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Disordered two-dimensional ferromagnetism at the surface of FeSi
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FeSi is a curious example of a d-electron system that manifests many of the same phenomena associated
with f -electron Kondo insulators, including conducting surface states with potentially nontrivial topology. Here
we investigate the magnetization and magnetotransport of these surface states and how a 2D ferromagnetic
state at the surface of FeSi influences the surface conductivity. We confirm the 2D ferromagnetism via a
systematic study of magnetization on groups of filtered fragments with increasing surface area-to-volume ratios,
identifying characteristic temperatures and magnetic fields associated with the ordered state. The paramagnetic
to ferromagnetic transition appears broadened, suggesting disorder, which allows spin fluctuations to manifest
up to at least 9 T at 2 K. This highlights the need to understand the relation between the disorder of the 2D
ferromagnetism and the surface conductivity in FeSi.

DOI: 10.1103/PhysRevB.110.134416

I. INTRODUCTION

The notion that metals and insulators are opposite and
distinct electronic ground states of materials is so intuitive
that even those with nontechnical background can appreciate
the dichotomy. This familiar concept loses its stable footing
in the face of topological insulators [1] in which the bulk is
a fully gapped insulator, but the unique character of the band
structure gives rise to metallic surface states. The introduction
of strong electron correlation between localized f moments
and bulk conduction electrons via Kondo hybridization can re-
sult in systems known as topological Kondo insulators (TKI)
[2], in which even the bulk ground state changes from a high
temperature metal to a low temperature insulator with the
opening of an energy gap at the Fermi energy.

FeSi is an example of such a system in which strong
electron correlations change the ground state, although its
classification as a TKI has been controversial [3–5] as it is
not clear if the 3d electrons of Fe can serve the analogous role
of f electrons in rare earth Kondo materials [6–10]. It is a
nonmagnetic bulk insulator when cooled below room temper-
ature [11], crosses over to a magnetic bulk metal with unusual
phonon softening when heated above it [12,13], but can
also exhibit evidence of metallic behavior again at very low
temperatures [14,15]. Recent scanning tunneling microscopy
(STM) experiments [16] have investigated the nature of the
conducting states and found striking resemblances to the TKI
material SmB6 [17,18] which hosts conducting surface states.
We recently confirmed that the electrical transport is confined
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to the surface below ∼10 K [19], but it is unclear if it is a
metallic 2D electron gas surface state [15] or an insulating
variable range hopping one [19], depending on whether the
sheet conductivity is more or less than the 2D Mott-Ioffe-
Regal limit of ∼ e2/h [20]. It is also interesting to investigate
how disorder drives such a transition [21–24]. In fact, the
low temperature electrical resistivity of FeSi appears to vary
substantially across its long publication history [15,16,25–
35] both qualitatively in apparent functional form and quan-
titatively by a few orders of magnitude. With confirmation
that the low temperature transport is surface dominated,
it motivates an investigation of the magnetic properties of
the surface. There have been reports of ferromagnetism in
nanowires [36], but it was not clear if the magnetic order
was 2D until recent thin film work [37]. It is also unclear
how a 2D ferromagnetic order interacts with the conductive
surface states and how disorder may play a role between the
two, although interest in such reduced dimensional scenar-
ios remains [38–40]. True 2D ferromagnetic (FM) order is
comparatively rare in isotropic systems and is not expected
to be stable in the presence of thermal fluctuations owing to
the Mermin-Wagner theorem [41]. The recent discovery of
field-controllable 2D van der Waals magnetism in monolayer
Cr2Ge2Te6 is a notable exception [42], but the phenomenon
remains rare outside of interface or proximity engineering
approaches.

In this work we present magnetotransport results that dis-
play evidence of a 2D FM state at the surface of FeSi,
despite the low-temperature bulk being nonmagnetic aside
from impurities [43]. We confirm the existence of the 2D
ferromagnetism by careful measurements of magnetization as
a function of surface-to-volume ratio controlled by fragment
sizes, which allows signatures of surface magnetic moments
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to be observable from an otherwise bulk measurement tech-
nique. The 2D ferromagnetism exhibits broad transitions,
which can be taken as signatures of disorder or reduced di-
mensionality induced spin fluctuations, which may be a factor
previously unaccounted for in the sheet conductivity of the
surface states in FeSi.

FeSi crystals were grown using a variety of methods,
including Sn flux [15], Te flux [19], and chemical vapor trans-
port with iodine as transport agent [31]. Single-crystal x-ray
diffraction using Bruker D8Venture w/ PhotonIII diffractome-
ter was performed on each variety, showing that all species
result in extremely high quality bulk crystallinity, with final
R f between 1.0%–1.3% and lattice constant a between 4.4817
Å–4.4824 Å at T = 220 K. For this study, Te flux samples
were utilized in this study because of their large size and
to compare with our previous work [19]. Electrical magne-
totransport was measured in a commercial cryostat using a
four-terminal Au Corbino disk deposited on the [111] surface,
which was polished with 0.3 µm Al2O3 slurry to prevent sub-
surface cracks. Magnetization measurements were performed
with a commercial SQUID magnetometer using a quartz
rod and GE varnish in order to minimize diamagnetic back-
ground. Crystals of FeSi were broken apart using blunt force
and the resulting fragments filtered using sieves with square
meshes of successive opening sizes of 850, 212, 150, 106, 75,
and 30 µm.

II. EXPERIMENT

The signatures of 2D ferromagnetism in FeSi are observ-
able via different experimental probes as shown in Fig. 1. The
longitudinal transport in Fig. 1(a) shows 2D sheet conduc-
tivity (σ2D) vs transverse magnetic field (H) measured using
the Corbino geometry described above. In the temperature
(T ) range investigated, σ2D decreases with decreasing T (i.e.,
dρ2D/dT < 0), although this should not be used to conclude
that the surface states are insulating rather than a metallic
2D electron gas [44,45]. The inset shows the four-terminal
Corbino geometry and associated equations to extract σ2D

from the transport measurements. For all temperatures shown,
the 2D magnetoconductivity is positive, which is not expected
from the Lorentz force on a 2D electron gas, but is suggestive
of a suppression of scattering due to spin fluctuations with
increasing field. Upon closer examination of the change in σ2D

[�σ2D(H ) = σ2D(H ) − σ2D(0)] at low H in Fig. 1(b), we ob-
serve hysteretic behavior between downsweeps (left pointing)
and upsweeps (right pointing) of H . The hysteretic behavior
is also observable in transverse resistivity (ρxy) vs H (current
along +y, voltage along +x) as a low-H anomalous Hall effect
(AHE) [46] in Figs. 1(c) and (d), although we emphasize
that quantitative interpretation of ρxy in the presence of a 2D
surface channel and a 3D bulk channel has some subtleties
[47] that are beyond the scope of this work. The zero-field
extrapolated AHE (ρA

xy) vs T and the normal Hall coefficient
(RH ) vs T shown in the insets is from linear fitting ρxy(H )
between 4 T and 9 T. The sign of RH is holelike (p-like)
throughout the entire temperature range.

A relation is apparent between the onset temperature of
non-zero ρA

xy and a maximum of RH that correlates with the
crossover from bulk-dominated to surface-dominated elec-
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FIG. 1. Signatures of FeSi surface ferromagnetism in low tem-
perature 2D conductance (σ2D) taken via a four-terminal Corbino
geometry on a [111] surface vs field (H ) with H ⊥ I (a). The in-
sets show the contact geometry and associated equations to obtain
σ2D. The change in σ2D [�σ2D(H ) = σ2D(H ) − σ2D(0)] (b) showing
hysteretic behavior with left-pointing symbols as downsweeps and
right-pointing symbols as upsweeps of H . Transverse resistivity (ρxy)
vs H exhibiting low-H anomalous and large-H normal Hall effects
(c) with normal Hall coefficient (RH ) vs T in the inset. Low-H view
of ρxy showing hysteretic behavior of Hall effect (d) alongside the
anomalous Hall resistivity (ρA

xy) vs T in the inset.

trical transport that we observed previously [19] and bears
similarity to the same crossover in SmB6 [47]. The hysteretic
behavior of the surface ferromagnetism observed in Fig. 1(d)
is unable to be observed at larger temperatures once the
transport is completely shorted by the bulk above 20 K, a
limitation that measurements of magnetization (M) can over-
come. To this end we show the main results of this work in
Fig. 2 as M/H vs average fragment size 〈L〉 filtered through
successive sieves. [〈L〉is approximated by the midpoint be-
tween two sieve mesh openings that define a particular 〈L〉
(i.e., 〈L〉= 50 µm are fragments caught by the 30 µm sieve
but passed through the 75 µm sieve)]. Even at 300 K, the
measured moment at 0.1 T systematically increases as 〈L〉
decreases and hence total surface area increases. The 2 K
results also not only increase with increasing surface area,
but show a widening difference between field-cooled (FC) and
zero field-cooled (ZFC) results that is fully consistent with FM
order. The 7 T results are nearly independent of 〈L〉 at 300 K,
which demonstrates the the bulk magnetic behavior is still
present. The inset shows the M vs H at 2 K taken from intact
crystals with 〈L〉= 3000 µm as reasonably linear at low H , but
the upsweeps and downsweeps at the smallest 〈L〉= 50 µm
have clear FM hysteretic behavior consistent with the surface
transport results and are indicative of 2D ferromagnetism at
the surface of FeSi.

The difference between FC and ZFC magnetization (�M)
vs T is plotted in Fig. 3, demonstrating a drastic evolution
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existence of surface magnetic moments distinct from the bulk. The
2 K data exhibits asymmetry between field-cooled (FC) and zero
field-cooled (ZFC) measurements and is indicative of a surface fer-
romagnetic state at low temperatures. The 7.0 T data is independent
of fragment size and is mainly from the bulk moments. The inset
shows the M vs H for the intact crystals (〈L〉= 3000 µm) and the
〈L〉= 50 µm fragments.
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ments with the inset showing features used to define tentative
transitions from the M/H vs T data. The labeled phases are P (para-
magnetic), C (tentative conical state), and S (tentative helical state).
The minimal suppression of T ∗ with H above 0.1 T suggest and that
fluctuations persist, likely in a disordered state given the mismatch
between T max

ZFC and T ∗.

from small to large fields. As the bulk of FeSi is weakly
paramagnetic, this subtraction allows any and all bulk contri-
butions to be eliminated. At low fields we observe a difference
between FC and ZFC results owing to the surface ferro-
magnetism, but at the largest fields the bulk paramagnetism
contributes significantly to the measured moment, as evi-
denced by the 7 T / 300 K data in Fig. 2. These results demon-
strate that careful measurements of magnetization on a collec-
tion of small FeSi crystal fragments at low fields allow investi-
gation of a surface FM state that exists on top of a bulk crystal.

A T -H phase diagram based on the 〈L〉= 50 µm frag-
ments is constructed in Fig. 4 with the inset showing how
the defining features are identified from M/H vs T results.
The regions are labeled as P (paramagnetic), C (tentative
conical), and S (tentative helical) in keeping with the magnetic
phases typical to the 3D magnetically ordered cousins of FeSi
[48–50], although the true microscopic nature of these phases
will require more investigation. The presence of a zero field
anomalous Hall effect and hysteresis loops in our data are
inconsistent with the S phase being a true helical phase, as
such a state has zero net moment at zero H . This is observed
experimentally in the anomalous Hall effect of Fe1−xCoxSi
[51] that exhibits no hysteresis loops owing to the lack of a
zero field spontaneous moment to the helical phase [52,53].
We emphasize that this phase diagram averages over all crys-
tallographic directions, but owing to the cubic symmetry the
anisotropy should be minimal and only minor changes in
phase boundaries are expected [50]. The signatures associated
with the S phase (T −

ZFC and T +
ZFC) only appear during a ZFC

measurement, while the C phase is the only ordered phase
present for a FC measurement, consistent with a report on
3D magnetically ordered Fe1−xCoxSi [50] in which the helical
phase is a metastable phase. The overall evolution of the phase
boundaries with field, as defined by T ∗ and T max

ZFC , indicate an
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FIG. 5. The surface magnetic moment (MS) vs H at T = 2 K in
units of μB/Fe (a) or estimated scaling per surface area in units of
μB/a2 (b) as described in the text with a=4.48 Å as the FeSi lattice
constant. Hysteretic behavior is observed in the insets with a coercive
field on the order of ∼ 0.1 T, comparable to the magnetotransport
results. The surface moments do not completely saturate, even up to
7 T, and suggests remnant ungapped spin fluctuations.

unusually slow approach to a field polarized state and suggests
that spin fluctuations persist to larger field.

The presence of these fluctuations manifest in the 2 K
surface magnetization (M2D) shown in Fig. 5(a) for a few
〈L〉 values, which is obtained by subtracting the bulk M(H )
from the initial intact crystals (〈L〉= 3000 µm). The hysteretic
behavior is resolvable in the low-field data (inset) and is
consistent with the surface transport results in Fig. 1. There
is a hierarchy with the smaller particle sizes (more surface
area) having larger M2D(H ), consistent with this being a 2D
surface magnetism. In order to scale magnetization from units
of M/Fe atom to M/unit cell surface area with lattice constant
a = 4.48 Å , we postulate that

M2D(μB/a2) = M2D(μB/Fe) ∗
(

4
Fe

a3

)
∗ 〈L{a}〉

6
, (1)

in which the factor of 4 Fe/a3 converts to magnetization per
unit cell volume (4 Fe atoms per unit cell volume a3), and
the factor of 〈L{a}〉/6 in units of a is the volume-to-surface
area ratio of a cube of size 〈L〉 or a sphere of diameter
〈L〉. We emphasize that the fragments are not uniform aspect
ratio, and in addition Eq. (1) makes no correction for the
fraction of fragment surface area normal and perpendicular

to applied H nor other demagnetization effects, and hence
Eq. (1) has some quantitative inaccuracy. Nevertheless, it is
remarkable that the three data sets scale fairly well as shown
in Fig. 5(b). As a consistency check, a surface magnetization
of 100 µB/a2 ± 40 µB/a2 alongside an assumed Fe moment
of ∼2.2µB (dependent of course on exact oxidation state and
other microscopic details) implies that the top 11 ± 5 unit
cell layers contribute to the surface moment, a reasonable
result given the aforementioned inaccuracies of Eq. (1), the
inherent error on fragment size/geometry, the possibility of
minor contribution from naturally occurring Fe oxide [54].
Recent thin-film results in Ref. [37] used polarized neutron
reflectivity to conclude that the ferromagnetic layer is capable
of being only 3 Å thick, which is just shy of the FeSi lattice
constant, but this thickness, net surface magnetic moment, and
easy axis may be tunable in thin films [55,56] and could natu-
rally be different from the surfaces of our bulk FeSi crystals.

III. DISCUSSION

The existence of a 2D FM state at the surface of FeSi
has been postulated based on experiments on thin-film FeSi
[37,57], nanowires [36], an AHE [31,51], and recent mi-
crowave signatures [58] alongside angle-resolved MR [59]
in Sn flux-grown needles. This study, however, is the first
conclusive demonstration of surface magnetism residing at
the surface of bulk nonmagnetic FeSi crystals via direct mag-
netization. In our case, the low temperature range of the
transitions is unusual; for the aforementioned thin films and
nanowires the magnetic transitions were observed to occur as
high as ∼200 K without doping, whereas here the transitions
are below 100 K, but still higher than ∼30 K transition in
3D Fe1−xCoxSi [50]. Disorder is a possible reason for our
suppressed transition temperatures in Fig. 4 and otherwise
broad transitions in Fig. 3. In particular, the transition tem-
peratures of clean systems almost universally behave in a
concave-down manor when suppressed by an external param-
eter (field, pressure, doping) [60]. The main phenomena that
can break this trend is disorder and the concave-up behavior
of our phase boundaries with H suggests that the P-phase
in Fig. 4 is not a paramagnetic state, but rather exhibits
similarities to a Griffiths phase [61,62]. This is reflected in
our MS vs H in Fig. 5 by a lack of saturating behavior. In
fact, 80 K magnetization data (not shown for brevity) is not
paramagneticlike and is qualitatively similar to the 2 K results,
albeit with zero coercive field and larger diamagnetic back-
ground distortions owing to smaller overall moment, which
indicates FM character still persists in our P-phase, even if
it lacks long-range order. The source of this disorder is an
open question, but possible candidates include standard point
defects observable on broken surfaces in STM [16], although
it could be subtle off stoichiometry of the FeSi crystal [26,63],
which may result in slight crossoccupancy of the Si site by
the extra Fe as observed in Co1+xSi1−x [48]. It is an open
issue as to why these defects have minimal influence on the
bulk behavior, but drastic influence to the surface behavior,
and perhaps is a signature of Kondo breakdown on the surface
[64]. The single crystal XRD results could find no evidence
for bulk disorder nor significant crossoccupancy between Fe
and Si and, hence, the exact disorder remains a mystery. The
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alternative is that the spin fluctuations are due entirely to the
reduced dimensionality at the surface, but this neglects the
history of transport measurements on FeSi.

How disorder, the 2D magnetism, and surface transport
correlate is an open question, especially given the proposed
topological nature of surface states in FeSi [2] (although other
explanations for the bulk ground state exist [3–5]). While
surface-based transport in FeSi at low temperatures was only
recently confirmed [15,19], the long history and variation
of transport behavior of FeSi [15,16,19,25–35] suggests
low-temperature transport of FeSi varies excessively without
any intuitive explanation. Some of the aforementioned results
exhibit saturation of resistivity in the low temperature limit
while others continue to become more insulating, depending
on the presence/absence of inflection points in ρ(T ) and vari-
ations in apparent activation energies. Our work suggests that
the 2D magnetism at the surface now needs to be considered
in any description of the surface transport behavior of FeSi.
The notable outlier among FeSi transport results are the Sn
flux-grown crystalline needles [15,58,59] in which not only is
σ2D suggested to be an order of magnitude greater than our Te
flux-grown crystals, perhaps ∼80 e2/h at 2 K, but also exhibits
clean metallic behavior (i.e., dρ2D/dT > 0). It is a pressing
issue if the 2D magnetism in Sn flux-grown FeSi crystals has
significantly less disorder or is otherwise different. Although
other TKI systems have signatures of 2D ferromagnetism
at very low temperatures, which was exploited to confirm
1D quantized conductance channels [65], it seems unique
in the FeSi system as the ferromagnetism occurs at a much
higher temperature scale than the onset of the surface states
in transport. Predictions of FM order in atomically thin layers
of the related compound Fe2Si [66] suggest possible extrinsic

origins of the magnetism in FeSi, although no evidence of this
phase has been found in the highest quality FeSi surfaces [16].

IV. CONCLUSION

We have demonstrated the existence of a 2D ferromagnetic
state at the surface of bulk crystals of FeSi and its impact
on the surface electrical transport. Despite a weak coercive
field on the order of ∼ 0.1 T at 2 K, the 2D ferromagnetism
does not appear to fully polarize and the suppression of spin
fluctuations contributes to a positive transverse sheet magne-
toconductivity up to at least 9 T. This is supported by our
measurements of the surface magnetization, which show no
indications of saturation up to 7 T at 2 K. It is an open question
as to the topological nature of the surface states, but it still
provides reasonable sheet conductivity in excess of 1 e2/h, de-
spite the 2D ferromagnetism exhibiting signatures of disorder,
which suggests that the surface state is still a 2D electron gas
rather than a localized hopping system. The relation between
the disorder of the 2D ferromagnetic state and the surface
electrical transport is now a necessary consideration for under-
standing the d-electron topological Kondo insulator candidate
FeSi and it drastically varying surface transport results over
the decades.
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