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We measure the rates and coupling coefficients for local Andreev, nonlocal Andreev, and elastic
cotunneling processes. The nonlocal Andreev process, giving rise to Cooper pair splitting, exhibits the
same coupling coefficient as the elastic cotunneling whereas the local Andreev process is more than 2
orders of magnitude stronger than the corresponding nonlocal one. Theory estimates describe the findings
and explain the large difference in the nonlocal and local coupling arising from competition between
electron diffusion in the superconductor and tunnel junction transparency.
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In superconductors, electrons form Cooper pairs via an
attractive interaction, typically mediated by phonons [1].
These pairs give rise to electronic transport via two-electron
processes as the pairs cross, for example tunnel junctions.
The two-electron transport enables several functionalities
used extensively nowadays in quantum technology to build
for example superconducting qubits [2-6], Majorana fer-
mions [7,8], and the Cooper pair splitters [9—16] that are the
focus in this Letter. Cooper pair splitters are predicted to
operate as sources of spin-entangled electron pairs [10],
which makes them interesting for potential quantum
communication applications. The two electrons of a
Cooper pair, however, typically yield several alternative
transport processes that may happen as well. Understanding
the coupling coefficients determining the tunneling time-
scales for the different processes is crucial as the coef-
ficients depend on each other [17]. The coefficients contain
information about the geometry and materials involved in
the transport. A common approach in the experiments is to
study the energy dependence of the dominant transport
process [12,15,18-23]. The comparison between the cou-
pling coefficients of different processes has evaded mea-
surements since it is often experimentally difficult to
distinguish them from each other. In this Letter, we use
charge readout with two detectors to identify each tunnel-
ing event in a Cooper pair splitter [24] and provide the first
experimental comparison between the strength of three
two-electron tunneling processes. The Cooper pair splitter
is an ideal device for this purpose as both local Andreev
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[25,26], nonlocal Andreev [27,28], and elastic cotunneling
[29] transfer electrons across the two junctions located in
the near vicinity of each other. By measuring the tunneling
rates for the three two-electron processes at zero energy
cost and extracting the corresponding coupling coefficients
from the rates, we expand the knowledge of physics behind
two-electron tunneling. Our experimental results, sup-
ported by theory predictions, demonstrate that the elastic
cotunneling has the same coupling strength as the nonlocal
Andreev tunneling and that the local Andreev process is 2
orders of magnitude stronger than the nonlocal one in our
structure as a result of limited electron diffusion in the
superconductor.

We investigate electron tunneling in a recently realized
Cooper pair splitter device [24]. Measuring the local two-
electron processes with the approach of Ref. [20] simulta-
neously with the detection of the nonlocal tunneling as in
Ref. [24] provides a direct comparison of the tunnel
coupling strengths of different processes taking place in
the same two junctions. The electron tunneling takes place
between a superconductor and two normal metallic islands
as depicted in Fig. 1(a). Two single-electron transistors
(SETs) [30-32] act as charge detectors observing the
instantaneous charge state of both islands and thus resolv-
ing tunneling events as they occur. This charge counting
technique yields access to the tunneling rates of the three
two-electron processes allowing us to extract the couplings
of these processes.

Local Andreev tunneling is schematically displayed in
the diagram in Fig. 1(b) where the two electrons forming a
Cooper pair tunnel from the superconductor into either of
the islands. To measure the local Andreev tunneling rate
I'arr on the right island, we follow the procedure of
Ref. [20] where individual local Andreev events were
distinguished in a superconductor-normal metal tunnel
junction. One of the charge states denoted with np =0

Published by the American Physical Society
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Local Andreev Nonlocal Andreev Elastic cotunneling
FIG. 1. (a) Scanning electron micrograph of the studied device
consisting of two copper islands (colored orange) coupled to a
superconducting aluminum electrode (in blue) via tunnel junc-
tions [24]. The inset on the right shows an enlargement of the
junctions. The electronic populations on the islands are controlled
by the voltages Vg and Vgr applied to the gate electrodes.
(b) Local Andreev tunneling process where a Cooper pair tunnels
from the central superconductor into the right island. (c) A
Cooper pair splitting where the two electrons forming the pair
tunnel into separate metallic islands in nonlocal Andreev tunnel-
ing event. (d) Elastic cotunneling process where an electron
moves from one island into the other via a virtual state in the
superconductor.

excess electrons, is tuned with the gate voltage Vg to be
lowest in energy as presented in Fig. 2(a). This configu-
ration makes the charge states ng = =1 to be degenerate as
shown in the energy diagram, and local Andreev tunneling
takes place between these states as seen in the measured
time trace in Fig. 2(a). By determining the number of
tunneling events per time spent in the initial state
(Ref. [20]), we obtain the local Andreev tunneling rates
"kr = 0.2 Hzinto and T3} , = 6.5 Hz out from the right
island. Here we used the time window of 4 ms correspond-
ing to the detector rise time to determine if two consecutive
events are from the same process or not. Since the rates are
essentially the same, the tunneling indeed takes place
without energy cost. Measuring with the other detector
and tuning Vg instead, we obtain similarly the local
Andreev tunneling rates Fi}gR’L =61 Hz and TQg; =
55 Hz on the left side. Interestingly, the left side has an
order of magnitude larger rates despite the junctions have
the same area [see inset of Fig. 1(a)] and are made in the
same process round very close to each other. The difference
in the rates likely arises from differences in barrier thick-
nesses changing the channel transparencies [19,20,33].
The nonlocal two-electron processes are illustrated in
Figs. 1(c) and 1(d). Panel (c) presents nonlocal Andreev
tunneling where the electrons forming a Cooper pair split
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FIG. 2. (a) The detector signal Ipg as a function of time ¢
revealing three charge states ng on the right island corresponding
to the energy diagram on the right yielding I'yg r. Eg denotes the
electrostatic energy of a charge state ng. (b) The detector currents
I, and Ipg as a function of time, recorded simultaneously. The
dashed lines highlight nonlocal tunneling events. The islands are
tuned to have the charge states n, = 0, 1 degenerate in energy as
presented in the energy diagrams. ng, is the normalized offset
charge. These data were recorded at the base temperature of 7 =
10 mK in a dilution refrigerator.

into separate islands and panel (d) elastic cotunneling
where an electron moves from one island to the other
via the superconductor. To determine the tunneling rates
I'car and T'ge for these processes at zero energy cost, the
charge states n = 0 and n = 1 are tuned to degeneracy on
both islands with the gate voltages V5 and Vgr. The
measured time traces, shown in Fig. 2(b), have equal
occupancy of the charge states and hence are at equal
energy as indicated by the energy diagrams. The nonlocal
processes are then identified from the transitions as
described in Ref. [24] as transitions within a time window
of 1.5 ms on both detectors. Here the time resolution is
limited by the noise jitter between the two detectors instead
of the detector rise time. At time r = 0.3 s, the left island
loses an electron, and the right one obtains one. Thus we
had an elastic cotunneling from the left island to the right
one. Similarly, at t =4.2 s both islands simultaneously
obtain an electron resulting from Cooper pair splitting.
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FIG. 3. (a) and (b) Local Andreev tunneling rates at the left and

the right junction, respectively. The open red triangles denote
tunneling in, open blue triangles tunneling out of an island, and
the solid purple diamonds the logarithmic averages. The solid
purple line is a linear fit to the logarithmic averages above the
saturation, 7 > 50 mK. (c) Nonlocal Andreev tunneling rates in
the similar manner. (d) Elastic cotunneling rates. Here open red
and blue triangles denote tunneling from left to right and vice
versa. The error bars mark 1o confidence intervals based on a
relative uncertainty of 1/v/N with N counts of the corresponding
process.

We determine the tunneling rates I'",, = 14 mHz for
Cooper pair splitting, I'@Ar = 140 mHz for Cooper pair
forming, TR = 25 mHz and I'RZY = 96 mHz similarly
as the local Andreev rates as the number of events divided by
the time spent in the initial state. Despite keeping the charge
states n = 0, 1 degenerate, the rates in the two directions, in
vsout,andL — RvsR — L,arenotequal. Such adifference
arises from a finite energy gain 0F in one direction that
appears as an energy cost in the opposing direction decreas-
ing the rate. The rates for a two-electron process at 6E = 0
may, however, still be determined with logarithmic averages
of the rates in the two directions of the process, e.g., for
nonlocal Andreev as T'ear = (Ti8g — T24R)/[In(T8, R )—
In(I'¥4R)]; see the Supplemental Material [34]. Figure 3
summarizes the two-electron tunneling rate measure-
ments where we repeated the experiment at varying bath
temperature 7.

The second-order perturbation theory, assuming that 6E
is much smaller than the superconductor energy gap and
that the transport between the junctions is diffusive yields a
general expression for the above three two-electron rates as
(see Supplemental Material [34])

SE/kyT

[ (6E,T) = i

kgT, (1)

where y is a coupling constant and kp the Boltzmann
constant. All two-electron processes follow the same
functional dependence of the energy cost 6E per thermal
energy kzT. The energy cost §F itself, and the coupling ¥,
are however not the same for different processes. The
charging energy difference between the initial and final
state sets SE for the two-electron processes as SERg , =
4ECnGa (Wlth a=1L, R), o) iCnAR = 2Ec(nGL + ngr — 1),
and SELZR = 2E (ngg —ngr). The costs to opposite
tunneling directions are the same but with opposite signs.
Here E. is the charging energy of individual identical
islands and ng, the normalized offset charge controlled by
Vo [41]. The cost vanishes when the initial and final state
of the process are at the same energy as depicted in
Fig. 2. Equation (1) acquires in this case a simple form
er((), T) = ]/kBT

The coupling terms for the local [26] and the nonlocal
[42-44] two-electron processes read as

- 1 Ry
IR = PR N,
e_l/f
YCAR = YEC = m (2)

Here Ny, = A,/Aq, is the effective number of the con-
duction channels in a junction @ = L, R with a junction area
A, and effective conduction channel area A, , [20]. Ry, is
the junction resistance, Ry = h/e? the so-called resistance
quantum, e the elementary charge, / the distance between
the two tunnel junctions, £ the superconducting coherence
length, and Rg the normal-state sheet resistance of the
superconducting electrode measured over the supercon-
ducting coherence length. Interestingly, the coupling terms
for nonlocal Andreev ycar and elastic cotunneling ygc are
identical according to theory. Nonlocal Andreev either
splits or assembles Cooper pairs whereas elastic cotunnel-
ing does not involve pairing and takes place even in the
absence of superconductivity.

On the other hand, the local tunnel coupling y g differs
from ycar and yge [17,45,46]. As seen from Eq. (2), yar
depends on the number of conduction channels A/, in the
junction and the junction resistance Rr, in relation to the
resistance quantum Ry [20,33,43]. The nonlocal processes
depend instead on the total junction resistances versus
quasiparticle diffusion away from the junction area set by
Rg [44] but not on N, or Rg. In addition, the nonlocal
processes have an exponential suppression e '/¢ for
increasing distance / between the two junctions. Local
Andreev is free of this suppression as the process takes
place across a single junction.

We now turn back to the experimental data and deter-
mine the couplings y. Two-electron rates in Fig. 3 follow an
increasing linear trend for 7 > 50 mK. At lower temper-
atures the tunnel rates saturate to a fixed value arising from
the saturation of electronic temperature in our dilution
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refrigerator at 50 mK. The coupling terms are obtained by a
linear fit (purple line) to rates at zero energy cost above the
saturation in Fig. 3. The extracted values are yar| =
7.5 +0.8/peVs, yarr = 1.3 £0.1/peVs, ycar = 9 £ 1x
1073 /peVs, and ypc =8+ 1x 1073 /peVs. Here the
uncertainties are obtained from the linear fits.

Based on the above fits, ycar and ygc are equal within
the experimental accuracy, as the theory of Eq. (2) predicts.
The result also implies that there is no significant capacitive
coupling between the islands since with such coupling, the
elastic cotunneling rates would become higher than the
nonlocal Andreev rates as splitting a Cooper pair to
separate islands would require additional energy to charge
the two islands by one electron each [13,47]. This con-
clusion is supported by the lifetime distributions for the
charge states ng = 0, 1 shown in Fig. 4(a): The lifetime on
the right island is independent of the occupancy on the left
island. A capacitive coupling between the islands would
favor energetically to have dissimilar electron numbers on
the islands and hence decrease the lifetime for the same
electron numbers and increase it for differing electron
numbers.

The above fits also show that the coupling terms for local
Andreev tunneling are 2 to 3 orders of magnitude larger
than for nonlocal processes. From the expressions in Eq. (2)
we see that the possible explanations are the exponential
suppression e™/¢ and how the terms Ryx/N, and Rg
compare to each other. To assess where the difference
arises from, we estimate the parameters constituting the
coupling terms of Eq. (2) in the following manner: The
sequential single-electron tunneling rates, also mea-
sured with the protocol described in Ref. [24], are shown
in Figs. 4(b) and 4(c) across the left and the right junc-
tion. These yield us Ry, since the sequential rates follow
an exponential temperature dependence of T (T) =
(1/€*Rr,)\/2nkzTe=2/*T without charging energy cost
between n, = 0, 1 [32]. Similarly to two-electron tunnel-
ing, the sequential rates exhibit saturation at low temper-
atures. However, the sequential rates saturate around
100 mK which is higher than for two-electron tunneling
due to suppression of sequential tunneling by the super-
conductor energy gap A. Sequential tunneling probes
electron distributions in the superconductor and metallic
islands above the gap energies whereas two-electron
tunneling is sensitive to normal-state electrons around
the Fermi energy. Another factor that might play a role
in the higher saturation temperature of sequential tunneling
is that superconductors do not thermalize as efficiently as
normal-state metals [48]. At the highest temperatures the
measured sequential rates grow exponentially as shown in
the insets of Figs. 4(b) and 4(c). The superconducting gap
for a 20 nm thin film is A =210 4 10 peV [20,33,49].
Hence, fitting I'}.(7) to the high temperature regime, as
shown as the black lines in the inset, yields us the tunnel
resistances R, =5 MQ and Rtg = 50 MQ as the only
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FIG. 4. (a) Lifetime 7 distribution of charge states ny = 0 and 1

on the left and right graph, respectively. The black circles are
lifetimes without any condition set for the charge state on the left
island. The blue and red circles show the lifetime distribution on
the right island with the condition that the left island is in n;, = 0
or 1 state respectively during the whole lifetime 7. The arrows
denote the mean values of the distributions. (b),(c) Sequential
tunneling rates at the left and the right junction, respectively at
zero energy cost. The open red (blue) triangles denote an electron
tunneling into (out of) an island. The insets display the rates at the
four highest temperatures on a logarithmic scale against inverse
temperature. The solid black lines are the theoretical models with
tunnel resistances as free fitting parameters. The error bars in
panels (b) and (c) mark lo confidence intervals as in Fig. 3.

free fitting parameters. Note that due to the strong expo-
nential dependence, the 10 peV uncertainty in A yields a
factor of 2 uncertainty to the resistance values.

Next, with the experimentally determined y,r, and
Eq. (2), we obtain the number of conduction channels as

;. = 130 and Nj = 6. With the junction areas A; =
85 nm x 80 nm and A = 80 nm x 70 nm estimated from
the scanning electron micrograph of Fig. 1(a), the corre-
sponding effective channel sizes are Ay = 50 nm? and
A r = 960 nm?”. The values for Ach o are comparable to
the earlier work of Refs. [20,33] where A, = 30 nm? was
reported for junctions fabricated with the same process.

Now we turn to the nonlocal Andreev process. We
estimate Rg from the normal-state resistance of a &=
100 nm [50] long segment of the superconductor electrode
next to the junctions. The width of the electrode near the
junctions is W =210 nm and the thickness d = 20 nm
measured by a crystal monitor during metal evapora-
tion. With the previously measured normal-state resistance
of e-beam evaporated aluminium films in Ref. [51],
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py =31 nQm, we obtain Rg = py(E/Wd) = 0.7 Q. To
determine the exponential suppression factor of e™/¢, we
obtain the distance [ between the junctions from the
scanning electron micrograph. The shortest distance
between the junctions is 50 nm, and the distance between
the far edges of the junctions is W = 210 nm. We apply the
halfway / = 130 nm. With the chosen values the exponen-
tial suppression becomes e~/¢ ~ 0.3. If we instead applied
the minimum or maximum distance in our approximation
the value of the suppression would increase or decrease by
a factor of 2. With these independent estimates, we obtain
from Eq. (2) the coupling estimate ycag = 3 x 1073 /peVs
which is in reasonable agreement with the experimentally
determined values, considering the uncertainties in the
parameter estimation. This parameter estimation allows
us to conclude that the 2 to 3 orders of magnitude difference
between the local and nonlocal Andreev process arises
predominantly from the difference in the terms R /N, and
Ry respectively. In other words, the diffusion away via the
superconductor suppresses the nonlocal process in the
structure.

In conclusion, we used charge counting to determine the
coupling coefficients for three two-electron tunneling
processes relevant in Cooper pair splitters. Our experimen-
tal findings validate the theoretical prediction of
Ycar = YEc- We also determined the coupling terms for
local and nonlocal Andreev tunneling and found out that
the nonlocal one is suppressed by more than 2 orders of
magnitude because of competing diffusion in the
superconductor.
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