconduc-
actly the samdorm as the usual case, except that the effec+ivity Consortium through Purdue University, Grant No.
tive interlayer coupling is reduced. For high- materials, DE-FG 02-90 ER45427, and by NSF Grant No. DMR97-
this reduction is small; hence, we predict that the flux lattice31511.
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