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We describe the design and development of a scanning tunneling micoscope(STM) working at very
low temperatures in ultra-high vacuum(UHV) and at high magnetic fields. The STM is mounted to
the 3He pot of an entirely UHV compatible3He refrigerator inside a tube which can be baked out
to achieve UHV conditions even at room temperature. A base temperature of 315 mK with a hold
time of 30 h without any recondensing or refilling of cryogenics is achieved. The STM can be
moved from the cryostat into a lower UHV-chamber system where STM-tips and -samples can be
exchanged without breaking UHV. The chambers contain standard surface science tools for
preparation and characterization of tips and samples in particular for spin-resolved scanning
tunneling spectroscopy(STS). Test measurements using either superconducting tips or samples
show that the system is adequate for performing STS with both high spatial and high energy
resolution. The vertical stability of the tunnel junction is shown to be 5 pmpp and the energy
resolution is about 100meV. © 2004 American Institute of Physics.[DOI: 10.1063/1.1794431]

I. INTRODUCTION

The unique power of scanning tunneling spectroscopy
(STS) is its ability to give direct access to the local density of
states(LDOS) of the electron system of solid surfaces, which
is measured energetically resolved and with subnanometer
spatial resolution.1 While the high spatial resolution is
caused by the principle of operation of the scanning tunnel-
ing microscope(STM) itself, a high energy resolution is
only possible at low temperatures.2,3 However, STS-mea-
surements with high energy resolution are necessary to study
effects where the interaction of the electron system plays a
major role, because these effects are mostly determined by
small energy scales. Since interaction effects often cause a
spatial reorganization of the electron system, STS as a local
method allows insight into the physics of interacting electron
systems.

Some interaction effects like charge density waves,4,5

the Kondo effect,6–8 high-TC superconductivity,9,10 or mag-
netism11–14 have already been investigated by STS at tem-
peratures between 4 K and room temperature. Many other
interaction effects of great interest, however, demand tem-

peratures below 1 K and have not yet been extensively
studied. Examples are the fractional quantum Hall effect,15

metal-insulator transitions in two-dimensional electron sys-
tems,16 superconductivity in heavy fermion compounds,17,18

or p-wave superconductivity in systems like Sr2RuO4.
19–21

Even for effects that appear at higher temperatures, STS
profits from the higher energy resolution achieved in the sub-
kelvin regime. Thus, very small energy scales would be eas-
ily resolvable. An example is the Rashba splitting in two-
dimensional electron systems which is typically of the order
of a few millielectron volts in InAs inversion layers.22–24

Finally, the high energy resolution permits mapping of single
wave functions in extended systems that are dense in energy
on larger length scales.25–29 For example, single drift states
of the quantum Hall phase could be mapped with a localiza-
tion length that is a factor of 5 larger than at 6 K.26 This
allows for experimental investigation of wave function prop-
erties which were only theoretically accessible up to now.30

Subkelvin temperatures thus open up a whole range of new
fields of research that can be explored by STS.

While STMs working at temperatures around 4 K be-
came standard in the last couple of years, there are only few
reports of STMs with a base temperature in the subkelvin
range. These facilities use either3He evaporation cryo-
stats31–35 or dilution refrigerators.21,36–40The main problem
is the difficulty to combine STM as an extremely vibration
sensitive method with the mechanical pumps usually neces-
sary for the cooling process. Furthermore, a high magnetic
field is often desired as an easily accessible parameter which
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can be used to tune the interaction effects of the electron
system relative to the kinetic energy. High field magnets con-
strict the sample space diameter to a few centimeters, requir-
ing a very compact design of the STM. Finally, for quantita-
tive STS or spin-resolved STS, an atomically clean sample
surface and tip apex is necessary. Thus sample and tip have
to be prepared in ultrahigh vacuum(UHV). Panet al.33 ob-
tained very convincing STS results on high-TC super-
conductors9,41,42 by utilizing the cryogenic vacuum of the
cryostat to achieve UHV condition. However, this method is
restricted to sample systems which can be prepared by cleav-
age in the cryogenic vacuum. Many surfaces and hybrid
structures require more elaborate preparation steps like mo-
lecular beam epitaxy which have to be carried out in UHV.
For these structures, the sample has to be transferred from
the preparation chamber to the STM without breaking the
UHV state. The only facilities so far which combine the
above demands are the3He refrigerated STMs by Kugleret
al.34,43 and Heinrichet al.35 and the dilution refrigerated
STM by Matsuiet al.39,40

We have succeeded in building a3He refrigerated STM
which permits STS measurements with high spatial and en-
ergy resolution in the presence of high magnetic fields.
Samples and tips can be exchanged and transferred under
true UHV conditions throughout an extensive UHV system
equipped with standard surface science methods for sample
and tip preparation and characterization. In particular, thein
situ tip exchange is essential for the preparation of thin film
tips to be used for spin-resolved STS measurements.11,44,45

The performance of the facility is demonstrated by test mea-
surements using ferromagnetic and superconducting samples
as well as ferromagnetic and superconducting tips.

II. INSTRUMENT DESIGN

In order to achieve an energy resolution in STS measure-
ments close to the thermal limit both the mechanical and the
electrical noise levels have to be reduced as far as possible.
To limit the mechanical noise level, we concentrated on three
major points. First, we built an external vibration isolation
which decouples the cryostat from the surroundings to re-
duce noise from outside the experiment. Second, we used a
3He evaporation cryostat with a noiseless3He sorption pump.
Third, the STM head itself is compact and rigid and fairly
insusceptible to vibrations. Additional internal vibration iso-
lation is thus not necessary. These major points will be de-
scribed below.

Figure 1 shows an overview of the facility. The main
part is a3He evaporation refrigerator in a bottom loading
cryostat(1) with a superconducting magnet which contains
the low temperature STM. The STM can be lowered from
the measuring position inside the cryostat into the central
chamber(7) for sample- and tip exchange without leaving
UHV. From there, they can be transferred into the two neigh-
boring UHV chambers(8,9) for preparation and characteriza-
tion.

A. External vibration isolation

The design of the facility was optimized to reach high
mechanical stability of the whole setup. Although the system
with its three UHV chambers is relatively extensive, we ob-
tained a compact design by using three support points and an
angular arrangement of the chambers. This and the large
mass of 2.5 t makes the setup fairly insensitive to vibrations.
The facility itself rests on the foundation in the basement of
our building. The cryostat is decoupled from the floor using
a three-stage damping system: First, the dewar is embedded
in a sand-filled aluminum barrel(2) which screens the walls
of the cryostat against sound from the surroundings. Since
the cryostat is bottom loading, the sand bed has to be pro-
vided with an aperture for the base flange as can be seen in
Fig. 2. A rubber ring(4) prevents the sand from leaking out.
It is at the same time flexible enough to ensure that the base
plate of the cryostat rests mainly on sand. Secondly, the three
supports(3) (see Fig. 1) which carry the barrel rest on air
springs(4) with a resonance frequency of about 1 Hz. These
absorb the remaining vibrations with a frequency above sev-
eral Hertz. Third, the air springs are supported on a sand
layer having a depth of 1 m which is kept within the sup-
porting legs(5). These legs support the frame far above its
center of gravity for better stability of the air damping sys-
tem.

Furthermore, the complete base frame consisting of the
supports(3) and the frame(6) is constructed of hollow sec-
tions filled with sand to effectively damp sound. Finally, the
central UHV chamber(7), which is mounted to the bottom
flange of the cryostat, is mechanically decoupled from the

FIG. 1. Overview of the facility.(1) Bottom loading cryostat containing the
3He refrigerator, the low temperature STM and the superconducting magnet,
(2) sand-filled aluminum barrel,(3) stainless-steel supports filled with sand,
(4) air springs,(5) sand-filled supporting legs,(6) sand-filled stainless-steel
frame mounted to the supports(3), (7) central UHV chamber for sample and
tip exchange from the low temperature STM,(8) second UHV chamber
containing a room temperature STM, molecular beam evaporators, and a
combined LEED/Auger-system,(9) third UHV chamber containing a
variable-temperature MOKE-setup, the tip and sample heater, molecular
beam evaporators, and an ion source,(10) edge-welded bellows,(11) mag-
netic linear and rotary motion drives, and(12) load lock.
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two other UHV chambers(8,9), which are fixed to the frame,
by the use of edge-welded bellows(10).

B. Cryogenics, thermometry and magnet

The 3He evaporation refrigerator, which was designed
and built by Oxford Instruments Superconductivity,51 is an
enhanced version of the cryostat used by Kugleret al.34,43 It
was designed with the aim of a long base temperature hold
time adequate for time-consuming STS measurements, an
easy and fast sample exchange during which the STM stays
cold, and a refrigeration technique that minimizes vibrations.
As opposed to the Kugler system, in our cryostat the entire

3He refrigerator including the STM can be baked out to
achieve UHV conditions even with the cryostat at room tem-
perature.

Figure 2 shows a section through the cryostat. It com-
prises a 77, liquid 4He- and a 56, liquid nitrogen dewar
(6,5) which is superinsulated in a surrounding isolation
vacuum (12). The superconducting solenoid(8) with a
77 mm bore provides a maximum field of 12 T perpendicu-
lar to the sample surface at 4.2 K. A lambda fridge(7) can be
used to cool the magnet to 2.2 K in order to achieve a field
of 14 T. The sample in the STM head is placed in the center

FIG. 3. 3He refrigerator in experimental position.(1) 4He bath,(2) baking/
cooling tubes,(3) charcoal sorption pump,(4) flexible bellow,(5) 3He pot,
(6) OFHC-copper rod,(7) STM, (8) superconducting magnet,(9) 4He ex-
haust capillary,(10) bypass for sorption pump cooling,(11) 1 K pot, (12)
cone of3He pot,(13) countercone thermally coupled to 1 K pot,(14) radia-
tion shield,(15) 1 K-pot feeding-capillary,(16) 1 K-pot needle-valve, and
(17) baking/cooling-tubes needle-valve.

FIG. 2. The bottom loading cryostat with the3He refrigerator. The UHV
insert is shown in the fully extended position with the STM moved into the
UHV chamber for tip or sample exchange.(1) Aluminum barrel, (2)
stainless-steel supports,(3) sand,(4) rubber ring,(5) liquid nitrogen bath,
(6) 4He dewar,(7) lambda fridge,(8) 12/14T magnet,(9) single-shot3He
refrigerator,(10) radiation shield,(11) UHV rotary feedthrough for opening
the radiation shield(10), (12) isolation vacuum,(13) threaded leadscrew,
(14) aluminum-bronze nut, and(15) radiation flaps at 77 K.
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of the homogeneous region(0.3% over a 10 mm diameter
spherical volume) of the field.

The 3He refrigerator(9) is placed in a UHV tube in the
center of the cryostat. This tube extends from the electrical
feedthroughs at the top of the cryostat to the bottom flange,
where it connects to the central UHV chamber below.
As visible in the magnification of the3He refrigerator in
Fig. 3 the tube(2) is triple-walled. This allows hot nitrogen
gas with a temperature of 180 °C to be pumped through
the tube walls in order to bake out the system. We reach a
temperature of 115 °C at the STM and the3He refrigerator.
Connecting the baking/cooling tubes to the4He dewar via
a needle valve(17) precools the system during normal
operation.

The closed single-shot3He refrigerator consists of a vi-
brationless charcoal sorption pump(3) connected to the3He
pot (5) via a pumping line that passes through the 1 K pot
(11). The residual heat load is shielded by a radiation shield
(14) that is thermally coupled to the 1 K pot and surrounds
the 3He pot and the STM(7). A patented design allows the
whole 3He refrigerator to be moved from the experimental
position to the exchange position over a distance of 500 mm
as shown in Fig. 2.46,47This is realized by the vertical move-
ment of a nut(14) on a threaded leadscrew(13) that is ro-
tated by a motor drive outside the UHV space via a rotary
feedthrough. As visible in Fig. 3 this requires two flexible
capillary coils, one(15) for feeding the 1 K pot from the
dewar via a needle valve(16) and one(9) for the exhaust and
for pumping the 1 K pot. The same cooling line is used for
cooling the sorption pump via a bypass(10).47

One part of the3He pot pumping line is made of a flex-
ible bellow (4), which serves as a thermal switch. When the
sorption pump is heated, the increased3He pressure expands
this bellow by approximately 1 mm. This causes a cone(12)
in the 3He pot to be pressed into a countercone(13) in the
1 K pot, precooling the3He pot during condensation. During
base temperature operation the sorption pump is cooled, the
bellow contracts, and the3He pot is thermally isolated. Fur-
thermore, the bellow acts as an additional vibration-isolation
element.

The STM itself (7) is mounted to the3He pot via an
OFHC-copper rod(6) with a length of 300 mm.48 This rod is
thermally connected to the3He pot and to the STM by gold
plated pressed contacts. On the STM end, the pressed contact
is built as a single plug for all electrical contacts, so that the
STM can be easily removed for repair, without removing the
3He refrigerator. All electrical connections to the STM are
heat sunk at the4He exhaust capillary, at the 1 K pot, at the
3He pot, at the copper rod, and at the STM.

For temperature measurement we use either a Cernox
sensor49,50 directly at the STM or a RuO2 sensor at the3He
pot.51 At base temperature, the read out of the Cernox and
that of the RuO2 sensor differ by only a few millikelvin,
indicating excellent thermal coupling between STM and3He
pot. With a 3.5, (normal temperature and pressure) 3He gas
charge that condenses into about 5 cc of liquid the STM can
be held at a base temperature of 315±5 mK for 30 h. This is
achieved without pumping at the 1 K pot with the needle
valve (16) left fully open. With pumping at the 1 K pot the

base temperature is reduced to 262±5 mK and the hold time
is increased to 130 h. Since this causes additional vibrations
and since a time period of 30 h is usually sufficient for high-
resolution STS measurements, we achieved all of the follow-
ing results in the first mode of operation. A complete tip or
sample exchange typically takes less than 4 h including re-
condensation of3He and cool-down to base temperature.
During the whole exchange process the STM temperature
stays below 35 K.

An additional feature of the system is the possibility to
heat the3He pot and the sorption pump in order to achieve
higher temperatures. Below 4 K the temperature of the STM
is regulated by the temperature of the sorption pump. Above
4 K, the heat load is regulated by a resistive heater on the
3He pot. Thereby, a wide temperature range from base tem-
perature up to 100 K is accessible.

C. STM head and electronics

Figure 4(a) shows a photo of the home-built STM head.
It has been designed to be as small and compact as possible
in order to make it less susceptible against vibrations. It mea-
sures 26 mm in diameter by 85 mm in length including the
connector(13). The compactness is obtained primarily by
integration of the tube scanner(5) into the coarse-approach
motor as visible in Fig. 4(b). The microscope body(11) is
made of phosphorous bronze, a hard, nonmagnetic, and
UHV-compatible copper alloy.

The coarse approach motor is of the so-called Walker
design.52 It consists of a sapphire prism(6), which is
clamped between 6 thin plates of Al2O3 glued on top of
shear-piezo stacks(8).53 The clamping is accomplished by a
molybdenum leaf-spring(10) that presses the front two

FIG. 4. (a) Photo of the STM head.(b) Horizontal (top) and vertical(bot-
tom) cross sections.(1) Sample holder,(2) sample,(3) tip, (4) tip holder
(molybdenum), (5) tube scanner,(6) sapphire prism,(7) tube scanner holder
(macor), (8) shear-piezo stacks,(9) molybdenum leaf-spring,(10) titanium
ball, (11) microscope body(phosphorous bronze), (12) Cernox temperature
sensor, and(13) electrical connector(OFHC copper).
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shear-piezo stacks onto the sapphire prism. We drive the
motor in stick-slip mode of operation54 and achieve a step
width of 25 nm at a voltage of 300 V at base tempera-
ture. The coarse motor is very stable and reliable at low
temperature.

For scanning, a 1/4 in. piezo tube scanner53 (5) with a
length of 20 mm is mounted by use of a macor piece(7)85

into the sapphire prism. For the five electrodes(four seg-
ments on the outer face, one on the inner) we chose copper
instead of the often used nickel to avoid magnetic material.
The maximum scan range with an applied voltage of ±240 V
amounts to 1mm31 mm at base temperature and the
z-range is calculated to be 200 nm.

As STM tips(3), we use thin wires of the desired mate-
rial, which are either mechanically sharpened(Pt/ Ir, Nb) or
electrochemically etched(W) ex situ. The tip wire is then
clamped into the tip holder(4), which itself is stuck into the
tube scanner. By means of a transporter the tip holder can be
safely transferred into the UHV system and inserted into the
STM without danger of damage to the tube scanner as de-
scribed elsewhere.55 Further in situ tip preparation is de-
scribed below.

The STM is operated by commercial control electronics
and software56 with a home-built preamplifier. Both the
sample bias supply and the tunneling current measure-
ment are done fully differentially as outlined by Zügeret
al.57 Tip and sample are connected to the preamplifier
mounted outside the UHV via shielded twisted-pair cables58

containing both signal and reference potential line. This
circuit combines a low capacitive coupling between tun-
neling current and bias, which is important for modulation
techniques, with an effective shielding against electrical
noise. To shield against high frequency noise, all in- and
outputs of the preamplifier are filtered through commercial
T-filters with a cutoff frequency of about 30 MHz. The pre-
amplifier with cables has a total gain of 1 V/1 nA at a band-
width of approximately 5 kHz, and an input current noise of
3 pArms.

D. UHV system

Figure 1 shows a survey of the UHV system composed
of three chambers that are separated by UHV valves. Each

chamber is pumped by a 150, /s ion getter pump including
a titanium sublimation pump, connected to the chambers via
a 100 mm(inner diameter) flange.59 After baking the system
including the UHV tube of the cryostat for about one week,
we reach a base pressure ofp,1310−10 mbar in each
chamber, even with the cryostat at room temperature.

In the central UHV chamber(7), STM tips and samples
can be transferred into and out of the STM. From there, they
are transported between the chambers by means of magnetic
drives (11) and wobblesticks.60 The second UHV chamber
(8) contains several molecular beam evaporators, a room-
temperature STM61 including a resistive heatersTmax

=700 Kd for easy and fast sample characterization and a
combined low-energy electron diffraction(LEED)/Auger-
electron spectroscopy unit.62 The third UHV chamber(9)
contains an ion source for sputtering,63 a gas inlet for gas
dosage, several metal beam evaporators, a quadrupole mass
spectrometer,64 and a home-built electron bombardment
heater for tips and samples withTmax.2400 K assembled on
a commercialx,y,z manipulator.60 By a load lock(12) tips
and samples are easily transferred into the system without
breaking UHV in the main chambers.

1. Variable-temperature magneto-optical Kerr-effect-
setup

The x,y,z manipulator in the third UHV chamber addi-
tionally contains a stage that allowsin situ magneto-optical
Kerr-effect(MOKE) measurements at variable temperatures.
The home-built MOKE setup uses a conventional laser/
detector setup mounted on two viewports outside the UHV
chamber. It includes a 670 nm constant-current stabilized la-
ser diode, a polarizer, al /4 phase shifter, an analyzer, a
color filter, and a photodiode detector. The magnetic field is
generated by a single yoke electromagnet with the coil
mounted outside the UHV chamber. The soft-magnetic
yoke65 is mounted inside the UHV chamber and can be
moved close to the sample surface.

The geometry of the setup is shown in Fig. 5(a). The
sample surface can be moved in polar as well as in longitu-
dinal geometry in order to be sensitive to the out-of-plane
and to the in-plane components of the sample magnetization,
respectively. The imaginary part of the Kerr angle ImFsBd

FIG. 5. (a) Geometry of the MOKE setup. The sample surface in polar geometry is represented by the black line with the surface normal pointing upwards.
In longitudinal geometry the sample surface is represented by the dotted square with the surface normal perpendicular to the sheet plane.(b) Constant-current
image of 1 ML Fe/Ws110d annealed at 800±100 K(I =0.04 nA, V=−0.8 V). The Fe material in excess of 1 ML forms large islands on the closed Fe
monolayer.(c) Hysteresis curves in longitudinal geometry of the sample in(b) measured by MOKE at temperatures close toTC. The magnetic fieldB is
applied along the arrow shown in(b). Thex axis corresponds to the component parallel tof11̄0g.
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is measured by ramping the magnetic field and recording the
output of the detector.66,67We achieve a maximum magnetic
field of 35 mT at the sample position. Due to the restricted
geometry of the UHV chamber, the axis of the yoke has an
angle of 17.2° to the plane of incidence of the laser light.
Consequently, the magnetic field has a small component
(30%) perpendicular to the plane of incidence. Since this
component is parallel to the electric field direction, the cor-
responding magnetization component does not enter into the
measured Kerr angle.

For the purpose of variable temperatures, the sample
holder includes a resistive heater and is coupled to a4He
continuous-flow cryostat68 via flexible copper braids. The
temperature is measured with a Si diode attached to the
sample holder.69 We achieve temperatures between 30 and
450 K.

To test the sensitivity of the MOKE setup, we prepared a
1 ML Fe film on W(110). The W(110) substrate was cleaned
by repeated cycles of heating at 1500 K in an oxygen atmo-
sphere of 5310−7 mbar and subsequent flashing to
2300 K.70 The Fe film was deposited at room temperature
with an e-beam evaporator at a rate of 0.5 ML/min and
was subsequently thermally annealed for 10 min at
800±100 K. During preparation the pressure remained be-
low 2310−10 mbar. The topography of the sample is shown
in Fig. 5(b). The Fe material in excess of 1 ML forms a few
large islands with a height of about 35 ML which cover only
1% of the surface. On the remaining major part of the surface
the substrate is covered with a closed Fe monolayer.71

The Kerr loops measured in longitudinal geometry with

the B-field direction close tof11̄0g are shown in Fig. 5(c).
They are measured on the identical sample of(b) at different
temperatures. We find squarelike hysteresis curves indicating
an easy axis in the film plane. The coercivity field clearly
decreases with increasing temperature. At higher tempera-
tures, the hysteretic behavior vanishes(not shown). It is
known that the Fe monolayer is ferromagnetic with a Curie
temperatureTC well below room temperature. It has an easy

axis pointing inf11̄0g direction.TC can be estimated to be
210 K given the terrace width of 10 nm.72 On the other hand,
Fe islands of the height found here are known to show a
magnetic vortex structure with aTC above room
temperature.11,73 This indicates that the hysteretic signal in
Fig. 5(c) originates from the Fe monolayer and not from the
few islands. From the signal strength, we thus determine that
the MOKE setup can easily resolve a coverage below 1 ML.
Moreover, the experiment shows that the ferromagnetism of
low dimensional structures, usually exhibiting a high coer-
civity field, can be measured with this setup by heating the
sample to aboutTC.

2. Tip preparation for spin-resolved measurements
For spin-resolved STS measurements, the tungsten STM

tips are prepared in situ similarly to previous
experiments.11,45 We typically flash to about 2300 K, then
coat with several monolayers of magnetic material and after-
wards anneal for 5 min at about 500 K. A convenient sample
system to test the magnetic sensitivity of our tips is the vor-
tex domain configuration of Fe islands which are prepared as

described above.11,73 As an example, we show the domain
configuration as measured with an in-plane sensitive tip ob-
tained by coating with 5–6 ML of Fe. Figure 6(a) shows the
topography of the sample and Fig. 6(b) the simultaneously
recorded, spin-resolveddI /dV map of the same area. These
data were recorded at room temperature. We clearly observe
the in-plane domains of the magnetic vortex configuration as
found at 14 K,11 proving that the tip is sensitive to the in-
plane component of the magnetization.

III. EXPERIMENTAL RESULTS AT BASE
TEMPERATURE

The principal tests of our facility concern the stability of
the STM, the spin resolution, and the energy resolution in the
STS mode at base temperature.

A. Z stability

First tests of the STM were performed onin situ cleaved
InAs single crystals. This procedure yields an atomically flat
and largely defect free InAs(110) surface.74 Thez calibration
was performed on step edges that occasionally appear on the
surface.28 The constant-current image on a small length scale
is shown in Fig. 7(a). The dangling bonds of the As atoms
are clearly resolved.75 A line section taken perpendicular to
the atomic rows in Fig. 7(b) reveals an atomic corrugation of
about 30 pm with az-noise level of 5 pmpp. In order to dem-
onstrate the performance in a magnetic field we imaged the
same surface at 4 T as shown in Figs. 7(c) and 7(d). The
z-noise level is still below 5 pmpp.

Note, that these results were obtained at an early stage
with a nonoptimized setup. Up to that time, there was no

FIG. 6. (a) Constant-current image of Fe islands on W(110) measured
with an Fe coated tip.(b) Simultaneously recorded, spin-resolveddI /dV
map showing magnetic vortex states of the Fe islands at room temperature
(Istab=0.3 nA, Vstab=−0.3 V, Vmod=30 mVrms). (c) Line section taken along
the white line in(a).
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sand in the aluminum barrel, no acoustic shielding and only
partial electrical filtering of the STM cables. Thez noise
could further be reduced by optimizing the setup.

B. Spin resolution

To demonstrate our ability to perform spin-resolved
measurements at 300 mK we imaged the stripe-domain
structure of Fe double-layer(DL) nanowires on W(110).45,76

The nanowires are prepared by deposition of 1.5 ML Fe at a
rate of 0.5 ML/min and at a temperature of approximately
500 K. As seen in Fig. 8(a) this procedure results in a grating
of alternating Fe monolayer(ML ) and Fe double-layer(DL)
stripes running parallel to the step edges of the W(110) sub-
strate. In this particular measurement, we succeeded in pre-
paring a spin-sensitive tip by gently touching the Fe surface
with a tungsten tip. Figure 8(b) shows the resulting spin-
resolveddI /dV map recorded simultaneously with the topo-
graphy in (a). A higher resolutiondI /dV map is shown in
Fig. 8(c). We clearly observe the out-of-plane stripe domains
of the Fe DL nanowires which are oriented roughly parallel

to the f11̄0g direction and perpendicular to the dislocation
lines, as found at 14 K.45 Obviously, our tip creates a strong
out-of-plane contrast of about 30%. Fitting the domain-wall
profiles as described by Kubetzkaet al.76 reveals a tip-
magnetization angle of 10° ±10° relative to the surface nor-
mal. The fit results in a domain-wall width of 7±1 nm which
is consistent with the value found at 14 K.76 We want to
point out, that similar to voltage pulses,77 the particular tip
preparation used here is responsible for the out-of-plane sen-
sitivity in contrast to the usual in-plane sensitivity achieved
by coating with several monolayers of Fe as described in
Sec. II D 2.

To our knowledge, these measurements show for the first
time spin resolution in STS measurements at subkelvin tem-
peratures. They demonstrate that the preparation of spin-
sensitive tips could be quite easy at very low temperatures.

C. Energy resolution

To demonstrate the high energy resolution of our STM
we performed STS measurements on NbSe2, a well-studied
layered material that has a superconducting phase transition
at approximately 7.2 K.78 A dI /dV map of the cleaved sur-
face taken at a magnetic field of 0.5 T is shown in Fig. 9(a).
The Abrikosov flux lattice of the type II superconductor is
well resolved. Figure 9(b) showsdI /dV curves measured by
lock-in technique at variable temperatures in zero magnetic
field. The temperature dependence of the superconducting
energy gap can clearly be observed. We see a difference
between the curve measured at 700 mK and the curve mea-
sured at 310 mK, i.e., an earlier onset of nonzero conduc-
tance within the gap. This indicates that our electronic tip
temperature is at least below 700 mK.

Since the superconducting gap of NbSe2 is anisotropic, a
fit to conventional BCS theory is not possible. Therefore we
also measureddI /dV curves on the normal metal W(110)
using a superconducting niobium tip. A similar experiment
using the Au(111) surface is known to yielddI /dV curves
that fit well to BCS theory.79 We used mechanically sharp-
ened, polycrystalline Nb wires with a diameter of 0.8 mm.
The W(110) surface is prepared as described in Sec. II D 1.
After inserting the tip into the STM, we applied voltage
pulses on the W(110) surface to remove the oxide from the
tip. The dI /dV curves are then measured on a clean sample

FIG. 7. (a) Constant-current image taken at 315 mK showing atomic reso-
lution on InAs(110) (unfiltered data,I =0.8 nA, V=−0.9 V). (b) The line
section along the white line in(a) shows a noise level of 5 pmpp. (c), (d)
Same as(a), (b) but in a magnetic field of 4 T(unfiltered data,I =1.5 nA,
V=−1 V). Note that the atomic corrugation is reduced due to a different
microtip. The noise level is still below 5 pmpp.

FIG. 8. Constant-current image(a) and simultaneously recorded, spin-
resolveddI /dV map (b) of 1.5 ML Fe/Ws110d measured with an out-of-
plane sensitive tip(Istab=1 nA, Vstab=0.7 V, Vmod=20 mVrms, T=315 mK).
The Fe overlayer forms alternating monolayer(ML ) and double-layer(DL)
stripes running parallel to the step edges of the W(110) substrate. ThedI /dV
map clearly shows the domain contrast of the DL stripes with the domain

walls oriented roughly alongf11̄0g perpendicular to the dislocation lines
marked in (a). (c) dI /dV map with higher spatial resolution of the area
marked in(b).
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area. Figure 10 shows adI /dV curve measured at base tem-
perature. The superconducting energy gap is clearly resolved.
To determine the electronic temperature of the sample, we
use the standard relation for STMIsVd spectra80–82

IsVd ~ E
−`

`

rsse + eVdrtsedffsse + eVd − f tsedgde s1d

with the sample and the tip density of statesrs andrt and the
corresponding Fermi functionsfs and f t. We assume thatrs is
approximately constant in the small energy range around
EF

83 and use the standard BCS density of states for the tip

rtsed ~ 5 ueu
Îe2 − D2

: ueu . D

0 : ueu , D
6 s2d

with the superconducting energy gapD.84 The detection of
the differential conductivity via lock-in amplifier with a
modulation voltage ofVmod=20 mVrms is then taken into
acount by numerically integrating

dI

dV
sVd ~ E

−p/2

p/2

sina 3 IsV + Î2 Vmod3 sinadda. s3d

The resulting curve is fitted to our data by adjusting the
energy gapD and the temperatureTfit of the Fermi function.
The measured energy gapD depends on the microtip, i.e., it
can change after field emission, as already described by Pan
et al.79 We find that this effect results in a variation of the
gap by approximately ±10%. The fit result is shown in Fig.

10 as a solid line revealing a fit temperature of
Tfit =315 mK and an energy gap ofD=1.23 meV. The same
procedure was carried out for several different measurements
using different microtips and different stabilization currents
resulting in an average sample temperature of
Tfit =350±35 mK. This is only slightly higher than the
sample temperature read from the Cernox sensor on the STM
head indicating that our energy resolution is close to the
thermal limit of 3.3kT=85 meV.
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