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Switching superconductivity in superconductor/ferromagnet bilayers
by multiple-domain structures

PHYSICAL REVIEW B 71, 220506R) (20095

T. Champel and M. Eschrig
Institut fir Theoretische Festkérperphysik, Universitat Karlsruhe, 76128 Karlsruhe, Germany
(Received 12 April 2005; published 13 June 2p05

We consider the effect of a multiple magnetic domain structure in a superconductor/ferromagnet bilayer,
modeled by a ferromagnetic layer with a rotating magnetic moment. The domain walls in this model are of
equal size as the domains, and are of Néel type. We study the superconducting critical temperature as a
function of the rotation wavelength of the magnetic moment. The critical temperature of the bilayer is found to
be always enhanced by the domain structure, and exhibits an interesting reentrant behavior. We suggest that
this effect can be used for a new device where superconductivity may be controlled by the domain structure of
the magnetic layer.
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The study of the proximity effect between a supercon-tism has been improved by realizing that a local inhomoge-
ductor (S) and a ferromagnetF) is currently a very active neous exchange field induces superconducting triplet corre-
field due to its relevance for nanoelectronic applications andations, which penetrate over a long scdg,in a diffusive
due to the perspectives to discover new interesting physicderromagnet:® As a result, these correlations lead to a sig-
phenomena. It is well-known that the exchange fielof the  nificant increase of the conductance of the ferromagnet be-
ferromagnet tends to break the Cooper pairs formed by eledew T..” Volkov et al®*® have demonstrated the existence of
trons with opposite spins by acting on the electronic spinghese long-range triplet componenf&C) also in the multi-
via the exchange interaction. When the exchange field exayered F/S/F structures when the moments in each F layers
ceeds the typical superconducting low-energy scalks, are non-collinear. As already emphasized in Refs. 7, 9, and
>2nTy (Teo is the superconducting critical temperature in 10, these TC have the property to be odd in frequency, a
absence of the proximity effggta new, shorter length scale necessary condition for their existence in the diffusive limit.
competes with the superconducting coherence length scalghe study ofT, as a function of the angle between the mo-
For this case, within the quasi-classical theory of superconments in the F/S/F trilayer has been reported very recéhtly.
ductivity for diffusive structure§Usadel equatiort, the su-  In order to clarify the situation and to compare with our
perconducting pair correlations have been found to penetrai@odel, we first derive generally the Usadel equations in the
(and_also oscillate in the F part over a short length paired-spin basis and show that the coexistence of singlet
£,=\D;/J instead of the superconducting coherence lengtltomponent{SC) with odd-triplet components is in fact the
&=\D¢/2n Ty, (Ds is the diffusion constant in)2 More-  hallmark of any diffusive S/F structufé Short-range TC are
over, in S/F bilayers the critical temperatufeis suppressed necessarily present. Contrarily, the presence of TC with long-
by the proximity of the F layer and exhibits a non-monotonicrange scales requires specific conditions. For example, the
dependence on the thickness of the F lagietsee Ref. 3 and long-range TC are shown to be absent within our model. The
references therejnIn F/S/F sandwiches, it has been found sensitivity of T, on the magnetic inhomogeneity is in our
that the pair-breaking effect depends on the relative orientanodel mainly provided by the short-range TC.
tion of the F moments. This property led to the proposal of a We study the S/F bilayer within the framework of the
superconducting switéff operated by reversing the moment Nambu-Gor’kov formalism and consider the diffusive limit
in a F layer. which is relevant for short mean free paths. The Usadel

In this paper, we introduce another aspect of this featureGreen’s functiony(R, w,,) depends on the spatial coordinate
We investigate the sensitivity of the Cooper pairs on theR and on the Matsubara frequeney==T(2n+1) (whereT
directional changes of the exchange field by studying a S/F
bilayer with a moment rotating with a constant velocity in
the F laye? (see Fig. 1. This model simulates a multidomain
structure with domain walls of the Néel type, where the do- 4,
main wall width is comparable in size to the size of the
domains. We find that the critical temperatdigs enhanced
compared to that of the S/F bilayer with homogeneous mag-
netization and exhibits an interesting reentrant behavior. We ~ dy
suggest to use this effect for new devices where supercon-
ductivity may be switched on and off by controlling the mag-
netic domain structure. 21/Q

Recently, the theoretical understanding of the interplay FIG. 1. (Color onlind Model: the moment] rotates in the F
between the superconductivity and inhomogeneous magnéayer.
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is the tempgratubgand results from the momentum average £0,5)s= v&dNe,  v=pdpis (7)
of the quasi-classical Green’s function. It is represented by a ) N
4x 4 Nambu-Gor’kov matrix in combined particle-hole and where pg and p; are, respectively, the normal-state resistivi-

spin spaces. In particle-hole space it is written as ties of the S and F metal&q. (7) follows from the continu-
ity of the current at the interfa¢eand
5= (gT ﬂ) @ Enide=Ns=De w=Rodlpd ()
fr o'/’

with R, the resistance of the S/F boundary, addts area.
and anomalous Green’s functiorgs.obeys a normalization NearT; Nazarov's boundary conditions are formally equiva-
condition and a nonlinear transport equation, coupling itdent to the ones by Kuprianov and LukichEvAt the outer
componentsf and g.2 Near T,, f is small andg deviates Surfaces of the F or S layers, we require that the current
slightly from its value(=im sgne,) in the normal state, so through the boundary has to vanish. It is important to note
that the Usadel transport equation can be linearized with thi1at the conditiong7) and (8) do not couple the different

help of the normalization condition, and yields an equatiorcomponents of. , _
for the 2x 2 spin-matrixf If J is constant in direction, we obtain straightforwardly

that the triplet vectof,|lJ. This configuration corresponds to
DV%f —i sgrw{J(R) - of + fI(R) - o'} - 2|w,|f + 27A =0 @ triplet state with a zero spin projection on the quantization
) axis defined byl. The SC and the TC with zero spin projec-
tion are energetically equivalent with respect to the exchange
with o= (o, 0y, o) a vector whose components are the pauliinteraction, and thus necessarily appear together in the ferro-
matrices. In the F layer the superconducting order parametépagnet. , ,
A vanishes, and in the S layer the exchange field zero. In F/S/F trilayers with an arbitrary angle between the mo-
The diffusion constants a®=D. in S andD=D, in F. We  Ments in each F layérl' J has not a fixed direction in the

consider a BCS singlet superconductor for which the ordeftructure. If the moments are homogeneous in each F layer,
parameter in spin-space $=Aja,. Quite generallyf is the systen(4) and(5) can be solved easily. In the different F

expected to have a singlet and a triplet Fart Iayers, the spatial dependencg of the compone.ntscaﬁ pe
written asf;(z) =f;expksz), leading to the algebraic equations
f=fdoy +i(f,- 0oy, ©) (ka?‘an -2 J. ><f5>_0 .
wheref,=(fy, fy,fy,) is the triplet vector(the basis formed -2 Diki- 2w,/ \f;

by the vectorss=(|T 1)=[L1)/2, t=(11 )=|T1))/2, t,  The eigenvalud? is determined from the condition of zero
=(1T D+ 1)/2i, andt,=(|1 |)+|] 1))/2 is the natural ba-  geterminant, which yields
sis for studying pairing statgsThe different components &f

obey the system of coupled equations ke, = Qné? £ 2157 or kiy = Q&2 (10
) _ with Q,=w,/ 7T. The corresponding eigenvectors have the
(DV? = 2|w,|)fs= = 2mAg+ 2i sgn(w,)Jd - fy, @ form
. f 1 f 0
(DV? = 2| wy|)f, = 2i sgn(wy) Ifs. (5) ( *) = fst( . ) and( SO) = ( ) (12)
fie +J fio fio

The couplinggright-hand sidgin Egs.(4) and (5) show
obviously that the S@; always coexists with at least one TC with the conditionf,,-J=0. Thus, there can exiatpriori two
as early as # 0. We see also generally that the SC is even invery different types of TC:® The SCf and the TQIJ char-
frequency[f{-w,)=fJw,)] as it is the case for the BCS acterized b)kfzt have the usual short-range decay lengjtin
superconductors, while the TC are offd(—w,)=—f(w,)]. the F. layer for strong. On the con'Frary, the TG L J (char.-
This is a consequence of the Pauli principle, which for theaCterized byki,) penetrate further in the ferromagnet. Since
diffusive limit imposes the relatiorf,,4(R,w,)=—fz(R,  they correspondiocally) to triplet Cooper pairs with a non-
~w,), wherea and 8 are the spin indices. Henceforth, we Z€r0 Spin prolectlorﬁequal-s_pm palrm_g they are not locally
only consider positive Matsubara frequencies. Equatigns Imited by the paramagnetic interaction wilh
and (5) are supplemented by the self-consistent equation re- NOW, we consider the S/F bilayer shown in Fig. 1 whére

lating A, to f, rotates with a constant velocit in the F layer, i.e.J(y)
=J(cosQy,sinQy, 0) [henceforthz no longer designates the
Teo A fowp) quantization axik It is straightforward to see that hefg
Asm? = ZWTEO (w— - T) (6)  =0. They dependence of is eliminated in the right-hand
n= n

side of Eqs(4) and(5) by considering the new components

. f,=(~f+ify ) and f_=(f,+if,)e"@. The system of
and also by the boundary conditions. The general boundar quations to solve is

conditions at the S/F interface for the diffusive case have
been formulated by Nazar&vand reduce nedrF, to (DV?-2w,)fs=—2mAs+i J(f_—f,), (12

220506-2



SWITCHING SUPERCONDUCTIVITY IN..

(DV?+ 2iDQd, - DQ* - 2w,)f, = + 2iJfs.  (13)

Since the structure is periodical in tlyedirection, the three
componentsf| (I=s,%) and A are expanded into Fourier
series. We note that the different Fourier compondis
beled byp) are neither mixed by the full system of linearized

equations nor by the boundary conditions. Thus, each har-

monic taken separateljgand determining a particulay de-
pendencg represents a possible solution. The harmamic
realized physically is the one which gives the highEstAs
a result of our calculation, the harmonicp=0 yields the

highestT.. The physical reason for this is that the other har-
monic solutions correspond to an inhomogeneous bulk su-

perconducting state, which decreases unavoiddblyWe
present here the equations for the cps®.

In the F layer, using the boundary condition at the outer

surface(z=-d;), the component§ are thus sought under the
form f,(z)="f, coshk:(z+d;)], which is substituted in the set
of Egs.(12) and(13). This leads to the following linear sys-
tem

N —ig? g%\ [
-2 A-Q* 0 f_|=0 (14)
2i2 0 AN-0Q?/\f,

with the eigenvaluen=k*-Q,.&2 This system yields the
three eigenvalueG@nd consequently thrdeg)

N = (QP+2VQ*- 165912, N=Q° (15)
and the associated eigenvect@ngres=+1)
fse N fso 0
f,|=|-2i&%], [fo|=|2 (16)
frs 2i¢° foo) \1

The eigenvalues., give short-range decay lengths for the
TC in strong ferromagnets, while the eigenvalug deter-
mines a long-range penetration in the ferromagatteast at
small Q). The solution of Eqs(12) and(13) independent of
y is thus written as

fi(2) = > af| ; coshk(z+dyp)],

j=0,e

(17)

where the three coefficientg have to be determined with
the help of the boundary conditions at the S/F interface.
In the S layer, the solutions for the TG satisfying the
boundary condition at the outer surfadet z=d,) are
straightforwardly derivedf.(y,z)=c, coshky(z—ds)] where
k= \/‘Qn§;2+ Q?, £=\Dy/ 27T, andc, are coefficients. As a

result of the form of the eigenvector associated with the ei-
genvalue\,, the boundary conditions for the TC at the S/F

interface requirey=0. This absence of the long-range TC in

the present model is characterized by the fact that the triplet

vectorf,(y,z) is locally parallel toJ(y).
The remaining equation for the S z) can generally not

be solved analytically in the S layer since it is coupled with

the self-consistent gaji{(z) by Eq. (6). We use a technical
high-energy cutoff ofw,=21#T, for the gap equation. We
iterate Egs(6) and(12) in S numerically, together with the
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FIG. 2. (Color onling T, vs d; for variousQ¢&s. Hereds=7 nm.
For d;=5 nm, corresponding to the dashed line, a switching effect
can be observed betwe€r0 (single domain fFand Qé;>0.56.

boundary condition$7) and (8), which determine the coef-
ficientsa; andc,.

In Fig. 2 we show the dependenceTgfon d; for different
values of the dimensionless parame@¥; (for definiteness
we took the same parameters as in Fig. 2 of RefT3:
=7 K, y=0.15, 1%,=0.3, J=130 K, &=8.9 nm, and &
=7.6 nm. T, clearly increases witlp. Moreover, we see that
the non-monotonic behavior df,(ds), responsible for the
absence of superconductivity in a finite intermediate range of
d; (aroundd;=5 nm in Fig. 3, tends to be suppressed in
favor of a monotonic behavior. This tendency is accompa-
nied by a reentrance of superconductivity as a function of
magnetic inhomogeneity in theé; range whereT, is zero.
Fixing d; in this range we predict that whe&p exceeds some
critical valueQi; (=0.56/& for d;=5 nm), superconductiv-
ity is recovered. By controlling the degree of magnetic inho-
mogeneity it is possible tewitch the bilayer between the
normal state and the superconducting state

The critical behavior is illustrated fak;=5 nm in Fig. 3,
whereT, is plotted as a function d& for differentds. It is
clear thatT, is enhanced for an®) compared to the homo-
geneous cas®=0. The switching behavior can be observed

5

ds [nm]
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—

c
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FIG. 3. (Color onling T, vs Q& for di=5 nm and variousls.
The thick curve corresponds to a cut along the dashed line in Fig. 2.
The onsets fods<7.44 nm behave like/Q— Qi
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for superconducting layers withls<<ds., where for the charges on the orbital motion of electrons and thus sup-
used parameterds ;= 7.44 nm. Ford>d,; we observe presses the superconductivity. This rising orbital pair-
for small Q a behaviorT.~Q?* For d<dsc; there is an  preaking effect competes with the weakened paramagnetic
onset of superconductivity &, and near the onset the paijr-breaking effect in the domain walls and is expected to
functional behavior off¢ as function ofQ is T;~VQ-Qgi.  reduce or even prevent any dependenc&.adn the domain
By choosing the thickness of the superconducting layer apstate. Our results are thus consistent withi.@&nhancement
propriately, it is possible to optimize the superconductingyye to Néel domain walls. A future step is to take into ac-
switch for the corresponding range Qfin which it can be  count more realistically the alternation of domain regions
controlled. _ o with domain walls. The difficulty is that the problem is in-
Finally, we discuss the implications of our results for the yjngjcally two-dimensional, and the solutions with separated
currentl)_/ erated gen.eral issue of the |r_1fluence on the SUP&J-and z dependences are no more physically acceptable for
conductivity of domain walls present in the F layer. Theoyndary reasons. This prevents any simple analytical treat-
evolution ofJ in the domain walls can typically be described yent even in the E layer as done here.
by two kinds of models. In bulk material, rotates aboutan  The possibility to reversibly create and remove Néel walls
axis perpendicular to the wall, i.e., it remains in the plane ofi, 5 controlled way as needed for the realization of the sug-
the domgin wall(Bloch wall). On the contrary, in thip F gested device has been shown very recéfitlthe method
layers J is expected to evolve in the surface plafidéel  seq in Ref. 18 is based on the exchange bias effect between
wall). Our model can be seen as a modeldoF layer con- 3 ferromagnetic Co thin film and an antiferromagnetic insu-
taining many Néel walls whose widths are comparable to th‘?ating CoO film.
widths of the domains. Recently, a dependenc&abn the In conclusion, we have presented a model for a multiple
(controlled domain state of the ferromagnet has beenmagnetic domain structure in an S/F bilayer and have shown
observed’ in S/F bilayers. In the presence of many domainihat the superconducting critical temperature is enhanced by
walls, T has been found to be slightly enhanced compared tghe magnetic inhomogeneity and even exhibits reentrant su-
the T¢ obtained in the absence of domain walls. The authorerconducting behavior appealing for future applications. We
of Ref. 17 argue that the domain walls in their expenmentsuggest to use this effect for a superconducting switch oper-

are likely of the Néel type. Indeed, the presence of Blochyieq by controlling the degree of inhomogeneity in the fer-
walls in a F layer induces unavoidably a nonzero componenfomagnetic layer.

for J in the direction perpendicular to the layer. As a result,
the exchange field acting on the electron spins produces in This work was supported by the Deutsche Forschungsge-
addition an electromagnetic field acting via the electronicmeinschaft within the Center for Functional Nanostructures.
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