Real Space Imaging of the Atomic-Scale Magnetic Structure of Fe;,Te
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Abstract

High temperature superconductivity, both in cuprate as well as iron pnictide materials, occurs in close
proximity to magnetically ordered phases, indicating an intimate relationship between the two. While
the undoped parent compounds often exhibit antiferromagnetic order, commensurate with the crystal lat-
tice, at increased doping, more complex, often incommensurate, magnetic orders have been detected. Up
to now, most information on the magnetic structure of strongly correlated electron systems has been ob-
tained by neutron scattering. Here we demonstrate real space atomic scale imaging of the magnetic struc-
ture of iron tellurium (Fe; 1, Te), the non-superconducting parent compound of the iron chalcogenides,
by low temperature scanning tunneling microscopy. Our images of the magnetic structure reveal that
magnetic order in the monoclinic phase is truly a unidirectional stripe order, whereas in the orthorhom-
bic phase at higher excess iron concentration (y > 0.12), a transition to a phase with coexistence of

magnetic order in both directions, locally reminiscent of a plaquette order, is observed.
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A recurring theme in strongly correlated high temperature superconductors is that a non-
superconducting parent compound, which is in an antiferromagnetically ordered state, becomes
superconducting upon doping the material. This is true for most of the iron-based high tem-
perature superconductors (HTSC) (/-3) and for copper-oxide based materials (4). Establishing
the relation between magnetic order and superconductivity is believed to be key to understand-
ing the physics and the mechanism of high temperature superconductivity in these materials.
Magnetic order in strongly correlated electron materials is usually obtained by neutron scatter-
ing, where it shows up as magnetic scattering peaks. Real space imaging of magnetic order is
possible with spin-polarized scanning tunneling microscopy (SP-STM), which has been used
extensively to study magnetic properties of thin films, nanostructures and magnetic clusters
(5-7). Despite its potential, especially for visualizing the transition from the magnetically or-
dered parent compound to the superconducting state, characterization of atomic scale magnetic
structure in strongly correlated electron materials and, in particular, materials relevant for high
temperature superconductivity has not been achieved so far by SP-STM (7).

Feq4,Te is the non-superconducting parent compound of the iron chalcogenide supercon-
ductors, in which superconductivity is induced by substitution of Te by Se (8). The parent
compound exhibits a bicollinear stripe magnetic order with a wave vector (1/2,0, 1/2) (defined
in the two iron unit cell, see Fig. 1A) (9-11). Magnetic order sets in at a temperature of around
60 — 70 K, accompanied by a structural phase transition, with the structure changing from
tetragonal to monoclinic. With increasing concentration y of excess iron, the transition temper-
ature is reduced and the magnetic and structural transitions are separated (/2, 13). At excess
iron concentrations y > .12, the crystal structure becomes orthorhombic (/3) and the magnetic
order becomes incommensurate with the lattice (/7). The magnetic structure is remarkably dif-
ferent from the one found in the parent compounds of the iron-pnictide superconductors. The

absence of nesting at the wave vector of the magnetic order suggests that local moments and



their interactions are important. Due to their layered structure, electronic properties and mag-
netism in iron-based materials are quasi two-dimensional (3) — making them ideally suited
for a study by SP-STM. Because the magnetic interactions in iron tellurium are predominantly
two-dimensional within the FeTe-plane, in the following only the in-plane component of the
magnetic order will be considered. The experimental challenge lies in identifying a suitable
procedure for preparing an STM tip which yields magnetic contrast.

While DFT calculations reproduce the magnetic structure at y = 0 (/4, 15), mapping onto
a Heisenberg model remains controversial(/6). Different microscopic Heisenberg models
have been proposed to describe the magnetic order in the FeTe plane and the spin excitations:
Heisenberg models including up to third nearest neighbour interactions (15, 17, 18) capture
the bicollinear spin order (10, 11), whereas accounting for quantum fluctuations favors spin

plaquettes of four nearest neighbour iron atoms (19, 20).

In this paper, we report an investigation by SP-STM of the real space magnetic structure
at the atomic scale of the non superconducting parent compound, Fe;,Te, of the iron chalco-
genide superconductors. Our data, obtained with a tip which has a magnetic cluster at its apex
(see Fig. 1B), reveals a unidirectional bicollinear magnetic stripe order at low excess iron con-
centration y and a transition towards bidirectional incommensurate magnetic order at high ex-
cess iron concentrations y > 0.12.

Fey4,Te has alayered crystal structure in which the iron chalcogenide layers are only weakly
bound by van-der-Waals interactions, yielding natural cleavage planes. A topographic image of
the sample surface with atomic resolution is shown in Fig. 1C. The square lattice can be identi-
fied from its lattice constant as the top layer tellurium atoms. Excess iron atoms at the surface
show up as bright protrusions (2/-23). The Fourier transform of the topography clearly shows

the peaks associated with the tellurium lattice at the surface. The two non-equivalent spots as-



sociated with the tellurium lattice at q%, = (£1,0) and g%, = (0, £1) have noticeably different
intensities. A topographic image obtained in the same place as the one in Fig. 1C with a tip
which yields magnetic contrast is shown in Fig. 1D. It shows clear stripe-like patterns super-
imposed to the atomic lattice. The stripes are due to spin-polarized tunneling into regions with
a spin-polarization parallel or antiparallel to that of the tip, imaged higher or lower, respec-
tively. The Fourier transform of the topography reveals an additional pair of peaks with half the
wave vector compared to the atomic peaks (compare also sketch in Fig. 1A). The unidirectional
modulation has two major components in the Fourier transform: the first is a pair of distinct
peaks at wave vectors garpy = (£1/2,0), the second, which is also seen with a non-magnetic
tip, at gcpw = (%1,0) coincides with the atomic peak of the tellurium lattice — and is still
clearly noticeable by the intensity difference compared to the other peak related to the Te lat-
tice (g%, = (0,=41)). Antiferromagnetic or spin density wave (SDW) order is expected to be
accompanied by a charge density wave (CDW) (24, 25) with twice the wave vector of the mag-
netic order (i.e. qcpw = 2qarm), consistent with our data. A superposition of a sketch of the
magnetic structure with a topographic image is shown in Fig. 1E. The modulation due to the
antiferromagnetic order was observed consistently over large surface areas and was never found
to switch direction within a domain of the monoclinic distortion in samples with low excess iron
concentration (y < 0.12) — only at domain boundaries do the stripes switch direction (Fig. 1F).

Calculations (details see Suppl. Mat. S1E, Fig. S2) show that besides the Fe atoms, also
the electronic states at the Te sites are strongly spin-polarized in the vicinity of the Fermi level,
with the direction of the induced magnetization of the Te atoms being in plane and in opposite
direction to the spin of the three equal-spin iron neighbours. Based on the topographic contrast
(up to ~ 20pm between equivalent sites), the spin-polarization of the tunneling current is up to
20%. This would be consistent with the spin-polarization found on either the iron or tellurium

atoms in the calculation and that of an iron-coated tip (26). The magnetic peaks we observe at



dar likely contain contributions from both.

To verify that the stripe modulation originates from spin-polarized tunneling, we have per-

formed measurements in magnetic field. Fig. 2A and B show topographic images taken at the
same location on the surface in magnetic fields of B = +5T and —5T, respectively. The stripes
shift by half the wave length of the antiferromagnetic order on reversing the direction of the
magnetic field. This can be clearly seen in the line profiles in the upper panel of Fig. 2C which
have been obtained from Fig. 2A and B by averaging along the stripes of the modulation (par-
allel to b), resulting in a profile of the modulation along a. The magnetic field dependence of
the imaging contrast demonstrates that the stripe modulation is due to spin-polarized tunneling.
Because the sample has only a small net magnetization, the magnetic field switches the magne-
tization of the tip only.
The atomic registry of the topographies in Fig. 2A, B allows us to separate magnetic from topo-
graphic information and extract the spin polarization of the tunneling current (see Suppl. Mat.
S2). The average of the two images yields a spatial map of the non-magnetic contrast (black line
in lower panel of Fig. 2C, map in Fig. 2D), whereas the difference yields the magnetic contrast
only (red line in lower panel of Fig. 2C, map in Fig. 2E). Close inspection of the line profiles in
Fig. 2C reveals that the strongest spin polarization is observed in between the tellurium atoms.
Hence the dominant contribution to the magnetic contrast comes from direct tunneling to the
iron d-states.

The appearance of excess iron atoms shows a strong dependence on the spin-polarization of
the tip, as can be seen from Fig. 2A, B and the line cut shown in Fig. 2F. The topographic height
of the excess iron atoms is directly correlated with the apparent height of the trough between
two rows of Tellurium atoms, both switching their apparent height with field. Line cuts through
two defects with opposite spin polarization are plotted in the upper panel of Fig. 2F, one imaged

high and the other low at 5T and vice versa at —5T. Assuming that for both tunneling occurs



predominantly into a minority state, the spin of the excess iron atoms is parallel to the one
of its three equal-spin neighbours (compare Fig. 2G). This is confirmed by DFT calculations,
which show that this configuration is the energetically favourable one and the states at the Fermi
energy are predominantly of minority character (see Suppl. Mat. S1E, fig. S3). A plot of the
spin polarization across the two excess iron atoms (Fig. 2F, lower panel) shows that the magnetic
contrast found on and near excess iron atoms is enhanced.

While our data at low temperature shows the same periodicity of the magnetic order as found
in neutron scattering, in order to establish its relation to the magneto-structural phase transition
observed in the bulk we studied its temperature dependence. On increasing the temperature,
the stripe modulation disappeared around a temperature 7' of 45 K and was not observed at
T > 50 K. A topographic image taken at 7' = 54 K is displayed in Fig. 3A. The Fourier
transform (inset in Fig. 3A) shows only the peaks associated with the Te lattice. To quantify
the intensity of the modulation, we used the ratio W apy = Z(qarm)/Z(q4,) of the amplitude of
the Fourier component at the wave vector of the magnetic order Z(qapm) With the amplitude of
the (weaker) atomic peak z(qf,). Figure 3B shows the temperature dependence of W py;. The
trend is consistent with a mean-field behavior with a critical temperature 7. = 45 K (solid line
in Fig. 3B). A priori it is not clear whether the disappearance of the magnetic contrast is related
to the transition to the paramagnetic phase of the sample or due to a loss of spin-polarization
of the tip. This can be clarified by analyzing the CDW modulation which accompanies the
antiferromagnetic order which is also detected with a non-magnetic tip. In Fig. 3C, we plot
Wepw as a measure for the intensity of the peak at qcpw = q7, as a function of temperature.
The asymmetry of the intensity of the atomic peaks shows the same temperature dependence
as the intensity of the peak at qapn, therefore it is really the magnetic order of the sample
which is suppressed. The transition temperature in the bulk (60 — 70 K) is somewhat larger. A

possible reason for this is that the surface iron-tellurium layer has only one neighbouring layer



as opposed to two in the bulk.

The magnetic order in Fe;, Te becomes more complex with increased excess iron content
y (11, 27). Figure 4A shows a topographic image obtained on a sample with higher excess
iron concentration (at y = 0.15). In contrast to measurements taken on samples with lower
excess Fe concentration, the topography reveals stripe-like patterns in both directions, i.e. at
(£1/2,0) and (0, £1/2) in Fourier space (inset of Fig. 4A), coexisting in the same domain of the
orthorhombic distortion. The image reveals nanoscale domains of predominantly unidirectional
stripes coexisting with regions of bidirectional patterns. These two-dimensional patterns could
be due to a superposition between the two unidirectional modulations or due to a transition
towards a plaquette order, which has been theoretically predicted to become more important
due to quantum fluctuations as the sample becomes orthorhombic (20). As can be seen from the
real space picture, the magnetic structure is still locally commensurate with the lattice, however,
there are phase slips between different nanoscale domains. This can be more clearly seen from a
Fourier-filtered image where only the Fourier components associated with the magnetic contrast
are shown (Figure 4B).

The picture which emerges from our measurements is that at low excess iron concentra-
tions, the magnetic order is commensurate and locked with the monoclinic distortion of the
lattice. In Heisenberg models incorporating interactions up to the third nearest neighbour, this
has been rationalized by anisotropic coupling between nearest and next-nearest neighbour iron
spins (/7) or by the influence of orbital ordering on the magnetic couplings (/8). Our obser-
vation of a unidirectional stripe-like magnetic order in the monoclinic phase indicates that the
monoclinic distortion suppresses bidirectional or plaquette magnetic order at low excess iron
concentrations, strongly favouring unidirectional stripe order. As the lattice constants in the
a- and b-direction approach each other with increasing excess Fe concentration (71, 28), we

observe both directions of the magnetic order near (1/2,0) and (0, 1/2) coexisting in the same



domain of the sample with patches reminiscent of plaquette order. Further, the magnetic or-
der becomes incommensurate. Non-commensurate magnetic order has also been detected in
neutron scattering at high excess iron concentrations, showing a shortening of the wave vector
associated with the magnetic order (//, 27). In our case the peak associated with the magnetic
order spreads away from the high symmetry direction. As the material still has an orthorhombic
distortion, the two directions will not have the same energetics. This raises interesting ques-
tions as to how the magnetic order sets in as a function of temperature. For certain excess iron
concentrations, there is evidence from neutron scattering and x-ray diffraction for an additional
magnetically ordered phase at higher temperatures (13, 27).

In summary, we have carried out spin-polarized low temperature STM experiments on
Fe,,Te crystals with iron concentrations from y = 0.08 to 0.15 to characterize the atomic
scale spin structure by spin-polarized tunneling. We found a commensurate unidirectional stripe
modulation at low excess iron concentration, with a transition to coexistence of the two almost
equivalent directions of the stripe order and patches reminiscent of plaquette order at larger ex-
cess iron concentrations. The observation of magnetic structures on the atomic scale in parent
compounds of high temperature superconductors brings the possibility into reach to obtain real
space images of stripe order in cuprates (29—37) and search for magnetic order accompanying

the spatially modulated electronic states found in the pseudogap phase(32, 33).
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FIG. 1: Magnetic Order in FeTe and its detection in STM. (A) Schematic illustration of the non-
magnetic (dashed lines) and magnetic unit cell (solid lines) of FeTe. The panel to the right shows the
expected pattern in a Fourier transformed topographic image due to the top-layer Te atoms, the Fe square
lattice and the magnetic order. Axis are in units of 27 /a and 27 /b for ¢, and g, respectively. (B)
Schematic of spin-polarized STM measurement on FeTe, with a non-magnetic tip which has a small
magnetic iron or iron tellurium cluster at its apex. (C) topography z(x) of a Fe;,,Te sample with y =
0.08, acquired with a tip which shows no magnetic contrast, excess iron atoms show up as protrusions
(Vy =60 mV, I; = 200 pA, T = 3.8K). Next to the topography, its Fourier transform z(q) is displayed,
showing the peaks associated with the Te lattice at q%, = (+1,0) and g%, = (0, £1). One pair of peaks,
marked qcpw (= q7,,) shows up with stronger intensity than the other; (D) topography acquired in the
same place as C with a tip which shows magnetic contrast (V;, = 60 mV, I; = 200 pA, T' = 3.8K) with
its Fourier transform, showing beside the peaks due to the Te lattice as in B additional ones associated
with magnetic order at gapm = (£1/2,0). (E) Ball model of the top-most tellurium and iron atoms
with the spin structure determined from neutron scattering overlayed on a topographic image. Arrows
on Te atoms indicate spin polarization as obtained from calculations, on iron atoms the local magnetic
moment (because the direction of the magnetization of the tip is unknown, a magnetic structure with all
spins reversed can yield the same contrast). Image taken at T' = 30 mK, V}, = 50 mV, I; = 500 pA).
(F) Topographic image of a twin boundary. The stripes in the two domains are perpendicular to each

other (1" = 30 mK, V;, = 150 mV, I; = 30 pA).
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FIG. 2: Field dependence of Magnetic Contrast. (A) Topography measured at 3.8K at a magnetic field
of 5T in a direction close to the surface normal, (B) topography taken in the same place in a magnetic
field of —5T (V}, = 80mV, I; = 100pA). Images obtained at zero field before the topography in A was
measured show the same contrast as the one shown in panel B (see Fig. S4A). (C) Upper Panel: Line
profile normal to the modulation (averaged along the modulation (parallel to b) in the white box in A and
B) showing the change in the modulation with magnetic field, lower panel: difference (red) and average
(black) of the two line cuts shown in the upper panel, representing spin polarization and topographic
height along the profile. The spin polarization is obtained as described in Suppl. Mat. S2. Vertical
dashed lines mark positions of largest positive and negative spin polarization. (D) average of the two
images in A and B showing the topography as it would be obtained with a non-magnetic tip. (E) map
of spin polarization obtained from the difference of the two images in A and B. (F) upper panel: line
cut through a pair of excess iron defects which have different spin-polarization (taken at light-blue solid
line in A and B), lower panel: profile of spin polarization (red) and topography (black) along the line cut
(light blue solid line in D and E). Vertical dashed lines mark positions of the two excess iron atoms. (G)
Model of an excess Fe atom on an FeTe layer with the spin-structure deduced from our data. The excess

iron atom is marked Fe II. It resides between four tellurium atoms.

FIG. 3: Temperature dependence of Magnetic Contrast. (A) topography recorded at 54 K. Inset
shows the Fourier transform of the topography. The unidirectional modulation is not detected at this
temperature (V, = 100 mV, I; = 800 pA). (B) Intensity Uapn = Z(qarm)/ E(q?re) at the wave vector
of the spin density wave gapm as a function of temperature. Error bars are obtained from the standard
deviation from the mean. Solid red line is a fit of mean field theory (¥(7") = ¥otanh(3,/Zs — 1)
(34, 35)). (C) Intensity Ycpw = (Z(acpw) — 2(d%,))/Z(db,) at the wave vector of the charge density
wave qcpw as a function of temperature. The fit in C has been done by fixing 7¢ to the same value as in

B.
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FIG. 4: Magnetic Structure at higher excess iron concentration (y > 0.12). (A) topography ob-
tained from a sample with high excess iron concentration (y = 0.15), showing stripe modulation in two
directions superimposed (V;, = 100 mV, I; = 100 pA, T' = 1.8K). A large part of excess iron has
been picked up by the tip, leaving an almost clean Te-terminated surface. Inset: Fourier transform of the
topography showing peaks associated with magnetic contrast around (+1/2,0) and (0, £1/2). (B) Fil-
tered image showing the components associated with magnetic contrast in different colours to visualize

the bidirectional stripe order.
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S1. MATERIALS AND METHODS

A. Single crystal growth and characterization.

Single crystals of FeTe were grown by the Bridgman technique from high purity (4N)
materials (S1). Data in the monoclinic phase has been obtained on three samples with
different excess iron concentrations of y = 0.07 — 0.13 as determined by Energy-dispersive
X-ray spectroscopy (EDX) analysis. Superconducting quantum interference device (SQUID)
characterization of the magnetization of the samples shows the magnetostructural phase
transition between 60 and 67 K. The behavior of the magnetic phase transition as function
of excess iron is consistent with the previously published phase diagram (52). The data
in Fig. 4 has been obtained on a single crystal with excess iron concentration y = 0.15
as determined from EDX and the magnetic phase transition at 62 K measured in SQUID
magnetometry. We occasionally observe inhomogeneity in the distribution of the excess
iron atoms in STM images, which is likely due to excess iron having been picked up by
the tip of the STM (see, e.g., Fig. 4A - which shows only very little excess iron despite a
concentration of y = 0.15).

In samples with excess iron concentration y < 0.12, the monoclinic distortion of the lattice
can be detected as a slight difference in the positions of the atomic peaks, further, due to
the monoclinic distortion, boundaries between different domains reveal a surface angle, as
shown in Fig. 1F. The tilt angle between the two surfaces is 1.46°, close to what is expected

from X-ray diffraction (S3).

B. STM Experiments

Experiments were performed in two home-built low temperature STMs, one operating at
temperatures down to 10 mK (54) and one with a base temperature of 1.5 K (55), both in
cryogenic vacuum. Samples are prepared by in-situ cleaving at low temperatures. We used
STM tips cut from Ptlr and Vanadium wire, which have subsequently been prepared by
field emission on a Au(111) single crystal (Vanadium tips did not show a superconducting
gap anymore after sufficient field emission). Bias voltages are applied to the sample, with

the tip at virtual ground.



Prior to performing experiments on Fe;,,Te samples, we performed field emission on a
gold single crystal. After inserting the Fe;,,Te samples into the STM head, tips have been
prepared either by soft indentation into the sample, picking small clusters of FeTe up,
and/or scanning at large current or small bias voltage to collect excess Fe atoms from the
surface. Pick-up of clusters of FeTe usually results in nanometer sized holes in the surface.
The majority of images obtained following either one of the tip preparation methods show
magnetic contrast. Images shown in fig. 1D and fig. 2A, B have been taken with a tip

following pick-up of excess iron atoms only.

C. Magnetic Field

Magnetic fields are applied normal to the sample surface, negative fields point along the
surface normal. While it is surprising that at a magnetic field of 5T normal to the surface,

we can still detect magnetic contrast, there are likely a number of factors enabling this:

e Shape anisotropy of the magnetic cluster at the tip: if, e.g., its easy axis is at ~ 45° to
the field direction, the magnetization of the tip will still maintain an (albeit small) in-
plane component even under 5T out-of-plane field (see, e.g., Ref. (56) for parameters

for iron nanoparticles).

e Magnetocrystalline anisotropy: the chemical composition of our tip apex is only rather
poorly known, there are materials with large spin-orbit coupling (Au, Pt, Ir, potentially

Te) which could induce a sizeable magnetocrystalline anisotropy

e Due to a small tilt in the surface (for images in fig. 2 on the order of 3° in the direction
of the stripes), the magnetic field is not exactly normal to the surface, but has a small

in-plane component with respect to the magnetic structure.

D. Data processing
1. Topographies

Topographies shown in the manuscript show raw data, apart from a rotation to align the

lattice in the same way for each figure and subtraction of a plane from the data. In some



cases, line average have been subtracted to remove non-linear backgrounds. Topographies
shown in fig. 1 and 2 have been cropped from larger topographies (see fig. S1). Topographic
images analyzed for the temperature dependence shown in Fig. 3B and C have been taken

with bias voltages between 100mV and 300mV.

B

oM |70 o[
height (pm) amplitude

FIG. S1: Topography with and without magnetic contrast. (A) Topography without mag-
netic contrast and (B) corresponding Fourier transform. (C) topography with a tip showing
magnetic contrast in same field of view as A. (D) Fourier transform of C. The images shown in fig.
1C and D have been cropped from the ones shown here. A and C are shown with the same height
scale, for B and D the intensity scale has been adjusted to match the colour scheme in Fig. 1A

(V, = 60 mV, I; = 200 pA, T = 3.8K, image size: 13.9 x 13.9nm?).



2. Fourier Transforms

Images showing Fourier Transforms show the modulus of the amplitude of the Fourier
components, using a Bartlett (or triangular) window function to reduce edge effects. The
Fourier transforms in Fig. 1C, D have been cropped to highlight the main features, the full
scale Fourier Transforms are shown in Fig. S1. The only further processing applied to the
Fourier transforms is adjusting the colour scale, which has been done to make the colours

match the colours in the schematic of the Fourier transform in fig. 1A.

E. DFT calculations

Spin-polarized band structure calculations were performed in the local spin density
approximation (LSDA) using the Perdew-Wang (S57) parameterization for the exchange-
correlation potential. The linear muffin-tin orbital (LMTO) method (S8) was used. Details
of the implementation of the LMTO method can be found in Ref. (59). We used the ex-
perimental monoclinic low temperature crystal structure of Fej gz6Te (5S10) but neglected
the small excess of Fe(2) ions. In agreement with the neutron scattering data the lowest
total energy for bulk FeTe was found for double-stripe magnetic order with the ordering
vector (1/2,0,1/2) and the Fe spin moment of 2up directed along the b axis, i.e., along

ferromagnetic (FM) Fe chains.

1. Slab Calculation

Surface effects were simulated by performing calculations for a slab in which two consec-
utive FeTe layers in a 1 x 1 x 8 supercell of the monoclinic P2;/m structure were replaced
by empty spheres. No attempt to relax atomic positions at the surface was made. For sim-
plicity we considered the double-stripe magnetic order in the ab plane and FM order along
the ¢ axis of the slab. A half of the slab is shown in Fig. S2a. The key result is that there
is substantial spin polarization on the tellurium atoms, hence if the tip is spin-polarized,
magnetic contrast can be expected even if there was no contribution from direct tunneling
to the Fe d-orbitals to the current. The spin polarization at the Fermi level on Fe and Te
atoms with opposite magnetization has the same polarity, as it is due to minority electrons

on Fe and due to majority electrons on Te.



The term spin-polarization used in the main manuscript in the context of the calculations

py(Er)—pt(EF)
py(Er)+pr(EF)

polarized tunneling the spin-polarizations as given in the figures S2 and S3 can give a rough

refers to the spin-polarization of electrons at the Fermi edge, i.e. For spin-

estimation only of whether or not a magnetic contrast can be expected - because the spin-

polarization of the current will sensitively depend on the overlap with tip states.
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FIG. S2: DFT calculations (A) Slab used for DFT calculations with magnetic structure obtained
drawn on top. As can be seen the spin on Te atoms is opposite to the three nearest Fe atoms. (B)
Projected spin-resolved density of states (PDOS) for Te p-states, green solid curve is for Te atoms
on the vacuum side of the iron layer, blue solid line for the Te atoms on the bulk side. (C) PDOS
for Fe d states, with grey solid curve showing the PDOS for Fe atoms whose nearest neighbour Te
atom is at the surface and red where it is on the bulk side. (the Fe-Te bonds are not all the same
length due to the monoclinic distortion, the bond to the nearest Te atom is indicated by a slightly
thicker blue line for each Fe atom). It can be clearly seen that substantial spin-polarization near
the Fermi level exists not only for the Fe states, but also for the Te states. The Te p-states exhibit

a spin-polarization of ~ 60% at the Fermi energy, the Fe d states of ~ 52%.



U}
o

Fe; d

= Fe

T .Te

z = Fe,
()
o LJ’# *

o

0
@
9
[ J
DOS (1/eV/atom)

Energy (eV)

FIG. S3: Magnetic Coupling of Excess Fe Impurities (A) Supercell used to calculate the
coupling of excess iron impurities to the iron square lattice. The calculation has been performed
with the spin on the excess iron impurity either parallel or antiparallel to the three equal-spin
nearest-neighbour iron atoms, yielding an energy difference of 140meV favouring ferromagnetic
coupling. This rather strong coupling also explains why the magnetic field does not change the
magnetization of the excess Fe impurities. (B) Spin-polarized density of states at the excess Fe

atom. Excess iron atoms have a spin-polarization of ~ 53%.

2. Impurity Calculation

We have performed calculations for an interstitial Fe impurity, placing it at the posi-
tion determined previously by X-ray diffraction (see EPAPS of Ref. S10), the supercell is
shown in fig. S3A. The projected density of states is displayed in fig. S3B. The calcula-
tions yield a strong ferromagnetic coupling of the spin of the excess iron atoms to the three
equal-spin nearest-neighbour iron atoms in the iron square lattice, with the ferromagnetic
spin alignment with the three equal-spin neighbours being ~ 140meV more favorable than

antiferromagnetic alignment.

S2. EXTRACTING THE SPIN-POLARIZATION

From the height difference Az between equivalent sites of opposite magnetization, the

spin polarization of the tunneling current can be obtained from (S11)

emAz -1

P(Az, k) = (S1)

ekAz +1
With a work function of ®; ~ ®; ~ 5eV (and k = 2,/75(P¢ + ®5)) and a height difference of

up to 20pm, we obtain a spin-polarization of the tunneling current of up to 25%. Assuming
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a spin-polarization of the tip states of 44% which has been obtained for iron coated tungsten
tips (S12), the polarization in the surface is up to ~ 50%. This provides only a rough
estimate, as our tips are now coated with a thin layers of iron, but will have some irregularly
shaped iron cluster, in some cases with FeTe, at their apex.

Using a Taylor expansion for 2% to first order, we obtain
K
P(Az, k) ~ §Az. (52)

This is valid for KAz < 1. For typical work functions, x ~ 2.3A71, and height differences
of 20pm between oppositely polarized regions, the error stays well below 5% of the spin
polarization. Therefore the height difference between images obtained with a tip with op-
posite spin polarization in the same place is proportional to the spin polarization of the
current. Knowledge of x as extracted from Fig. S4E allows us to generate a map of the spin

polarization as shown in Fig. 2E.
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FIG. S4: Magnetic field dependence. (A) Topography taken in the same place as Fig. 2A,
B at zero field (40 x 40nm?, V, = 80mV, I; = 200 pA, T = 3.8 K); (B) Fourier transform, the
peak associated with magnetic order is marked by an arrow; (C) large scale image from which the
one in Fig. 2D has been extracted; (D) Fourier transform of C showing that the peak associated
with magnetic order (the position is marked by an arrow) is gone (though in some places hints
of the magnetic contrast can still be seen, due to not perfect alignment). Height scale for A and
C is the same as in Fig. 2A, B, D; (E) I;-Az curve for the same tip which was used to acquire
topographies in A and Fig. 2A, B, to extract « - allowing to obtain quantitative information about
the spin polarization of the tunneling current. The fit (red solid line) is for aexp (kAz), yielding
k=197A7" (corresponding to @5 + &, = 7.41eV, see section S2). Az is the change of tip-sample

distance relative to the tunneling setpoint at V;, = 80mV and I; = 200pA.
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FIG. S5: Imaging of different domains (A) Topography across two different domains, acquired
with a tip where the spin polarization is in-plane, coincidentally parallel to the spin-polarization in
the right part of the topography (61 x 61nm?), (B) is a derivative in the horizontal direction of the
topography to better visualize the modulation in the two domains. (C, D) images cut out from
the topography in A in the two different domains, left and right respectively as indicated by red
squares (25 x 25nm?). The magnetic contrast can only be clearly seen in D. This is also evidenced
in the FFTs of C and D, shown in (E) and (F): only in F the modulation at gapy shows up, while
the one at qcpw can be seen in both domains. The tip has sufficient resolution to yield atomic
resolution and resolve the CDW in both domains with similar intensity, so the different contrast

at gapm 18 not a consequence of tip shape or sharpness (E, F are shown with the same intensity
11

scale).
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