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We report on the set-up and performance of a dilution-refrigerator based spectroscopic imaging
scanning tunneling microscope. It operates at temperatures below 10mK and in magnetic fields
up to 14T. The system allows for sample transfer and in sifu cleavage. We present first-results
demonstrating atomic resolution and the multi-gap structure of the superconducting gap of NbSe;
at base temperature. To determine the energy resolution of our system we have measured a normal
metal/vacuum/superconductor tunneling junction consisting of an aluminum tip on a gold sample.
Our system allows for continuous measurements at base temperature on time scales of up to ~170 h.
© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4788941]

The properties of heavy fermion materials exhibit drastic
changes under comparatively small variations in temperature,
magnetic field, composition or pressure,' indicating a rich
electronic structure in the vicinity of the Fermi level (Ef).
This is reflected not only in the heavy effective mass of
the conduction electrons but also in the delicate balance
between localized and delocalized electronic states often
found in these compounds. The relevant temperature scales
for heavy fermion materials are frequently well below 1 K,
therefore the experimental investigation of the changes in the
electronic structure as a function of temperature and magnetic
field requires very low temperatures.” While angle-resolved
photoemission spectroscopy (ARPES),® the standard tool
for studying electronic structure of condensed matter, has
made significant progress towards the ability of measuring
at temperatures below 1 K,* measurements in magnetic field
are beyond present capabilities. In the past years, scanning
tunneling spectroscopy (STS) has been shown to allow for
insights into details of the band structure from spatial maps
of the differential conductance. The differential conductance
dI/dV is for energies close to the Fermi energy proportional
to the local density of states (LDOS).>® From spatial maps of
dl/dV, information about electronic excitations close to the
Fermi energy can be extracted, giving information on local
inhomogeneities and the influence of defects.”” Transform-
ing the data into reciprocal space yields information on the
dominant scattering vectors due to quasiparticle interference,
revealing information about the electronic structure.’-% !0
It has been shown that in superconducting materials, from
analyzing quasiparticle interference, even the symmetry of
the superconducting order parameter can be determined.'!!?
Similar studies of the superconducting order parameter in
heavy fermion materials and also in organic'? or topological'*
superconductors are highly attractive, however they require
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operation of the STM at temperature well below 1 K. As
opposed to ARPES, where the energy resolution is a property
of the analyzer, the resolution of tunneling spectroscopy is
limited by the thermal broadening of the Fermi distribution
of the charge carriers in the tip and is improved by going to
lower temperatures. 15

Over the past few years, a few *He-based STMs which
can potentially reach temperatures down to 300 mK have been
developed.'®'® Dilution refrigerator based designs, however,
which can reach temperatures well below 100mK, are still
rather rare.'”* Especially the set-up of UHV-compatible
systems is a serious challenge, which was only recently
achieved.?* The technical difficulties in these systems are the
vibrational decoupling of the pumping system, filtering of ra-
dio frequency (RF) interferences and electronic noise, and a
limited choice of materials. RF filtering and shielding are very
important,? as external RF noise can severely limit the energy
resolution to an effective ‘“electronic temperature,” which
is significantly higher than the nominal temperature of the
experiment.

The electronic temperature of the instrumen can be
determined by measuring the gap of a type-I superconduc-
tor and comparing the measured data to Bardeen-Cooper-
Schrieffer (BCS) theory.?® Typical electronic temperatures
are in the range of 100250 mK'*?° and, in some excep-
tional cases, significantly lower values have been reported for
STM. The lowest achieved electronic temperature of which
we are aware has been reported by LeSueur and Joyez, which
amounted to 45 mK electronic temperature at a measured tem-
perature of 40 mK.>?

In this paper, we present a dilution-refrigerator based
STM optimized for the acquisition of spectroscopic maps op-
erating at a mixing chamber temperature (7y;xc) below 10 mK
and in magnetic fields up to 14T. The system has been op-
timized for high mechanical stability and continuous mea-
surement times up to &170h. The sample can be cleaved
in situ and exchanged without the need to warm up or vent
the system. We demonstrate topographic imaging with atomic

t19,20
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resolution and show first spectroscopic results demonstrating
an electronic temperature on the order of 140 mK.

Our millikelvin spectroscopic imaging (SI)-STM has
been developed based on a dilution refrigerator with a high
field magnet (0—14 T) supplied by Oxford Instruments.?’ The
dilution refrigerator provides a cooling power of 400 uW at
100 mK. The design of the insert has been modified to allow
for a line-of-sight port for the sample transfer. It reaches a
base temperature (without the microscope head and support
structure) of 7mK at the mixing chamber as measured by
a nuclear orientation thermometer. The design of our home-
built STM head is based on the design by Pan.'®?%2° Our head
is optimized for high mechanical stiffness and good thermal
conductivity by making the main body out of sapphire.*® The
microscope head is mounted on a copper base plate which is
suspended by gold-coated copper rods from the mixing cham-
ber plate as shown in Figs. 1(a) and 1(b) to place the STM
head at the center of the magnet. The triangular walker prism
is clamped between six piezo stacks’! and hosts the scanner
tube with the STM tip. The sample holder is clamped by an
aluminum oxide plate to the main body. To allow for the sam-
ple transfer, the STM head is located 2 cm off-center from the
main axis of the magnet (leading to a magnetic field deviat-
ing by less than 1% from the specified field*?). The STM base
plate has a number of slits to avoid eddy current heating of
the base plate while ramping the magnetic field. In order to
check the motion of the walker, the position can be detected
by a capacitive distance sensor consisting of concentric brass
cylinders.?

Samples can be exchanged by a vertical sample manipu-
lator (design based on Ref. 16). For in situ cleavage of sam-
ples we have constructed a cleaving stage which simultane-
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FIG. 1. Schematic view of STM assembly below the mixing chamber plate.
(a) and (b) show the computer aided design model and real images, respec-
tively.
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FIG. 2. (a) Sample cleaver. The sample cleaver is mounted at the 4 K-plate
of the cryostat. It acts at the same time as a radiation shield to block thermal
radiation from room temperature. The cleaving mechanism is operated by the
sample transfer mechanism, allowing for transfer of the sample into the inner
vacuum only after cleavage, (b) Shutter for thermal radiation shielding. The
shutter is mounted on the still plate to block thermal radiation from the 4 K-
plate from reaching the sample. The shutter is opened and closed by rotation
of the manipulator similar to the cleaver.

ously acts as a radiation shield when the manipulator is re-
moved. The cleaving stage is mounted on the 4 K plate of
the dilution refrigerator, the design is depicted in Fig. 2(a).
The cleaver is operated by translating a rotation of the ma-
nipulator into a movement of the shutter of the cleaver, which
knocks off a rod glued to the sample surface. The construction
of the cleaver prevents uncleaved samples from being inserted
into the STM as well as removal of the manipulator without
closing the cleaver shutter.

To prevent thermal radiation along the line of sight
(which, apart from the cleaver, goes from room temperature to
the mixing chamber plate) from heating up the mixing cham-
ber plate and thus the STM, an additional mechanical shutter
is mounted on the still plate [Fig. 2(b)], setting its tempera-
ture to ~600 mK. Its functional principle is similar to that of
the sample cleaver, with the difference that by turning a ro-
tational insert, two shutter plates are moved apart or towards
each other. The STM head is further shielded from thermal ra-
diation by a cylinder attached to an intermediate cold plate (at
~50 mK) to block thermal radiation from the inner vacuum
cane which is at 4 K.

Due to the extreme sensitivity of the tunneling cur-
rent to the tip-sample distance, the cryostat is mounted on
a vibration-isolation table suspended on air springs.** All
pumping lines run through vibration isolation consisting of
wooden boxes filled with sand, the still line is additionally
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decoupled by two bellows. All gas lines and pumping tubes
are clamped to the vibration table prior to their connection to
the insert.

Environmental RF noise can perturb the tunnel current
thus increasing the effective temperature of the STM. All elec-
tric lines entering the insert except for the tunnel current go
through RF filters at room temperature, which are effective in
a frequency range from 10 MHz to 10 GHz.* The tempera-
ture of the mixing chamber is below 10 mK and the tempera-
ture of the STM head is below 30 mK (7sv) as measured by
calibrated RuO, sensors.>°

The STM head is controlled by a commercial digi-
tal signal processor controller built by Soft DB’ with the
open source scanning probe microscopy control software
GXSM?:3% and both home-built high-voltage amplifier and
piezo motor controller. As a current amplifier, we use a com-
mercial variable gain amplifier.*

We have carried out SI-STM measurements on a NbSe,
single crystal at the base temperature Tyxc ~ 10mK. We
have used a mechanically cut Pt-Ir wire for the tip and
cleaned it in sifu by field emission on a gold single crystal
at voltages up to 180 V applied between the tip and sample.
Figure 3(a) shows a topographic image of an NbSe, surface,
revealing atomic resolution as well as the known charge den-
sity wave order.*! From the line cut profile in Fig. 3(b), the
vertical stability of the instrument can be estimated to be bet-
ter than 15 pm.

For the spectroscopy we measure the tunneling spectra
under open feedback loop conditions. The d//dV signal is
measured using a lock-in amplifier. In Fig. 3(c) we present the
spatially averaged spectra of ~6000 differential conductance
spectra taken over a large area spectroscopic map showing
two different gap values. We have determined them by fitting
the sum of two Dynes gap equations:*3

dl eV —il,
— (V) = C, |R
v =2 G | ey a)

+D, (1)

where V is the bias voltage and j—‘l/(V) the differential con-
ductance (neglecting thermal broadening and assuming a con-
stant tip density of states for the tip). I, and A, denote the
quasiparticle-lifetime broadening and size for each of the two
gaps. C, are constant prefactors and D is an overall con-
stant background. We have found the size of the large gap A,
~ 1.2meV and of the small gap A, =~ 0.4 meV, comparable
to previous reports.**

To determine the energy resolution of our dilution-
refrigerator based SI-STM, we have performed measurements
on a superconductor-vacuum-metal junction, using a piece of
aluminum wire as material for the STM tip and a Au(111)
crystal as a sample.*> Aluminum is a conventional supercon-
ductor described well by BCS theory and has a critical tem-
perature T, ~ 1.2K.'” The aluminum tip has been cleaned in
situ by field emission as described above. Measurements have
been carried out at Tyixc &~ 10 mK. We apply a modulation in
the range of 5-50 ©V to the sample.

We have modeled our spectra following Bardeen’s the-
ory of tunneling,*® accounting for thermal broadening due to
the Fermi distribution and lock-in broadening.*” With the as-
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FIG. 3. (a) Atomically resolved topography of a cleaved NbSe; surface (12
x 12nm?, V =90 mV, and I = 0.5 nA) measured at Tyxc ~ 10 mK. Be-
sides the surface atomic structure, a modulation due to formation of a charge
density wave can be seen. (b) Line cut along an atomic row, it can be seen
that the residual noise is below 15 pm.*? (c) Spatially averaged spectra taken
on NbSe; (spectroscopy set-point: V = 90 mV, I = 1 nA, lock-in modulation
of 10011V, and frequency of 511 Hz) at base temperature, the solid line shows
a fit of Eq. (1) to the data.

sumptions of a constant tip-sample separation and constant
sample DOS in the energy range of interest, the tunneling con-
ductance can be expressed as

—3f(E +eV)

dl v *° E
ﬁ( )d[ pai( )X|: PR

o0

}dE, 2)

where p4;(E) represents the DOS of the superconducting alu-
minium tip and f{E) is the Fermi-Dirac distribution in the sam-
ple. The BCS gap equation for p4(E) is

IE|
= [|E| = A]

par(E) { VES-A 3)
0 [IE| < A]

with A being the size of the superconducting gap. The broad-
ening due to the lock-in modulation Vrys is accounted for
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FIG. 4. Tunneling spectroscopy of a gold-vacuum-aluminum-junction at
Tvmxc ~ 10mK with V =2 mV and I = 3nA (a) Fit of Eq. (4) to a spec-
trum of the Au-vacuum-Al junction for a lock-in modulation of 5 1V, yield-
ing an electronic temperature of ~140 mK. (b) Tunneling spectroscopy as a
function of applied magnetic field. The superconducting gap disappears at
magnetic fields on the order of 30 mT. (c¢) and (d) Tunneling and calculated
spectra as a function of lock-in modulation (frequency: 511 Hz).

from the convolution of Eq. (2) with a half-circle,

V2Vae g
Gyir(V) / —(V + E)|/2V2 — E?dE. “)
2V dv
The calculated spectrum from the above equation has been
fitted to the measured data using a non-linear least squares al-
gorithm, the free parameters were a proportionality constant,
a constant offset, the gap width A, an energy offset (due to a
small instrumental offset in the bias voltage) and the temper-
ature. In Fig. 4(a), the fitted spectrum is plotted together with
the measured one and the residuum. We have found a gap
size of 188 ueV close to previously measured values (~175
— 190 ueV)'®1 and a temperature of ~140 mK. This value

Rev. Sci. Instrum. 84, 013708 (2013)

constitutes an upper limit for the real electronic temperature.
The preparation of the tip on a gold crystal likely leads to a
thin gold layer on the tip apex. Though this gold layer would
become superconducting due to the proximity effect,* this
would introduce a finite density of states in the gap and re-
duce the height of the coherence peaks — potentially leading
to a higher apparent electronic temperature. It should also be
noted that spectra vary considerably for different tips; depend-
ing on the tip condition, sometimes no superconducting gap is
observed at all. The difference between the temperature of the
STM head (Tstm =~ 30 mK) and the electronic temperature in-
dicates that RF noise still leads to a non-negligible broadening
of the tunneling spectrum despite careful filtering of all signal
lines at room temperature. Additional filtering at low temper-
ature should allow us to improve our spectroscopic resolution
significantly.>> Our value is a bit lower than what has been
obtained (280 mK with a Al sample) for the UHV-compatible
setup recently presented by Stroscio and co-workers.*

In Fig. 4(b), we display the d//dV spectra measured as
a function of magnetic field with a lock-in modulation of
20 uV. The superconducting gap with coherence peaks at
energies =170 pV survives up to a magnetic field between
27.5mT and 30 mT, which is almost three times higher than
the critical field of bulk Al (210 mT). This increase in mag-
netic field has been observed in previous STM experiments
with aluminum and lead tips.'!” This may occur due to the tip
apex having a smaller size than the coherence length, where
the superconductivity can survive up to magnetic fields higher
than the critical field of the bulk material.®

We have also measured the superconducting gap with
lock-in modulation applied in the range of 5-50 ©V, as pre-
sented in Fig. 4(c). It is clearly visible that higher lock-
in modulation broadens the coherence peaks and affects the
shape of the superconducting gap. Calculated spectra accord-
ing to Eqgs. (2)—(4) are shown in Fig. 4(d) and compared well
to the measured ones.

In conclusion, we have demonstrated successful opera-
tion of a dilution-refrigerator based SI-STM with in sifu sam-
ple exchange and a base temperature below 10 mK.
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