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MAGNETIC MICROSCOPY

Real-space imaging of the atomic-scale
magnetic structure of Fe,., Te
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Spin-polarized scanning tunneling microscopy (SP-STM) has been used extensively to
study magnetic properties of nanostructures. Using SP-STM to visualize magnetic order
in strongly correlated materials on an atomic scale is highly desirable, but challenging. We
achieved this goal in iron tellurium (Fe;.,Te), the nonsuperconducting parent compound of
the iron chalcogenides, by using a STM tip with a magnetic cluster at its apex. Our images
of the magnetic structure reveal that the magnetic order in the monoclinic phase is a
unidirectional stripe order; in the orthorhombic phase at higher excess iron concentration
(y > 0.12), a transition to a phase with coexisting magnetic orders in both directions is
observed. It may be possible to generalize the technique to other high-temperature
superconductor families, such as the cuprates.

n many strongly correlated high-temperature
superconductors (HTSCs), the nonsupercon-
ducting parent compound is in an antiferro-
magnetically ordered state, which becomes
superconducting upon chemical doping. This
is true for most of the iron-based HTSCs (7-3) and
for copper oxide-based materials (4). Establishing
the relation between magnetic order and super-
conductivity is thought to be key to understand-
ing the physics of these materials. Magnetic order
in strongly correlated electron materials is usually
observed by means of neutron scattering. Real-
space imaging of magnetic order is possible in
principle with spin-polarized scanning tunneling
microscopy (SP-STM), which has been used exten-
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sively to study magnetic properties of thin films,
nanostructures, and magnetic clusters (5-7). Yet,
application to strongly correlated electron systems
has remained scarce (7). The experimental chal-
lenge lies in identifying a suitable procedure for
preparing a STM tip that yields magnetic contrast.

Iron tellurium (Fey., Te) is the nonsuperconducting
parent compound of the iron chalcogenide super-
conductors, in which superconductivity is induced
by the substitution of Te with 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 (Fig. 1A)] (9-1I). The mag-
netic order sets in at a temperature of ~60 to 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 temperature is reduced,
and the magnetic and structural transitions are
separated (72, 13). At excess iron concentrations
of y > 0.12, the crystal structure becomes ortho-
rhombic (13), and the magnetic order becomes
incommensurate with the lattice (7). The magnetic
structure is distinct from the one found in the
parent compounds of the iron-pnictide super-
conductors. The absence of nesting at the wave
vector of the magnetic order suggests that local
moments and their interactions are important.

Density functional theory (DFT) calculations re-
produce the magnetic structure at y = 0 (14, 15).
Several microscopic Heisenberg models have been
proposed to describe the magnetic order in the
FeTe plane and the spin excitations (15-19), but
mapping onto a Heisenberg model remains con-
troversial (20).

Because of their layered structure, electronic
properties and magnetism in iron-pnictides and
-chalcogenides are quasi-two-dimensional (3),
making them ideally suited for a study by means
of SP-STM. The magnetic interactions in Fe,,, Te
are predominantly two-dimensional within the
FeTe-plane; hence, we consider in the following
only the in-plane component of the magnetic order.

Here, we report an investigation by means of
SP-STM of the real-space magnetic structure at
the atomic scale of Fey,,Te. Our STM data were
obtained with a tip that has a magnetic cluster at
its apex (Fig. 1B) [(2I), section S1B]. In a topo-
graphic image of the sample surface obtained
with a tip that does not yield magnetic contrast
(Fig. 1C), the square lattice can be identified from
its lattice constant as the top-layer tellurium atoms.
Excess iron atoms at the surface show up as bright
protrusions (22-24). The Fourier transform of
the topography clearly shows the peaks asso-
ciated with the tellurium lattice at the surface.
The two nonequivalent spots at qf, = (+1,0) and
a4, = (0,£1) have noticeably different intensities.
A topographic image obtained with a tip that
yields magnetic contrast for the same area as in
Fig. 1C is shown in Fig. 1D. It shows clear stripe-
like patterns superimposed to the atomic lattice.
The stripes result from spin-polarized tunneling
into regions with a spin-polarization parallel or
antiparallel to that of the tip, imaged higher or
lower, respectively. The unidirectional modula-
tion has two major components in the Fourier
transform: The first is a pair of distinct peaks at
wave vectors gary = (+1/2, 0); the second, which
is also seen with a nonmagnetic tip, at qcpw =
(£1, 0) coincides with the atomic peak of the tel-
lurium lattice. Antiferromagnetic or spin density
wave (SDW) order is expected to be accompanied
by a charge density wave (CDW) (25, 26) with twice
the wave vector of the magnetic order (qcpw =
2qary), Which is consistent with our data. A
superposition of a sketch of the magnetic struc-
ture with a topographic image is shown in Fig. 1E.
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The modulation caused by the antiferromag-
netic order was observed consistently over large
surface areas and was never found to switch di-
rection within a domain of the monoclinic distor-
tion in samples with low excess iron concentration
(y < 0.12); only at domain boundaries do the stripes
switch direction (Fig. 1F).

Calculations (fig. S1) [(21), section S1C] show
that in addition to the Fe atoms, the electronic
states at the Te sites are also 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 neighbors.
According to the topographic contrast (up to
~20 pm between equivalent sites), the spin-
polarization of the tunneling current is up to
20%. This would be consistent with the calcu-
lated spin-polarization on either the iron or tel-
lurium atoms when the polarization of the tip is
assumed to be similar to that of an iron-coated
tip (27). The magnetic peaks we observe at qapn
likely contain contributions from both.

To verify that the stripe modulation originates
from spin-polarized tunneling, we performed mea-
surements in magnetic field. Even in the presence
of the field applied almost perpendicular to the

Fig. 1. Magnetic order in FeTe and its detection
in STM. (A) Schematic of the nonmagnetic (dashed
lines) and magnetic unit cell (solid lines) of FeTe.
(Right) The expected pattern in a Fourier trans-
formed topographic image owing to the top-layer
Te atoms, the Fe square lattice, and the magnetic
order. (B) Schematic of spin-polarized STM mea-
surement on FeTe, with a nonmagnetic tip that
has a small magnetic iron or Fey4, Te cluster at its
apex. (C) Topography z(x) of a Fe;.,Te sample
with y = 0.08 acquired with a tip that shows no
magnetic contrast. Excess iron atoms show up as
protrusions (V,, = 60 mV, I; = 200 pA, T = 3.8 K).
The Fourier transform of the topography (right)
Z(q) shows the peaks associated with the Te
lattice at g¥, = (+1,0) and q?e: (0,£1). One pair
of peaks at qgpy (= q%e) shows up with stronger
intensity than the other. (D) Topography acquired
in the same area as (C) with a tip that shows mag-
netic contrast (V, = 60 mV, I; = 200 pA, T = 3.8 K).
The Fourier transform (right) shows additional peaks
associated with magnetic order at qarpv = (£1/2, 0).
(E) Ball model of the top-most tellurium and iron
atoms overlayed on a topographic image. Arrows on
Te atoms indicate calculated spin polarization; ar-
rows on iron atoms indicate the local magnetic
moment obtained from neutron scattering (11).
Because the direction of the magnetization of the
tip is unknown, a magnetic structure with all spins
reversed can yield the same contrast (V, =50 mV,
It =500 pA, T =30 mK). (F) Topographic image of
a twin boundary. The stripes in the two domains are
perpendicular to each other (V,, =150 mV, /s = 30 pA,
T = 30 mK).
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sample surface, the magnetization of the tip is
not perfectly perpendicular to the sample sur-
face, enabling us to probe its in-plane magnetic
texture [(2I), section 1D]. Topographic images
taken at the same location on the surface in
magnetic fields of B = +5T and -5T are shown in
Fig. 2, A and B, respectively. The stripes shift by half
the wavelength of the antiferromagnetic order
upon reversing the direction of the magnetic
field. This can be clearly seen in the line profiles
along the a direction (Fig. 2C, top), which were
obtained from Fig. 2, A and B, by averaging along
the stripes of the modulation (parallel to the b
direction). The magnetic field dependence of the
imaging contrast demonstrates that the stripe
modulation is due to spin-polarized tunneling.
The antiferromagnetic coupling between the spins
on the iron atoms and an appreciable magneto-
crystalline anisotropy of ~0.5 meV/Fe (estimated
from DFT calculations) prevent the spins in the
sample from aligning with the external magnetic
field; the field switches the magnetization of the
apex of the tip only. The atomic registry of the
topographies in Fig. 2, A and B, allows us to sep-
arate magnetic from topographic information and
extract the spin polarization of the tunneling cur-
rent [(21), section S2]. The average of the two

images yields a spatial map of the nonmagnetic
contrast (Fig. 2C, bottom, black line; and 2D),
whereas the difference yields the magnetic con-
trast only (Fig. 2C, bottom, red line; and 2E). The
line profiles in Fig. 2C reveal that the strongest
spin polarization is observed in between the tel-
lurium atoms, indicating that the dominant con-
tribution to the magnetic contrast comes from
direct tunneling to the iron d-states. The appear-
ance of excess iron atoms shows a strong depen-
dence on the spin-polarization of the tip (Fig. 2,
A, B, and F). The topographic height of the excess
iron atoms is directly correlated with the appa-
rent 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
Fig. 2F, top, one imaged high and the other low
at 5T and vice versa at -5T. Assuming that for
both, tunneling occurs predominantly into a mi-
nority state, the spin of the excess iron atoms is
parallel to the one of its three equal-spin neighbors
(Fig. 2G). This is confirmed with DFT calculations,
which show that this configuration is the energet-
ically favorable one and the states at the Fermi
energy are predominantly of minority character
(fig. S2) [(2I), section SIC]. A plot of the spin
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Fig. 2. Field dependence of magnetic
contrast. (A) Topography of Fe,,, Te aty =
0.08 measured at 3.8 K at a magnetic field
of 5T in a direction close to the surface

£ £ Zo ] 5;1_ normal. (B) Topography for the same area as
‘E" ?_E’ 101 in (A) in a magnetic field of =5T (V;, =80 mV,
i) I=) 1 1 It = 100 pA). Images obtained in zero field
% % 01 1 1 before (A) was measured show the identical

410 -104 ' ; : : 30 contrast as the one in (B) (fig. S4A). (C) (Top)
;\? 54 t5 —~ Q ] ( — Line profile along a [data from the white box
= g. 2_" 10 20 E in (A) and (B) were averaged along b] show-
8 01 0 E g8 0 (10 E ing the change in the modulation with the
£ 5] 5 -% %_ 104 0] -% switching of the magnetic field. (Bottom)
2] T 2] ' 9 .10 T Difference (red) and average (black) of the

two line cuts shown at top, representing
spin polarization and topographic height

along the profile, respectively. The spin polarization is obtained as described in (21), section S2. Vertical dashed lines mark positions of largest positive and
negative spin polarization. (D) Average of the images in (A) and (B) showing the topography as it would be obtained with a nonmagnetic tip. (E) Map of spin
polarization obtained from the difference of the images in (A) and (B). (F) (Top) Line cut through a pair of excess iron defects that have different spin-
polarization [taken at light-blue solid line in (A) and (B)]. (Bottom) 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 (pink) on an FeTe layer with the spin-structure
deduced from our data. The excess iron atom is marked Fe-ll. It resides between four tellurium atoms.
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Fig. 3. Temperature dependence of magnetic contrast. (A) Topography of Fe;.,,Te at y = 0.08 recorded at 54 K. (Inset) The Fourier transform of the
topography. The unidirectional modulation is not detected at this temperature (V,, =100 mV, I = 800 pA). (B) Intensity wary :Z(qAFM)/Z(q%) at the wave
vector of the spin density wave garv as a function of temperature. Error bars are obtained from the SD from the mean. Solid red line is a fit of mean field theory

[w(T) = yptanh (g, / TTC -1 ) (35,36)]. (C) Intensity yopy = [Z(qCDW)—Z(q-’ﬁe)]/Z(q‘Tf’e) analyzed from the same data set as (B) at the wave vector of the charge

density wave qcpw as a function of temperature. For the fit in (C), T, was fixed at the same value as in (B).
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polarization across the two excess iron atoms
(Fig. 2F, bottom) shows that the magnetic
contrast found on and near excess iron atoms is
enhanced.

Our data at low temperature show the same
periodicity of the magnetic order as found in
neutron scattering. In order to establish the re-
lation of the magnetic modulation to the magneto-
structural phase transition observed in the bulk,
we studied its temperature dependence. Upon
increasing the temperature, the stripe modulation
disappeared around a temperature 7 of 45 K and
was not observed at 7> 50 K. The Fourier trans-
form of a topographic image taken at 7 = 54 K
(Fig. 3A) shows only the peaks associated with the
Te lattice. To quantify the intensity of the modu-
lation, we used the ratio yymy = 2(qam)/2(d%)
whose temperature dependence shows a trend
consistent with a mean-field behavior with a
critical temperature 7, = 45 K (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 to a loss
of spin-polarization of the tip. This can be clar-
ified by analyzing the CDW modulation, which
accompanies the antiferromagnetic order and
can be detected with both magnetic and nonmag-
netic tips. In Fig. 3C, we plot yepw = [2(dcpw)-
%(q%,)]/&(d?,) forthe same dataas in Fig. 3Basa
function of temperature. It shows a similar tem-
perature dependence as that of yapy; therefore,
the magnetic order at the sample surface sets in
at a lower temperature than in the bulk, where
the transition temperature is 60 to 70 K. A pos-
sible explanation is that the surface Fe,.,Te layer
has only one neighboring layer, as opposed to
two in the bulk.

The magnetic order in Fe,,,Te becomes more
complex with increased excess iron content y
(11, 28). A topographic image obtained on a
sample with y = 0.15 (Fig. 4) reveals stripelike
patterns in both directions, at (+1/2, 0) and (0, £1/2)
in Fourier space (Fig. 4A, inset), coexisting in the

A

same domain of the orthorhombic distortion.
The image reveals nanoscale domains of pre-
dominantly unidirectional stripes coexisting
with regions of bidirectional patterns. These
two-dimensional patterns could be caused by a
superposition between the two unidirectional
modulations or by a transition toward a pla-
quette order, which has been theoretically pre-
dicted to become more important as the sample
becomes orthorhombic (19). The magnetic struc-
ture appears still locally commensurate with the
lattice, but there are phase slips between dif-
ferent nanoscale domains. This can be more clearly
seen from a Fourier-filtered image in which only
the Fourier components associated with the mag-
netic contrast are shown (Fig. 4B).

Our observation of a unidirectional stripelike
magnetic order in the monoclinic phase indi-
cates that the monoclinic distortion suppresses
bidirectional or plaquette magnetic order at low
excess iron concentrations, strongly favoring uni-
directional stripe order. As the lattice constants
in the a- and b-direction approach each other
with increasing excess Fe concentration (71, 29),
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 order
becomes incommensurate. Noncommensurate
magnetic order has also been detected in neutron
scattering at high excess iron concentrations,
showing a shortening of the wave vector asso-
ciated with the magnetic order (11, 28). In our
case, the peak associated with the magnetic order
spreads away from the high-symmetry direction.
Because the material still has an orthorhombic
distortion, the two directions will not have the
same energetics, which raises interesting ques-
tions as to how the magnetic order sets in as a
function of temperature. For high excess iron
concentrations ¥ > 0.12, evidence for an addi-
tional magnetically ordered phase has been re-
ported (13, 28, 29).

-0 =

Fig. 4. Magnetic structure at higher excess iron concentration (y > 0.12). (A) Topography obtained
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 = 1.8 K). 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 (O, +1/2). (B) Filtered image showing the compo-
nents associated with magnetic contrast in different colors in order to visualize the bidirectional stripe order.
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Our work brings into reach the possibility to
obtain real-space images of stripe order in cup-
rates (30-32) and search for magnetic order ac-
companying the spatially modulated electronic
states found in the pseudogap phase (33, 34).
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Editor's Summary

Seeing magnetism on an atomic level

Electrons tunneling from the magnetized tip of a scanning tunneling microscope into the surface
of amaterial can reveal the material's magnetic structure. Although researchers have used the technique
on simple nanostructures, they've had trouble preparing the tip in just the right way to visualize the
magnetic order in more exotic materials. Enayat et al. used atip with a magnetic cluster on its apex to
reveadl patterns of magnetic ordering in the material Fe 1..,,Te, which becomes superconducting by
substituting Te with Se atoms. The researchers prepare& tﬁ/e tip by simply picking up atoms from the
surface of the material.
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