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Abstract

Superconducting devices, which rely on modulating a complex superconducting order parameter in a
Josephson junction, have been developed for low power logic operations, high-frequency oscillators, and
exquisite magnetic field sensors. Magnetic devices, which rely on the modulation of a local vector order
parameter- the local magnetic moment, have been used as memory elements, high-frequency spin-transfer
oscillators, and magnetic field sensors. In a hybrid superconducting-magnetic device, dhmsketw

parameters compete, with one type of order suppressing the other. Recent interesoww-plonaedr,

high-density cryogenic memories has spurred new interest in merging superconducting and magnetic
behavior so as to exploit these two competing order parameters to produce novel switching.element

Here, we describe a reconfigurable two-layer magnetic spin valve integrated within a Jopepitgon

Our measurements separate the suppression in the superconducting coupling due to the exchange field in
the magnetic layers, which causes depairing of the supercurrent, from the suppression due to the magnetic
field generated by the magnetic layers. The exchange field suppression of the superconducting order
parameter is a tunable and switchable behavior that is also scalable to nanometer deviandimensi

These devices are the first to demonstrate nonvolatile, size-independent switching s phedio

coupling, in both magnitude and phase, and they may allow for the first nanoscale superconducting

memory devices.



Superconducting and magnetic devices have a long but mutually exclusive history due to the fact that the
order parameters are competing, magnetic order suppresses superconducting order and vice versa.
Superconducting Josephson junctions, which rely on modulating the magnitude and phase of the
superconducting order paramefefi*) = ne'?, have been developed for microwave oscillators, voltage

standards, logic gates, and sensitive magnetic field deteditarignetic devices, which rely on

manipulating the local magnetizatW(?), have been developed for magnetic random access memory,
field sensors for recording heads, and high frequency spin-transfer oséiflaR@sent advances in the
understanding of supercondacterromagne(S-F) hybrid structures have revealed exciting physical
phenomena, such as devices in which the Josephson ground-state phase difference between the two
superconductoris shifted byr compared to that of conventional junctions, or in which Josephson

coupling is achieved viaspin-polarized triplet staté Combining the superconducting quantum and
spintronic effects into low-power bi-stable devices that are switchable betweeardiffegmory states

could transform high-performance computing and elevate superconducting digital techaslagy

serious alternative to existing power-hungry computers based on semiconductor technology. Despite the
demonstrationpver a decade ago, ak700 GHz clock-rate RSFQ (rapid single flux quantum) logic
element, the lack of a practical and scalable cryogenic memory is one reason that superconducting digital
electronics has been implemented only in niche applicdtioRast cryogenic-memory efforts employed
circuits that stored magnetic flux quanta in superconducting loops or combined Josephson and CMOS
technologies in hybrid circuit$'’. Unfortunately, theeapproaches did not simultaneously offer high-

speed, ultra-low-power, and scalability.

Storing information within a Josephson junction (JJ) by changing its state is a &iraigid
approach to making a cryogenic memory that is both practical and scalable. One way to do this is by
inserting magnetic layers within the barrier of a JJ so that the magnetic configufzinges the

superconducting critical current that separates zero and nonzero voltagé §tatesimber of



magnetically controlled Josephson switches have been demonstrated. €lahtSrdemonstrated
microbridge devices that switched between different critical currents usingaidiaid of a ferromagnet.
More recently, critical-current switching was demonstrated by incorporating a single ferrommyresti
into aJJbarrief®, In both devices, the difference in the critical current of the two states, or the signal
contrast, comes from the magnitude and direction of the remanent magnetic field withiortheidye

or the junction barrier. However, these devices will reqasignificant ferromagnetic moment and, thus
a high magnetic switching energy at submicrometer junction dimensions, which would make them
practical only for low-density memory. ScalaBlidlevices should be based on direct manipulation of the
Josephson coupling by use, for exampfeyarriers such ampseudo-spin-valveRS\V)*? or amulti-layer
film structure with noncollinear magnetizations of the different layers for enhanced tapipling.

Triplet superconductivity has recently become a subject of intense study due mitetspfin current and
the long Cooper-pair coherence length in a ferromaghéi-stable devices appropriate for a cryogenic
memory based on this effect have not been demonstrated, and their generally complicdssemulti
structure and control of their noncollinear magnetic state may make such deviceadgésal phan those

based on a PSV. In this article, we focus on JJs based on PSV barriers.

A PSV comprisstwo different ferromagnetic layers separated by a nonmagnetic metal. Typically,
its resistance state is changed through the giant magnetoresistance (GMR) effecting thang
orientation of the magnetization of one layer with respect to the’oWeting information [i.e.,
switching the PSV state between the parallel (P) and anti-parallel (AP) magnetiZatiamgbpical PSV
device can be accomplished either by applying a magnetic field to switch the magnetization of the layer
with lower coercivity or, in nanoscale devices, by applying a bias current to switch the aat@reti
through the spin-transfer torque effécRegarding the superconducting transport properties ofRB\S-
S JJ, S-F proximity theory provides a physical understanding aaseethethod for quantitative
analysi$®. The exchange field in the ferromagnet splits the two electronic spin bands, resulting in a

spatial phase modulation of the Cooper-pair condensate emanating from each superconductor. This effect



leads to oscillating decay, including sign reversal, of the Josephson coupling as a funbamadnetic
barrier thickness. By placing a second F layer in the barrier, the total phase shift mengased or
decreased, depending on the relative orientations of the magnetizations of the k.¢ayBrer( AP), and

this may produce a corresponding change in the critical current of the juhttion

Experimental studies of JJs with double magnetic bamiersllinear magnetizations were
carried out by Belét al."* and later by Robinsaet al.° with SPSV-S and S-F-N-F-S (N: nonmagnetic
and nonsuperconducting metal)s respectively. In both studies, enhanced maximum supercurrents were
observed for the AP states compared with the P states. Both works concludedrthegutie were due
to the exchange-field effect on the pair phassed on an argument that the phase shift in the AP state
was smaller than in the P state and prodadadger, less modulated critical current. However, the
interpretation of these results is complicated by competing effaach structures, a remanent field
from the magnetic barrier induces a non-uniform supercurrent distribution within the juastigesults
in a maximum total supercurrelRtthat is reduced from the critical currépg JA, given by critical
current densityl; and the junction are&>* Regarding the two experiments quoted above, the higher
in the AP state may be attributed to the lower average remanent field, as comparedf thé¢hBtstate.

For a rectangular junction with uniform distributions of magnetic fieldJawlistributions in the barrier,
Im decays with increasing magnetic fldxin an oscillating fashion whetg = I|Sin[®/®)|/(rD/Dy)
(known asa Fraunhofer pattefh®). Here,®,is the magnetic flux quantum. Thus, in order to fully
characterize the state of such a junctiseamust extract thé&.,, which is the maximum supercurrent at
zero net flux in the barrier (not at zero applied field), determined from the maximum vl )of

whereH is the applied magnetic field.

In this work, we performed detailég(H) and other measurements to clearly discriminate
between remanent-field effects and the more direct exchange-field effect on Josephson. coupling
Distinguishing these two effects is key to understanding the physics governing these devices and

evaluating their scaling potential. We found that the material choices werd orabéaining



unambiguous results. The PSV must include materials with different coercivities, gwttavice can

be placed into both the P and AP states. Weaker ferromagnets make the oscillation and deady length
the Cooper pair longer and enable the use of thicker films, which is advantageous for the reptpducibil

of the devices. However, the free-layer coercivity must be high enough to show a large portion, including

the peak, of the main lobe of the Fraunhofer pattern associated with each magnetic state of the PSV.

We used Ni as the higher-coercivity layer, since its saturation magnetization iehglativ, and
at 10K its measured coercivity 840 mT, which is adequate for a PSV hard layer. For the free layer, we
choseNig e 1Nbg 13 Which hadacoercivityof ~ 2mT at 10 K andareduced magnetic moment with
Nb doping® (Fig. 1 inset). The SV-S multilayer films were sputter-deposited on oxidized silicon
wafers in a chamber without breaking vacuum. Each device had the following film deposition sequence
and thicknesse®Nb(100nm)/Cu(3 nm)/Nig ey 1/NDbg 19 dnirens)/CU(5 NM)/Ni@y;)/Cu(3 nm)/Nb(70 nm).
TheNiy Fey1Nbg 13 layers were grown by co-sputtering, ffte, » and Nb targets. The Cu layers adjacent
to each Nb layer serve as buffer growth templates for the ferromagnetic layers and are expected to be
superconducting due to the proximity effect at 4 K. The center spacer Cu layer prevents exchange
coupling and reduces magnetostatic coupling betweeNithEe, 1.Nby 13 and theNi, allowing them to
switch independently. Using a superconducting quantum interference device (SQUID) mageteenet
measured the Nb superconducting temperaty=e819 K and observed hysteretic magnetization loops

with two well-separated switching fields in the unpatterned multilayers (Fig. 1).

Four-point electrical measurements were used to characiéingth different dimensions and
barrier materials. Wafers of test chips containing these junctions were fabricatedliaitle, high-
throughput processes, employing stepper lithography and reactive ion etching. The barrier etching was
done by ion milling monitored with an ion mass spectrometer. The rest of the fabrication @ocess
similar to that used to fabricate NIST Josephson voltage staftidfidsre was no noticeable deleterious
change in the magnetic properties of the films due to the device processing. For junctions gvigddesi

dimensions less than2n, the actual fabricated feature dimensions were significantly smaller due to
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process runout. For example, the smallest junctions studgiedelliptical, with the short and long axes of
0.9umand 1.8um by design, but yielded effective ardqgs~ 0.5um? according to their measured

resistances.

We conducted most of the electrical measurements in a liquid-heliunatigakq using a dipping
probe with a superconducting magnet. A magnetic field was applied parallel to the long aees of t
devices. The current-voltage\{) characteristics at each magnetic field wertofthe resistively-shunted
junction modét, yieldingl,, and the normal resistanBg (Fig. 29. Due to the GMR effect, the junction
resistance is slightly smaller the P state than in tiAdP state. The magnetoresistance raimughly

0.2 % in a Nj 7Fey 1Nbg 152 nm)-Ni(3 nnj) PSV.

Fig. 2a shows the measurggH) of an S-FSJJ(an SPSV-S junction with an ultrathin Ni layer
thicknessgdy; < 0.1 nm) with the magnetic field swept in both directions in order to see the magnetic
hysteresis. For this control sample, the Ni is so thin that it has no measureable moment andrtige bar
effectively a single magnetic layer. From the positive field limit to roughinTsthe magnetic state of
the device stays close to a fully-magnetized, single-domain state, dp(Hheharacteristic follows a
smooth Fraunhofer-like pattern. Excluding the abrupt changes, where,treyNNbg 13 layer switches,
these data can be fit by conventional theory with a horizontal shift to account for the offsets dueeto th
self-field of the ferromagnetic state within the barrier. We usa farfect circular or elliptial junctiorf™,

I = 1| 2)1(n®@/ D) |/ (n®D/ D), whereld; is a Bessel function of the first kind, to fit our data. Sigel) is
sensitive to junction shapé, uniformity, field uniformity, etc., tis simple formula is not expected to
provide a perfect fiat high fields. However, it works reasonably well for the main lobes of both PSV
states. Such undistorted shapes as well as the nodds, withindicate no trapped flux in the junction.
Each pattern is shifted in the direction oppogitthe Nip #& 1/Nbg 13 magnetization, as expect The
critical currentl for each magnetization state is defined by the main peak of g&bifor that state. The

critical currents for each state are identical for this S-F-S junction, inticati change in the Josephson



coupling (. or J.), because the magnetization of the single F layer in the barrier is simply changing

direction.

When adding a thicker Ni layer to fornP&V barrier, we finda differentl, for each magnetic
state of the 2SV-S junction (Fig. 2b). We magnetized the Ni layer to near-saturationutitk: 200
mT and removed the resulting trapped flux in the superconducting Nb by raising the sample temperature
above 9 K. The sample temperature was then lowered to 4 K, arab measured over a £10 mT field
range. The abrupt transitionslgfH) indicate that the reversal of thié, e, 1/N\bg 13 layer begins at -
4 mT in one direction anak +3 mT in the other direction. The two distinctly different peak valyes,
0.11 mA and/*" = 0.07 mA for P and AP states, respectively, definitively demonstrate that the Josephson
coupling can be controllably modulated by the exchange field in a PSV and that our measurements have
successfully differentiated the Josephson coupling from the remanent-field effect. Bnemefield
effect is significant for junction aredown to~ 1 pm? in our devices, despite the use of weak and thin
ferromagnets. However, any nanoscale device designed to exploit the remanent-field effeftewill
from a small,, modulation, because a reduced total magnetic moment and an increased demagnetizing
field in the barrier result in a smaller magnetic flux trapped in the junction. TheechalggAl = 1" -
1", by the exchange field persists in our smallest juncasmell as in the largest ones (Fig. 3a). These
results, for the first time, demonstrate the possibility of switchable nanoscale supercgndedices

that may enable high-density integration for practical cryogenic memory.

Analysis of junctions with a range df; andAe provides further insight into the exchange-field
effect in SPSV-S devices. The results presented in Figs. 2b, 3a, and 3b shay ¢hiat”, or Al < 0.
Since the exchange-field effect produces a phase shift of the pair wavefunction, if theshiokone of
the F layers is varied, thexi. will oscillate as well, including sign changes. That is, the slope of a
sinusoidal function oscillates as well as the function itself. Figs. 3e and 3f illustrapeititisvith the

PSV barrier structure projected to a single F, that adds a phase proportional totase €ffthickness



here, we do not take account of the phase decoherence that leads to a dethg iphase shift, hence

the effective F thickness, is larger for the P state than for the AP state and, depending on théhslope at
effective thickness of the hard layer (black dashed lines), the sigg @dn be either positive or negative.
We demonstrated this behavior by fabricating and measudsagith different Ni thicknesses in the PSV
barrier. As shown in Figs. 3c and 3d, we found two Nikifesses,dy; = 1.5 nm and 2.0 nm, that

produced very largal. with opposite signs. Such a sign changalifis a signature of the exchange-field
effect, which has not been observed to date, and shows how prominent changes in superconducting
properties can result from the competition between superconducting and magnetic orders. A more
complete trend has been obtained by vargiggWith 0 <dy; < 4 nm, we obtained a characteristic
voltageV. = IR, for each statey.” andV,*", which showed different oscillatory trends (Fig. 4). We can
readily understand thalV, also oscillates and changes sign. E4gtl;) hasatypical trend observed in
S-F-S JF8?8with different offsets irdy; between the P and the AP states. Such different thickness offsets,
d,” andd,™", originate from the added opposite phases with the two different magnetization iorentat

of theNi, & 1Nbyg 13 layer. Consequently, both” andV,*" can be described by an S-F-S theory for the

clean limit with differentd,” andd,"", respectivelf/:

nA? (*dy |
Vc=4eka ?a cosy. (D

a

In (1), A is the order parameter of the superconducting electrodeshe temperature, and

a = 2E..(dy; — d,)/hvg with the exchange ener@y, of Ni and the Fermi velocity=. We note that
represents a much reduced order parameter at the interfaces of Ni in this simplified motg). (B

use of this quasiclassical theory should be appropriate for Ni thigdsisssveen several atomic layers
and the electron mean free path (e.g., ~5 nm from Biwah®®) and results in good fits to the measured
V. data fordy; > 1.5 nm (see Fig. 43, includes the thin effective dead layhg.qin Ni; we obtainealjeaq

= (d,” + ds*)/2~ 0.8 nm, i.e.adead layer of 0.4 nm at each Ni/Cu interface. This is comparable to the
commonly observed magnetic dead layers in F/N struéfiaed roughly consistent with our measured
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saturation magnetizatiors. thickness of Ni without &lig /- 1Nbg 13 layer. We expect a hon-oscillatory
decay ofV, and zera\V, within the dead layer if the ferromagnetism is completely suppr@séed
However, the exchange-field effect, and hence non®éfomay gradually appear aroudg.q TheV,
(or Jo) oscillating period of 2.6 nm and the characteristic length givervby2E., = 1 nm roughly agree

with past reports regarding simple Nb/Ni/Nb233%3

Possibilities of new device applications follow from this exchange-field effect. The node in each
V(dni) in Fig. 4 represents the transition of the zero-field JJ ground state fromio phase
differencé**>*® Such transitions occur at differeii values of 1.6 nm and 2.1 nm for the P and AP
states, respectively, which implies that JJs with 1.6 iy < 2.1 nm are phase-switchable devices.
Phase-shifting elements are novel components of superconducting digital and qubit eféctofiosng
the different device types, S$3F are often considered the most promising architecturerfqrrese-
shifter due to their nonvolatility and small stzé=or example, the proposed elimination of the
superconducting loops in some rapid single-flux quantum logic components bynidé&thas been
experimentally demonstrated with SSRlevices®. It will be interesting to see what kind of novel future
electronics will be conceived and realized with the added capabilitysifl, nonvolatile phase-
switching offered by S-PSV-S JJs. Regarding the cryogenic memory application of these devices, th
near-extinction of. ata O transition is an important feature, since it facilitates reliable discrirnmaf
the information stored in the PSV states. A large bias-current margin for distiimgibetween the low
and highl, states in a cryogenic memory based on single JJs will be essential in overcoming device-
parameter spreads in highly-integrated circuits. A useful metric for this margarelative change ih,
|AlJ/(the lesseof 17 andl ™) = 500 % for dy; = 1.5 nm (Fig. 3c). This is well beyond a typical GMR
ratio of a spin valve (< 109%)and comparable to the best present-day tunneling magnetoresistance (TMR)
ratios of ~ 600 % at room temperature and =~ 1100 % at 4.2 K*'. Determining the fundamental limit to that
margin may require investigation of higher-harmonic Josephson céff8ftsSuch a large margin may

allow reading memory states with a very low error rate. Also the use of Josephson energgnasya me
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parameter implies the inherent compatibility wBRQ(single flux quantum) electronics and may be
probed by an SFQ. Because an SFQ sigradllistic with a speed of light and only dissipates very low
energy in a junction, memory elements based on switchable Josephson energy may prove tode a way t

overcome the speed and power limitation of conventional charge- or resistance-based devices.

In this work, we distinguished the exchange field behavior from the remanent-field effects and
showed that it is a size-independent phenomenon. However, further research on smaller nanoscale devices
is needed to determine the scalability limits of these devices. More efficient naatjpatswitching with
spin-transfer torque also may be effective in nanoscale PSVs. The results in thidepapestrate that
Josephson junctions with pseudo-spin-valve barriers have the potential to enable low-ghaspead,

high-density cryogenic memory for a high-performance superconducting computing system.
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Figure 1. Hyster etic magnetization data at 10 K from an unpatterned PSV multilayer structure:
Nb(100 nm)/Cu(3 nm)/Nig7Fep17Nbg 13(2.1 nm)/Cu(5 nm)/Ni(3 nm)/Cu(3 nm)/Nb(70 nm). The field
was swept from positive to negative (blue circles), then back to positive (red circles), asdnoyctite
colored arrows. lllustrated above the plot are the different magnetization states of the Ni and
Nig.Fey1Nbg 13 for the trace with the blue circles. Inset: Trend of /R&, 1 Nbg 13 Saturation

magnetization with Nb doping.
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Figure 2. Electrical measurement resultsof S-PSV-SJJsat 4 K. a, Maximum supercurremns.

magnetic field of @Jwith zero Ni thicknessdk; ~ 0) in the PSV barrier structure, Mre, 1Nbg 142.1

nm)/Cu(5 nm)/Ni@l\;). The JJ design is a O.@n x 1.8um ellipse and the magnetic field is applied along

the long axis of the ellipse (inseb). Maximum supercurremns. magnetic field of the SV-S device

with dyi = 1 nm. The JJ design is a Lud x 2.4um ellipse.c, Currentvs. voltage of the device usedhin
measured at the magnetic field giving in the pegdior each state. Symbols are measured data and lines
are fits. The magnetization states are labeled by colored and black arrows in the illustrated boxes above

the plots for theéNiy Fey1/\bg 13 and the Ni layers, respectively.
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Figure 3. Maximum supercurrent vs. magnetic field characteristics of S-PSV-SJJsat 4 K with

dy; =1.5nm ]:P < Ir”‘P
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different areasand Ni thicknesses. a andb show the effects of different junction areas. The actual areas

are estimated to k& 2.6um? andb, 0.78unY, based on thB A~ 8.0 mQ um?® The JJ designs age

1.6umx 3.2um andb, 1.2um x 2.4um ellipses. The Ni thickness is 1 nm for both ¢2ndd show

very largeAl, and with opposite signs for two different Ni thicknessek5 nm andl, 2 nm. As designed,

both JJs are 14m x 2.8um ellipses. The symbols and the curves represent data and fits, respestively.

f, lllustrations of the origin of the differerd. in c andd, respectively. Effective F thickness means the

Ni thickness that would result in the same phase shift in the PSV. The degayignored for simplicity.

A P or AP state results in an increased or decreased phase (blue or red dashed lined thiatigeén

by the Ni thickness only (black dashed lipes
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Figure 4. Characteristic voltage V. vs. Ni thickness data (symbols) and fit (solid line) in the S-PSV-

Sdeviceswith the PSV structure NigFey17Nbg13(2.1 nm)/Cu(5 nm)/Ni(dy) at 4 K. P and AP states

are indicated by blue squares and green circles, respectivelyVEdatum is an average for a few JJ

samples. Fody; < 3 nm, eaclV. datum is an average for either 3 or 4 devices, resulting in an error bar

comparable to or smaller than the maker size (the standard error of thé. m@a886 of the meary).

Fordy; = 3 nm, the sample size is 1. Left inset: device multilayer structure and its equivaléht S-F-

structure as an approximation. Right inset: critical current dehsigrven byV/R,Acx) vs. Ni thickness.
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