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Layered ferromagnet/superconductor heterostructures: Nonequilibrium quasiparticle dynamics

and photodetector applications
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Time-resolved optical pump-probe and photoimpedance studies of proximized ferromagnet/superconductor
nanobilayers are presented. The weak ferromagnetic nature of an ultrathin Nij44Cu s, film makes it possible
to observe the dynamics of the nonequilibrium superconductivity in NiCu/Nb hybrids through time-resolved
measurements of a near-surface optical reflectivity change, which is generated by femtosecond optical pump
pulses and discussed within a nonequilibrium two-temperature electron-heating model. We observed that the
NiCu overlay significantly reduced the slow bolometric contribution present in the photoresponse of a pure Nb
film, resulting in a strong enhancement of the nonequilibrium kinetic-inductive component of the transient
photoimpedance, measured as an ~700-ps-wide voltage waveform generated across an optically excited
current-biased NiCu/Nb bilayer microbridge. The sensitive picosecond photoresponse makes our NiCu/Nb
heterostructures suitable for “engineered” ultrafast superconducting photodetectors since the photoimpedance
signals observed in plain Nb bridges were at least 10 ns long and were due to the light-induced simple-heating

effect.
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I. INTRODUCTION

Superconducting devices offer unique performance for
fast and ultrasensitive optical detection because of their
quantum nature with the low, as compared to typical semi-
conductors, magnitude of the energy gap A, ultrafast Cooper-
pair and quasiparticle (QP) dynamics, low noise, and stable
cryogenic-operation environment.! The small value of A,
which is typically 3 orders of magnitude lower than that,
e.g., in Si, makes it possible to generate an efficient ava-
lanche of excited QPs in a superconducting material, even
upon absorption of a single optical photon.> The QP multi-
plication effect enhances resolution in energy-resolving su-
perconducting devices, such as superconducting tunnel
junctions,’ and extends the range of detectable wavelengths
into the midinfrared region for, e.g., single-photon counters.*
Moreover, the energy-relaxation time constants of QPs in
thin- and ultrathin-film structures are in the picosecond range
for, respectively, high- and low-temperature superconduct-
ors, assuring repetition rates in the gigahertz range.’

After absorption of an optical photon with the energy
hw>2A, a local nonequilibrium distribution of both QPs
and phonons is created in a superconducting thin film. The
hot electrons relax down in energy through the electron-
electron (e-e¢) and electron-phonon (e-ph) interactions, re-
sulting in a temperature 7, increase in the electron sub-
system. Spatially, this thermalization phase is characterized
by formation and growth of a hotspot, a local nonsupercon-
ducting (or superconductivity-suppressed) region inside a su-
perconducting material.® If the superconducting sample is a
nanowire-type structure consisting, e.g., of an ultrathin (dg
~ &g~ few nanometers) and submicrometer-wide
(~100-nm-wide) stripe, even a hotspot generated by absorp-
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tion of a single photon can produce a measurable impact, due
to the generation of phase-slip centers and the subsequent
appearance of a voltage signal across the current-biased
stripe.> The hotspot formation process competes, of course,
with the cooling process as QPs diffuse out of the hotspot
and recombine into Cooper pairs. Thus, after a time, depend-
ing on both the diffusion rate and the QP relaxation dynam-
ics, the hotspot heals itself, leading to the restoration of the
superconducting path along the nanostripe.

If an optically irradiated superconducting sample is of a
micrometer size or larger and the flux of photons is insuffi-
cient to generate enough overlapping hotspots to completely
ruin the superconductivity, a different effect occurs, namely,
the kinetic-inductive photoresponse, which is based on the
inertialike inductive response of a superconducting
condensate.” Under optical irradiation, the kinetic inductance
Ly;, of a superconducting sample is determined by the non-
equilibrium energy distribution function of QPs f(&) and by
the value of A and is given as

| A
- de[1-2f(e
Ly h Japo
e(e + Q) + A?

X2 N 7002 A2
V(A2 - e2)\(e + Q) - A?

where o, is the normal-state conductivity and the integral is
taken over energies #{) close to A3

Time evolution of both the phonon and QP distribution
functions can be described by a system of coupled micro-
scopic kinetic equations.’ At T<T,, where T, is the super-
conductor critical temperature, and under weak perturba-
tions, we can assume that the electron and phonon dynamics
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are described in terms of the energy distributions and assign
two different temperatures, T, and Ty, which characterize
their relevant subsystems. By neglecting any heat diffusion
after the energy absorption, the nonequilibrium state can,
therefore, be described by a system of two coupled differen-
tial time-dependent energy-balance equations commonly re-
ferred as the two-temperature (2T) model,'?

dT, C
C,—=——(T,-T,)+5®1),
edt Te.ph( e ph) ()
dT,, Coh Coh
=——2(1,-T,)- 2(T,,-T,), 2
ph d[ Tph,e( ph e) Tesc( ph O) ( )

where S(t) represents the laser source, C, and C,, are the
electron- and phonon-heat capacities, respectively, 7., and
Toh-e are the e-ph and ph-e relaxation times, respectively, 7e.
is the characteristic time for phonons to escape out to the
substrate or decay anharmonically, and 7 is the bath tem-
perature. In superconducting metals, 7, evolves on a time
scale of the order of a few picoseconds, while T}, changes
typically on a nanosecond scale.

At low-excitation fluencies and/or near 7, the tempera-
ture dependences of C, and Cp, can be neglected and the
simple energy balance,

c, C,

: 3)
Te-ph Tph-e
is preserved.!!

Solution of the 2T equations gives direct information
about the involved nonequilibrium QP and phonon dynam-
ics, such as the 7., value. Simultaneously, the 7, time evo-
Iution can be used to calculate L,;, through the following
equation:'?

N S B “
kin = 80(1)2 (&)zwd’

P

T,
where w,, is the plasma frequency of the superconductor and
I, w, and d are the length, width, and thickness of a
microbridge-type superconducting sample, respectively. Ac-
cordingly, the change of L;, can be quite large and lead to a
measurable voltage transient across the bridge given by

Viin = 1p(dLyiy/dt), (5)

where I, is the sample bias current.

The choice of material is crucial since various supercon-
ductors have a drastically different kinetic response in terms
of the 7, scattering, C,/Cy, ratio, and 7. NbN and
YBa,Cu;0,_, (YBCO) have been demonstrated to be rather
optimal choices as superconducting materials for bridge-type
superconducting photodetectors as they are characterized by
the overall picosecond photoresponse. !4

Besides simple metals, heterogeneous bilayer structures
formed by a superconductor (S) and a normal (N) metal in a
good electrical contact represent a new approach in super-
conducting devices since they can be optimized toward
achieving the ultrafast carrier dynamics.'> According to the
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physics of the proximity effect, near the bilayer S/N inter-
face, both materials influence each other on a spatial scale of
their coherence lengths (&g and &y, respectively). In well-
investigated proximized bilayers, such as Al/Nb, Ta/Nb, or
Al/Ta, the S/N interface is highly transparent and &g and &y
are always much larger than the material optical penetration
depth « [typically below 50 nm at the visible-light
(400—-900 nm) wavelength range]. Thus, for optical studies,
the ultrathin N layer with the thickness comparable to «
represents too-small N metal perturbation in order to quanti-
tatively measure any proximity-related effects. On the other
hand, optically thick N overlayers simply attenuate too much
light, preventing any optical studies of the buried underneath
interface. As a result N/S bilayers are not attractive subjects
for photoresponse experiments nor photodetector applica-
tions.

In the view of the above, weak-ferromagnet/supercon-
ductor (F/S) proximity bilayers are unique in this context
since & is <10 nm due to the presence of the magnetic
exchange energy. Thus, in F/S heterostructures, the super-
conducting properties vary significantly over the distance
comparable to the visible light @ and they are “natural”
choice for optical characterization.'® We want to stress that
strong ferromagnets, such as pure Fe, Ni, or Permalloy, are
often implemented in F/S heterostructures, but they are far
less suitable for the optical experimentation as the their case
&~ 1 nm is much smaller than «.!” Finally, we expect that
recently developed F/S heterostructures, based on YBCO and
ferromagnetic manganites, such as La-Sr-Mn-O (LSMO),'®
which represent a novel combination of oxide materials,
should be well suited for optical characterization and photo-
detector applications. These epitaxially grown F/S bilayers
combine the ultrafast QP photoresponse of YBCO with the
large electromagnetic field penetration depth and high spin
polarization. La-Ca-Mn-O/YBCO oxide superlattices'® show
a long-range interplay between ferromagnetism and super-
conductivity and a clear indication of the F/S proximity ef-
fect. Very recently, we have observed that the photoresponse
of the LSMO/YBCO bilayer exhibits a very pronounced
shortening of the relaxation time in recovering into the equi-
librium state.?® Apparently, the proximity effect makes the
manganite layer an effective trapping layer for QPs which
diffuse from YBCO, but more research is needed to, e.g.,
fully understand the role of an additional relaxation channel
related to the spin interactions due to the almost perfect half-
metal nature of LSMO and the superconducting state of
YBCO.

We report here our time-resolved all-optical (pump-probe)
photoresponse and electronic photoimpedance studies per-
formed on fully proximized NiCu/Nb superconducting F/S
microbridges and compare them with the results obtained in
the case of a pure-Nb superconductor. Upon 100-fs-wide op-
tical pulse excitation, our heterostructures show a signifi-
cantly higher transient 7, increase, which leads to a
subnanosecond-in-duration (limited by the bandwidth of our
electronics) kinetic-inductance photoresponse, which is ab-
sent in the pure Nb bridges studied under the same experi-
mental conditions. The use of proximized bilayers can be
further extended to other superconducting materials, leading
to “custom-designed” superconductors with refined optical
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TABLE I Nip4Cuysp/Nb and pure Nb sample
specifications.
Sample A Sample B
Thickness of Nb layer (nm) 100 70
Thickness of Nig 5,Cug 45 layer (nm) 0 21
Width of the bridge (um) 10 5
Length of the bridge (um) 100 50

performances in terms of the photodetection response and
sensitivity reaching the single-photon limit. In Sec. II, we
give a brief overview of our fabrication process of NiCu/Nb
bilayers and microbridges and our measurement procedures.
Section IIT presents our experimental results and discusses
them in the framework of the nonequilibrium 2T model and
the kinetic-inductive and resistive photoimpedance re-
sponses. Finally, our conclusions and future prospects of
NiCu/Nb nanostructures as efficient photon detectors and
counters are discussed in Sec. IV.

II. EXPERIMENTAL PROCEDURES

Thin films of Nb and Nij 43Cuq 5, alloy were deposited by
using two dedicated dc magnetron-sputtering systems. Our
fabrication procedure was described in Ref. 21; briefly,
70-nm-thick base Nb layers were sputtered at a base pressure
of 1 X107 Torr on chemically cleaned Corning glass sub-
strates. The sputtering power density and deposition rate
were 10 W/cm? and 2.2 nm/s, respectively. Next, the Nb
samples were inserted into a NiCu deposition system, where
their surface was first precleaned for 30 s using ion-beam
etching at a rate of about 0.2 nm/s. Afterward Nig43Cug s,
films were sputtered at a rate of 1.5 nm/s using a power
density of 10 W/cm?. The NiCu thickness of the sample
used for photodetection experiments was 21 nm. The energy-
dispersive x-ray spectroscopy analysis confirmed that the
composition of the deposited alloy was very close to the
source target.”> Low-temperature magnetization tests for as-
deposited NiCu films showed a Curie temperature of <30 K
and a spontaneous moment per atom uy=0.06up/atom at T’
=4.2 K; both values are typical for a weak ferromagnetism. '

Our test samples were “H-type” structures, patterned from
a 100-nm-thick  Nb  film  (sample A)  and
NiCu(21-nm)/Nb(70-nm) bilayers (sample B) and consisted
of microbridges placed between the signal line and the
ground line of a 50 ) coplanar stripline (CSL). The main
specifications and microbridge dimensions are summarized
in Table I. The samples were mounted on a Cu cold finger,
inside of a temperature-controlled liquid-helium optical cry-
ostat operating down to 4 K. The NiCu/Nb superconducting
transition, measured by the constant-current method, was
T.=8.5 K, which corresponds to the T, of the bottom (shunt-
ing) Nb layer. The actual T, of the bilayer was estimated to
be ~8 K from the temperature dependence of the Josephson
critical current in tunnel junctions containing the same bi-
layer as an electrode.”!

Figure 1 presents critical current density (J,.) dependences
for both samples A (pure Nb) and B (NiCu/Nb) on tempera-
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FIG. 1. (Color online) Critical current density dependence on
temperature for our NiCu/Nb and Nb microbridges. The inset
shows the actual I-V characteristics in the semilogarithmic scale of
both samples taken at 8 K.

ture. We note that contrary to the most recent work of An-
grisani Armenio et al.,”> we observe an enhancement of J..
for the F/S bilayer as compared to the pure Nb microbridge.
The pinning of vortices in proximized superconducting bi-
layers represents a quite interesting field of investigation, and
different physical mechanisms have been proposed for the
explanation of the J. enhancement observed in F/S
structures.”* Our F layer consists of a weak ferromagnet in-
stead of Permalloy as in Ref. 23; thus, we expect a homoge-
neous vortex pinning in both films, which should be en-
hanced for NiCu/Nb bridges due to the presence of the NiCu
overlayer. The latter is clearly visible in Fig. 1 (inset), which
presents the current-voltage (/-V) characteristics of both mi-
crobridges in a semilogarithmic scale, measured at 8§ K. Both
curves exhibit behavior that is typical of a long supercon-
ducting constriction with a wide jump to the fully resistive
state, but in the case of the Nb bridge we can clearly identify
a well-developed flux-flow region at low voltages, which is
essentially missing in the NiCu/Nb sample, apparently due
to a much stronger pinning. Detailed experiments are in
progress in order to understand the role of ferromagnetic
artificial pinning centers, apparently, due to Ni clusters near
the F/S interface, as well as the potential magnetic aniso-
tropy of the F layer.”® Nevertheless, this aspect of the F/S
research is well behind the aim of this paper.

Our bilayer samples were first optically characterized by
performing time-resolved normalized reflectivity change
AR/R measurements. Femtosecond pump-probe spectros-
copy experiments were performed in reflection mode in a
system earlier presented in Ref. 22 using a commercial
MIRA900F mode-locked Ti:sapphire laser, which produced a
train of 100-fs-long pulses at a wavelength of 810 nm and a
repetition rate of 76 MHz. The main train was split into the
pump and probe beams, which were focused onto the sample
down to <30 um in diameter and cross polarized to elimi-
nate coherent artifacts caused by their direct interference.
The pump average incident power was ~5 mW and the
pump-probe energy ratio was 10:1. Such conditions ensured
the absence of any trivial thermal effects, such as significant
pump heating, while ensuring a good signal-to-noise ratio.
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FIG. 2. Time-resolved photo-
impedance experiment setup.
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For time-resolved photoimpedance experiments, which
mimic photodetector operation, we used the experimental
setup shown schematically in Fig. 2. The CSL with the mi-
crobridge was connected to the dc bias and rf output circuitry
through a broadband cryogenic bias tee, and the whole ar-
rangement was placed on a Cu cold plate inside our
temperature-controlled continuous-flow helium cryostat.
Outside the Dewar, the device output was fed into a low-
noise broadband amplifier (bandwidth: 88 MHz to 9.3 GHz)
characterized by a 44 dB gain. As a light source, we used in
this case a portable mode-locked IMRA fiber laser, generat-
ing 130-fs-wide pulses at a wavelength of 780 nm and a
repetition rate of 50 MHz. The intensity of the incident ra-
diation was attenuated in a very wide range using banks of
neutral-density filters. During the experiments, our samples
were uniformly illuminated with a fluence per pulse in the
0.7<J;,<10 fJ/ um? range at the bridge plane.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 3 presents the AR/R signals (open dots) as a func-
tion of time for the NiCu/Nb [sample B, Fig. 3(a)] and Nb
[sample A; Fig. 3(b)] films, maintained at T<<T.. We note
that the NiCu/Nb transient exhibits a very sharp, approxi-
mately 150 fs in duration, pump-pulse-width limited initial
peak, followed by an initial subpicosecond decay and a
slowly decaying plateau. The Nb AR/R signal exhibits the
same fast rise but is dominated by the plateau behavior. As
we have already demonstrated in Ref. 22 (in particular, see
the data related to samples A and E, as their morphologies
are the closest to the samples studied in this work) within the
measured time window of 20 ps, the AR/R transients (no
matter if measured above or below T.) decay exponentially
with the two characteristic relaxation times: g, and 7g,,-
The first one is subpicosecond and was identified in Ref. 22
as the e-ph relaxation time, and its temperature dependence
was used to evaluate the e-ph coupling constant g,_, in our
proximized F/S heterostructures by calculating the density of
states functions for the tested bilayers, while 7, (a few
picoseconds long) was directly linked to the near-band-gap
interaction of QPs with acoustic phonons. The AR/R relax-
ation following 7., (essentially a plateau within our time
window in Fig. 3) corresponds to the 7,,(#) dynamics, which
very strongly depends on the thickness of the NiCu over-
layer, and the film/substrate acoustic transparency [ 7. in Eq.
@]

Since in this work we are mostly interested in the T,(¢)
time evolution after the photon absorption, which is needed

Voltmeter

to estimate Ly, (1) [Eq. (4)] and, eventually, predict the tem-
poral shape [Eq. (5)] of photoimpedance signals measured in
a setup presented in Fig. 2, we decided to focus here on the
e-ph relaxation process and numerically solved the 2T model
[Eq. (2)] based on the energy balance relation [Eq. (3)]. In
our calculations, we assumed that the quasiparticles were
characterized by the Fermi distribution function, as our pump
pulse of 100 fs is much longer than the few-femtosecond-
long e-e relaxation time. We also took into account that our
30-um-diameter laser beam spot size was much greater than
a=~50 nm, as well as the electron penetration depth (tens of
hundreds of nanometers), so the one-dimensional model ac-
curately represented our experimental situation. Finally, we
neglected the heat diffusion out of the optical excitation re-
gion since our experimental window was much shorter than
T.e» and we assumed a Gaussian profile of the incident laser
pump pulse.
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FIG. 3. (Color online) Normalized reflectivity change as a func-
tion of time (open circles), measured at 6 K for (a) NiCu/Nb and
(b) Nb samples. The solid lines are the electron and phonon tem-
perature transients, respectively, numerically evaluated for our films
using the 2T model [see Eq. (2)]. The right y axes show the actual
increase in the electron/phonon temperature.
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The resulting 7,(¢) and T;(¢) time evolutions are shown
as solid lines in Figs. 3(a) and 3(b), and we note that espe-
cially in the case of the NiCu/Nb sample [Fig. 3(a)] the
single-exponential 7,(¢) transient, represented by the 7, de-
cay, fits the AR/R signal very satisfactorily, emphasizing that
under the conditions of our experiment, AR/R is directly
related to the 7, dynamics, which, in turn, is governed by the
nonequilibrium e-ph relaxation. The best fits presented in
Fig. 3 were obtained for the Cp,/C,=6.4 and C,,/C,=2.7
values, and 7,_;, equal to 0.46 and 0.21 ps (the fits to the
early T, relaxation parts of AR/R) for our NiCu/Nb and Nb
samples, respectively. Extracting the accurate values of 7.
was a difficult task due the short experimental time window
of our AR/R transients. Thus, we could only get rough esti-
mates and, accordingly, T,,(¢) fits in Fig. 3 were obtained
with 7,.’s on the order of ~300 ps and approximately
10—20 ns for NiCu/Nb and Nb, respectively. The maximum
AT, change reached in NiCu/Nb and Nb samples during the
laser pumping was 1.6 and 0.18 K, respectively. On the other
hand, the peak amplitude of the T,,(#) evolution for both
samples was almost negligibly small since their AT,,’s re-
mained in the 2%-3% range of the bath temperature.

Our 7., values listed above are close to the correspond-
ing experimental 7, parameters obtained in Ref. 22. Thus,
we used them together with the experimental Cp,/C, fit ra-
tios and the g,_,, values from Ref. 22 and Eq. (3) in order to
calculate the actual values of C,, Cy, and 7y, for our
samples. The resulting values of C,, Cpy, and 7y, are
1.54 mJ/(Kcm?®), 9.86mJ/(Kecm®), and 29ps and
348 mJ/(Kem?), 94 mJ/(Kem?), and 0.57 ps for
NiCu/Nb and Nb, respectively. We note that both sets of
specific heat values are different than those published in Ref.
22, but we must stress that previously we deduced the C,
values from the density-of-states (DoS) calculations numeri-
cally evaluated at the free surface of the top F layer without
taking into account the actual spatial dependence of the DoS
inside the two films and close to the interface, while the
estimation of the Cp, for NiCu/Nb was based on the Cp
=BT® law with the coefficient 3 obtained by averaging the
B(NDb) and B(NiCu) values with the bilayer thicknesses nor-
malized to a’s as weights.2® Our presented here set of param-
eters is not only based on the experimental data but is much
more realistic since in the case of NiCu/Nb the condition
C./ Cyn<<1 must be fulfilled in order to observe the transient
photoresponse dominated by the electronic subsystem
(To-ph/ Toh-e < 1) with a low value of the phonon plateau. At
the same time, g,.,;, depends only on the averaged specific
heat capacity and is much less sensitive to the C,/C, ratio.

Comparing the (C, and T,) and (Cy, and T},) sets for the
NiCu/Nb and Nb samples, we observe that the presence of
the NiCu film only marginally affects the phonon subsystem
with the only exception of the much shorter estimated 7.
value. Such behavior is expected as the bulk of the NiCu/Nb
sample consists of the Nb film. Although in both cases we
have the same Nb-glass interface, the F overlayer acts as
parallel heat sink, providing efficient anharmonic decay for
the acoustic phonons and significantly reducing 7. How-
ever, the “phonon sink™ is not the only role of the NiCu film
in NiCu/Nb bilayers; a significant decrease in C, and ap-
proximately ten times increase in the T, peak value demon-
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FIG. 4. (Color online) Numerical simulations of Vj;, as a func-
tion of time, obtained using the 2T model solutions plotted in Fig. 3
and Egs. (4) and (5) for our NiCu/Nb (large oscillatory curve) and
Nb (inset) samples. The bias current in both cases was 1,/1,=0.43.

strate that the electron subsystem cooling (7,.pn/ Tph. <1) is
the dominant mechanism in the QP nonequilibrium relax-
ation in NiCu/Nb bilayers. Nevertheless, it is important to
stress that it is difficult to properly derive the DoS for the
actual NiCu-Nb interface and the one presented in Ref. 22 is
an apparent oversimplification due to the large atomic segre-
gation of Ni atoms observed within the F/S interface volume
of our samples (see Fig. 1 in Ref. 22).

The sharp peak in the 7,(r) dependence for NiCu/Nb in-
dicates that, according to Eq. (4), the microbridge made out
of such bilayer should have a much stronger kinetic-
inductive photoresponse compared to the one made out of
pure Nb. The latter observation is directly supported by the
Viin(f) photoimpedance transient simulations presented in
Fig. 4. The pronounced oscillatory transient with the full
width at half maximum (FWHM) of the main pulse equal to
185 fs corresponds to the NiCu/Nb microbridge, while es-
sentially negligible, in the same voltage scale, response with
FWHM=650 fs (see inset in Fig. 4) is that of the Nb bridge.
In order to make this comparison meaningful, we assumed
that the bridges had the same geometrical parameters and the
), values, and we inserted into Eq. (4) the digitized numeri-
cal dependences of T,(r) taken directly from the fits pre-
sented in Fig. 3. The bias for both bridges [see Eq. (5)] was
also taken to be the same and equal to 0.431,.

Our experimental tests performed on the sample types of
the geometry listed in Table I confirmed the predictions that
could be drawn based on Fig. 4; namely, we were unable to
measure any kinetic-inductive signal in the case of the pure
Nb bridge. On the other hand, the NiCu/Nb-bridge transient,
while relatively weak, could be clearly resolved and is
shown in Fig. 5. The wave form was measured at T
=6.0 K for a NiCu(21 nm)/Nb(70 nm) microbridge, illumi-
nated with 100 fs optical pulses of ~7 uW of the incident
average power, and biased with 1,/1.=0.43. Despite a rela-
tively large level of the noise of the presented transient, its
oscillatory nature (positive main pulse followed by a nega-
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FIG. 5. (Color online) Experimental photoresponse transient of
a NiCu/Nb microbridge, acquired at 6 K with I,=4.5 mA (I,/1,
=0.43). The solid line is the fit based on the kinetic-inductive model
(see Fig. 4), numerically stretched in order to account for the lim-
ited bandwidth of our output amplifier.

tive component), typical for the superconductive L,;, re-
sponse shown in Fig. 4, can be clearly observed. The thermal
contribution was negligible as under our experimental con-
ditions; AT, was negligible for NiCu/Nb [see our earlier
discussion following Fig. 3(a)], and we could easily fit the
experimental waveform by the simple V,;,(f) expression
(thick solid line in Fig. 5) obtained in the same way as the
NiCu/Nb transient shown in Fig. 4. The measured FWHM
=690 ps is the electronics-limited value, as we numerically
stretched the fit by including a high-bandpass filter, corre-
sponding to the upper limit (9.3 GHz) of the bandwidth of
our amplifier.

The Vi, (1) fit in Fig. 5 allowed us to estimate the maxi-
mum Ly;, value of ~50 nH for our NiCu/Nb microbridge. In
a proximized bilayer, the relation between L;, and the mag-
netic penetration depth A is not obvious since any estimation
needs to take into account the spatial dependence of the su-
perconducting order parameter. Nevertheless, if we roughly
assume that Ly, =~ (uoh\*l)/(wd), we get A\=1 um at the re-
duced temperature of our experiment. The obtained N\ is
much larger than <100 nm typically quoted for pure Nb but,
considering the weak ferromagnetic nature of the NiCu over-
layer, we find it to be quite reasonable.?’

In the case of our pure Nb bridges, we could obtain a
photoresponse signal only by significantly increasing the in-
cident optical power and/or maintaining the sample at a tem-
perature very close to 7,. Figure 6 presents a photoresponse
wave form measured for our sample A biased with 1,/1.
=0.43, the same as in the case of the sample B in Fig. 5 but
illuminated with 225 uW of optical power and maintained at
7 K. The over-30-times increase in the optical excitation re-
sulted is a large and relatively slow (FWHM ~10 ns) tran-
sient, which, in this case, could be interpreted as simple
(Joule-type) optical heating. The incident photons not only
broke all the Cooper pairs in the superconductor but also
substantially heated up the entire bridge, leading to a tempo-
rary increase in the sample temperature above 7. The thick
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Nb (100 nm)

25 -

Photoimpedance transient (mV)

Delay time (5 ns/div)

FIG. 6. (Color online) Experimental photoresponse transient of
a pure Nb microbridge, acquired at 7 K with 7,,/1,=0.43. The solid
line is the fit based on the simple-resistive model [see Eq. (6)]. The
incident optical pulse repetition time was 20 ns.

solid line in Fig. 6 was obtained by using a simple resistive
voltage response,

V0= DA, (6)

where dR(T)/dT is the temperature derivative of the experi-
mentally measured resistance versus the temperature curve
and AT,,(7) is the increase in Ty, of our system obtained
from Eq. (2) [see Fig. 3(b)] with 7. fitted to the transient
photoresponse dependence presented in Fig. 6. We note that
T..«= 18 ns, in very good agreement with our earlier predic-
tion.

IV. CONCLUSIONS

We have reported our time-resolved photoresponse and
photoimpedance measurements of superconducting micro-
bridges fabricated from either pure Nb or a proximized
NiCu/Nb bilayer. Our experiments demonstrate that the
presence of a weakly magnetic NiCu layer on top of the Nb
film and the resulting strong proximity effect between the F
and S nanolayers significantly modifies the QP dynamics of
fully proximized bilayers, as compared to the pristine Nb
bridges. In NiCu/Nb bilayers, the bolometric effect has been
minimized by the strong enhancement of the T,(r) depen-
dence, corresponding to the decrease in C, and decrease in
the 7,/ Tph.. ratio, as compared to pure Nb samples. As a
result, we measured an ultrafast kinetic-inductive photo-
impedance signal in the case of a current-biased NiCu/Nb
microbridge, while in the pure Nb bridges we could observe
only a slow nanosecond-in-duration bolometric photore-
sponse. The former shows that the NiCu/Nb microbridges
much better in terms of both the photoresponse signal dura-
tion and sensitivity. Clearly, the Nb/NiCu structures and F/S
bilayers in general should be considered as very promising
materials for high-speed optical photodetectors and, possibly,
even photon counters.
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