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Cryogenic STM in 3D vector magnetic fields realized through a rotatable
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Spin-polarized scanning tunneling microscopy (SP-STM) performed in vector magnetic fields promises atomic
scale imaging of magnetic structure, providing complete information on the local spin texture of a sample
in three dimensions. Here, we have designed and constructed a turntable system for a low temperature
STM which in combination with a 2D vector magnet provides magnetic fields of up to 5 T in any direction
relative to the tip-sample geometry. This enables STM imaging and spectroscopy to be performed at the
same atomic-scale location and field-of-view on the sample, and most importantly, without experiencing any
change on the tip apex before and after field switching. Combined with a ferromagnetic tip this enables us

to study the magnetization of complex magnetic orders in all three spatial directions.
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I. INTRODUCTION

Spin polarized scanning tunneling microscopy (SP-
STM) is a powerful experimental technique that is ca-
pable of resolving the magnetic structure of a sam-
ple down to the atomic scale. Since the early days
of SP-STM when the ferromagnetic (FM) terraces on
the Cr(001) surface were first observed¥ the technique
has evolved, developing the ability to resolve ever more
complex and exotic magnetic phenomena that occur on
atomic length scales which are invisible to conventional
bulk probing techniques such as neutron scattering. To
name a few, SP-STM has been employed to probe the
magnetization of nanoscale cobalt islands2 to measure
the magnetic hysteresis in FM nanostructures®# and
to study spin-dependent quasi-particle interference™ Re-
cently, SP-STM has also been applied to study strongly
correlated electron materials 0 providing further in-
sights into the exotic phases found in these materials®

SP-STM operating with a vector magnet has been
extensively used to map the local surface spin tex-
tures in different systems, including the chiral mag-
netic order that develops in a Mn monolayer formed on
W(110) 2, the “stripe-like” antiferromagnetic (AFM) or-
der present in iron-based superconducting materials/?,
and the Neél-type AFM order in FeSe thin-film grown
on the SrTiO3(111) surface™ In those works, in order
to map the local surface spin texture of the sample, the
magnetization of the spin-polarized STM tip was manip-
ulated by an applied field. If the magnetic structure of
the sample is unaltered by the applied field, then the
STM tip, which has been polarized along the direction of
the applied field, is able to image the component of the
surface spin texture along the field direction. Provided
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that magnetic fields can be applied along three orthog-
onal directions with respect to the tip-sample geometry,
mapping the surface magnetic structure of a sample in
three directions is possible.

To be able to perform SP-STM measurements one
must first have a spin-polarized tip. There are differ-
ent ways of preparing spin-polarized STM tips X These
include coating a non-magnetic tip (usually made of W or
Ptlr) with a magnetic material, or fabricating a tip
out of a magnetic material I3 The advantage of preparing
spin-polarized tips by coating is that, depending on the
type of the magnetic structure under study, one can form
a spin-polarized tip of different magnetic properties by
choosing the appropriate coating material 912 For ex-
ample by using Fe, a FM tip which can be polarized by an
applied field is obtained™. Alternatively by using Cr an
AFM tip which is capable of imaging magnetic features
that are not robust against applied field is achieved!2.
It is also possible to form a spin-polarized tip out of a
bulk magnetic material ™ This has the advantage of not
requiring a UHV environment but the magnetization of
such a tip may not be trivial to manipulate, which in
turn reduces its versatility for use.

Another method of preparing spin-polarized tips in-
situ is to pick up material from a magnetic sample,
achieved by using voltage pulses or high tunneling current
scanning of the tip across the sample 81415 Our method
of preparing spin polarized tips is to collect either excess
Fe (FM tip) or FeTe clusters (AFM tip) from the surface
of an FeTe reference samplé™®. This method is capable of
producing soft magnetic tips that can be polarized by a
small magnetic field (~ 0.5 T), it can reproducibly pro-
duce spin-polarized tips of different (either FM or AFM)
characters, and after tip preparation, characterization of
the tip can be performed on the same sample.

The working principle of SP-STM is based on the de-
pendence of the tunneling current on the relative ori-
entation of the magnetization of the two spin-polarized
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electrodes: i.e. maximal (minimal) tunneling current is
achieved when the magnetization of the two electrodes
are aligned parallel (anti-parallel) to each other™ As a
result, by imaging the same position on a magnetic sam-
ple twice, first with the tip polarized by a magnetic field
applied along one direction and then with it re-polarized
by a field applied along the opposite direction, the com-
ponent of the surface magnetic structure parallel to the
field direction is then obtained by taking the difference of
the two images. An elegant way to achieve this has been
employed previously by periodically changing the mag-
netization of the tip. In this method, topographic and
spin-dependent parts of the tunneling current are read-
ily separated using a lock-in technique, enabling simulta-
neous acquisition of topographic and magnetic-structure
images..

The capability to apply magnetic field in any direction
relative to the sample in the STM allows for mapping
of the surface spin texture in three dimensions’. 3D
vector magnets have in recent years become commer-
cially available, and the construction of low temperature
STMs with 3D vector magnets™®19 has been reported.
3D vector magnets are however usually rather bulky,
do not allow for arbitrary field vectors in excess of 1T
and often result in rather high helium boil-off due to the
need for six magnet leads. Here, we circumvent these
limitations by the construction of a turntable system,
which, combined with a 2D vector magnet, allows for the
application of arbitrary field vectors of up to 5T relative
to the sample. In this way we demonstrate imaging of
the same atomic-scale location of the sample with the
same tip for different field orientations, evidencing the
viability of this approach.

1. STM INSERT

The cryogenic insert and STM head of our vector mag-
net STM are constructed based on the design of White
et al?0. As shown in Figure [1} the STM head is made
of sapphire which, owing to its high stiffness at com-
paratively low mass, yields a high resonance frequency,
leading to excellent mechanical vibration isolation of the
tunneling junction, as well as good thermal conductivity.
The non-magnetic nature of sapphire also makes it ideal
as a building material for the STM head to minimize the
influence of the magnetic field.

Inside the assembly, an STM tip, usually made of W or
Pt/Ir wire, is placed on top of a piezoelectric scanner tube
housed in a sapphire prism. Coarse motion of the STM
tip along the vertical direction is realized using a Pan-
style piezo motor?!. Fine motion of the STM tip along
three orthogonal directions is then achieved by careful
application of voltages to each of five electrodes of the
scanner tube. The STM assembly is then placed in a
vacuum-sealed cryogenic insert housed in a liquid helium
cryostat equipped with a 2D vectormagnet. With the use

of a 1K pot cooling system, the STM head can be cooled
down to a temperature of ~ 1.6 K. Conventionally, the
cryogenic insert is bolted to the cryostat and sealed by a
viton gasket.

Different from the sample plate of a typical STM head
constructed as outlined by White et al20, the sample
plate provides four separate electrical contacts to the
sample (see Fig. . Apart from standard STM operation,
this also allows for simultaneous transport measurement
as well as providing flexibility for more complex devices
to be measured using the STM.

Pristine, atomically flat surfaces are prepared by
in-situ sample cleaving at ~20 K20, achieved by using
a smart sample cleaving mechanism located at the
middle part of the cryogenic insert. Sample transfer is
performed using a differentially-pumped manipulator.
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FIG. 1. (a) Computer rendering of the cryogenic insert. Inset:
zoom-in drawing of the internal part of the insert that houses
all the STM electronics and the 1K pot cooling mechanism
through which a base temperature of ~ 1.6 K is achieved. (b)
Computer rendering and photograph of the STM measure-
ment head. Its body is made of sapphire, which provides high
thermal conductivity and a high resonant frequency, the lat-
ter of which prevents the transmission of low frequency noise
to the tunnel junction. (c) Photograph of the STM setup with
a pictorial representation of the maximal fields that can be
applied along the in-plane and out-of-plane directions by the
2D vectormagnet.

I1l. TURNTABLE

The 2D vectormagnet of our instrument is a two coil
Maxes MX-2 Magnet system?2. This allows for the appli-
cation of magnetic fields of +9 and £5 T along the verti-
cal (B ) and horizontal (B)) directions respectively (see
Fig.[3p). As demonstrated in the schematics in Fig. [3h,
by applying fields in both directions at the same time,
application of a magnetic field of 5 T pointing to any
direction on a vertical circular orbit can be achieved.
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FIG. 2.  (a) Computer rendering of the Aluminum oxide
sample plate of the STM head. The sample plate provides four
independent electrical contacts to the sample which allows for
a variety of different measurements to be carried out on the
sample. Furthermore it also provides scope for the insertion of
future devices. (b) Photograph depicting the modified sample
plate.

Coupling this with the rotation of the cryogenic insert
relative to this orbit (see Fig[Bp) it is possible to apply
a field of up to 5T in any given direction relative to the
sample under study.
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FIG. 3. (a) Schematic showing the applicable fields relative
to the STM head that can be applied by the unmodified vec-
tormagnet. (b) Schematic showing how the STM insert is
rotated with respect to the fixed in-plane field.

To realize the rotation of the insert, without loosing
the atomic-scale position and maintaining the same
tip apex, we have constructed a turntable device to
rotate the insert while protecting it from any sudden
mechanical shocks as would almost certainly occur
if the insert was lifted for rotation as well as ensure
proper sealing of the insert to the cryostat to prevent
helium loss. As shown in Fig. [d] the turntable device
comprises three main parts: the top and bottom plates,
and the main gear. The main gear, comprising of a pair
of half rings with teeth on the outer peripheries and
rotation scale markers at the top, is slotted onto the
top flange of the cryogenic insert. Instead of having the
cryogenic insert bolted directly to the magnet dewar
it is inserted into the LHe cryostat through a sliding
seal and made Helium tight by a viton O-ring between
the insert and the cryostat. The insert is then held in
position by sandwiching it between the top and bottom
plates of the turntable that are bolted to each other.
The bottom plate is welded to the top of the magnet
dewar beforehand. Rotation of the cryogenic insert
is then achieved by rotating the main gear through a

set a small gears using a crank handle positioned on
the top plate. This provides a rotation resolution of 0.5°.
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FIG. 4. (a) Assembled turntable mechanism. (b) Exploded
computer rendering showing the relationship of the different
parts of the turntable.

With this setup, the cryogenic insert, and hence the
STM assembly, can be rotated freely along the azimuthal
direction relative to the direction along which the in-
plane magnetic field is applied, while everything remains
coaxial with each other. As such, by combining the use
of the turntable system with the application of the in-
plane and out-of-plane fields of the 2D vector-magnet,
the application of a magnetic field that points along any
direction with respect to the sample in the STM assembly
is achieved.

The operating procedure of the turntable setup is
as follows: first, the tip is taken out of tunneling and
retracted by about 150 nm; then, the STM insert is
rotated by a desired angle with the use of the turntable;
last the tip is brought back to tunneling conditions
and measurement is resumed. Despite mechanically
moving the STM head in the field, for changes of the
angle on the order of tens of degrees the scanned area
of our STM experiences a lateral shift of only a few nm
during this process, requiring only minor adjustment of
the scan area to acquire images in the same location.
This is likely due to only very small Eddy-current
heating, as the field change is rather minor, as well as a
consequence of the STM head being entirely made out
of non-magnetic materials 20
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FIG. 5. (a) 15 x 15 nm? STM images of the Fe;.osTe surface taken at an in-plane field of +1 T. Inset: schematic of the unit
cell of the surface FeTe layer, where green and gold spheres represent the top and bottom Te atoms and brown spheres the Fe
atoms. Red and blue arrows represent the spins of the iron atoms pointing up or down, respectively, in the bi-collinear AFM

order. (b), as

(a), recorded after the STM insert was rotated by 60° from its original azimuth. Both images were taken using

a FM spin-polarized tip, at 1.6 K (U = 0.1V, I = 50pA). (c¢) Difference image formed by subtracting the image in (a) by that
in (b), showing the difference in magnetic contrast between the two field directions.

IV. PERFORMANCE

To demonstrate operation of this turntable system and
that the design criteria are met, we show here STM im-
ages obtained on the surface of iron tellurium (Fe;,Te,
where x = 0.06), the non-superconducting parent com-
pound of iron chalcogenide superconductors. As shown
in the ball model in the inset of Fig. B, Fej osTe ex-
hibits a bi-collinear stripe magnetic order with wave vec-
tor g = (1/2,0,1/2). Imaging of the magnetic order of
Feq4,Te in STM was previously reported by Enayat et
al®® When the sample is imaged with a nonmagnetic tip,
the Te atoms at the topmost layer dominate the image
contrast, leading to a square atomic lattice showing up
in the image. However, when a magnetic tip is used, the
contrast of STM images contains contributions from the
magnetic order of the sample. The magnetic order man-
ifests itself as stripes running along the crystal b-axis in
STM images. The intensity of these stripes is dependent
on the relative spin orientation of the tip and the sam-
ple. By rotating the applied magnetic field, achieved here
by rotating the insert, we thereby change the spin orien-
tation of the tip with respect to the sample and hence
the intensity with which the magnetic order is imaged
changes.

Figures fp-b show two STM images of the Fejy,Te
surface obtained using our turntable setup with a
magnetic tip apex. Methods for sample growth and
preparation were described elsewhere®. The magnetic
tip apex was prepared by picking up some excess Fe
atoms from the surface of Fe;,Te. Both STM images
were recorded in the presence of a +1 T in-plane field.
However, one image (Fig. ) was collected at a turntable
angle at which the STM assembly is aligned parallel
to the field direction, while the other (Fig. fb) was
obtained at a different turntable angle at which the STM
assembly is 60° away from the field direction. Both STM
images exhibit stripes, confirming the magnetic nature

of the tip. However, after rotation of the turntable, the
spin-polarized component of the tunneling current has
become weaker (as evident from the difference image
in Fig ) Such change arises from the change in the
angle between the magnetization of the spin-polarized
tip and the AFM order of the Fej ggTe sample. Most
importantly, before and after rotation, the STM tip does
not experience any change, and the same atomic scale
area on the surface can be found with only minimal drift
of the tip position on the order of ~ 1 nm that develops
as a result of the rotation.

V. SUMMARY

In conclusion, we have designed and constructed a
turntable system which, when employed together with
a low temperature STM installed in a 2D vectormagnet,
allows for full rotation of the STM with respect to the
applied in-plane field whilst preserving the STM tip and
scanned location on the sample. Altogether these enable
the full mapping of surface magnetic structure in three
dimensions. Our setup thus provides a way to increase
the achievable vector magnetic fields for low temperature
scanning tunneling microscopy.
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