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Open access Multiphase superconductors—materials that host two or more distinct
superconductive phases—are exceptionally rare. Examples include heavy-fermion
CeRh,As, alongside some uranium compounds such as UPt;and URhGe (refs. 1,2,3).

In the multiphase p-wave superfluid *He, complex vortex dynamics can occur

atthe phase boundary between the A and B phases*”. Here we study the p-wave
superconductor candidate UTe, (refs. 6-8). On applying a magnetic field to access an
intermediate regime straddling two distinct superconducting phases®, we find that
direct current pulses can push the material in and out of a metastable state that has an
enhanced critical current density /.. This switching is controllable by the strength and
duration of the stimuli, with the system ‘remembering’ whether it is in the high or low

J.state for extended periods. We interpret this phenomenology to be due to the
quenching of adisordered out-of-equilibrium glassy vortex state under perturbation,

M Check for updates

which has stronger pinning forces and thus higher /.. The equilibrium vortex lattice
isreattained by annealing the system with agradual current ramp, returning it to
the original state. Rather than requiring proximate magnetic or semiconducting
interfaces™ ™, this memory functionality seems to be anintrinsic property of UTe,
rooted in the superconducting order itself. Our findings underscore the rich
complexity of multiphase quantum vortex matter.

Ifacomputer could be assembled from superconducting components,
the energy efficiency would far surpass that of conventional electron-
ics. Historic research efforts towards this goal yielded pivotal break-
throughs in the development and discovery of scanning tunnelling
microscopy® and high-temperature superconductivity’. Although
recentstrides have been taken in advancing superconducting rectifica-
tion”® and switching' technologies, realizing read/writable memory
functionality in superconducting platforms has remained challenging.

Encodable superconducting memory functionality has been dem-
onstrated in ferromagnet-superconductor heterostructures'>*, as
well as through history-dependent trapping of magnetic flux**?. In
sometype Il superconductors such as NbSe,, a hysteretic modulation
of the critical current density /. has been observed near a so-called
‘peak-effect’” region in which/, suddenly increases on approaching the
upper critical field. Such behaviour is understood to be governed by
adynamic competition between the injection of a highly disordered,
strongly pinned vortex phase through surface edge barriers and the
subsequent annealing of this disorder by abulk transport current®. By
tuning the amplitude, frequency and direction of the driving current,
the spatial footprint of this disordered vortex matter may be program-
mably manipulated?. The material effectively archives its electrical

history within this spatial distribution, giving the vortex landscape
the ability to effect non-volatile information storage®.

Here we study vortex dynamics within the multiphase spin-triplet
superconductor candidate UTe, (refs. 6-8). Inaspecific portion of the
complex phaselandscape, we observe hysteretically tunable/, proper-
ties analogous to those of NbSe, (ref. 23). However, rather than becom-
ing pronounced near to the critical temperature, as per the peak effect,
in UTe,, this ‘memory effect’ manifests at very low temperatures over
amagnetic field interval in which this material is known to transition
between two distinct superconducting phases®'. We therefore posit
that, while in NbSe, thermally induced competition between elastic
and pinning energies yields metastable memory phenomenology?,
by contrast, in UTe,, it seems that competing interactions between two
distinct vortex structures—each native to their separate superconduct-
ing phases—drives the observed superconducting memory effect.

Multiphase superconductivity

UTe,isanorthorhombic heavy-fermion superconductor, which, under
various conditions of applied pressure and magnetic field, has been
reported to have up to six different superconducting phases®>2¢%,
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Fig.1|Electrical switching of anintrinsic superconducting memory effect.
a, Thelow-temperature phase diagram of UTe, for magnetic field Bapplied
alongthe hard crystallographic b direction®. The region of phase spacein
which memory effects are manifested is coloured purple, lying between two
distinct superconducting phases (SC1and SC2).b, The measured voltage
VacrossaUTe,single crystalasafunctionof dc current density/. Panels are
arranged chronologically fromleft to right, with the insets (and colour coding)
showing how/was modulated as afunction of time. When/is ramped smoothly,
the profile of V(J)isinitsequilibrium state and no hysteresis is observed.

By contrast, after adiscontinuous change in/fromalarge magnitude abruptly to
zero (labelled ‘Pump’), hysteresisin V(J) is observed, plottedinred and orange.

The most easily accessible transition between two superconducting
statesis found atambient pressure for amagnetic field Baligned along
the hard b-axis. Bulk-sensitive specific heat measurements’ have dis-
cerned athermodynamic phase boundary between two superconduct-
ingstatesataround15-20 T. These superconductive phases are typically
referred to as SC1 (the low-Bstate) and SC2 (at higher B; Fig. 1a; ref. 31).
There is a substantial, growing body of evidence that SC1and SC2 have
distinct order parameters® 1034373,

Recent measurements of the surface properties of the SC1 state at
low B, made by scanning tunnelling microscopy and scanning SQUID,
have revealed several anomalous vortex features. These include a mir-
ror-asymmetric profile of the vortex cores*’, which formin doublets*+,
with atendency to organize into extended stripes of vortices®. These
vortex structures formfor B> B, =4 mT (ref. 44) and, so far, have been
found to persist up to atleast 8 T (ref. 41).

Thevortex behaviour at higher Bis also unusual. Current-dependent
magnetotransport measurements have discerned a region of anoma-
lously low/.betweenthe SC1and SC2 states ataround 15-20 T (ref. 45).
Alongside signaturesin the magnetic susceptibility, these observations
have been taken to indicate a region of coexistence between the SC1
and SC2 states'™ that, hereafter, we refer to as the SCL5 regime.

Weinvestigated the current-voltage (J-V) characteristics of UTe, in
this region of phase space in which SC1and SC2 show signs of coexist-
ence. Whenthe materialis entirely in either the SC1or the SC2 state, we
observe forms of V(J) that are typical for a type Il superconductorina
magnetic field. By contrast, in the intermediate SC1.5 region, we find
that abrupt perturbative modulations of /lead to unusual hysteretic
featuresin the form of V(J), increasing the value of /.. The system then

Smoothly sweepingthe current fromalarge negative value tozero (‘Erase’) then
resets the systemto the original V(J) profile with lower /.. Alldata were acquired
at50 mKwith B||b . ¢, Data collected on sample S2at 7 T and 50 mK. Here we plot
justtwo traces, to highlight the hysteretic out-of-equilibrium form of V(J) in
thememorystate.d, Thelower part shows Vmeasured asafunction oftime

for modulations of /depicted in the upper part, cycling through asequence of
perturbation, measurement and erasure (resetting) protocols, as described
ine.Bysittingat this pointin the/-V curve (sourcing/=2 Acm™), successively
switchingin and out of the memory state yields a voltage versus time profile
similar to supercurrentrectification by the superconducting diode effect?.

staysinthisnew hysteretic high-/. state on subsequent measurements,
only returning to the original V(J) profile after the application of a suf-
ficiently large perturbation that acts to reset the system. This hysteretic
tuning seems robustly long-lived (persisting over a timescale of at
least several hours), constituting a previously unknown electrically
controllable superconducting memory effect.

Superconducting memory effectin UTe,

We plot achronological sequence of /-VcurvesinFig. 1b. Throughout
this study, all excitations were applied as direct currents (Methods),
unless otherwise specified. With UTe, in its intermediate SC1.5 state
at low temperatures, when the current is swept smoothly, V(J) is a
single-valued function, with no hysteresis observed for increasing
or decreasing current ramps. By contrast, after suddenly decreasing
Jfrom a high value down to zero, a larger value of /. is then observed
on smoothly sweeping/back up again (red curve, top-right panel of
Fig. 1b). This hysteretic new form of V/(J) is also manifested for opposite
polarity current ramps (orange curve, subsequent panel). Then, on
smoothly sweeping down from a large magnitude of current back to
zero, theinitial stateisrecovered, with the original form of V() retraced
for subsequent rising and falling current sweeps (blue curves). We iden-
tify this hysteretic tuning of /. as a current-controlled memory effect
andrefer tothe hysteretically higher /. value as the characterization of
the system being in the ‘memory state’.

InFig. 1c, we show datameasured on asecond sample (labelled S2).
For clarity, here we show just the non-hysteretic V(/) curve (in blue,
labelled ‘Equilibrium’) and the post-perturbation memory state curve
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Fig.2|Three tuning parameters to control the memory effect. a-c, Hysteretic
response profiles for modulations of anapplied dc excitation’s amplitude (a),
duration (b) and relaxationrate (c). In each case, the greater the perturbation
tothesystem—beitalargeramplitude/,,, longer duration At or more rapid

(inred, labelled ‘Out-of-equilibrium’). On successive measurements, we
find that the hysteretic form of V/(J) in the memory state persists over
atimescale of at least several hours. Therefore, although the memory
stateisaway from the equilibrium state of the system, it does not seem
to be transiently metastable in character, giving promise for possible
future development of non-volatile memory functionalities.

The tunability of the memory state enables us to perform pump/
probe operations to switch between different states (Fig. 1d,e). For
example,if we choose a/value thatlies at the bottom of the hysteresis
loop, then perturbing the system to switch from the equilibrium (non-
memory) state to the out-of-equilibrium (memory) state changes V
between non-zero and zero values by raising/. (blue and red data points
inFig. 1d). These high and low states could, for instance, be labelled 1
and O for computational memory purposes.

We find that the memory effect can be controlled by tuning the sys-
tem in three different ways: by modulating the amplitude, duration
and relaxation rate of the perturbative excitation current/,, (Fig. 2).
For each of these tuning parameters, we find that larger hysteresis
loops are induced for stronger perturbations, up to some saturated
maximal values (Extended Data Fig. 1). Furthermore, each of these
tuning axes yields a similar evolution in temperature of the memory
effect. Figure 3 depicts the temperature T dependence over the inter-
val 50 mK < T<1.0 K for amplitude tuning. At low temperatures below
0.4 K, bright yellow regions in Fig. 3b identify a strong memory effect
characterized by the observation of a large A/ for high /... However, at
higher temperatures, this quickly diminishes, with hysteresis loops
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relaxationrate a—the greater the resulting hysteresisloopin V(J), up tosome
saturation value (see Extended DataFig. 1for further analysis). For the heatmaps,
AJiscalculated as the change in/at fixed values of V. The regions of highest

AJ, coloured yellow, correspond to the strongest memory effect.

closing for T> 0.6 K. Similar behaviour is also observed under dura-
tionand relaxationtuning, as shownin Extended Data Fig. 2. Such alow
temperature scale of the memory effectin UTe, is surprising, given that
the superconducting 7.=2.1Kin zero field and is still >1 K in this field
range. This points to some intrinsic low-energy phenomenon, distinct
from the superconductivity itself, being responsible for the observed
hysteretic V(/) phenomena.

Mapping the memory effect

To reveal the full domain of phase space in which memory effects
are present, we performed a detailed mapping of the hysteretic V(J)
characteristics of UTe, as a function of magnetic field strength and
rotation angle up to 30 T at 50 mK, which is summarized in Fig. 4.
Atlow B, the form of V(J) is single-valued and does not exhibit hysteresis
under perturbative amplitude, timescale or relaxation rate tuning.
As Bisincreased, hysteretic signatures of the memory effect start to
appearataround7 T, which persist up to higher Buntil the phase bound-
ary out of SClinto SC2 is crossed. The exact value of B at which this
occursvaries slightly from sample to sample, depending on crystalline
quality®*—for sample S, this is just above 20 T, whereas for S2, it is just
below 20 T (Fig. 4e and Extended Data Figs. 3and 4). At high Baround
30 T, the materialis then fully in the SC2 phase and the memory effect
isno longer exhibited (Fig. 4c).

Tilting B provides insight into the character of the memory effect.
The SC2 phase of UTe, only resides in a narrow range of 6 close to B|b,
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Fig.3|Temperature dependence of the memory effect. a, V(J) atincremental
temperatures asindicated. Theinset shows the sequence of current
modulations. Although large hysteresisloops arerecorded at low temperature,
these have closed by 650 mK. At1.0 K, the curvature of V(J) is markedly different
compared with the equilibrium curve at 50 mK (see also Supplementary Fig. 7).
b, Heatmaps of A/atincremental temperatures for modulations of the excitation
amplitude/,,up to 20 Acm2measured onsample S2 at 14 T. Again, yellow
colouringindicates the strongest memory effect, which sharply diminishes at
higher temperatures.

which, for high-quality salt-flux-grown crystals such as those studied
here, extends out to 8= 20° (ref. 31). We find that the memory region
closely tracks this. In Fig. 4e,f, we plot the value of A/ observed for a
perturbative/,, for various B and 0 (see Extended Data Fig. 5 for raw
V(J) curves). At 0°, no change in A/is observed at low B, which quickly
rises for B>7 T and peaks just above 0.2 A cm2at around 10 T. A very
similar profile is exhibited at 6 = 15°, indicating that the strength of the
memory effect is not strongly peaked at the b-axis but is similar in
magnitude throughout the B-6 parameter space directly below SC2.
Then, onrotating beyond the range of SC2, AJabruptly diminishes back
tozero (Fig. 4f). This truncation of the memoryregionis also reflected
inthe variation of Vmeasured in equilibrium for afixed/ (Fig. 4g), which
suddenly jumps on departing the memory regioninto exclusively SC1
close to 8=20°. The close connection between the angular range in
which SC2sits above SC1, and the observed domain of phase space that
hosts the memory effect, underscores that the interplay of these two
distinct superconducting states is imperative in generating the
observed hysteretic V/(/) phenomena.

Discussion

Now we turnto considering the likely microscopic origin of the memory
effectin UTe,. First, given that we are applying substantial electrical
current pulses at dilution fridge temperatures, we should consider any
extrinsic heating effects that might be present. In the Supplementary
Information, we plot the measured temperature as a function of time
during the current pulse measurement protocols and present further
discussionastowhy we do not believe thatJoule heating effects greatly
affect our measurements. One strong argument against Joule heating
artefacts comes from the sensitivity of the memory effect to the relaxa-
tionrate ofthe dc stimulus. InFig. 2, we showed that stronger memory
effect correlates with larger amplitude and duration tuning. For both of
these, the larger stimulus correlates with more energy deposited into
the system (throughlead/contact resistances). However, the memory
effect is also strongly correlated with faster relaxation rates a, which
anticorrelates with the total energy transferred into the system. If the

memory effect were because of some relatively straightforward Bean-
Livingston barrier or Bean model pinning effect process*®, this should
be insensitive to how the current is turned off, depending only on the
total energy imparted. We note, however, that it is therefore hard to
rule out the possibility of thermal quenching playing a role. We posit
that the acute sensitivity of the memory effect to the turn-off speed
implies some dynamic reorganization or annealing of vortex domains,
probably because of some interesting intrinsic physical property
(or properties) of UTe,.

Further arguments against extrinsic heating effects originate from
the fact that this phenomenonis only observed in the narrow regime of
B-6spacedirectlyunderneath SC2, with no hysteretic V(/) phenomena
observedinpurely SCl1or SC2. The memory effectis most pronounced
atthelowest temperatures and quickly diminishes on warming (Fig. 3),
providing perhaps the strongest argument against any heating-induced
artefacts. This is in sharp contrast to the case of NbSe,, in which hys-
teretic V(J) profiles are enabled close to T (ref. 23). Instead, our obser-
vations strongly indicate that the hysteretic V(/) behaviour of UTe, is
because of some intrinsic low-energy phenomenon, with an energy
scale much lower than T..

We propose that the memory effect of UTe, may be the result of com-
petition between two different vortex structures—one native to SC1
and the other to SC2. In the equilibrium state, the vortices arrange
themselvesinahighly ordered configuration to minimize entropy and
energetic costs. On perturbing the system, current densities aboveJ,
are applied, inducing a flux-flow regime in which vortices are dissipa-
tively travelling through the sample. If the perturbation s sufficiently
sharp—for example, if the relaxation rate a is very fast—then when
drops back below /., vortex flow suddenly halts and the vortices are
abruptlylocked into their new positions. We can imagine aglassy vortex
state has now been quenched in the material, which has much higher
disorder than the original equilibrium vortex lattice. Higher disorder
implies stronger pinning forces between vortices and hence the higher
J.values that characterize the memory effect. The system can then be
reset by smoothly raising/back above /. before gradually ramping
back down to zero current. This could be thought of as annealing the
system, thereby returning to the equilibrium low-/_ state. In the Sup-
plementary Information, we provide phenomenological modelling of
the memory effect and show how our experimental observations can
be qualitatively understood within this interpretation.

Outlook

Anattractive technological use case for the superconducting memory
effect is as an ultralow-power alternative to solid-state or hard disk
drive memory functionality. Moreover, the inherent plasticity of the
effect presents a promising route towards cryogenic neuromorphic
processing. For the bulk millimetre-sized single-crystal specimens
investigated here, to probe (read) whether the materialis orisn’tin the
memory state—which could correspond to a binary 1 or O—required
a power consumption of about 1 nW. Scaling down even just meso-
scopically to the order of one square micronin size would reduce this
to S1 pW—orders of magnitude less than for nanometre-sized silicon
elements*. Furthermore, whereas cryotron-based*® superconducting
devicesrequire transitioning to the normal state, UTe, has the distinct
advantage that both read and write operations can be performed while
superconducting. Recent studies have demonstrated the ability of this
material to be carved at the micron-scale by focused ion beams®**’,
making the prospect of lithographically processing UTe, wafers® a
realistic, albeit ambitious, goal.

Further workisrequired to assess whether similar memory phenom-
ena could be exhibited by other multiphase superconductors such
as CeRh,As, (ref. 1) or UPt; (ref. 2). We hope that our discovery here
may help catalyse efforts to discover new multiphase superconduc-
tors composed of more abundant elements, which might exhibit the
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located at theintersection of the SC1and SC2 domains. Werefer to this as SC1.5.
b, The equilibrium profile of V(B) at 50 mK for successive/values, asindicated
by the colour scale. Ananomalous non-monotonickinkin V(B) at high/is
observed at the boundary of the memory region. ¢, Sequential modulations of
Jatdifferent fields forBHl; (0°).d, Modulations of /at different magnetic field tilt
anglesfatB=15T.Theinset defines the measurement protocol. e,f, Evolution
of AJasafunctionof Bat 0°and15° (e) and asafunctionof at15 Tand 29 T (f).

memory effect to higher temperatures. Although the list of known
multiphase superconductors is short, notable recent additions from
materials as diverse as moiré graphene® and high-T_ nickelates® sug-
gest that further promising candidates await discovery.

In summary, we studied the/-V characteristics of the multiphase
superconductor UTe,. Inanintermediate phase space regime bordering
two superconducting phases, we observed anomalous hysteresisin the
value of the critical current, dependent on the history of applied direct
currentramps and pulses. We showed that modulating the amplitudes
and timescales of dcelectrical stimuli canselectively tune between low
and high critical current states, with the material then ‘remembering’
which state it is in. We interpret this to be because of different vortex
configurations being either abruptly quenched or smoothly annealed.
Ourwork demonstratesthat, in principle, the vortex matter of anuncon-
ventional superconductor canbe electrically manipulated and used to
encode and processinformation, thereby opening up new possibilities
for low-energy electronic devices, cryogenic neuromorphic memory
and quantum computational hardware.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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g, Equilibrium V() for/=2.5Acm™?,B=15T, T=50 mK measured onsample S2.
The transition from the memory regioninto SC1is marked by asuddenjumpin
Vataround 8=20°,indicatingachangeinthe vortex properties. Thisangle
iswhere, in panel f, A/reaches zero within the resolution of the measurement.
h, Magnetic field sweeps of the effective resistivity p forincremental /values
asindicated. The datainthis panel were acquired by low-frequency ac
measurements, whereas all other datain thisarticle are from dc measurements
(Methods). Although zeroresistanceis observed over all Bin the low/limit, at
higher/, acomplex profile of flux-flow behaviour is exhibited.
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Methods

Sample preparation

Single-crystal UTe,specimens were grownina flux of molten salts®* by
therecipe detailedinref. 54. Samples were contacted by spot-welding
four gold wires, each of 50 umin diameter, for respective current and
voltage leads. These were subsequently connected to copper twisted
pairs, which were soldered to the wiring of the probe. Each of the three
samplesinvestigatedin this study had/sourced along the [100] direc-
tion, with leads affixed to the (001) surface. Residual resistivity ratio
measurements were performed using a Quantum Design Physical
Properties Measurement System in Cambridge with low-frequency
acexcitations. Theresidual resistivity ratio values for the three samples
are S1:105, S2:44 and S3:395.

Electrical transport measurements

The hysteretic/-Vproperties of UTe, were investigated by performing
direct current measurements using a Keithley 6221/2182A combined
current source-multimeter system. The in-built pulse-delta sweep
modeand arbitrary waveform generator features were used. Measure-
ments were performedina30 Tsuperconducting magnet with Oxford
Instruments dilution fridge system at the Synergetic Extreme Condi-
tion User Facility (SECUF) in Beijing®. All measurements presented
in this study were performed in that system, except those in Fig. 4h
and Supplementary Fig. 2 that were performed at the National High
Magnetic Field LaboratoryinFlorida, inaresistive magnet using a*He
system, in which low-frequency ac measurements were obtained usinga
Keithley 6221 current source and aStanford Research 860-series lock-in
amplifier. For the electrical switching study at SECUF, a sequence of
pulse-deltameasurements with different applied currents was defined
by entering the starting current value, ending current value and the
number of steps for the sweep. To control the amplitude, duration
and relaxation rate, a varying shape excitation pulse was defined by
100 points and generated with the arbitrary waveform feature of the
source-multimeter system. Control of the instrument was realized by
custom-developed Python code with the pymeasure package®®, which
isincluded as a supplement to this article (Supplementary Informa-
tion). The reset protocol before performing a perturbative excitation
was achieved by sweeping the current from 40 mA to O mA smoothly
with a 2-mA step over a 20-s time interval with the pulse-delta sweep
mode. The cycling sequencein Fig. 1d was performed by the pulse-delta
mode. The time sequenceis defined by entering the current amplitude
and number of steps. Further electrical transport measurements are
presented in Extended Data Figs. 6,7,8 and 9.

Data availability

The datasets supporting the findings of this study are available from
the University of Cambridge Apollo Repository”. Source dataare pro-
vided with this paper.
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Extended DataFig.1|Saturation of the memory effect.a-c, Amplitude (a),
duration (b) and relaxation rate tuning (c) of the memory effect of UTe,.

For sufficiently large perturbative amplitudes/,, or durations At, the memory
effectapproachesasaturation value. AJis calculated here at anominal fixed
valueof V=1V, asindicated by the dashed lines. All data were acquired on

sampleS2at14 Tand 50 mK.
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Extended DataFig.2|Further temperature dependence of the memory
effect.a,b, Results for duration tuning (a) and relaxation rate tuning (b), to
complement the amplitude tuning depicted in Fig. 3. Asimilar evolution, of
diminishing memory effect at higher temperatures, isseen for all three types

of perturbative stimuli.
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S2forBaligned alongthe b-axis.
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Extended DataFig. 4 |Magneticfield dependence of the slope of V(J) in
the equilibriumstate. 2 atincremental field strengths asindicated./, is
minimalaround 20 T andis actually higherat28 T thanitisat9 T.Anomalous
non-monotonic behaviouris observedinthe memoryregionaround 20 T. Note
that, for this sample (S1), the memoryregionislocated overa higher range of
Bthan for sample S2, probably because of differences in crystalline quality
(and hence vortex pinning forces). All measurements were performed at
T=50 mK.
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Extended DataFig.5|Rotation study of the superconducting memory
effect.a-c, Amplitude (a), duration (b) and relaxation rate tuning (c) of the
memory effect under rotations of Bfromthe b-axis (60=0°) towards the C-axis
(6=90°). AJabruptly diminishes for 6 2 19°.
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Extended DataFig. 6| Tuning of memory hysteresis. Controllability of the
superconducting memory effect by modulation of the perturbation amplitude.
Insets show the chronological sequence of how/was swept. In Fig. 1, we always
perturbed the system by discontinuously changing /from the same magnitude—
by contrast, here we perform the perturbation from two different values of /.
Alarger hysteresisin V(J) isobserved for thelarger perturbation. This shows
thatthe magnitude of the memory effectis tunable by the size of the excitation,
similar to Fig. 2.
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Extended DataFig.7|Presence of the memory effect under both polarities
of current flow. a,b, Results for positive (a) and negative (b) polarity of /.

The same (positive) polarity of erasure and perturbation were performedin
bothinstances, with the response then measured upon sweeping/tolarge
positive and to large negative values (as depicted in the schematics on the
left). Consistent behaviour is observed for both polarities.
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(0=90°). The measurement protocolis specified inthe top-leftinset. Nomemory
effectisdiscerned atany 6.
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