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High efficiency nonvolatile ferromagnet  /superconductor switch
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A composite magnetosuperconducting switch is proposed. The device, which is based on Andreev
reflection at the superconductor/ferromagnet contact, combines high efficiency with nonvolatility.
The low-impedance state of the device corresponds torthienal state of the superconductor,
whereas thénigh-impedance state corresponds to tuperconductingtate. The proposed device
does not require high-quality Andreev contacts; on the contrary, interface scattering significantly
increases the efficiency of the device. Up to 1000%—-2500% efficiency can be achieved with the
existing ferromagnetic materials. The device can be used as a basic element for nonvolatile logic
and memory. ©2002 American Institute of Physic§DOI: 10.1063/1.1481987

New concepts and devices based on the electron spimansistory®1® fringe magnetic fiellf (controllable weak
rather than the charge play an increasingly prominent role ifinks)'® or by nonequilibrium quasiparticle injectidn.
electronicgspintronics.>? Advanced by the discovery of the In this letter, we explore theoretically an original device
giant magnetoresistand&MR) effect? many unique fea- involving both superconductivitgnd magnetism. This de-
tures of spin transport have been exploited to produce newice, based on the so-callékhdreev reflectionprovides an
robust effects, not feasible within conventional electronicsalternative element for high-density nonvolatile memory and
Spin polarization in semiconductors has been successfullpgic, unaffected by room-temperature cycling.
coupled with circularly polarized light pulséspin injection In the Andreev proces%o,which takes place at the inter-
into a semiconductdhas enabled spin-emitting diod®and  face between a normal metal and a superconductor, an elec-
ferromagnetic semiconductorg-n junctions have been tron in the normal metal is reflected back as a hole, while a
realized® Cooper pair propagates inside the superconductor. The hole

Traditional GMR and tunneling magnetoresistancereflected into the normal metal occupies the band with the
(TMR)? devices have been used in magnetic sedSa@s  spin opposite to that of the incoming electron. This spéa
well as in nonvolatile memor¥. Nonvolatile reprogram- lectivity is unimportant when there is no spin asymmetry in
mable logic? may eventually achieve true on/off operation, the system, as in the case of conventional, nonmagnetic met-
but only if materials with very high(close to 100% spin  als. However, as de Jong and Beenakker realized in 1995,
polarizationP will become available. However, even with Andreev reflection in ferromagnets and in nonmagnetic met-
the improved efficiency, performance of the devices builtals has completely different properties. Specifically, the con-
solely with magnetic elements, especially in the submicrorjuctance below the superconducting gap, which is twice the
regime, is strongly affected by their shape and size. The ophormal conductance in conventional met&lss suppressed
timization of switching dynamics and complex micromag-in ferromagnets, due to the fact that the number of conduc-
netic phenomena due to domain structure, magnetigyity channels for the minority spin states is different from
singularities,® and coupling between magnetic layers, will the one for the majority spin states. This suppression is es-
be required to implement working devices. pecially pronounced in the so-calldwlf metalsthat have

Extensive work has also been done to build Iow-poweromy one type of the spin-polarized carriérsajority) at the
superconducting electronic devices, including memory angtermi level at low temperatures. It was first observed experi-
logic. Josephson junctions are widely used in superconducpnenta”y by the NRL group using the point contact
ing quantum interference devi¢8QUID) magnetometers as  techniqué® and the Cornell grouf’ which used the nano-
well as in the Rapid Single Flux Quantuf®SFQ logic."  contact geometry. Almost complete suppression of the sub-
RSFQ combines remarkable data processing sfigetb ~1 gap conductance was observed in ¢RY?® which is
THz) with intrinsic memory based on the absen@ or  pelieved to be half metalli®® and in disordered
presencel) of a single-flux quantum in a SQUID loop. On Lay ;S sMNnOs, which we believe to be aransport half
the other hand, the RSFQ memory density is limited by thgyetg/2”
size of the SQUID loop, and noninterrupted refrigeration is ~ The proposed device, which we call a nonvolatile An-
required to maintain its logic state. Many other interestinggreey switch(NOVAS) consists of an Andreev nanocontact
superconducting devices have been proposed. They are 9&fistyeen a highly spin-polarized magnetic metal and a super-
erally based on locally suppressing the superconductivityeongyctor, which can be switched from superconducting to
either by applying the gate voltage(field-effect —normg state by the edge field of a ferromagnetic control film
positioned on top of the contact, using the technique intro-
dElectronic mail: nadgorny@hal.physics.wayne.edu duced in Ref. 28. The edge field of the control film can be
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FIG. 1. (a) and(b) Schematic of NOVAS. The device consists of an Andreev NS e
nanocontact between a highly spin-polarized ferromagnetic fottom 6 05 1 15 2 25 30 05 1 15 2 25 3
electrode and a superconducting filittop electrodg A soft ferromagnetic ev/a eVia

control film (F), e.g., permalloy, is fabricated on top of the superconductor. ) )
The resistance of the device is modulated by Erhiém, whose fringe field ~ FIG. 2. (8. Normalized conductance curves for an unpolarized metal for
(approximately several kQesuppresses superconductivity when its mag- different barrier transparencies determined by a dimensionless paratneter

netic moment is in planéa). The normal aredshown by a black rectangle ~ varying fromZ=0 (clean interface, top cury¢o Z=1.5 (low-transparency
is spanned over a distance comparable with the thickness oF tilen, barrier, bottom curve (b) Normalized conductance for different values of
typically about 100 nm, which is generally much larger than the contact sizethe spin polarization and clean interfacg<(0).

a ~3-30 nm. Configuratioria) corresponds to theow-impedancestate of
the device, while no fringe field in the conta@) corresponds to thkigh-
impedancestate of the device.

\
where B= w (1)
modulated from~0 to several kOe by rotating the magnetic
momentM in thex_y p|ane of the film by 90‘(5ee F|g L In the diffusive or Maxwell limit (€<a), the electron qua-
While these edge fields are large enough to quench the s§imomentum is no longer a good quantum number. Fortu-
perconductivity in Sn or Pb, for exampléthe magnetiza- hately, the Landauer—Biker formalism used earlier by
tion rotation can be done by using a much smaller in-planéeenakker IO_T the Andreev process in the nonmagnetic dif-
field if the ferromagnetic control film is fabricated of a soft fusive cas# is applicable to the diffusive spin-polarized
magnetic materiale.g., perma”oyzg The suppression of case as weff? In Ref. 32, the diffusive contact was treated as
Andreev reflection in a ferromagnet/superconductes) @ disordered nor;nal region of lengthadjacent to a ballistic
contact leads thigh impedancevhen the superconductor is Andreev contact’ If £<L <N, whereN is the number
in the superconducting state andléav impedancavhen the ~ Of conductance channels, the problem can be solved analyti-
superconductor is in the normal state. Nominally, for a halfcally and the answer &t=0 is*

metal, the efficiencyRpign/ Riow Of such a device is infinite at 142

T=0 (the conductance at zero bias is zefo reality, this (1-P) ImF(—iB)—F(iB)], V<A
ratio will be limited by spin flips, spin—orbit interaction, and %_ 2p

other secondary processes. Of course, GMR/TMR type deG, (1+B)? '
vices would have also had a nominally infinite efficiency if (1- P)BF(,B)‘*'PBF{T— 1}, V>A
half-metallic junctions could be fabricated in practice. Unfor-

tunately, the efficiency of conventional magnetic devices de- cosh 1(2Z2+x)

cline rapidly whenP is reduced from 100%; on the other F(x)= W 2

hand, a NOVAS will retain its high efficiency even for ma-

terials with P~70%-80%, which are readily available. As Gey /G, at an experimentally relevant temperatife

we will show next, the NOVAS efficiency can be further g 1A for different values of for a ballistic(Sharvin con-

increasedby using low-quality (high scattering contacts,  tact is plotted in Figs. @) and 2b) as a function of voltage,

provided that there is no spin—flip scattering. using the theory outlined herein. One can see that even in a
Interface scattering at the normal/superconducting intéfonmagnetic material, the conductance is suppressed by the

face can be described analytically in the two opposite limitSinterface scattering faster in the superconducting state, than

In the ballistic or Sharvit? limit (the electron mean free path in the normal Reo/ Riom= (1+222)2/2(1+ Z2). However,

€ is larger than the contact sizg the interface scattering is the dynamic range for a nonmagnetic contact is rather lim-

usually well described by the standard BTK motfedssum-  jied. because larg& values (Z>1, “tunnel junction re-

ing specular interface scattering with a repulsive onegime”) correspond to small currents and thus are not suitable

dimensional potential at the interfac&)=Z45(x)/nve,  for most electronics applications, whereas an accept@ble

where v is the Fermi velocity” Using a generalized BTK <1 yields small ratioRe./R,qm~2 [Fig. 2@]. On the other

approachf," one can also describe the case of an arbitRary hand, for arideal interface, theRy,/Ruorm for an FS junction
which can be considered as a linear combination of nonpois not too high eithefunlessP~100%) [Fig. 2(b)].

larized and half-metallic casés.For a ferromagnet af The suggested NOVAS combines reasonably figind
=0, the conductance &g /Gy (Ref. 33 is: high interface scattering, yielding a dramatic enhancement of
(1-P)2(1+ ?) the R/ Rnorm Fatio without significantly reducing the current.
G W V<A For instance, in the ballistic regime a material with a modest
ZFM _ P=75% andZ=1 givesR../Rnom=9 (Fig. 3. A diffusive
Go (1-P)(2B) P(4B) VoA ’ contact is even more efficient. As an upper curve of the Fig.
1+pB+27%  (1+B)°+4Z% 3 demonstrates, a diffusive contact with the same parameters
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