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ABSTRACT

We use a scanning superconducting quantum interference device (SQUID) to image the magnetic flux produced by a superconducting
device designed for quantum computing. The nanometer-scale SQUID-on-tip probe reveals the flow of superconducting current through the
circuit as well as the locations of trapped magnetic flux. In particular, maps of current flowing out of a flux-control line in the vicinity of a
qubit show how these elements are coupled, providing insight on how to optimize qubit control.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0103597

Manufacturers of integrated circuits rely on a number of
techniques to verify complex circuit designs, locate defects, and carry
out failure analysis. These include optical microscopy, scanning elec-
tron microscopy, focused ion beam milling, microprobing, and ther-
mal imaging, which—for example—is used to identify the location of
short circuits via the Joule heating associated with large currents.
Among nondestructive methods, imaging magnetic fields via scanning
superconducting quantum interference device (SQUID) microscopy
combines the highest spatial resolution with the highest current sensi-
tivity."”” For these reasons, such scanning probes are particularly suited
for the investigation of flux trapping and current flow in supercon-
ducting circuits.” ™

Here, we use a SQUID-on-tip probe”” to image a superconduct-
ing circuit designed for quantum computation. Maps of the stray mag-
netic field produced by the qubit control line in the vicinity of the
transmon qubit reveal the details of the coupling and may provide a
route toward optimization of the device. Such maps can be recon-
structed into images of current flow, which may be useful for the sup-
pression of crosstalk originating from uncontrolled return current
paths, ie., currents draining from a qubit control line and spuriously
coupling flux to other qubits. Quantifying and mitigating such cross-
talk are particularly relevant for the parallel execution of flux-
controlled two-qubit gates.”"’

The superconducting qubit circuit that we investigate is patterned
from a 150-nm-thick Nb film deposited on a high-resistivity intrinsic

Si substrate. Al airbridges are added to the device to establish a well-
connected ground plane. The circuit consists of three transmon qubits,
each with flux-control lines, where the middle qubit is used as a tun-
able coupler.'” The transmon qubits and the control line to which they
are coupled are shown in the optical micrograph of Fig. 1(a). We focus
on the roughly 50 x 50um? region at the end of the central control
line, as shown in Fig. 1(b), where the flux it produces couples to the
SQUID loop of the transmon qubit above. The SQUID loop of the
transmon qubit is made from Al and comprises two Josephson junc-
tions whose electrodes are fabricated to form a closed loop and overlap
with the Nb ground plane. In addition, electrical DC contact between
the Al SQUID electrodes and the Nb ground plane is established using
Al bandages."”

In order to map the stray magnetic field perpendicular to the
plane of the superconducting circuit, we carry out scanning SQUID
microscopy (SSM) with a SQUID-on-tip probe mounted in a high-
vacuum microscope operating at 4.2K, shown schematically in Fig.
1(c). The microscope is pumped down to 10~¢ mbar at room tempera-
ture before cooling. The probe is fabricated by evaporating Pb on the
apex of a pulled quartz capillary according to a self-aligned method
pioneered by Finkler et al.” and perfected by Vasyukov et al.® The
SQUID-on-tip used here has an effective loop-diameter of 190 nm, as
extracted from measurements of the critical current Isgr as a function
of a uniform magnetic field B, = B,Z, applied perpendicular to the
SQUID loop.
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FIG. 1. Superconducting qubit circuit and experimental setup. (a) Optical micrograph of the circuit with the investigated area highlighted by the red box. Nb appears dark and
exposed Si light. Ground symbols show, which parts of the ground plane are connected to the system ground at the chip perimeter. (b) Enlarged view of the investigated area,
showing the base of the control line and the SQUID loop of the transmon qubit above it. The Al SQUID loop appears lightest, the Nb ground plane light, and the exposed Si
dark. An Al airbridge is visible at the bottom. (c) Schematic diagram of the superconducting circuit in the scanning SQUID microscopy setup.’’ The SQUID-on-tip sensor mea-
sures the magnetic field along the z-direction, while the superconducting circuit is scanned underneath in the xy-plane. Scale bars: (a) 200 #m and (b) 10 um.

The superconducting qubit circuit is mounted in the SSM in a
plane parallel to and just below the loop of SQUID-on-tip, as shown in
Fig. 1(c). Since the current response of the SQUID-on-tip is proportional
to the magnetic flux threading through its SQUID loop, it provides a
measure of the component of the local magnetic field perpendicular to
the circuit plane, B,, integrated over the loop. A serial SQUID array
amplifier (Magnicon) is used to measure the current flowing through the
SQUID-on-tip.” The sample is positioned using piezoelectric positioners
and scanners (Attocube). By scanning the sample at constant tip-sample
spacing (constant-height mode), we map B, (x, y) with sub-micrometer
spatial resolution that is limited by this spacing and—ultimately—by the
SQUID-on-tip diameter. The tip-sample spacing is determined by
approaching the tip to the sample, while monitoring the resonance fre-
quency and dissipation of a quartz tuning fork (qPlus), which is mechan-
ically coupled to the tip.” Measurable frequency shifts and dissipation
indicate a tip-sample spacing of less than 20 nm.

In general, a map of magnetic field cannot be reconstructed into
a map of its source current density by simply inverting the Biot-Savart
law, because three-dimensional current densities do not produce
unique magnetic field patterns. In-plane current densities or current
densities in thick films that are uniform throughout their thickness,
however, can be uniquely determined by their magnetic field.
Therefore, by assuming a uniform current density J,, along the thick-
ness of the superconducting Nb film, which is of the order of its pene-
tration depth, we can reconstruct J,,(x,y) from the measured
Bz(x,y).M 16

Figure 2(a) shows a map of AC response B, (x, y), produced by
3mA of rms current at 9.8 kHz applied to the flux-control line and
measured 600 nm above the qubit circuit. The out-of-plane field van-
ishes above the superconducting Nb due to the Meissner effect and is
concentrated in the gaps of exposed dielectric around the supercon-
ducting control line. The out-of-plane field is also measured in the
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FIG. 2. Magnetic field and current density maps. (a) Amplitude of AC B, (x, y) mea-
sured in rms by the SSM at a tip-sample spacing of 600 nm and generated by a
current of 3mA rms at 9.8 kHz. The image is acquired over several hours. All color
plots are overlaid on an optical micrograph of the corresponding region of the qubit
device. The blue square denotes the scanning area shown in Fig. 3. (b) B,(x,y)
and (c) By(x,y) extracted from the measured B,(x, y). (d) Two-dimensional cur-
rent density J,, (x, y) reconstructed from the measured B, (x, y). The vector field
represents J, (x, y), while the color scale shows its magnitude. Scale bars: 10 um.

bottom part of the transmon qubit’s SQUID loop, as well as over the
Al film defining the bottom of the SQUID loop. At the measurement
temperature of 4.2 K, unlike during normal operation of the qubit at
20 mK, Al is not superconducting and, therefore, does not expel mag-
netic field. The in-plane components B, (x, y) and B, (x, y), shown in
Figs. 2(b) and 2(c), can be calculated from the measured B, (x, y) in
the source-free region above the circuit, for slowly varying magnetic
fields (in the magnetostatic limit). 7

The reconstructed J,, (x, y) is plotted as a vector field in Fig. 2(d),
showing the flow of current out of the flux control line and into the
ground plane. The flow pattern reveals how current density is concen-
trated along the edges of the Nb control line structures, as expected for

ARTICLE scitation.org/journal/apl

a superconductor. As can be seen in the map of B, (x, y) in Fig. 2(a), the
magnetic flux coupling into the SQUID loop of the transmon qubit,
appearing as light blue contrast in the upper part, results principally
from the return current flowing in the x-direction, along the top edge,
where the ground plane ends and the qubit structure begins. In particu-
lar, the narrowness of this superconducting channel, which provides the
most direct connection between the two sides of the circuit’s ground
plane, appears to concentrate the return current density in this region,
enhancing the flux produced through the transmon structure. By inte-
grating the current density, we find that 2.5mA of the 3.0 mA flowing
out of the control line passes through this narrow channel. This asym-
metry in the current flow toward the right side is likely caused by a
larger number of bonds connecting the ground plane to the system
ground at the right edge of the investigated chip compared to the left, as
shown schematically in Fig. 1(a).

The coupling strength between the control line and the transmon
can be quantified by a mutual inductance M = ®gypi /1, where Ogypi
is the magnetic flux threading through the qubit’s SQUID loop and I
is the current flowing through the control line. By integrating the mag-
netic flux measured by our SSM in the region directly above the qubit’s
SQUID, we estimate M = 1.1 =0.2 ®y/mA. This value is signifi-
cantly larger than M = 0.62*+0.1 ®;/mA measured on another
identical chip at 20 mK via its flux periodicity as a function of DC
applied to the control line. This discrepancy is at least in part due to
the difference in temperature between the two measurements, since
none of the Al circuit elements, including the transmon SQUID loop
itself or the airbridges, are superconducting at 4.2 K. As a result, return
currents have different available superconducting paths along which
to flow. Another possible source of the discrepancy is the reduced
number of grounding connections to the chip measured via SSM and
the aforementioned left-right asymmetry in their distribution. Under
normal operation of the qubit, the connections are uniformly distrib-
uted around the edge of the chip, as for the sample measured via flux
periodicity. Finally, although other SSM measurements were carried
out in B, = 0 after zero-field cooling, the measurement shown in Fig. 2
was carried out in an applied field B, = 55 mT, because the SQUID-
on-tip used in that case lacked sensitivity near zero field. At such fields,
flux is expected to penetrate the ground plane, potentially affecting the
flow of AC return currents.

For all of these reasons, this specific measurement should be
taken as a demonstration showing that SQUID-on-tip SSM can pro-
vide detailed map of current flow in superconducting qubit circuits.
However, if carried out below 1 K and on devices grounded as in nor-
mal operating conditions, maps of current density can give a precise
picture of the desired and undesired inductive couplings. In addition,
the uncertainty in determining mutual inductance in this measure-
ment is due to both the limited accuracy in the alignment of the flux
image measured via SSM with the geometry of the qubit and to the
spread of the flux over the 600 nm separating the plane of the qubit
and the probe. Applying SSM probes that include simultaneous AFM
measurements of sample topography, e.g., using probes developed by
Wyss et al'® or done with smaller tip-sample separations, would
improve the measurement’s accuracy. Ultimately, SSM done as shown
here can assist in the design of qubit circuits with increased mutual
inductance. Increasing mutual inductance allows for the reduction in
the size of the qubit SQUID loop and, in turn, a reduction in the flux
noise due to ambient magnetic fields, making the qubit more robust.
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(b)

FIG. 3. Location of trapped magnetic flux. (a) A map of DC B, (x, y) measured after zero-field cooling followed by the application of an out-of-plane applied field B, = 0.6 mT.
The scanned region corresponds to the blue box shown in Fig. 2(a). Dark regions show where flux penetrates the circuit, while light regions are shielded by the Meissner effect.
The dots correspond to superconducting vortices. (b) B, (x, y) measured with an additional 2mA of DC applied to the flux control line. The current has shifted the position of
one of the vortices and caused the nucleation of an additional vortex. The images are acquired over 30 min. Scale bars: 1 um.

Given the ability of SQUID-on-tip sensors to detect a few tens of
nA/+/Hz of current,”'® similar measurements could also identify cur-
rent paths that lead to spurious coupling between a control line and
other qubits on the chip. Identifying the sources of such crosstalk
could aid in the design of circuits minimizing these effects.

In addition to studying the flow of low-frequency current out of
the qubit control lines, we also identify the locations where magnetic
flux can be trapped in the circuit, when an external magnetic field is
applied or a large DC is sourced through the control lines. Figure 3(a)
shows an image of the DC B,(x,y) 600 nm above the circuit after
zero-field cooling followed by the application of an out-of-plane field
B, = 0.6 mT. Dark regions represent regions of high magnetic field,
where flux penetrates, while light regions represent vanishing magnetic
field, due to the Meissner effect of the superconducting Nb film. B,
= 0.6 mT corresponds to the lowest applied field, at which flux pene-
trates in the form of superconducting vortices, as seen in the lower half
of Fig. 3(a). In the investigated region, vortices are always seen to pene-
trate near the rounded edge of the flux control line. Both circuit geom-
etry and defects in the Nb film are likely to play a role in concentrating
magnetic flux and determining the location of initial vortex entry.

The addition of a DC of 2 mA is then seen to shift the position of
the vortices and to introduce an additional vortex, as shown in Fig.
3(b). Also, two vortices, which were initially closer than our spatial res-
olution, are seen to separate slightly. The new vortex penetrates just to
the right of the newly separated vortices. The fact that a DC through
the control line, which is similar in magnitude to that used during
qubit operation, results in the perturbation of vortices and the nucle-
ation of a new vortex supports the possibility that trapped flux may be
responsible for some of the low-frequency noise observed in similar
qubit devices."”

Unstable vortex configurations could produce fluctuations in
magnetic flux and, therefore, in qubit frequency, ultimately leading to
qubit decoherence. In fact, the circuit under investigation includes
flux-trapping holes, appearing as regularly spaced features in Fig. 1(a),
except in the region around the qubit, in order not to affect its flux
controllability. Although under normal operation, such a supercon-
ducting circuit would be shielded from external applied magnetic

fields, vortices could penetrate as a result of the magnetic flux pro-
duced by residual background fields due to slightly magnetic sample-
mounting components. In addition, the control currents, which flow
through the flux control lines and are on the order of mA, may also
result in the penetration of flux. On the contrary, we did not observe
the entry of vortices in the same region at B, = 0 with DC currents of
up to 4 mA. Recent studies have also suggested that qubit instability is
the result of two-level system fluctuators, rather than vortex
instability.”’

These experiments show the potential of SSM with a nanometer-
scale probe to reveal the details of current flow and flux control-line
coupling in superconducting qubit circuits. In the future, comparison
of current density maps measured below 1K with simulations could
help to improve circuit design, both to optimize couplings and to
reduce unwanted crosstalk and interference between qubits. Extending
the bandwidth of nanometer-scale SSM probes from the kHz fre-
quency range, which is currently possible, to hundreds of MHz or
GHz would be useful for visualizing currents and fields from qubit
control pulses and mapping the high-frequency behavior of the circuit.
The identification of vortex entry as a result of flux produced by large
control currents also may explain instabilities observed in qubit devi-
ces. The identification of threshold control currents for vortex entry
may help to mitigate these effects.

See the supplementary material for an optical micrograph show-
ing the superconducting circuit chip and the configuration of bonds
connecting the ground plane to the system ground.
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