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A stiff scanning tunneling microscopy head for measurement
at low temperatures and in high magnetic fields
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Max-Planck-Institut für Festkörperforschung, Heisenbergstr. 1, D-70569 Stuttgart, Germany

(Received 30 June 2011; accepted 2 November 2011; published online 29 November 2011)

We have developed a measurement head for scanning tunneling microscopy (STM) and specifically
for spectroscopic imaging STM which is optimized for high mechanical stiffness and good ther-
mal conductivity by choice of material. The main components of the microscope head are made
of sapphire. Sapphire has been chosen from several competing possibilities based on finite ele-
ment modeling of the fundamental vibrational modes of the body. We demonstrate operation of the
STM head in topographic imaging and tunneling spectroscopy at temperatures down to below 2 K.
© 2011 American Institute of Physics. [doi:10.1063/1.3663611]

The investigation of the electronic structure of correlated
electron systems by spectroscopic imaging scanning tunnel-
ing microscopy (SI-STM) has in the past years become an
increasingly active field of research. Since it provides infor-
mation on both local inhomogeneities and the properties of
single defects,1 as well as a look at the band structure in the
vicinity of the Fermi level,2, 3 SI-STM has proven itself an es-
pecially valuable tool for studying the physics of correlated
electron materials – which is often influenced by interactions
between localized and delocalized electron states. STM is
unique, in part, because it allows the simultaneous character-
ization of electronic states in both real space and momentum
space.4 Unfortunately, extreme requirements on the stability
of the tip-sample junction, which necessitate extensive exter-
nal vibration isolation, have for the most part limited this tech-
nique to labs with dedicated low-vibration facilities. In order
to improve the intrinsic stability of the tunneling junction and
relax the required complexity of external vibration isolation,
we have developed an STM measurement head with high fre-
quency resonant modes.5, 6 Tuning the frequency of the fun-
damental modes (ωr) is an effective strategy for improving
the instrument’s intrinsic stability because of the limits they
impose on external disruptions to the tunneling junction due
to mechanical vibrations. The effect, on an STM measure-
ment head, of external vibrations with frequencies lower than
resonance (ω < ωr) will be strongly suppressed as the tip
and sample move in phase, while frequencies greater than
the resonance frequency (ω > ωr) will be fully transmitted
to the tunneling junction. Therefore, it is helpful to increase
the frequency of the instruments fundamental resonant modes
as much as possible. An increase of the resonance frequency
of the STM head by a factor of two reduces the transmis-
sion of perturbations in the low frequency range (ω � ωr) by
a factor of four. One way to achieve increased fundamental
resonance frequencies is to optimize the geometry.7 We have
achieved increased mechanical stiffness primarily by optimiz-
ing the choice of materials – the geometric architecture8 has
not been significantly altered. Microscopic and spectroscopic
operation is demonstrated with the new STM head in a cryo-
genic environment.

In this STM design, the coarse approach of the tip to-
wards the sample (from below) is realized through a flat-
tened V-shaped cavity in which a prism is clamped between
six piezo stacks.9 By laterally actuating the piezo stacks, the
central prism can be moved up or down. Due to its com-
pact and rigid form, this STM design provides a high level of
stability.10 To optimize the mechanical stiffness of the mea-
surement head and hence further improve stability, we first
performed finite element calculations to obtain the fundamen-
tal vibrational modes of the modeled head for three possible
materials.11 We gave preference to non-conducting materials
in order to reduce the risk of electrical shorts, as well as to
make the head less susceptible to possible heating from eddy
currents (while ramping the magnetic field). We have per-
formed the calculations for the four lowest frequency modes;
the mesh used as well as the resulting displacement and stress
patterns are depicted in Fig. 1. The results for MACOR,
amorphous aluminum oxide, and sapphire are summarized in
Table I. We found that among the different materials, the res-
onant mode frequencies of the simulated STM head – which
scale with

√
G/ρ – vary by almost a factor of two. Based

on the calculations, we chose to build our STM head from
oriented single-crystalline sapphire. In addition to having the
highest level of stiffness, sapphire also has a very good ther-
mal conductivity,12 e.g., much better than that of MACOR.
Short thermalization times with cessation of related drift ef-
fects can, thus, be achieved. Furthermore, by using the same
material (sapphire) for both the main body components (the
slider and the frame) and molybdenum for other structural
components, stress effects due to differing coefficients of ther-
mal expansion are minimized.

The design of the sapphire body is optimized to reduce
the number of required processing steps, so that machin-
ing the raw material becomes more practical. Specifically, to
avoid difficult and expensive machining of threads in bulk
sapphire, we elected instead to glue threaded sleeves made
of molybdenum into corresponding smooth bores.

Features of the STM head include a coarse approach mo-
tor built according to the design by S. H. Pan, a capacitive
distance sensor13 and a sample exchange mechanism. The
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FIG. 1. (Color online) (a) 3D rendering of the main body of the STM head. (b) Mesh used for finite element analysis. (c)–(f) Fundamental modes of the STM
head (fixed at the top) in the same order as the frequencies in Table I. (c) and (d) correspond to bending modes (↔ and �), (e) to a torsional mode (�), and (f) to
a longitudinal mode along the long axis of the body (�), which causes the strongest stress around the edges of the central cavity, as indicated by the color scale.

coarse approach piezos14 are driven individually by a home-
built piezo motor controller (PMC). This PMC drives slider
movement in a frictional “walking mode,” in which the six
piezo stacks are fired synchronously during the slow ramp,
while the fast ramp is performed asynchronously – the piezos
are actuated one at a time. This mode contrasts with inertial
operation, or “jumping mode,” in which the six piezo stacks
are always actuated synchronously. While the inertial mode
simplifies the wiring – reducing the seven wires needed to
connect the piezo motor to the electronics to two – it moves
the slider less reliably. Operating the piezos in frictional or
“walking mode” can increase the step size for the same driv-
ing voltage by up to a factor of two.15

Fig. 2(a) shows a computer aided design (CAD) render-
ing and Fig. 2(b) shows a photograph of the assembled STM

TABLE I. Comparison of fundamental mode frequencies (given in Hz) for
different choices of material. Listed are the four lowest frequency modes.
Finite element calculations were performed with the upper end of the STM
head rigidly fixed, as it is in the experimental setup. The first two modes cor-
respond to horizontal (↔ and �) bending of the body, the third to twisting
(�), and the fourth to asymmetric vertical (�) distortion. The simulated body
and the corresponding mesh used are shown in Fig. 1. In addition, the den-
sity ρ, shear modulus G, Young’s modulus E, and the thermal conductivity
at room temperature κ(300 K) are listed (values for MACOR from Ref. 38,
Al2O3 from Ref. 11, and sapphire from Ref. 39; isotropic averages were used
which do not account for material anisotropy).

Materials

Modes [Hz] MACOR Al2O3 Sapphire

ν1 5264 7055 8488
ν2 5541 7323 8737
ν3 10 982 14 962 17 987
ν4 19 239 26 036 31 530

ρ [g/cm3] 2.5 3.9 3.98
G [GPa] 25.9 84.8 148.0
E [GPa] 66.9 206.8 335.0
κ(300 K) [ W

m K ] 1.46 23 34–35.1

head. The relevant structural and functional components are
labeled.

In order to operate the STM head in a cryogenic environ-
ment, we built a vacuum insert16 which can be mounted in a
commercial vapor shielded magnet dewar.17 Our dewar has a
14 T (16 T with lambda stage) magnet with a 2 in. (≈50 mm)
cold bore and provides a holding time at base temperature
of ∼100 h. To achieve operation at temperatures below 4.2 K,
the insert is equipped with a 1 K pot which is continuously fed
from the LHe bath via a thin capillary.19 Operation of the 1 K
pot does not affect the hold time of the dewar perceptively. To
avoid additional noise production from the operation of the
1 K pot,20–22 we have implemented pre-cooling measures
to ensure that incoming LHe is cooled – ideally below the
λ-point at 2.18 K – prior to entering the 1 K pot. The capil-
lary that feeds the 1 K pot from the helium bath is ∼1 m long
and has an inner diameter of 100 μm. Pre-cooling is realized
through thermal anchoring of the capillary to the outside of
the 1 K pot along approximately half of its length – via coil-
ing and soft soldering.

(a) (b)Al O2 3sample plate

Al O2 3stack holder

sapphire prism

molybdenum spring

brass distance sensor

scan piezo with tip

piezo stacks

brass sample holder

FIG. 2. (Color online) (a) CAD rendering of the assembled STM head.
(b) Photograph of the STM head.
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FIG. 3. (Color online) Sapphire STM head modes measured in situ with a
lock-in amplifier, coarse approach piezo stacks are used for excitation (1 V)
and response detection. The highlighted area is zoomed for a more detailed
view; calculated positions of the four primary modes of the bare body (as
listed in Table I) are denoted.

Figure 3 shows an in situ measurement of the response
of the STM head to vibrational excitation via one of the piezo
stacks. The measurements were performed on the fully as-
sembled STM head (as shown in Fig. 2(b)) mounted in the
dewar and at low temperature. The aberrations at 50, 100, and
150 Hz are artifacts due to the ac line frequency. Resonant
modes begin to appear at frequencies higher than ∼4.6 kHz,
with the first large peak appearing at 4.659 kHz.

Of course, other parts within the STM, such as the tip,
scan piezo, and wiring, can have resonances of lower fre-
quency which affect the stability of the tunnelling junction.
These modes do not show up in Fig. 3, however, because they
do not excite the STM body. In order to minimize vibrational
coupling to the tunnel junction due to wiring, our tip wire
is thin and has been tightly bound to the sapphire body with
Teflon tape.

Figure 4 shows a measurement of tunnel junction noise
up to 200 Hz and the effects on noise of pumping on the 1 K-
pot. It can be seen that for frequencies above 30 Hz, the curves
measured with and without pumping of the 1 K-pot coincide;
only for lower frequencies do differences emerge. We do not
observe a degradation in the tunneling signal (either in to-
pographies or in spectroscopy) due to operation of the 1 K
pot. Also shown is the noise on the vibration table measured
with a geophone.

The insert normally operates at a base temperature of
down to ∼1.2 K (1 K plate) and 1.7 K (STM base plate),
as measured by Cernox temperature sensors installed at these
locations.23, 24 When the 1 K pot is not in operation, the tem-
perature of the insert stabilizes at 4.2 K – the 1 K plate is then
coupled via helium gas in the 1 K pot pump line to the helium
bath.

The insert has a line-of-sight port, used for sample trans-
fer, which begins at room temperature and ends at the mea-
surement head at the center of the magnet. Along the way,
there is a supporting structure (4 K plate) with a cleaving stage
that allows for in situ sample cleaving in cryogenic vacuum
and at low temperatures, and which at the same time acts as
a radiation shield. A resistive heater mounted near the STM

FIG. 4. (Color online) Tunnel junction noise at 1.8 K, with the 1K-pot turned
on and off (i.e., being pumped or not pumped), as measured via the feedback
loop control voltage applied to the scan piezo during tunneling. For compari-
son, the environmental noise on top of the isolation table was measured with
a commercial geophone18 and plotted alongside.

head expands the temperature range in which the instrument
can be operated to ∼1.7–20 K.

Our cryostat is mounted on a two-stage vibration iso-
lation system. The outer stage consists of an ∼7 t concrete
block, supported by steel springs, resting on the foundation
of the building. The second stage consists of an ∼1 t vibra-
tion table, supported by a set of four pneumatic air springs,25

resting on the concrete block. The cryostat is supported solely
by the vibration table, but its center of mass and most of its
length rest within a ∅ = 60 cm full-length bore in the con-
crete block.

The scanning element (5-pole piezo tube)26 of the STM
is controlled by a home-built high voltage amplifier with dig-
itally controlled gains for movement in the x, y, and z direc-
tions. Each direction is further subdivided into offset and scan
channels, each with its own gain. This separation allows per-
manent access to the full range of scan piezo movement, even
for small scan channel gain settings. The STM is controlled by
the open source STM software GXSM (Refs. 27 and 28) and
an open source scanning probe microscope controller.29 The
software has been modified for spectroscopic imaging func-
tionality. The tunneling current is measured by a commercial
current amplifier30 with variable gain, which is also controlled
by the integrated STM software.

Figure 5(a) shows first results obtained on in situ cleaved
NbSe2. Atomic resolution and the charge density wave
(CDW) order31 can be seen easily. Figure 5(b) shows an im-
age recorded (with a different STM tip) during operation of
the 1 K pot. The line cuts in Figs. 5(c) and 5(d) allow us to
estimate the residual vertical noise, which is below 1 pm un-
der optimal conditions at 4.2 K, and also in the image taken
at 1.7 K.

In order to estimate the energy resolution of our STM, we
measured tunneling spectra as a function of temperature on
NbSe2. The superconducting gap of NbSe2 was first measured
with scanning tunneling spectroscopy by Hess et al.32 Due to
the anisotropic band structure and coexistence with a CDW,
the precise shape of the expected gap is not entirely clear (see,
e.g., Refs. 33 and 34, and references therein).
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FIG. 5. (Color online) Topographic images (raw data) of NbSe2 at (a) 4.2 K and (b) 1.7 K (while operating the 1 K pot) acquired with V = 100 mV and
I = 0.5 nA, taken with different tips on different samples. (c) and (d) show line cuts through the topographic images in (a) and (b) along the indicated paths,
demonstrating the vertical stability of the system.

Figure 6(a) shows tunneling spectra acquired on NbSe2

at 4.2 K, 3 K (under temperature control35), and 1.7 K. The
superconducting gap can be seen clearly. The temperature de-
pendence indicates that the energy resolution achieved by the
STM is sufficient to clearly differentiate gap features at 1.7 K
from those measured at 4.2 K. Figure 6(b) shows calculated
spectra for comparison. The calculated spectra were obtained
by assuming that the superconducting gap in NbSe2 can be
described by the Dynes gap equation36

ρ(E) = Re
E − i�

√
(E − i�)2 − �2

, (1)

using � = 120 μV and � = 1.2 mV. The spectra were ob-
tained by first calculating the current,37 taking into account
the broadening due to the Fermi-Dirac-distribution. There-
after, the differential conductance was obtained by calculat-
ing the lock-in derivative. We note that the real structure of
the superconducting gap in NbSe2 is more complex due to the
aforementioned coexistence of CDW order with superconduc-
tivity and possible multiple gaps. This comparison can, there-
fore, only serve as an indication for the energy resolution of
our instrument.

In conclusion, we have built a new measurement head
for STM based on an improved design in which the materials
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FIG. 6. (Color online) Tunneling spectroscopy characterization of NbSe2, revealing the superconducting gap. (a) Superconducting gap as a function of tem-
perature (lock-in modulation: 0.5 mV, 405 Hz, 30 ms lock-in averaging); spectra are averaged from small maps. (b) Spectra calculated using Eq. (1) with the
lock-in broadening used in the experiment. Spectra in (a) and (b) are normalized and spread out vertically for clarity.
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are tuned for optimal vibrational stability and thermal con-
ductivity, without introducing potential magnetic or electrical
vulnerabilities. First measurement results demonstrating op-
eration at low temperatures are shown.
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