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ABSTRACT

Scanning superconducting quantum interference device (SQUID) microscopy is a powerful tool for investigating electronic states at sur-
faces and interfaces by mapping their magnetic signal. SQUID operation requires cryogenic temperatures, which are typically achieved by
immersing the cryostat in liquid helium. Making a transition to cryogen free systems is desirable, but has been challenging, as electric noise
and vibrations are increased in such systems. We report on the successful operation of a scanning SQUID microscope in a modified Mon-
tana Instruments cryogen-free cooler with a base temperature of 4.3 K. We demonstrate scanning SQUID measurements with flux noise
performance comparable to a wet system and correlate the sensor-sample vibrations to the cryocooler operation frequencies. In addition, we
demonstrate successful operation in a variety of SQUID operation modes, including mapping static magnetic fields, measurement of local
susceptibility, and spatial mapping of current flow distribution.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5087060

INTRODUCTION

The scanning superconducting quantum interference device
(SQUID) microscope (SSM) is a highly sensitive device for imag-
ing magnetic flux distributions near surfaces. This powerful tech-
nique' ~ can be applied to study local magnetic properties of mate-
rials,'" """ as well as to obtain local maps of current distribution”” >
and superconductivity.”" " Existing SSM systems are traditionally
housed in a vacuum cryostat cooled by a thermal bath immersed
in a “wet” liquid *He Dewar, or mounted on a dilution refrigerator
mixing chamber. As the availability of *He decreases, and helium
prices increase, more measurement techniques convert to “dry”
operation.

Particularly, where scanning probe microscopy is concerned,
the transition to dry operation is challenging. The cryocoolers
typically operate at low frequencies, subjecting the microscope
to increased electric noise and mechanical vibrations compared
to its wet counterpart. Furthermore, the limited cooling power
requires additional design considerations to obtain operation at base
temperature.

Several cryogenic scanning probe techniques were suc-
cessfully converted to dry technology [such as atomic force
microscopy (AFM), magnetic force microscopy (MFM), scanning
gate microscopy,”” and scanning tunneling microscopy (STM)"].
These systems enjoy the capability to perform long measurements
without the need to renew the helium bath. The critical challenge
in these developments was to isolate the sensor-sample stage from
the cold-head’s mechanical vibrations. In this work, we describe the
integration of a SQUID sensor, which is highly sensitive to electrical
noise and grounding issues. In addition, the mechanical vibrations
of the low impedance wiring also produce electrical noise through
microphonic pickup.

We demonstrate SSM measurements in a Montana instruments
Nanoscale-Workstation table-top system,” modified to host our
microscope. We describe the modifications made to improve the
sensor’s electrical noise and sample base temperature, characterize
the sensor-sample vibrations, and analyze the system’s performance.
We achieve a noise spectrum that is comparable to SQUIDs operated
in liquid helium based cryostats. We demonstrate the capabilities of
our dry SSM by examining vortices, local susceptibility maps, and
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the spatial distributions of currents in normal and superconducting
samples.

SYSTEM DESCRIPTION

We integrated our SSM in a Nanoscale-Workstation system of
Montana Instruments stationed on an optical breadboard [unfloated
optical table, Fig. 1(a)]. The system has two cold stages, kept at con-
stant temperatures (4.3 K, 33 K) when operational. The 4.3 K stage
hosts a wide, 197 mm, gold-plated copper platform. The 33 K stage
includes an aluminum casing surrounding the 4 K stage, serving
as a radiation shield, and the room for thermal clamping of wires
[Fig. 1(b)]. We mount the microscope at the center of the 4 K stage.
The height of the chamber was modified to 120 mm to host our
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microscope [Figs. 1(c) and 1(d)]. Using the Nanoscale-Workstation
results in a table-top SSM, with convenient access to inner parts of
the microscope. By removing the case [Figs. 1(b)-1(d)], the sensor-
sample alignment can be performed inside the system, on the optical
breadboard.

Figure 2(a) shows a schematic sketch of the microscope. The
body of the microscope is made of oxygen free, high thermal conduc-
tivity (OFHC) copper, and its bottom is clamped to the 4 K platform
using screws. To maximize the accessible scanning area, we com-
bine coarse motion over a few millimeters with a fine scanning area
of a few hundreds of microns. The coarse motion is performed by
an Attocube stack of XYZ stick slip translation stages, covering an
area of 5 x 5 mm?. The fine scanning is performed by an in-house
fabricated S-bender scanner, which allows a large linear scanning

FIG. 1. The integrated cryogen-free SSM system. (a) The modified vacuum chamber and cold head stationed on an optical table. The table serves as the electrical ground
for the system. (b) The vacuum case removed, showing the 30 K radiation shield and oxygen free copper braids (with cross section area of 1.27 mm? and length of 15 cm)
used for thermal anchoring. (c) The system with the 30 K radiation shield removed. Visible are the scanner, the 4 K radiation shield, the measurement electronics, and the
4 K plate. (d) The scanner is stationed in the middle of the 4 K plate, next to the SQUID array (shielded by mu-metal, Nb, Cu, Pb, and Al sheets). The wires are thermally

anchored by aluminum circuit boards at the 4 K and 30 K stages.

(@) [

FIG. 2. The Scanning SQUID microscope. (a) CAD image
of the cage and scanner, showing the following: a—the
SQUID, b—the sample, c—S-bender piezoelectric plates
for fine movement, d—coarse motion translation stages,
e—oxygen-free copper braid for thermal anchoring, and f—
copper radiation shield. (b) An optical image of the SQUID
probe, showing the gradiometric design, with two pickup
loops, modulation coils, and field coils. The chip is polished
so that one pick up loop is near the edge of the chip. (c)
A zoom in on the sensing point, showing the pickup loop
surrounded by the field coil. (d) A zoom in on the modula-
tion coils. Images (c) and (d) were taken using an optical
profilometer by Zeta Instruments.
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area of 500 x 500 wm?® at base temperature.””"’ It is built out of

two pairs of S-bender piezoelectric plates for moving along the x-y
plane and another perpendicular plate that allows movement in the
z-direction [Fig. 2(a)].

The SQUID is a magnetic flux to voltage converter, combin-
ing the phenomena of flux quantization in superconductors and the
Josephson effect to create a highly sensitive magnetometer.’' Our
SQUIDs are fabricated on a silicon chip in a multilayer Nb struc-
ture with Nb/AIOx/NDb junctions, following the design described
in Ref. 3. The SQUID contains a pickup loop with a diameter of
~1 pym, modulation coils for improved sensitivity in a flux-locked
loop, and alocal field coil which enables susceptibility measurements
[Figs. 2(b)-2(d)]. The SQUID signal is enhanced by a series array
of 100 SQUIDs that acts as a cold ampliﬁer,‘z'I5 which in turn is
connected to room temperature electronics.

The SQUID chip is mounted on a cantilever made out of a
thin 12 x 3 x 0.13 mm® copper sheet. We place the cantilever close
to another conducting plate and continuously monitor the capaci-
tance between the plates. The capacitance reading can be used for
detecting contact while approaching the sample and for sensing the
surface in order to scan at a constant height. This reading can also be
used to quantify the force while lightly pressing (up to 1 uN) the
surface in experiments allowing scans in contact (see supplementary
material S1).

The main challenges in incorporating the SSM into a dry cryo-
stat are limited cooling power and increased electrical and mechan-
ical noise, caused by the cryostat dry operation. Solutions typically
used in wet systems are not feasible. The dry system is inherently
coupled to noise sources, while a wet system can be placed in a
remote basement, far from power-consuming and vibrating devices,
to reduce electrical and mechanical noises. Below, we describe the
modifications to the commercial dry cryostat in order to operate
our SSM.

An important challenge in cryo-free systems is the limited
cooling power. Because the SQUID chip is glued to a cantilever
[Fig. 2(a)—label a] rather than to a thick copper plate, its signal
wires are an important factor in its thermal anchoring. To ther-
mally couple the SQUID to the cold plate, we used copper wires
to connect the SQUID’s carrier to aluminum thermal-clad circuit
boards, mounted on the 4 K plate of the cryostat. To thermally
anchor the signal wires and minimize the heat-load on the 4 K
plate, we used 30 cm phosphor-bronze low thermal conductivity
twisted pairs wires (AWG 32) and 30 cm stainless steel coaxial cables
(1 GHz—Lakeshore AWG 29), anchored both to the 30 K stage
and 4 K stage by thermally conducting circuit boards [Figs. 1(b)-
1(d)]. We replaced all other printed circuit boards with thermally
conducting boards, most importantly the cold amplifier chip (the
SQUID array) board, which stays stably anchored to the base plate
temperature. Additional thermal anchors were made using a dedi-
cated OFHC flex-link, prepared by Montana-Instruments.” These
highly conductive thermal flex-links connect the SQUID plate and
the scanner to the 4 K platform plate [Fig. 2(a)]. Also, to avoid radi-
ation heating we added, in addition to the system’s 30 K shield, a
copper shield around the entire microscope, which is also kept at the
base temperature of 4.3 K [Fig. 1(¢)].

The main challenge in integrating scanning SQUID in a closed
loop cooling system is electrical noise. Due to the low impedance
of the SQUIDs and associated circuitry, SQUIDs are extremely
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sensitive to electromagnetic interference and ground loops in their
vicinity, making the cryostat’s “housekeeping” electronics an obsta-
cle for optimal operation. For quiet SQUID measurements in the dry
system, we did the following: We connected all of our electronics to
the same ground, together with the cryostat’s ground. We operated
all signal lines in single-ended mode. We added low pass filters (with
a cutoff frequency of 5 MHz) to the DC lines, and replaced the orig-
inal nonconductive panels of the RF feedthrough with aluminum
panels [Figs. 1(a) and 1(b)], connecting all coax cables shields to the
system’s ground. Instead of using the built-in platform thermometer
and controller, we integrated another silicon diode temperature sen-
sor wired to a separate LakeShore controller. These steps improved
the noise significantly (see supplementary material S2), enabling
SSM measurements. In addition, a table-top cooling system allows
using wires that are significantly shorter than the typical length
used in wet systems or dry bottom-loading systems, which improves
noise performance due to the smaller inductance. Figures 3(a) and
3(b) show noise spectra as measured in our modified system, fea-
turing peaks at power line frequencies (50, 100 Hz), compressor
(30 Hz), cold-head operation (70 Hz), and 1/f noise level in the
low frequency regime. In the higher frequency regime (>100 Hz),
the white noise is 0.7-2 u®o/\/Hz, depending on the specific sen-
sor, with peaks at frequencies that vary between cooldowns and
depend on the specific configuration of the experiment [see the dif-
ference between Figs. 3(a) and 3(b)]. Such noise curves allow for
susceptibility measurements with a noise level comparable to a wet
SSM.”

A well known challenge of scanning measurements in cryogen-
free systems is mechanical vibrations. The vibrations of the 4 K plat-
form with respect to the optical table are 5 nm (peak to peak, mea-
sured at Montana Instruments). While low vibrations levels between
the cold platform and the optical table are important for optical
measurements, the relevant figure for piezo-based scanning probe
microscopy is the sensor-sample vibrations level. Sensor-sample
vibrations are affected not only by the platform’s vibrations, but also
by the microscope’s structure. The high sensitivity of the SQUID
to small changes in the magnetic field allows us to use the magne-
tometer itself as a probe of small modulations in the sensor-sample
distance.”

We used the magnetic signal from a vortex in a type II super-
conductor to characterize the sensor-sample vibrations in our sys-
tem. A time-averaged image of the magnetic flux is shown in the
inset of Fig. 3(c). We obtained the spectral dependence of the sig-
nal by computing the Fourier transform (with respect to time) at
each pixel. In the absence of vibrations, the spatial map for each
frequency would be the SQUID’s noise at that frequency and will
not have any spatial structure. However, in the presence of sensor-
sample vibrations at some frequency, the signal at that frequency will
have a distinct spatial structure: the magnetic signal, B,(r,w) will be
proportional to the vibration amplitude, dr(w), and to the spatial
derivative of the DC signal, in the direction of the vibration. 1546

B.(r,w) = dr(w) - V,(B.(r,w = 0)).

We then fit the data to this equation, and recover the amplitude and
frequency of the vibrations in our system for XYZ axes [Fig. 3(c)].
For most frequencies, the vibrations are less than 15 nm peak to
peak. At some frequencies, associated with the pulse-tube operation

Rev. Sci. Instrum. 90, 053702 (2019); doi: 10.1063/1.5087060
© Author(s) 2019

90, 053702-3


https://scitation.org/journal/rsi
https://paperpile.com/c/obYJH7/Mh4x
ftp://ftp.aip.org/epaps/rev_sci_instrum/E-RSINAK-90-002905
ftp://ftp.aip.org/epaps/rev_sci_instrum/E-RSINAK-90-002905
ftp://ftp.aip.org/epaps/rev_sci_instrum/E-RSINAK-90-002905

Review of

Scientific Instruments

10° |

-
Q
o

=
Q
N

3

Noise(®,/VHz)

103

"Nl

106
10t 102 103 10*
Frequency (Hz)

(c) 150

=
o
o

dx(nm/VHz)

250
N 200

)

H

=R
v o U
o O O

dy(nm/

o
b
>
J
l

w b
o o
o O

dz(nm/VHz)
g S

20
IR

20 40 60 80 100
Frequency (Hz)

%y

FIG. 3. Vibration and electrical noise characterization. [(a) and (b)] Flux noise mea-
sured by a scanning SQUID sensor in the cryogen-free system, in two different
scanning configurations. The signal is measured as fractions of the magnetic flux
quantum, @, (D = h/2e). The spectrum, in a log-log scale, shows some charac-
teristic peaks, such as a—compressor (30 Hz), b—network (50 Hz), c—cold-head
operation (70 Hz), and an overall 1/f noise. The white noise and the peaks at higher
frequencies change with every cooldown and are sample and experiment depen-
dent. (c) Vibration amplitude in our system along different axes, as a function of
frequency. Error bars are 95% confidence intervals, determined by statistical boot-
strapping.° See the additional plot in the supplementary material S4. Inset: A time
averaged image of the magnetic flux used in the analysis of the vibrations in the
system.
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(~1 Hz, 70 Hz), or with the power grid (50 Hz), we see an increased
vibration level. The increased vibration level also exists at 60 Hz,
possibly due to a mechanical resonance in our microscope.

In most scanning probe microscopy techniques, such as AFM,
MFM, or STM, mechanical vibrations are the main obstacle in
implementing the scanning capabilities in cryogen-free systems.
This is due to their high sensitivity to the distance between the sensor
and the sample, and the damage that can be inflicted upon the sensor
from unwanted contact with the sample. It is possible to attenu-
ate these vibrations, for example, by using springs and mass.””"’
However, with limited cooling power of a dry system, we must
balance thermal performance and the level of vibration isolation,
and thus treat each configuration individually. In our setup, with
micron-scale resolution, the vibration levels reported here [Fig. 3(c)]
are sufficient. In addition, the robustness of the SQUID chip allows
for scanning in contact, which dramatically reduces sample-sensor
vibrations for measurements where the SQUID and the sample tem-
peratures are the same. For higher spatial resolution, with nanoscale
pickup loop sizes, further vibration isolation steps are required to
reduce the vibration level, as reported in Ref. 47.

In addition to sample-sensor distance, mechanical vibrations
can induce electrical noise in the SQUID through microphonic
pickup. In order to separate the contributions of mechanical and
electrical vibrations to the SQUID’s flux noise, we electrically con-
nected a wet system (not coupled to mechanical vibrations from the
cold head) to the cryogen-free system. We found that the main con-
tribution to the SQUID noise is electrical rather than mechanical
(see supplementary material S3).

DEMONSTRATION OF DRY-SSM
MEASUREMENT CAPABILITIES

Our SQUID can measure several properties simultaneously:
magnetism, susceptibility, and 2D current distribution. To demon-
strate these capabilities in our dry system, we imaged the following
samples: a 70 nm thick steel meander evaporated on Si [Fig. 4(a)];
a 30 nm thick NbN film evaporated on SrTiO3 (STO); 5 unit cells
of LaAlOs (LAO) grown on STO; and a 150 nm thick Nb film
evaporated on AL, Os.

The steel sample was cooled in zero field to form an inhomo-
geneous, complicated magnetic landscape. Figure 4(b) shows a map
of the DC magnetic signal, where the meander is filled with small,
resolution-limited, magnetic moments (magnetic domains of iron).
Figure 4(c) shows a magnetometry image of superconducting vor-
tices in NbN/STO. Some flux is found in straight lines, which are
aligned with the crystallographic directions of the substrate due to
the presence of structural domain walls in the STO.”

Next, we used the same steel sample to image the current flow
in the steel meander. We drive bias current of 10 pA rms at 1904
Hz through the meander. We used a lock-in amplifier to record the
magnetic field generated by the current flow [Fig. 4(d)]. Measuring
the signal generated by the AC current allowed us to simultaneously
map it with the DC magnetism, while avoiding the 1/f noise of our
Sensor.

Figures 4(e) and 4(f) show maps of the spatial distribution of
the current flow at the conducting interface of LAO/STO. The maps
reveal an inhomogeneous flow of current [Fig. 4(e)] and current flow
that is directed along domain walls in the STO [Fig. 4(f)] 2

Rev. Sci. Instrum. 90, 053702 (2019); doi: 10.1063/1.5087060
© Author(s) 2019

90, 053702-4


https://scitation.org/journal/rsi
ftp://ftp.aip.org/epaps/rev_sci_instrum/E-RSINAK-90-002905
ftp://ftp.aip.org/epaps/rev_sci_instrum/E-RSINAK-90-002905

Review of

Scientific Instruments

ARTICLE scitation.orgljournal/rsi

= 1}: ‘I "J

/.,
-

FIG. 4. Different measurements per-

formed by the SSM. (a) Optical image
of the steel meander measured by our
SSM. (b) DC magnetic map of the steel
meander, showing the different magnetic
domains. (c) Magnetic image of vortices
in NbN/STO. (d) Image of the magnetic
field generated by the current flow in the
meander. [(e) and (f)] Magnetic field gen-
erated by the current flow in LAO/STO,
showing (e) current holes as dipoles,
and (f) domain walls as vertical and
horizontal stripes. (g) Susceptibility map
recorded over NbN/STO, showing areas
of reduced superconductivity. (h) Sus-
ceptibility measurements as a function
of temperature, showing a decay of the
diamagnetic response toward T of 8.95

5 K. Inset: Fluctuations of the susceptibility
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The SQUID can also detect local magnetic susceptibility by
applying a local magnetic field with the on-chip field coil.”*’
Through this functionality, it can record paramagnetic signals near
localized spins or the diamagnetic response near the surface of a
superconductor. Figure 4(g) shows a susceptibility map measured on
aNbN film, superconducting below 12 K. The diamagnetic response
shows areas of reduced superconductivity due to small defects.”

Finally, on Nb/AL,O3, we performed susceptibility measure-
ments as a function of temperature and recorded the monotonic
decrease of the susceptibility to zero [Fig. 4(h)], with a critical tem-
perature of 8.95 K. The dry cryostat offers a high degree of tem-
perature stability over long periods of time, allowing us to mea-
sure the time dependence of the susceptibility at fixed temperatures.
Near the critical temperature, we observe thermal fluctuations in the
superconductivity as quantized changes to the diamagnetic response,
as shown in the inset of Fig. 4(h)."

CONCLUSIONS

To conclude, we have integrated a scanning SQUID microscope
in a cryogen-free environment. We made several modifications to
a commercially available system, reducing the sensor’s noise and
improving the thermal coupling of the sensor and sample to the 4 K
platform. We demonstrated the scanning and measuring capabilities
by mapping magnetic topographies, as well as current response and
magnetic susceptibility. The procedures described here can assist the

integration of other low noise techniques where transition to dry
operation is desired.

SUPPLEMENTARY MATERIAL

Supplementary material includes more information about the
flux-noise and the capacitance surface sensing.
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