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Flux-lattice melting in artificially layered superconductors

Ing-Jye Hwang, R. &k, and D. Stroud
Department of Physics, Ohio State University, Columbus, Ohio 43210
(Received 18 March 1996; revised manuscript received 28 May)1996

We apply a previously described lowest-Landau-level formalism to treat flux-lattice melting in artificially
layered superconductors, using Monte Carlo methods. For a pin-free layered system, the model predicts a
single phase transition with simultaneous ordering both within one layer and between layers. The melting curve
calculated using this model agrees reasonably well with experiments of Koortvahon NbGe/Ge multi-
layers.[S0163-182@06)00942-3

One of the most striking features of the hihsupercon- same in materials 1 and 2, whiteis z dependentZ is the
ductors is the large region in thé-T phase diagram where coordinate perpendicular to the laygrsaking on different
the superconducting order parametelis nonzero, yet the values in the superconducting and nonsuperconducting ma-
material has a finite resistivity.This phenomenon is be- terial (a z-dependent mass could readily be included,
lieved to be due to the melting of the Abrikosov vortex lat- although such a change is unlikely to affect the numerical
tice well below the mean-field upper-critical field line results significantly It is also assumed that the material
Heo(T). as a whole lies in the extreme type-ll limit, so thBt
Flux-lattice melting can also be seen in artificial can be approximated by the applied figlJ and the field
multilayers of alternating lowr, materials and energy can be omitted from Eql). Finally, we assume
nonsuperconductofs? or of two different kinds of lowF,  a(T,z)=a[T—T(2)], wherea is independent of. Note
materials>~’ In a thick layer of a pure loviF, material, the that a(z) is periodic in the z direction, with period
melting line occurs very close to the mean-field transitiond=d;+d,.
temperatureT.o(B). The multilayers introduce anisotropy  Following the work of Ref. 9, we include only states in
and large thermal fluctuations artificially, thereby lowering the lowest-Landau levelLL ) of the operator
the flux-lattice melting temperature significantly below
H¢,(T), as in the highF, materials. Instead of weak Joseph- H,=(2m) ' (—i%V —gA(r)/c)? 2
son coupling between adjacent Cu@lanes, the interlayer

coupling in the artificial multilayers is produced by coupling have already been used with considerable success to describe
through spacer layers of nonsuperconductor. Thermal ﬂucﬂux-lattice melting in two dimension®~*2 the three-

tuations are sizable in the multilayers in part because tha. : ;
. imensional(3D) high-T, superconductors YB#u;0_
Ginzburg-Landau parametex can be very large, even (Ref. 13 arfd I;iZSngCaCCuz(p)gw 9 and a more Sge7ne5ral

though in the multilayers the critical temperature and the ) .
mass ratio of the individual layers are quite small. The flux model of Josephson-coupled superconducting layrtn

lattice melting temperature of the multilayers can be tune(f)art'CUIar’ the free-particle Hamiltonian in tlzedirection is

by varying the thicknesses of the normal and superconduct- Hi=—22/(2m)-V2+ al T—Tn(z 3
ing layers. The former controls the anisotropy while the lat- I (2m)- Vi al c0(2)], )
ter determined the thermal fluctuations in a single layer.
Ihl's paper presents some C";"Clu'at"’?ts W?'CFE‘ APPIOXyith valuesTe, andTc in layers with widthd;, andd, in 1
mately describe the expermental resuts of el. %™and 2, respectively. With this choice, the Hamiltonian &3,

NbGe/Ge mulilayers, for a magnetic field applied perpen;%s equivalent to the Kronig-Penney model, whose solution

and the lowest band of Bloch stat¢Such LLL calculations

We now assume thaf.,(z) is a square well potential

oo O3 band sirucurear wellknown 1 heband s uffenty
thicknessd; andd,, respectively. Material 1 is assumed to nz:rﬂvgérlttilsh:i?sgi?]a fir:;)EaE)lgrixllz?%?t_ezlt Coyséd)e -T—EZreSt-
be superconducting, while material 2 is taken as a nonsupey- ghbor 1g aing I - o
conducting component. The free energy is described by %ghrt]—blnfdflng_ matrix elteakmeglt _(I:_ﬁn be e_stlrgated Iby f_|tt|ng ltl
Ginzburg-Landau free-energy functional of the f6rm 0 the effective mass at=0. The require overap Integra

g oy Ugooo=J S|u(z)|*dZ/[ f3|u(z)|?dZ]? can be obtained from the

tight-binding Wannier functionsi(z). We use the notation

F[zp(r)]=f d3r a(T,z)|¢|2+g|¢|4+(2m)‘1|(—iﬁv E(”=aT+E,, whereE, is the value of the band minimum
E‘O) atT=0.
) With these approximations, all the terms in the free-
—aA(n/c)yl } (1) energy functiorF are identical in form to those of the single

crystal case, and the thermodynamic properties can be evalu-
whereq= —2e is the charge of a Cooper pair. For simplic- ated by Monte Carlo simulations exactly as in the case of the
ity, we assume that the coefficiemtand the mass are the  high-T, materials>1%*314The most significant formal differ-
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TABLE I. Parameters for the NbGe/Ge multilayer systermari-

ous samples, as described in Ref. 2 ‘?g 6.0
o
Symbol M22 M26 M30 M60 (=)
- 0 08K
d, (nm) 2.2 2.6 3.0 6.0 = 40p- LK —
t (107 erg 7.4400 7.1385 6.8515 5.0795 :g o };i
-E, (10 ®erg 4.8449 4.8035 4.7617 4.5272 Is O 20K
Uoooo (1 cm~1) 3.8085 3.3855 3.0575 19113 2
S
<
ence is that the boundary conditions in thelirection are S
most appropriately free rather than periodic. We have carried =~
out simulations as described previoush?,generally on cells s S ! e
of dimensions N,loxN,3/2,XN,d, where lo=[2d/ 0 20 4.0 6.0
JV3H]¥2 is the intervortex spacing, and typically,=12, q, /9

N,=12 andN,=6 or 18. We take periodic boundary condi-
tion in theab directions, and free or periodic boundary con-  FIG. 1. Calculated structure factof&*(q,,0,0)/G{¥(q,) for
dition in the ¢ direction. We use about fOpasses through model NbGe/Ge(in cm™°), at a field H=1.2x10* Oe. The
the sample for equilibration, and Monte Carlo averages arwave-number scale is defined byqo=27/l,, where
evaluated using an additional4.passes through the sample. lo=[2%o/V3H]*? is the intervortex spacing, ari,=hc/|q| is

It is straightforward to connect the parameters in thisthe flux quantum. The sample size isX 22X 6. In this and the
model to NbGe/Ge multilayers. First, the coefficient following figures, unless otherwise stated, the calculations are car-
a:(Zmdﬁ|q|)dHc2/dT|T:Tclu whereH,(T) is the mean- ried out with free-boundary conditions in tlzedirection.

field transition temperature of the superconducting layertions. Figure 22) shows the two-point correlation function
This cqndition determine_s_z in terms of the slope_ o_f the Y(x,0,0)=T'?(x,0,0)?(0,0,0). At low temperatures
g‘f‘;”'f"g";'i /uppezr hcrmcal )\/ﬂeld d)\“nea Similarly, ;s quantity shows peaks at positions reflecting the period-
=2m(f|q[/mc)*, wherex=\/¢, and) and¢ are pen- icity of the crystal. In order to see similar structure in
etration depth and correlation length of the superconductlnqy(z)(o 02)=I®(0,02)/T(0,0,0), it is necessary to carry

layer. Effectively in this model, we are really assuming g+ cajculations with a larger number of layers. Figutb) 2
superconductor—normal-metal—superconductor couplin hows the results of such calculations for axu2x 18

through the Ge layers, by treating these layers as Gianur%'ample. They show, as expected, th(0,07) decreases

Landau superconductors with transition temperature .. " ; )
T.-0 with increasing temperature and separation, as observed pre-
c2— Y-

L L . _viously in BiSr,Ca,CuOg. 5.°
The remaining tight-binding parameters can be obtained . 2we2mt 8t e _
from other experimental quantities in the NbGe/Ge Figure 3 showsy,(T) for two cases: fredFBC) and

superlattice€, or can be evaluated numerically, as enumer-gg?hogg:s(ezB%ebg;rgd?erysi(;céngig?zni (ISn X‘: d|rect_|orr]1t. In

ated in Table I. For the other parameters, we Tige=3.16 e L P . ) one might an-

K (S90), To=0 K, |dHep/dT]_y =2.5x10F OelK ticipate,y,,is smaller at any given temperature for FBC than
) il = c1 . )

_ ) for PBC. Sincey,, measures the stiffness against long-
d=20.2 nm, and«=78.5.d; andd, are the thicknesses of ayelength twists of the phase @f the toroidal structure

the NbGe and Ge layers, respectively. _implied by PBC presumably increases the difficulty of twist-
We describe our numerical results in terms of variousiyg the phase, relative to FBC, thereby increasing the helicity
correlation functions, as introduced in previous pa?)?r_s modulus. We have found that the difference between PBC
T?Sse , 'Ed”de, ihe/ two-point  correlation  function 5nq FBC increases with decreasing numbers of layers. In the
(e )=(g(r)¢* (r')), the density-density correlation monojayer limit,y,, is, of course, not defined, since a mono-
function T™(r,r")=(|y(r)|?[(r")|?) (where the brackets |ayer is a 2D sys'fém. ’ '
(---) denote a canonical averggend their Fourier trans- "I Fig. 4, we show the calculated phase diagram for the
formsTP(q, ,q,) (p=2,4). Another quantity of interest is M 22 material, as obtained using free-boundary conditions in
the helicity modulus tensdr,for which a general expression the 7 direction for a 1X 12X 6 sample, i.e., sixpairs of
can be found in Ref. 13. As discussed previously, only thgayers in thez direction. The phase boundary is taken as the
C componenty,,, is nonzero in thgin-freecrystal, since the  point wherey,,, as calculated using free-boundary condi-
Abrikosov lattice can then slide freely in tizb plane. tions, vanishes. The agreement between theory and experi-
Figure 1 shows the “structure factorT*X(q,,0,0)/ ment is satisfactory, given uncertainties in the various pa-
G{M(q,) as function ofq, for sampleM22 and sample rameters of the model.
size 1212X6 at several temperatures, where We have not done a detailed comparison between theory
GiP(a,) =[(L,L,/d)exp(—ai/4B?)1%, B2=|q|H/(%c). The  and experiment for the other samples studied in Ref. 2. Nev-
intensity of the sharp Bragg-like peaks diminishes with in-ertheless, one other feature of the experiments can be de-
creasing temperatures, which is indicative of Debye-Wallerduced from the LLL model, even without a full numerical
like fluctuations of the flux lines. Similar structure is ob- study. It is found in the experiment that, for sufficient small
served for other Bragg peaks in other symmetry directions.thickness of the Ge spacer layers, the flux-lattice melts as if
Analogous structure is seen in real-space correlation funghe entire multilayer system wermne single layerin our
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FIG. 3. y,, in Gaussian unijsfor a NbGe/Ge multilayer, with
periodic(PBC) and free{FBC) boundary conditions in the direc-
tion. The sample size is 2X212X6.

E

applied current even below the melting temperature. With
pinning present, all three components pfwould become
nonzero, leading to a simultaneous resistive transition in all
three directions. In a finite sample, also, the sliding of the
flux lattice is probably prevented by the sample surfaces. For
these reasons, it seems rather unlikely that such behavior
could be observed in an artificially layered material. Hence,
| the cause of the “line transitions” observed by Saédral.
0 45 9.0 remains unknown.
(b) z/d In summary, we have presented calculations describing
flux-lattice melting in artificial multilayers within the LLL
_ ) ) ) model. This model predicts that the melting transitionan
JFIG. 2. (g‘) Norma'z'zed two-point - correlation  function jqeqly clean, pin-free samplés a single phase transition.

Y2(x,0,0=T(x,0,0/I®(0,0,0), plotted as a function aflg at  pejoy it, long-range order develops simultaneously both
several temperatures for model NbGe/Ge. The sample size i ' ; i
o 19X 6 (E) 30,00 =13(0.02)/T3(0.0,0) ve terr)n o Barallel and perpendicular to the layers. The transition tem-
ture wheréd is zhe e A iy pera perature predicted from this model is in reasonable agree-

; period in thec direction. The sample size is ment with the measurements of Koorevasarl? We con-
12x12x 18 with FBC. Solid lines are to guide the eye. Other con- . - .
ditions as in Fig. 1 clude that the LLL model is an adequate starting point for

o describing the superconducting transition in multilayer film-

sof low-T. as well as highF. superconductors.
model, a small spacer layer would correspond to a large cou-

pling constant. For sufficiently largd, the allowed fluctua-

tions are restricted: alt,,'s for the samek but differentn 0.6

should be equal, since other fluctuations would be energeti-

cally too expensivéthese coefficients are defined in Ref. 9 He. (T)

In that case, the free-energy functional simply reduces to that = e © O Experiment

of a single layer, with renormalized coefficients. Thus, it __ . ® Theory

follows from the structure of the Hamiltonidfgs. (4) and (=2 ~

(5) in Ref. 9 without any detailed calculations, that the melt- _® 43| . -

ing transition in this strong coupling case should behave like E ‘a0

that of a single layer. X RN
Finally, we comment on another possible experimental = “w -

consequence of the fact that onjy,# 0 in the flux-lattice AN

state, in this model. If a sufficiently defect-free multilayer e

could be constructed, this effect would be seen experimen- 0 | '

tally as a vanishing of the-axis resistivity, while theab 0.4 0.7 1.0

resistivity would remain finite even below freezing. Such T/Te

behavior has been reported experimentally by Sefa.,'® FIG. 4. Flux-lattice melting curves for NbGe/Ge for sample
where it was interpreted as the onset of a line liquid. While ay22. Open circles: simulation results, obtained with free-boundary
line liquid remains a possibility, the present model showsconditions in thez direction. Full circles connected by a dashed
that the same behavior could also occur in a highly pin-fredine: experiment(Ref. 2. Full line: mean field theory for NbGe
layered system where the flux lattice could slide under anayer.

vy (2)(0,0,2)




54 BRIEF REPORTS 12 013

This work was supported by DOE Grant No. D. E. Farrell. D. S. thanks Professor S. Doniach and
DE-FG02-90 ER45427 through the Midwest Superconducthe Department of Applied Physics at Stanford University

tivity Consortium, and by NSF Grant No. DMR94-02131. for their warm hospitality while this work was being
We are grateful for useful conversations with completed.

IFor recent reviews, see, D. A. Huse, M. P. A. Fisher, and D. S. Missert, M. R. Beasley, and .CFischer, Phys. Rev. Let60,

Fisher, Nature(lLondon 358 553 (1992; D. J. Bishop, P. L. 1751(1988.
Gammel, D. A. Huse, and C. A. Murray, Scien2é5 165 8See, for example, M. Tinkhanmtroduction to Superconductivity
(1992. (McGraw-Hill, New York, 1985.
2p. Koorevaar, P. H. Kes, A. E. Koshelev, and J. Aarts, Phys. ReV9R &k and D. Stroud, Phys. Rev. BS, 9938(1993.
Lett. 72, 3250(1994. 103, Hu and A. H. MacDonald, Phys. Rev. Lettl, 432(1993; Z.

SL. Klein, W. R. White, M. R. Beasley, and A. Kapitulnik, Phys.

Rev. B51, 6796 (1995; S. de Brion, W. R. White, A. Kapit- 1,
ulnik, and M. R. Beasleyibid. 49, 12 030(1994). Y. Kato and N. Nagaosa, Phys. Rev.4B, 7383(1993.

1205 W
4D. Neerinck, K. Temst, M. Baert, E. Osquiguil, C. Van Haesen-l3R' %’?k and D. Stroud, Phys. Rev. 89, 16 074(1994.
donck, Y. Bruynseraede, A. Gilabert, and 1. V. Schuller, Phys.R. Sask and D. Stroud, Phys. Rev. Leff2, 2462(1994.

Tesanovicet al, ibid. 69, 3563(1992.

Rev. Lett.66, 2826(1997). 143, Hu, Ph. D. thesis, Indiana University, 1994.

5p. Koorevaar, W. Maj, P. H. Kes, and J. Aarts, Phys. Rev . I5M. E. Fisher, M. N. Barber, and D. Jasnow, Phys. Re®,A111
934 (1993. (1973.

6y. Kuwasawa, U. Hayano, T. Tosaka, and S. Martuda, Physica @G®H. Safar, P. L. Gammel, D. A. Huse, S. N. Majumdar, L. F.
165, 173(1990. Schneemeyer, D. J. Bishop, D. Lopez, G. Nivea, and F. de la

M. G. Karkut, V. Matijasevic, L. Antognazza, J. M. Triscone, N. Cruz, Phys. Rev. Letff2, 1272(1994).



