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Abstract
We report the perpendicular critical fieldHc2 properties of disordered Re-Al bilayers viamagneto-
transportmeasurements. The bilayers consisted of a =d 3Re nmbottom layer of Re and an upper Al
layer with thickness varying between dAl= 0− 3 nm.We find that in this range of Al thicknesses, the
bilayer transition temperatureTc increases with increasing Al thickness, although theirmonolayer

counterparts have >T Tc c
Re Al. Furthermore,Hc2 of the bilayers has a localmaximumat anAl coverage

of 1.5 nmwith a criticalfield that is 50% larger than that of the standalone 3 nmRefilm. At higher Al
thicknessesHc2 drops rapidly but remainsmore than an order ofmagnitude greater that that of
comparable thickness standalone Alfilm.Our data show that a thin, disordered Re under-layer can
dramatically increase themagneticfield tolerance of the Al over-layer. This would allowone to retain
the desirable chemical andmetallurgical properties of Al without sacrificing high field compatibility in
quantumcircuits, such as topological qubit devices and superinductor circuits.

1. Introduction

In this report we present upper criticalfieldmeasurements of thin superconducting Re/Al bilayers.We consider
the casewhere the bilayers are in intimate electrical contact and hence their superconducting properties can be
described via the classic proximity effect [1, 2]. Historically, the proximity effect wasfirst studied in a bilayer
geometry [3]with one layer consisting of a robust superconductor such as Pb and the other a lowTcmetal such as
Al or perhaps a non-superconductingmetal. By depositing a normal-metalfilmNon a superconducting film S
one can induce superconductivity inN via the leakage of Cooper pairs from S toN. Conversely, the normalmetal
has a detrimental effect on the condensate in the S layer, and thereby lowers its transition temperature by an
amount that depends upon the relative thickness of the two layers and quality of the coupling between the layers
[4]. The present work ismotivated, in part, by the recent discovery that thin, disordered, Refilms exhibit
extraordinarily high perpendicular criticalfields [5, 6]. Indeed, theHc2 offilmswith thicknesses 3− 6 nmcan
bemore than an order ofmagnitude larger thanwhat is typical of elemental superconductors. In this light, the
Re/Al bilayers systemoffers one the opportunity to study the proximity effect from the somewhat novel
perspective of criticalfield behavior. Almost all previous studies of the classic proximity effect have been limited
to itsmodulation of the transition temperatures and/or energy gap of bilayer components [1, 2]. Herewe
demonstrate that a thin, disordered layer of Re can enhance both the transition temperature and the
perpendicular criticalfield of the Al component of the bilayer. This affords a relatively straightforward strategy
for improving thefield compatibility of the Al component of the bilayer [7–9]. In principle, bilayers with rather
robustfield compatibility could be used to replace the pure Al components of devices such as superinductor
fluxoniumqubits [10–13] and superconductor-semiconductor hybrid systems [14, 15]. In principle, this would
allowone to retain the desirable chemical andmetallurgical properties of Alwithout sacrificing high field
compatibility.
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2. Experimentalmethods

Rhenium-aluminumbilayerfilmswere formedby e-beamdeposition fromReandAl targets. TheRe targetswere
producedby arc-melting 99.9%Repowder to form3−5mmdiameterbuttons.TheAl targetsweremade from
clippingsof 1mmdiameter 99.999%Alwire.Thedepositionsweremadeontofire-polishedglass slides in a vacuumof
P<3×10−7Torr anda rate of ∼0.5Å/s. Inorder tominimize island formationandoxidation in thefilms, the
substrateswereheld at 84Kduring thedeposition, thus thefilmswere effectivelyquench-condensedonto the
cryogenic substrates. Thefilms and their corresponding contact padswerepatternedbydepositing through stencil
masksplaced in contactwith the substrate.The contact padswere formedbyfirst depositing 3 nmofCronto thefilm
legs followedby7 nmofAu.TheCr served to improve the adhesionof the goldpads. Electrical contact to thebilayers
wasmadeby soldering 1mil Ptwires directly onto the contact padsusingWood’smetal. This proved tobe amuch
more reliablemethodof attaching leads thangluing thewires to thepadswith silverpaint.

All of the bilayer sampleswere formed byfirst depositing a 3 nmRe layer onto the glass substrate and then
immediately depositing a Al layer directly onto the Re layer without breaking vacuumorwarming the substrate.
The samples used in this study had varyingAl thicknesses up to dAl= 4.0 nm. Film thickness was determined via
a quartz crystal thicknessmonitor located in the deposition chamber. Its accuracywas ± 0.2 nm.Magneto-
transportmeasurements weremade using aQuantumDesign Physical PropertiesMeasurement Systemhaving a
maximumapplied field of 9 T and a base temperature of 1.8K. A standard 4-wire techniquewas used to probe
thefilm resistivity. All of the transport data presented below is in terms of sheet resistance (resistance per square)
as determined from the sample dimensions. The transportmeasurements utilized a probe current in the range
0.1μA to 4μA. Lower currents were used in the higher resistance samples. Carewas taken to insure that the
currents were sufficiently low to avoid self heating.

3. Theoretical background

Typically the criticalfield of a BCS superconductor ismediated by the orbital response of the conduction
electrons to the applied field.However, if orbital response is suppressed, then the Zeeman splitting of the
conduction electrons [16, 17]will limit the criticalfield. The Zeeman criticalfield can be an order ofmagnitude
larger than its orbital counterpart and thus the Zeeman limited superconducting state cannot be reached except
under special circumstances. One commonway to suppress the orbital response is to fabricate a thin
superconducting film and then apply themagnetic field parallel to thefilm surface. In the absence of SO
scattering [18], this strategy can realize a purely Zeeman-mediated, first-order critical field transition [17] as long
as thefilm thickness ismuch less than the coherence length. TheZeeman-limited parallel criticalfieldHc∥ is
given by theClogston-Chandrasekhar equation [19, 20],
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whereΔ0 is the zero temperature - zerofield gap energy,μB is the Bohrmagneton, and g∼ 2 is the Landé
g-factor.We note that equation (1) is in SI units as well as all of the other equations in this report.

In contrast, if amagneticfield is appliedperpendicularly to a thin superconductingfilm, theorbital responseusually
dominates, andanarrayofquantizedvortices is inducedwhose areal density is proportional to thefield strength.The
perpendicular criticalfield is reachedwhen thevortexdensity is sufficientlyhigh for the vortex cores tooverlap,
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whereΦ0 is theflux quantumand ξ is the Pippard coherence length [16]. Equations (1) and (2) represent critical
fields forT=Tc. However, the low temperature critical fields of some of the Re-Al bilayers in this studywere
well beyond the 9T limit of ourmeasuring system. Fortunately, reasonably accurate estimates of the bothHc∥(0)
andHc2(0) can be extracted from the temperature dependence of the respective critical fields nearTc.We use the
Werthamer-Helfand-Hohenberg formula [21] to obtain theT= 0 orbital criticalfield,
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Similarly, the parallel criticalfield can be estimated via the following [5],
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equation (4) accounts for both the Zeeman and orbital responses of the superconductor [5]. Of course, the
orbital response of a thinfilm to parallel field is greatly suppressed if d= ξ, but it is not zero. In contrast, the
Zeeman response is independent offield orientation but it is inhibited by SO scattering. As a consequence of
these effects, themeasuredHc∥ is oftenmuch larger than that of equation (1). The intrinsic SO scattering rate is
proportional[18] toZ4, whereZ is the atomic number of the element Consequently, all but the lightest of the
elemental superconductors (such as Al and Be) have significant SO enhancements ofHc∥.

4. Results and discussion

Shown in figure 1 are resistive transitions of a pure 3 nmRefilm at several applied perpendicularmagnetic fields.
These resistive superconducting transitions represent the baseline criticalfield behavior the Re filmwith noAl
over-layer. The transition temperature of thefilmTc= 4.0 Kwas defined as themidpoint of the resistance trace,
which is indicated by the horizontal dashed line in the plot. It’s evident from the rawdata infigure 1 that the zero
temperature perpendicular criticalfield,Hc2(0) of this 3 nmRefilm is quite high. A 5Tperpendicular field
suppresses the transition temperature by only 10%.Note that the sheet resistances of allfilmswerewell below
the quantum resistanceRQ= h/e2, where h is Planck’s constant and e is the electron charge. This indicates that,
although the filmswere significantly disordered, theywere not near the superconductor-insulator transition
[22, 23]. The transition temperatures in figure 1 are considerably higher than that of bulk Re (Tc= 1.7K), but it
has been known since themid 1950’s that Re has a compliantTcwhich can be non-perturbatively enhanced over
its bulk value by pressure, strain, and/ormilling [24–27].

Previously reported transmission electronmicrographs of thin ( <d 6Re nm) quench-condensed Refilms
reveal a highly disordered base interspersedwith ∼ 2 nmcrystallites [5]. The degree towhich the Al over-layer
modifies the underlying Re structure is unknown. In general, disorder can increaseHc2 via twomechanisms. The
first, andmost obvious, is that disorder reduces themean-free-path in the normal state and, correspondingly,
the coherence length in the superconducting phase. Shorter coherence lengths result in high critical fields as per
equation (2). The secondmechanism ismediated via vortex pinning. In the presence of strong pinning the
Abrikosov vortex array cannot readilymove into thefilm, which inhibits the collapse of the superconducting
phase [16]. However, strong pinning is usually associatedwith non-equilibriumdynamics such as hysteresis,
slownon-exponential relaxations, and avalanches. Indeed, in limit of very strong pinning the classicM-H
hysteresis loop of a type-2 superconductor can be profoundlymodified by series of thermo-magnetic vortex
avalanche events [28].We do not believe that vortex pinning plays a significant role in either the critical field
behavior of pure Refilms or their Re/Al counterparts. Low temperature R-H isotherms simply do not exhibit an
appreciable hysteresis. Nor dowe observe avalanche-type events in themagnetic field traces.

Figure 1. Sheet resistance as a function of temperature of a 3.0 nmRe film. The arrow indicates increasingmagnetic field. The traces
represent superconducting transitions in perpendicularmagneticfields of 0 T, 1.5 T, 3.0 T, and 5.0 T. The horizontal dashed line
indicates themidpoint of the transitions. Inset: schematic of bilayer geometry and 4-wire configuration.
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Nowwe turn to the bilayer criticalfield behavior. Shown infigure 2, is the temperature dependence of the
sheet resistance of a 3/1.5 nm and a 3/2.5 nmRe/Al bilayer. This data is to be comparedwith that of the 3 nmRe
film offigure 1.Note that theH= 0 transition temperature of these two bilayers is significantly higher than that
of the 3 nmRefilm. Aluminum films have a variableTc, butfilms of thickness less than 5 nm typically [29, 30]
haveTc= 2− 3K, which is considerably lower than that of the Re layer. Assuming that the two components of
the bilayer interact via the classic proximity effect[1, 2], onewould expect the Re/Al bilayers to have 2K <Tc<
4K.We believe that the anomalously highTc of the bilayers infigure 2, i.e.Tc> 4K,may be a consequence of
disorder, as we discuss below.

TheTc of thin, critically disordered rhenium films is suppressedwith increasing sheet resistance. Indeed, Re
films undergo a phase-mediated superconductor-insulator transition [22, 31] at a sheet resistance near the
quantum resistanceRQ= h/e2. As thefilm resistance increases with decreasing thickness and/or oxidation the
phase stiffness of the superconducting order parameter is diminished. This leads tomonotonic decrease inTc.
Shown in figure 3 are the transition temperatures of 3 Re films as a function of their sheet resistance. The black
diamond and the open square refer to a 2.5nm and a 2.0 nmRe film, respectively. The transition temperature of
these twofilmswasmeasured immediately after deposition. The black squares represent a 1.7 nmfilm thatwas
sequentially exposed to atmosphere for 10minute intervals in order to induce oxidation. The transition
temperaturewasmeasured after each exposure. Note thatTc decreases approximately linearly with increasing
sheet resistance. Furthermore,Tc extrapolates to zero atR= 0.9RQ. The quasi-linear suppression ofTc is
consistent with similar behavior observed in thin amorphously disordered films ofW-Re [32] andMo-Ge [33].
Renormalization group analysis accounting for electron-electron interactions also predicts a quasi-linear
suppression ofTc for sheet resistancesR=RQ [34]. At higher sheet resistances the superconducting phase is
suppressed and thefilms exhibit insulating behavior, as can be seen infigure 4. So, in principle, the addition of an
Al over-layer on a thinRefilm can have countervailing effects. On one hand, if <T Tc c

Al Re, then the bilayerTcwill
lie belowTc

Re by virtue of the proximity effect[1]. On the other hand, the Al layer increases the electronic
thickness of the system thereby possibly reducing e− e interactions and increasing Tc

Re as per the data infigure 3.
Thus the bilayerTc is not necessarily amonotonic function of the Al thickness.

Infigure 5we plotHc2 as a function of temperature nearTc for a 3 nmRe film, as well as the 3/1.5 nm,
3/2.5 nm, and 3/3.0 nmRe/Al bilayers. Note that the perpendicular criticalfield of all the samples increases
linearly with decreasing temperature. The solid lines are a linear least-squaresfit to the data, and their slopes, as
indicated in the plot, provide an indirectmeasure ofHc2(0) via equation (3). Neglecting the Zeeman response, we
estimate thatHc2(0)≈ 30 T for the Refilm andHc2(0)≈ 45, 16, 8 T for the 3/1.5, 3/2.5, and 3/3.0 bilayers,
respectively. These upper criticalfields are extremely high for elemental systems. For comparison, in the inset of
figure 5we presentHc2(T)nearTc for a 4 nmAlfilm cappedwith 0.3 nmof Au. TheAu served to induce some

Figure 2. Sheet resistance as a function of temperature of a 3.0/1.5 nmRe/Al bilayer. The arrows indicate increasing perpendicular
magnetic field. The traces represent superconducting transitions inmagneticfields of 0 T, 1.5 T, 3.0 T, and 5.0 T. Inset: corresponding
data for a 3.0/2.5 nmRe/Al bilayer.
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spin-orbit scattering in the Al in order to quench the Zeeman response.We note that the estimated criticalfield
of the AlfilmHc2(0)≈ 0.24 T is a factor of 60 lower than that of 3/1.5 nmbilayer, although the Alfilm and that
bilayer are of comparable total thickness.

We have alsomade direct low temperaturemeasurements ofHc2 for a 2.5 nmRefilm. These data were taken
at temperaturesT<<Tc in order to verify the accuracy of the extrapolations based on equation (3). Shown in
figure 6 are a series of criticalfield transitions of a 2.5 nmRe cappedwith 1.0 nmofGe to prevent oxidation.
Germanium capped Refilms have a reasonable shelf life of several days. The data infigure 6were obtained at the
NationalHighMagnetic Field Laboratory in Tallahassee, FL. The plot shows the criticalfield behavior of thefilm

Figure 3.Re film superconductor-insulator transition. The transition temperature of several Re films is plotted as a function their
normalized sheet resistance. The diamond and open square symbols refer to a 2.5 nmand a 2.0 nmRe film, respectively. Both of these
weremeasured immediately after deposition. The black squares refer to a 1.7 nm thickRe film that was repeatedly exposed to
atmosphere and remeasured after each exposure. The dashed line is provided as a guide to the eye.

Figure 4.Zerofield superconductor-insulator transition for theRefilms infigure 4.Rn is thenormal state sheet resistance and r=Rn/RQ.
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as a function offield orientation relative to thefilm surface normal, where θ= 0o corresponds to perpendicular
orientation and θ= 90o corresponds tofield oriented parallel to thefilm surface. For this particular sample
Tc= 4K and the data were taken atT= 0.38K. As expected, the criticalfield rises rapidly as one approaches
θ= 90o. Note that the parallel criticalfield of this samplewas beyond the 45T upper limit of the solenoid.
Nevertheless, our primary interest is in the perpendicular critical field, which is easily read directly from the plot.
The θ= 0midpoint criticalfield isHc2≈ 30.2 T. This is in excellent agreementwith our estimation ofHc2(0) for
the 3 nmRefilm infigure 6.

Figure 5.Temperature dependence of the perpendicular critical field of a 3 nmRefilm (red circles), alongwith that of a 3/1.5 nm
(blue triangles), 3/2.5 nm (green triangles), and 3/3.0 nm (orange squares)Re/Al bilayers. The lines represent a linear least-squares fit
to the data with the indicated slopes. Inset: Temperature dependence of the perpendicular critical field of a 4 nmAlfilm cappedwith
0.3 nmAu.

Figure 6.Criticalfield transitionsof a 2.5 nmRefilmcappedwith1 nmofGe at several different tilt angles between thenormal to thebilayer
surface and the appliedfield. From left to right, thedata traces correspond to tilt angles θ=−1o, 19o, 29o, 39o, 49o, 59o, 69o, 79o, whereθ=0
corresponds toperpendicularly appliedfield.Thesedatawere takenat 0.38Kand themaximumfieldof the solenoidwas45T. Inset:Midpoint
criticalfield as a functionof angle. The line represents thepredictionof equation (5).
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The inset infigure 6 shows the angular dependence of the low temperature criticalfield of the 2.5 nmRefilm.
The solid line is a least squares fit to the Tinkham formula for a two-dimensional superconductor [16],

( ) ( ) ( )
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q q q q
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whereHc∥was varied for the bestfit. The angular dependence of the criticalfield agrees well equation (5)with
Hc∥= 46T.

Figure 7.Transition temperature and critical field of bilayers plotted as a function of Al thickness. All of the samples had a Re thickness
of 3 nm.

Figure 8.Coherence length as function of normal state sheet resistance. The corresponding Re/Al thickness for each data point is
shown. The dashed line is provided as a guide to the eye.

7

Mater. Res. Express 12 (2025) 046001 FNWomack et al



Infigure 7we present a synopsis of the transition temperatures and criticalfields of the bilayers used in this
study. Aswementioned earlier, all of the bilayers had a Re thickness of 3 nmbut varied inAl layer thickness,
which is plotted on the x-axis. Note that the Al layers in this range of thicknesses produces a significant
enhancement ofTc over the bare Re value. As discussed earlier, this effect cannot be explained by the proximity
effect but is probably a consequence of the fact that the sheet resistance of the bilayer decreases with increasing Al
thickness. The dAl= 3.0 nmbilayer has a total thickness of 6 nm,Tc= 5K, and a normal state sheet resistance
Rn= 220Ω. In comparison, a 6 nm thick Refilm has a comparableTc≈ 4.8K and a sheet resistance of
Rn= 600Ω. Finally, we point out the very large enhancement of the critical field for dAl= 1.5 nm,Hc2. This
bilayer has a critical field that is roughly 50% larger than that of the underlying Re layer. The coherence lengths of
the bilayers, as determined from equation (2), are shown infigure 8.

5. Summary

In summary, wefind that the critical field of a thinAlfilm can be greatly enhanced by depositing in on similarly
thick Re film. For example a 3 nmAlfilmdeposited on a 3 nmRe has a perpendicular criticalfield that is
approximately 30 times greater than that of a standalone Alfilm. Furthermore in the thickness range of this
study the bilayers have a higher transition temperature than either of their standalone components. There
continues to be a substantial interest in liquid-helium temperature superconductors that can be used in
quantum information and computation technologies [10, 11, 35].We conclusively demonstrate that Al
deposited on a thinRe layer substantially improves both themagnetic field tolerance of the Al layer and its
transition temperature without compromising the desirablemetallurgical characteristics of the Al. Extending
the present studies to direct ultra-highfieldmeasurements of the low-temperaturemagnetotransport and
tunneling density of states properties of the Al component of the bilayers should prove enlightening.
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