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Ferromagnetic film on the surface of a superconductor: possible onset of inhomogeneous magnetic ordering

A system consisting of a bulky superconductor and a thin ferromagnetic metallic film on its surface is considered. It is shown that under certain conditions the magnetic ordering in the film takes the form of a small-scale domain structure. This ordering corresponds to a minimum system energy if account is taken of the interaction between the magnetic moments and the superconducting electrons that penetrate into the film from the bulky superconductor.

I.INTRODUCTION

The strong exchange field (exceeding as a rule by sever al orders the superconducting critical temperature Tc) pres ent in a ferromagnet suppresses superconductivity via the paramagnetic effect. 1 For the same reason, the supercon ducting order parameter is radically decreased near the con tact of a superconductor with a ferromagnetic metal. The principal role is played here not by the proximity itself to the normal metaV but precisely by the presence of a strong ex change field in the ferromagnet and by the electron penetra tion, due to the proximity effect, into this region of the strong exchange field.

The influence of the exchange field on the superconduc tivity is greatly weakened when a small-scale (compared with the superconducting correlation length So= 0.18 Vp/Tc) domain structure is produced in the ferromagnet the exchange field is effectively averaged over Cooper-pair dimensions. Precisely such domain coexistence phases were predicted for ferromagnetic superconductors, and the ex perimental data agreed with this prediction. 3 For this reason, inhomogeneous magnetic ordering, rather than ferromagnetism, should likewise occur in a thin ferromagnetic-metal film of thickness d (on the order of sev eral dozen Angstroms) sputtered on the surface of a super conductor, provided that the Curie temperature 0 < Tc. In the case Q� s 0-1, where Q is the characteristic wave vector of such a magnetic structure, the oscillating magnetic field in the film suppresses less the superconductivity at the inter face. The gain in the superconducting-condensation energy near the interface compensates here for the magnetic-energy loss due to formation of an inhomogeneous magnetic struc ture in the film.

A more interesting situation can be expected if 0 > Tc.

In this case, below the temperature Tc, in view of the weak ness of the superconducting pairing, the film should be in a It is interesting to note that a suitable object for the study of the transition considered may be vanadium. Onset of surface ferromagnetism in vanadium was observed recent ly.4 At low temperatures vanadium becomes superconduct ing and one can expect a domain magnetic structure rather than ferromagnetism to be produced on the surface.

The considered transition in a ferromagnetic film on the surface of a superconductor can be observed by magneto optic methods or with the aid of tunnel measurements. The use of a ferromagnetic film as the weak-coupling link of a Josephson structure would make feasible a Josephson junc tion with variable coupling-the transparency should in crease jumpwise when the film goes over into the domain phase.

BASIC EQUATIONS

We consider the case when a superconductor surface is coated with a thin ferromagnetic-metal film of thickness d that is small compared with the superconducting correlation length s ( T = 0), and assume that the easy axis of the ferro magnet is parallel to the plane of the film (if the easy axis is perpendicular to the film plane a small-scale domain struc ture exists even in the absence of superconductivity). We assume that the film can have two magnetic states-ferro magnetic without domains (or with domains very large compared with so>. and one with small-scale domain struc ture, see Fig. 1. We designate these states by F and DS.

The details of the F-DS transition in a ferromagnetic film on the surface of a superconductor depend on many parameters of the system: on the homogeneity of the film, on the conditions of the contact on the ferromagnet-supercon ductor interface, on the density of the electronic states in the film and in the bulk, and others. To illustrate the physics of the phenomenon, we confine ourselves therefore to a patent ly greatly simplified model. We assume that the dimension less Cooper-pairing constant A. is the same in the film and in the bulk, and the electron mean free path in the film is I < So •

We confine ourselves also to a situation in which the transi tion to the DS phase takes place near the superconducting transition. In the context of the BCS theory, the initial Ham iltonian of the system considered can be written in the form The solution of the equation that follows from ( 3) for a(x) is well known:

(4)

where $2 = 1]14m!r!, and the constant c is determined by the condition (2), viz, sinh(2C) = 2 1 1 2 /y$ (we have taken it into account that d <to$).

The influence of the magnetic structure of the film on the superconductivity is in fact determined in this case only by the parameter y. For the ferromagnetic state Fin the film, the superconducting order parameter (under the condition hdsolvpl> 1) is zero on the boundary, a( d) = 0, i.e., r-00.

The solution ( 4) for the F phase is

L1 (x) =L10 th(x/2'1'£).
The condensation-energy loss (per unit surface area) due to the suppression of the superconductivity amounts in this case to5
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If the DS phase is produced, the superconductivity of the interface is not so strongly suppressed (in view of the averaging of the exchange field), and the properties of the DS phase (period, exchange-field amplitude) are deter mined just by the parameter y in ( 2). The condensation energy loss is decreased and, as can be easily seen, equals A contribution to the total energy of a system with aDS phase is made also by the inhomogeneity of the magnetic structure in the film: the presence of a domain wall entails an energy loss Ew = 0nd(a/b), where b is the domain thick ness (half the DS-structure period), a is the magnetic corre lation length and is of the order of the interatomic distance, and 0 is of the order of the Curie temperature (the electron and magnetic-atom densities are assumed to be approxi mately equal). The expression forE w indicates that the en ergy loss per magnetic atom in a domain wall of approxi mately atomic thickness is � 0, i.e., the magnetic anisotropy is regarded as strong-in the case of weak magnetic anisot ropy the domain-wall energy is somewhat lower and a gener alization to include this case is easy.

The total system energy in the presence of aDS phase in the film can be written in the form 

BOUNDARY CONDITION

Assuming the mean free path of the electrons in the ferromagnetic film to be small, we use the Usadel equations8

to describe the superconductivity in the DS-phase region ( 0 < x < d, see Fig. 1 ) .

In an approximation linear in the function F (the anom-

  ferromagnetic phase and suppress strongly the supercon ductivity in a region of orders( T) near the boundary. With further decrease of the temperature, the superconducting condensation energy increases, as does also the energy loss due to the suppression of the superconductivity near the boundary. It may be expedient as a result to break up the films into minute domains: energy loss due to domain-wall formation is offset by the superconducting-condensation en ergy gain near the boundary (the domain phase suppresses the superconductivity more weakly). The temperature T vs at which the film goes over into the domain phase decreases with increase of the film thickness and with decrease of the superconducting correlation length So of the superconduc tor. The most suitable for observation of the transition are pure superconductors with large So• and also superconduc tors with high condensation energy (high Tco high elec tronic-state density).

  FIG. I. de= J d3r{1jl+ (r)L ljl(r) + ,1 (r)ljl+ (r) iay \jl+ (r) 2m -,1'(r)1jJ(r)iay1jJ(r)+1jJ'(r)h(r)mjJ(r)+/L1(r) 1'/A. }+de,c, (1) where a(r) is the superconducting order parameter, 1/J(r) is a spin or, er are Pauli matrices, h ( r) = h is the exchange field acting on the electrons in the film ( h ( r) = 0 inside a bulky superconductor), and the term :lt' se takes into account elec tron scattering by nonmagnetic impurities. The influence of the magnetic induction on the superconductivity is shown in Ref. 3 to be negligibly small under ordinary conditions com pared with the exchange-field influence, and will be neglect ed here. To describe the behavior of the order parameter in a superconductor, except in region near the film, we can use in lieu of ( 1) the Ginzburg-Landau function Y (see, e.g., Ref.5), supplemented by the boundary condition a' (x) I a (x)-x�d = 'Y•

  the energy of the ferromagnetic ordering in the film, and E5 is the superconducting-condensation energy in the absence of a magnetic film on the surface. The values of Em and E5 are the same for both the F and DS phases, are independent b, and their specific form is immaterial. The total energy for the ferromagnetic state in the film is The period of the domain structure is determined from the condition a E DS I ab = 0, and the condition for the transition from the ferromagnetic to the DS structure is the equality Evs = Ep. The parameter C in (7) is determined by the boundary condition (2), where r depends on b. A complete solution of the problem calls thus for find ing the boundary condition, i.e., for calculating the param eter r as a function of b.

alous Green's function integrated over the energies and ve locity directions on the Fermi surface) , the Usadel equation in the presence of the exchange field h is '[ro+ih(x, y)]F-D-1DV2F=tl(x, y), (9) where {J) = TTT ( 2n + 1 ) , D = vFI 13 is the diffusion coeffi cient , and the approximation linear in F is used because we are considering the temperature region near T c .

Rapid oscillations of the exchange field in the DS phase along they coordinate cause a weak dependence of ll. on y , which can be neglected , i.e. , tl:::: : ll.(x). Using for F( x , y) the representation F(x, y) = F,(x) + L, Fk(x)e;k", ( 10) where k=kn = 1rnlb, n = 1,2, ... , and using the condition vFilk 2 )-h)>. T c

, we obtain for F 0 (x) the equation

where

( 12)

As seen from ( 11) the action of aDS structure on the super conductivity is analogous to that of magnetic scattering with a reciprocal time Ts 1 given by Eq. ( 12). This result is gen eral for dirty superconductors , see Ref. 3. From Eq. ( 1) and from the self-consistency condition we find that the behavior of the superconducting order pa rameter in the film is described by the equation

here 1/J(x) is a digamma function and it follows from ( 3) that the solution of interest to us , which satisfies the condition /l. ' (x) = 0 on the interface with the vacuum , is of the form tl(x)=chqx, q2=21't,D.

The boundary condition ( 2) takes thus the form tl' (x)

We determine the equilibrim energy in the case of aDS phase in the film. From the condition aEDslab = 0 , taking into account in ( 7) the dependence of C on the period b of the structure [ Eqs. ( 12) and ( 15) ] , we get

Using this condition , we find that at the transition point

and since sinh 2C = 2 112 lrs. we have

Substituting this value of bin ( 16) , we get the relative transi tion temperature v l 2'1• ( 2; ) '" th2C 't o_ ,, ,= d

It is taken into account here that s = s0r 0 1 1 2 • In order of magnitude , as follows from ( 18) , we have

Our analysis is qualitatively valid also at low temperatures , therefore the general condition for the transition to the DS phase

For a ferromagnet with RKKY interaction we have ®:::: :: h ) , and the destructive action of the exchange field in the DS phase turns out to be relatively weak ( Ts

). Note that we have disregarded magnetic scat tering in the film. Below the Curie point in the presence of easy-axis magnetic anisotropy , magnetic scattering is strongly suppressed. In principle , however , its influence can be easily taken into account , and furthermore the foregoing conclusions remain qualitatively in force even for a recipro cal magnetic scattering timer;;; 1-®.

It follows from our analysis that the most favorable conditions for the observation of the DS -F transition are produced in superconductors with a large correlation length So• Furthermore , the effect is enhanced by the high density of the electronic states in the superconductor.

We have considered a system in which the magnetic film is on the surface of a superconductor. A similar situa tion can arise also in a superlattice consisting of thick super conductor slabs separated by thin ferromagnetic-metal lay ers. The F-DS transition in the layer leads here to a first-order transition from two-dimensional to three-dimen sional superconductor behavior.