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Magnetic insulator/topological insulator heterostructures have been studied in search of chiral
edge states via proximity induced magnetism in the topological insulator, but these states have
been elusive. We identified MgAlg.sFeq1.504/BizSesbilayers for a possible magnetic proximity effect.
Electrical transport and polarized neutron reflectometry suggest a proximity effect, but structural
data indicate a disordered interface as the origin of the magnetic response. Our results provide
a strategy via correlation of microstructure with magnetic data to confirm a magnetic proximity

effect.

The emergence of magnetism via a proximity effect has
been exploited in many low dimensional materials, in-
cluding ultra-thin film and 2D materials. By doing so,
one can realize magnetic properties in these materials not
observed in the bulk nor achievable via doping or func-
tionalization. Magnetic proximity effects (MPEs) have
been studied in magnetic heterostructures for many ap-
plications including spintronics [1], valleytronics [2], and
topological phenomena [3]. Crucial to the observation of
a theoretically predicted MPE is an abrupt interface with
little to no interdiffusion or interface roughness. Non-
idealities at the interface can give rise to behaviors that
appear to be a MPE [4].

There is significant interest in realizing magnetic topo-
logical insulators (TIs) at elevated temperatures by MPE
with a known ferromagnet since bulk magnetic TI phases
have thus far been limited to low temperatures. Topo-
logical insulators are characterized by conduction along
non-dissipative helical edge states (or surface states in the
case of 3D TIs) while the bulk of the material is insulating
[5]. By making TTs magnetic, these helical edge states are
transformed to chiral edge states as time-reversal sym-
metry is broken and a gap is opened at the Dirac point.
Magnetic TIs exhibit the quantum anomalous Hall ef-
fect (QAHE), where the longitudinal resistance drops to
zero as the Hall resistance approaches the conductance
quantum [6]. This dissipation-less longitudinal resistance
both at zero field and high field is significant for potential
zero-loss devices [7].

At present this phenomenon has only been observed at
low temperature, primarily in magnetically doped TIs.
The QAHE was first observed in Cr-doped (Bi,Sb);Tes
at 30 mK, and has since been seen in magnetically-doped
TTIs like Cr- or V-doped (Bi,Sb)sTes at temperatures up
to 2 K [8-10]. The inherent gap inhomogeneity induced
by magnetic doping is believed to suppress the temper-

ature at which the QAHE is observed. Therefore, to
observe the QAHE at higher temperatures, many have
tried to induce a magnetic proximity effect in TIs with
an adjacent ferromagnet.

The QAHE has been observed in one magnetic insu-
lator/topological insulator heterostructure thus far: a
Zn,_,Cr,Te (ZCT)/(Bii—,Sby)2Tes (BST)/ZCT stack
at 30 mK [11]. Common techniques used to confirm
the magnetic proximity effect in the absence of observ-
ing the QAHE include Hall effect and polarized neu-
tron reflectometry (PNR) measurements. In Hall effect
measurements, an anomalous Hall resistance associated
with spontaneous magnetization has been seen in a num-
ber of ferromagnetic insulator/T1 layers for ferromagnets
with both in-plane and out-of plane anisotropy, includ-
ing CI‘QGGQTG6/TL Y3Fe5012/TI, ngFe5012/TI, and
LaCoOs3/TT bilayers [12-17]. Others have used PNR to
detect magnetism induced in the TT layer in systems such
as EuS/BisSes[18, 19]. However, in all these FI/TI het-
erostructures, there has yet to be definitive evidence of
the QAHE at elevated temperatures.

In this letter, we have synthesized thin film bilayers
of MgAly 5Fe; 504, a magnetic insulator, with BisSes to
understand electrical transport measurements and polar-
ized neutron reflectometry in the context of a MPE in
BisSes. In addition, we use local structural character-
ization to obtain a complete description of the system.
Nonlinear Hall effect data can be interpreted as signa-
tures of an anomalous Hall effect or conduction of mul-
tiple carrier types. Magnetic profiles deduced from PNR
data are consistent with either a MPE induced in BisSes
or a disordered layer at the interface. However, x-ray re-
flectivity and transmission electron microscopy indicate
an interfacial layer between the FI and T1 consistent with
interdiffusion at the interface rather than a MPE in the
BisSes. Together, our results indicate that careful char-



acterization of microstructure is essential in identifying a
magnetic proximity effect in a topological insulator.

13 nm of MgAly 5Fe; 504 (MAFO) was grown on as-
received (001) oriented MgAl,O4 (MAO) single crystal
substrates via pulsed laser deposition. Deposition details
can be found in previous work [20, 21]. Subsequently,
BiySes was deposited after ex situ transfer to an MBE
chamber. The BisSes thickness was fixed at 8 nm, a
thickness which exhibits strong characteristics of surface
states but is sufficiently thin that the bulk states do not
overwhelm electrical measurements. Details of growth
can be found in the Supplement [22].

Electrical transport measurements were carried out to
explore signatures of a magnetic proximity effect in these
bilayers. We confirmed all electrical current was flowing
through the BisSes layer by measuring the temperature
dependent resistivity of the bilayer, which follows the ex-
pected temperature dependence for BisSes (seen in the
Supplement [22]). We performed Hall effect measure-
ments at a variety of temperatures. In general, a Hall
effect signal is comprised of contributions from the ordi-
nary Hall effect (OHE) due to the deflection of charge
carriers by the Lorentz force as well as the anomalous
Hall effect (AHE), which can have intrinsic and extrinsic
origins [23]. The OHE leads to a Hall resistance propor-
tional to the concentration of electronic carriers that may
come from multiple bands. Materials with long range
magnetic order exhibit an AHE that is attributed to
the spontaneous magnetization and can be understood
in terms of intrinsic and extrinsic (side-jump and skew
scattering) factors.
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FIG. 1. Nonlinear Hall signal that remains after high field
linear background subtraction for (a) a MAFO/BisSes bilayer
and (b) Bi2Ses on an MAO substrate.

The Hall data initially looks linear [22]. We would ex-
pect any anomalous Hall resistance to be quite small com-
pared to the ordinary Hall resistance, since the BisSes
Fermi energy is far away from the Dirac point [24]. To
separate the possible contributions to the Hall effect sig-
nal, we fit the high field Hall data (6 T - 8 T) to a line,
corresponding to the ordinary Hall resistance. This lin-
ear fit is subtracted out of the data (see Supplement for
details [22]). The remaining signal shows a large non-
linear contribution as a function of magnetic field. This
signal, seen in Fig. 1(a), is around 2.5 2 at 2 K and de-
creases monotonically with increasing temperature. We

consider two possible origins of this nonlinear signal- the
AHE due to induced magnetism in the BisSes or a carrier
from a second band contributing to the OHE. To deter-
mine whether this nonlinear behavior can be attributed
to the BizSes film itself or a MPE, we performed Hall
effect measurements on an 8 nm BisSes film grown on an
MgAl;O4 substrate. The BisSes film in the control sam-
ple has the same lattice parameter as the BisSes layer in
the bilayer sample since MAFO is coherently strained to
MAO. Therefore the BisSes layers in both samples have
qualitatively the same structure.

In the control BizSes/MAO sample, we find the same
nonlinearity in the Hall effect with a slightly higher re-
sistance (7.5 ) as seen in Fig. 1(b). This difference
in magnitude is attributed to typical sample to sample
variation in BisSes carrier concentration. We fit the data
from the control sample to a two-carrier model (Eq. 1
in [22]). While this model is not well constrained, the fit
estimates n; ~ 2.4 x 103 cm™2, ny ~ 1.3 x 10'? cm~2,
w1 ~ 700 cm?/Vs, and ps &~ 1600 cm?/Vs. These values
are similar to what has been reported in other studies of
BiySes on a variety of substrates (Si, CdS, and Al;O3)
and is attributed in these studies to the coexistence of
carriers from surface conduction and carriers from bulk
conduction [25-29]. However, it is possible this nonlin-
earity results from charge transfer or band bending at the
spinel/BisSes interface. Due to the variation in carrier
concentration from sample to sample, it is not feasible
to subtract out the contribution from multiple carriers
in the Hall effect signal coming solely from the BisSes to
see if there is an induced anomalous Hall contribution in
bilayer samples. Additionally, since the MAFO magneti-
zation does not show hysteresis in an out-of-plane field,
we cannot definitively confirm that there is any MPE in
the Hall effect measurements of bilayer samples.

Because electrical transport results were inconclusive,
we employed polarized neutron reflectometry to directly
probe the magnetic depth profile of our bilayer system.
PNR has recently been extensively employed in the de-
tection of magnetic proximity effects in topological insu-
lators. Measurements were performed at 5 K in a 3 T
in-plane magnetic field using the PBR instrument at the
NIST Center for Neutron Research (see Supplement for
experimental details [22]). The spin asymmetry, given by
the difference of the two non spin-flip reflectivities nor-
malized by their sum, is plotted in Fig. 2(a) as a func-
tion of Q, the momentum transfer along the film normal
direction. The resulting nuclear and magnetic SLD den-
sity depth profiles found from fitting the spin-dependent
specular reflectivities are shown in Fig. 2(b-c).

As with most PNR studies of magnetic proximity ef-
fects, the signal associated with induced magnetization
in the BiySes layer is expected to be subtle while the
MAFO magnetism will dominate the reflectivity features.
Fitting the data for this heterostructure is consequently
nontrivial, as slight changes in the MAFO magnetism or



structural differences at various film interfaces may im-
ply different magnetic structures. Using a model with a
MAFO profile very similar to that found in previous PNR
studies of MAFO/MAO films, we see that a fit with a sub-
stantial MPE in the BisSes (profile in Fig. 2(b)) agrees
with the data extremely well (x? = 2.41, the red line in
Fig. 2(a))[30]. The result of refining a model with identi-
cal constraints except with no magnetism in the BiySes is
shown with the blue line in Fig. 2(a). One can see such a
fit does not capture all the features in the spin asymme-
try, particularly the shoulder in the data around Q= 0.3
nm~!, with a slight phase shift introduced into the spin
asymmetry in the model where BisSe; magnetization is
forced to zero.

Despite the apparently strong evidence for a magnetic
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FIG. 2. PNR of 13 nm MAFO/8 nm BisSes bilayer. (a)
Spin asymmetry (inset: full dataset). Error bars represent 1
standard deviation. (b) Profile with MPE in T1, no interfacial
layer. (c) Profile with interfacial layer. By fitting the spin
asymmetry in (a), the depth profile of the heterostructure
can be modeled in (b) and (c).

proximity effect, we also investigated alternative explana-
tions for the measured magnetic depth profile and consid-
ered three total models: one with a sharp MAFO /BisSe;
interface, one with a rough interface, and one with a
transitional growth region [22]. By broadening the con-
straints for MAFO/Bi,Ses interface quality to allow for
a transitional growth region of lower BisSes density, we
find an equally good fit (x? = 2.48, the black line in Fig.
2(a)) for the PNR data which predicts a low density inter-
facial layer between the MAFO and BisSes (Fig. 2(c)).
In this model, the BisSes is restricted to have zero mag-
netization as in the previous comparative model. How-
ever, introduction of a transitional growth region allows
the spin asymmetry features between 0.3 nm~! and 0.5
nm~! to be captured, eliminating the phase shift intro-
duced by removing the BisSes interface magnetization.
The coupling of magnetic and structural data in PNR
allows for multiple interpretations, so further structural
information is necessary to distinguish between them.
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FIG. 3. X-ray reflectivity of a MAFO/Bi2Ses bilayer. The
solid line indicates the best fit including an interfacial layer
between the two materials, while the dashed line shows the
best fit assuming no interfacial layer.

To determine the correct PNR model, we performed
x-ray reflectivity (XRR). Although XRR does not pro-
vide the magnetic information of PNR, the increased
intensity of an x-ray source allows measurements to be
performed over a much larger Q-range (4 nm~! vs. 1.4
nm~1). Thin interface structures may consequently be
much more finely resolved, allowing us to distinguish be-
tween candidate PNR models. Indeed, fitting the XRR
data (seen in Fig. 3) reveals a low density interfacial layer
between MAFO and BisSez (x? = 7.96). Attempting to
fit the XRR data without an interfacial layer leads to a
poor fit with y2 = 147.7, shown with a dashed line in
Fig. 3.

The presence of a low density layer is also consistent
with annular dark-field scanning transmission electron
microscopy (ADF-STEM) imaging and elemental anal-
ysis performed on the MAFO/BiySes bilayers. We ob-
serve an interfacial layer which is partially crystalline,
with sections of quintuple layers and other sections of



amorphous Bi and Se, seen in Fig. 4(a). Energy disper-
sive x-ray (EDX) maps provide the atomic percentage
of each element as a function of depth, summarized in
Fig. 4(b). We note there is a slight Bi excess seen in
the BisSes layer, which has been seen in TEM studies
of BisSes films before and may be due to signal inter-
ference of Bi and Se. Additionally, the Al and Se peaks
are overlapping, so the Al signal is artificially high in the
BisSes layer. From the EDX maps, we see that the dis-
ordered interfacial layer between the highly crystalline
MAFO and BisSes has some compositional intermixing
between the two materials.
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FIG. 4. (a) ADF-STEM image showing disorder at the
MAFO/TI interface. Brackets and arrows indicate disordered
interfacial regions with height of ~ 1 nm and ~ 2 nm, respec-
tively. (b) EDX elemental analysis, showing an image of the
region analyzed and an elemental line profile.

By observing the microstructure of the MI/T1 bilayers,
we can distinguish the PNR model that captures all the
features of the spin asymmetry and is consistent with
structural data. The low density layer between MAFO
and BiySes we observe in XRR and TEM matches with
the PNR model which does not provide any evidence of a
MPE. Additionally, by comparing the bilayer Hall effect
measurements with those of the control sample, we find
it likely that the nonlinear Hall effect is due to multiple
carriers in the TIT rather than an AHE from a MPE in
BisSes due to the adjacent MAFO.

Several studies perform Hall effect measurements and
observe a nonlinear or even hysteretic contribution they
attribute to an anomalous Hall effect. YIG, another com-
monly used magnetic insulator, has a lower saturation
field than MAFO out of plane, so one may expect multi-
ple carriers to not be an issue, as nonlinearity in the Hall
effect due to contributions from multiple carriers is typi-

cally thought of as relevant over the field scale of several
Tesla. However, this effect contributes at low field as well.
When we take the two-carrier fit from the BizSez/MAO
Hall data at 5 K and carry out the same background sub-
traction method, but only for £0.5 T, the resulting signal
is still nonlinear with a magnitude of ~ 10 m< [22]. This
is on the order of magnitude of other anomalous Hall
signals in literature, which means this contribution is a
major concern for all field values [16, 17, 31].

A handful of studies have investigated the microstruc-
ture of magnetic insulator/TI bilayers through TEM in
addition to Hall effect or PNR measurements, showing
high quality interfaces [11, 13]. However, not all provide
conclusive evidence of a high quality interface [19, 32, 33].
For example, one study showed TEM of YIG/BisTes
with an apparently sharp interface [34]. Meanwhile, a
structural study of YIG/BiySez through TEM showed
structural disorder in the TI layer with an amorphous
interface, and another paper showed TEM with a clear
interfacial layer [35-37]. PNR of MI/TI bilayers in a
study of EuS/BisSe; is used to demonstrate evidence of
a magnetic proximity effect induced in the BisSes, and
TEM is shown [18]. However, compositional data is not
shown for the TEM, and only PNR models with a sharp
structural interface between the two layers are explored.
Recently, XMCD was performed on EuS/BST bilayers,
and no magnetism was detected in the BST layer, con-
tradicting this PNR study as well as studies which show
an anomalous Hall effect [38]. Our work provides a lens
through which to understand these contradictory results.

Our results point to the necessary conditions to claim
a MPE in a magnetic insulator/topological insulator sys-
tem. Multi-pronged approaches are imperative: one must
couple structural data from TEM and XRR to any mag-
netic profiling done with PNR or other techniques. A
sharp interface between materials must be established to
avoid measuring signals from a rough interface or com-
positionally intermixed layer [39]. Moving forward, a
combination of depth-resolved techniques like PNR with
element-specific techniques like x-ray magnetic circular
dichroism (XMCD) or resonant x-ray magnetic reflectiv-
ity (XRMR) would be ideal to establish magnetism in
the TI [40-43]. Finally, transport signatures of a MPE
are vital to measure if one wants to ultimately realize
the QAHE. Only magnetic insulators with perpendicular
magnetic anisotropy (PMA) should be considered suit-
able to induce a MPE in TIs, since any AHE contribution
from a MI with in-plane anisotropy cannot be convinc-
ingly disentangled from multiple bands of carriers in the
TI. A thorough temperature dependence of the anoma-
lous Hall magnitude should be recorded to rule out any
spin Hall effect contribution [44, 45].

Creating MI/TI heterostructures with a high-quality
interface is a big challenge, but there are several possi-
ble solutions. First, in situ heterostructure growth with
all-chalcogenide films have shown atomically sharp inter-



faces, due to matching crystal structures and avoiding hy-
drocarbon contamination [11, 46]. Ex situ growth can be
successful with magnetic films which are robust to high
temperature annealing and can grow epitaxially on stan-
dard substrates for TIs like AlyO3 [47]. In the absence
of these options, exfoliating and transferring thin films of
TIs may be preferable to attempting direct growth for a
high-quality interface [48]. Notably, the sole observation
of a proximity induced QAHE was in an in situ grown
trilayer where an atomically sharp interface was verified
with TEM [11].

We have performed comprehensive magnetic and struc-
tural characterization on thin film heterostructures of
MAFO and BisSes to detect whether a magnetic prox-
imity effect is induced in a topological insulator. We
find two promising indications of magnetism induced in
BisSes: a large nonlinear Hall effect that increases with
decreasing temperature and polarized neutron reflectom-
etry suggesting additional magnetism outside the MAFO
layer. However, we find alternative ways to interpret
the Hall and PNR data. In this system, structural data
points to a disordered interfacial layer between the mag-
net and TI rather than a MPE in the TI. Our results
suggest the importance of careful structural information
in accurately detecting a magnetic proximity effect in
the absence of observing the QAHE. Further, our work
provides a framework of materials considerations to syn-
thesize a high-quality heterostructure and experiments
needed to identify a MPE.
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