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Bilayer topological insulator/ferromagnet (TI/FM) heterostructures are promising for spintronic applications
due to their low switching energy and therefore power efficiency. Until recently, the reactivity of TIs with FM
films was overlooked in the spin-orbit-torque literature, even though there are reports that it is energetically
favorable for TIs to react with transition metals and form interfacial layers. In this study, we fabricated a TI/FM
heterostructure comprised of molecular beam epitaxy grown Sb,Te; and dc sputtered NiggFe,y. Broadband
ferromagnetic resonance revealed spin-pumping evident by the significant enhancement in Gilbert damping,
which is likely a signature of the topological surface states or the presence of large spin-orbit coupling in the
adjacent Sb, Te;. With low-temperature magnetometry, an exchange bias is observed that indicates an exchange
interaction between an antiferromagnet (AFM) and an adjacent FM. Cross-section high-angle annular dark-field
scanning transmission electron microscopy characterization of the Sb,Te;-NigoFe,( bilayer revealed a complex
interface showing diffusion of Fe and Ni into the Sb,Te; film yielding the formation of a FeTe, 17-type
structural phase. Furthermore, density functional theory calculations revealed that the FeTe, 17 -phase has an
AFM ground state. Due to experimental limitations in the electron-energy-loss spectroscopy measurements,
the precise chemistry of the interfacial phase could not be determined, therefore it is possible that the FeTe,
1T and/or an intermixed (Fe,_Ni,)Te, 17 is the AFM interfacial phase contributing to exchange bias in the
system. This work emphasizes the chemical complexity of TI/FM interfaces that host novel, metastable magnetic

topological phases and require more in-depth studies of other similar interfaces.

DOI: 10.1103/PhysRevMaterials.7.024406

I. INTRODUCTION

Topological insulators (TIs), specifically Bi; ,Sb, alloys
and van der Waals (vdW) chalcogenides X,Q3 (X = Bi,Sb,
Bi;_ ,Sb,; O = Se,Te) with tetradymite structure, have insulat-
ing bulk state and two-dimensional metallic surfaces enabled
by topologically protected Dirac surface states [1-3]. TIs
exhibit large charge-to-spin conversion efficiencies, strong
spin-momentum locking, and conductive surface states, mak-
ing them ideal for applications in spin-orbit-torque magnetic
random-access memory (SOT-MRAM) magnetic tunnel junc-
tion devices [4-10]. When magnetic order is introduced,
time-reversal symmetry is broken, providing an energy gap
in the surface states, and the electrons gain a net moment
through short-range exchange interactions [11]. Magnetic TIs
can exhibit exciting behavior such as the anomalous Hall
effect, the quantum anomalous Hall effect, the topological
magnetoelectric effect, and an axion insulator state [11-13].
Strategies to achieve magnetic order in TI include compo-
sitional doping, intrinsic magnetic TI, or proximity-induced
magnetization (PIM) [14-18]. PIM can be achieved through
growing magnetic insulator (MI) films directly on the TI sur-
face [17-21].
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For spin-orbit-torque devices based on TIs coupled with
ferromagnets (FMs), there remain integration feasibility con-
siderations such as interfacial orbital hybridization, novel
interfacial chemical phases, etc. However, this is often over-
looked or not mentioned in the literature on spin-pumping
in these TI/metallic FM heterostructures [9,22,23]. There
have been theoretical studies on the interface between TIs
and metal contacts, namely Au/Bi,Se; and graphene/Bi;Ses,
which retain spin-momentum locking of the surface states,
while Pd and Pt strongly couple to Bi,Ses and cause delocal-
ization of the surface states and less efficient spin-momentum
locking [24]. Additionally, experiments confirm that band
bending occurs at the BiySes/metallic interface due to vari-
ation in the electron affinity of Bi,Se; (4.45 eV) and work
functions of transition-metal contacts (~5¢eV) [25]. The for-
mation of interfacial layers in Bi,Se;/metal contacts and
Bi;Ses/magnetic materials has been confirmed with x-ray
photoelectron spectroscopy, and aside from Au (which was
found to be inert), the metals were ranked by reaction strength
(determined by the amount of Bi;Se; consumed) as follows:
Pd < Ir < Co < CoFe < Ni < Cr < NiFe < Fe [26].

More recently, novel materials have been found at the
interfaces in TI/FM structures generated by interdiffusion
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and subsequent reactions. Ni diffusion in NiggFeyy/BiySes
heterostructures resulted in a ternary magnetic phase of
Ni:BiySe; [27]. Further study of the Bi,Te;/NiggFeyo inter-
face resulted in the discovery of the intrinsic antiferromag-
netic (AFM) NiBi,Te4 [28]. This unique material has a Néel
temperature of 7y = 63 K, which is significantly higher than
that reported for the intrinsic antiferromagnetic topological
insulator [28] MnBi,Te4, which has Ty = 25 K [16]. The
discovery of NiBiyTes at the interface of BiyTes/NiggFeyq
revealed that novel magnetic topological phases can exist at
the interfaces, and thus these reactive TI interfaces can be
used as a testbed for the discovery of stable and metastable
quantum materials [28].

The goal of our study is to investigate the TI/FM het-
erostructure and interface of Sb,Te;/NiggFe,y, where the
Sb,Te; is epitaxially grown by molecular beam epitaxy
(MBE) on GaAs substrate. The FM, NigoFeyg, is sputter-
deposited on the Sb,Te; film. We provide evidence that a
novel AFM phase forms at the interface, which is structurally
consistent with FeTe, 17 -phase (similar to the NiTe,-type
structure, specifically P3m1). Additionally, our theoretical
calculations indicate that the FeTe, 17-phase has an AFM
ground state, which is supported by an exchange bias ob-
served in our magnetometry measurements. This FeTe, phase
is a magnetic transition-metal dichalcogenide (TMD) with
the chemical structure XY, comprised of transition-metal and
chalcogen elements (X = Fe, Ni, W, Pd, etc.; Y =S, Se,
Te, etc.)—these materials have been extensively studied since
TMDs were proposed to host type-II Dirac fermions [29,30].
Experimentally, there have been two recent studies on the
FeTe, 1T-phase—this phase has been stabilized in the form
of nanoflakes via chemical vapor deposition [31], and in the
form of single crystals [32]. Neither of these studies explicitly
reports the presence of AFM order, however in the single-
crystal investigation an isostructural transition was observed
with x-ray diffraction accompanied by a sharp decrease in
magnetization, which was attributed to the presence of AFM
coupling [32].

II. EXPERIMENTAL RESULTS AND DISCUSSION

In this study, we fabricated a Sb,Te; /NiggFey bilayer het-
erostructure on a GaAs substrate via a combinational growth
regime. First, 10-nm-thick Sb,Te; was epitaxially grown with
molecular beam epitaxy (MBE) on a GaAs (100)—oriented
substrate and capped with Te [33]. To confirm the crystalline
quality of the Sb,Tes film, high-angle, out-of-plane x-ray
diffraction (XRD) was performed. The XRD pattern for the
Sb,Te; sample shown in Fig. 1(a) demonstrates the antici-
pated tetradymite crystal structure. The XRD pattern confirms
a highly c-axis oriented growth of the TI film, as is evident
by the presence of (00/)-peaks in the diffraction pattern. The
rocking curve can be found in S1 of the Supplemental Ma-
terial, and it shows that MBE-grown TI on a lattice-matched
substrate has higher crystal quality than comparably sputtered
TI on an amorphous substrate [28,34]. Additionally, cross-
section high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) imaging revealed
further evidence of the vdW structure of the Sb,Te;
film—shown in Fig. 1(b). The TI growth on the GaAs
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FIG. 1. (a) X-ray diffraction spectra of Sb,Te;/GaAs with la-
beled diffraction peaks. Peaks labeled with gray font correspond to
the GaAs substrate, and black font labeled peaks correspond to the
Sb, Te; film. (b) High-angle annular dark-field scanning transmission
electron microscopy cross-section image with GaAs and Sb,Te; in
view. The quintuple layer van der Waals structure is highlighted with
each quintuple layer corresponding to approximately 1 nm thick.
(c) The fabrication process flow is highlighted here, specifically the
MBE growth of TI, Te-cap removal, and magnetic film deposition.

(100)—oriented substrate is slightly disordered for the first
quintuple layer, likely due to the symmetry mismatch of
the film to the substrate. However, by the second quintuple
layer, the anticipated vdW tetradymite crystal structure can be
seen for the Sb,Tes film. Subsequent to the MBE-growth of
Sb,Te;, vacuum was broken and the films were transferred
into the sputtering chamber. The Te cap was removed with
an in situ sublimation process consistent with methods es-
tablished in the literature [35]. After cooling the sample to
room temperature and achieving a base vacuum of less than
1.0 x 1077 Torr, a 15 nm NigoFex (also known as permalloy,
referred to as Py in the rest of the text and upcoming figures)
film was dc sputtered at a power of 50 W. This was followed
by a dc sputtered Al-cap of 2 nm on the film surface to prevent
undesirable oxidation of the magnetic film. The fabrication
process flow is provided in Fig. 1(c).

We performed room-temperature broadband ferromagnetic
resonance (FMR) spectroscopy to confirm spin-pumping in
the Sb,Tes/Py heterostructure samples. In the broadband
FMR measurement at resonance, the Py magnetization pre-
cession acts as a source of angular momentum, and since
Sb,Tes acts as a spin sink due to its large spin-orbit-coupling
and/or the presence of topologically protected surface states
(TSSs), this leads to spin pumping (generation of spin current)
across the interface into the Sb,Te; layer—a schematic of the
spin-pumping phenomenon is provided in Fig. 2(a). There-
fore, there is a loss in angular momentum in the Py due to
spin pumping across the interface. Spin pumping results in a
significant enhancement in the Gilbert damping parameter, o,
in the Sb, Te; /Py samples compared to a control sample of Py.
Magnetic field sweep FMR measurements of Sb, Te; /Py and a
control sample of Si/Al/Py/Al yielded the differential absorp-
tion spectra at each frequency (f) and only one derivative peak

024406-2



ANTIFERROMAGNETIC FeTe, 1T-PHASE ...

PHYSICAL REVIEW MATERIALS 7, 024406 (2023)

(@ (b)

(c)

21 8000

A SbyTes/Py/Al /
Si/Al/Py/Al control 7000 - /
3 s
s i
Vg 6000 /
w— /
5000 A / A SbyTes/Py/Al
________ / Si/Al/Py/Al control
0 T T T T T 4000 T T T T
4000 5000 6000 7000 8000 200 400 600 800 1000 1200
Frequency (MHz) Hres (Oe)

FIG. 2. (a) Schematic of spin-pumping. (b) Uniform mode resonance linewidth vs frequency with linear fit described by Eq. (1) to extract
the Gilbert damping constant. (c) Frequency vs uniform mode resonance field with Kittel fit to extract effective in-plane magnetization.

was observed, which is the main resonance uniform mode.
The Gilbert damping constant was extracted from a linear fit
to the AH/Af as a function of frequency using the relation
provided in Eq. (1), where AHpwpym is the uniform mode
linewidth, AH, is the inhomogeneous linewidth broadening,
and y is the gyromagnetic ratio (2.8 MHz/Oe for magnetic
films) [36],

2«
AHpwum = AHp + - (D

The FMR results for Sb, Te; /Py and Si/Al/Py/Al are shown
in Fig. 2(b), and the extracted « damping parameter is shown
in Table I. As shown in Table I, there is giant enhancement
in the Gilbert damping for the Sb,Tes /Py bilayer (an order
of magnitude higher than the Si/Al/Py/Al control sample).
This can be attributed to the TSS or the presence of large
spin-orbit-coupling in the Sb,Te; layer (likely the latter as the
Sb, Tes bulk conduction channels are not suppressed) [37—40].
The effective in-plane magnetization, 477 M, was further ex-
tracted using the Kittel equation provided in Eq. (2), where
H, is the resonance field, and y is the gyromagnetic ratio
(2.8 MHz/Oe for magnetic materials),

f = 1y /27 |\/Hres (Hres + 47 Megy). 2

The results are shown in Fig. 2(c), and the extracted 47w M
is shown in Table I. There is a reduction in the 477 Mg between
the Si/Al/Py/Al control and the Sb,Te;/Py heterostructure,
which likely indicates out-of-plane canting leading to an out-
of-plane magnetic component in the Py film or a reduction in
magnetization of the FM film (this result is directly compared
to the hysteresis loops in S2 of the Supplemental Material)
[34]. Regardless, the Gilbert damping enhancement is indica-
tive of spin-pumping in the Sb,Te; /Py bilayer system.

The reduction in 47 M. between the Si/Al/Py/Al control
and the Sb,Te;/Py heterostructure may indicate that there

TABLE 1. Broadband FMR measurement results.

o 47TMef[
Si/Al/Py/Al 0.019 9.54 kG
Sb,Tes /Py 0.178 5.77 kG

is a reduction in magnetization rather than just the possibil-
ity of out-of-plane canting, so to further study the magnetic
phases present, we measured the static, in-plane magnetic
properties for the Sb,Te;/Py heterostructure as a function
of decreasing temperature using a superconducting quantum
interference device (SQUID) magnetometer. Magnetic hys-
teresis loop measurements revealed a large exchange bias
(Hgg ~ 100 Oe) present at low temperature (T = 6 K) with
+1 T and —1 T field cooling as shown in Fig. 3(a) compared
with the room-temperature (7 = 300 K) hysteresis loop. The
exchange bias effect is observed in coupled FM/AFM materi-
als, and it arises due to uniaxial magnetic anisotropy induced
at the interface between the two layers [41]. Our Fig. 3 sug-
gests FM/AFM coupling is present here, and since the Sb,Tes
is nonmagnetic and the Py film is FM, we conclude that
there is an interfacial AFM layer between Sb,Te; and Py.
In addition to the presence of the large exchange bias, we
observe an accompanying increase in the Py coercive field,
Hc, from ~4.25 Oe at T = 300 K to ~113.5 Oe (~94 Oe)
at T =6 Kfor 1 T (-1 T) field-cooling condition. The ex-
change interaction between FM and AFM not only causes
exchange bias, but it also leads to a significant increase in
coercive field possibly due to domains at a magnetically frus-
trated interface [28]. We also explored the magnitude of the
exchange bias effect as a function of different field-cooling
conditions, which is displayed in Fig. 3(b)—we observe a
negative exchange bias effect, such that the hysteresis loops
are shifted oppositely to the applied field-cooling direction.
Temperature-resolved magnetometry was used to identify the
Néel transition temperature (7y) for the AFM. The magnetic
moment was measured as a function of temperature with
+1 T field cooling and zero field cooling for the Sb,Tes /Py
heterostructure as shown in Fig. 3(c). The derivative of the
moment with respect to the temperature is taken to identify
the Néel temperature, and it is shown in Fig. 3(d). The Néel
temperature is found to be Ty = 40 K—this is significantly
higher than the most well-studied intrinsic topological antifer-
romagnet, MnBi,Tey, with Ty ~ 20-25 K [16,42]. However,
it is lower than Ty = 63 K for recently discovered NiBi,Te4
at a BiyTe; /Py interface [28]. Finally, to confirm that Ty = 40
K corresponds to the onset of exchange bias in the Sb,Tes /Py
heterostructure, temperature-dependent m(H) hysteresis loops
were measured between 6 and 50 K. As shown in Fig. 4(a),
the exchange bias effect is no longer observed by 50 K as
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FIG. 3. (a) Magnetic hysteresis loop at 300 and 6 K for Sb,Te; /Py with +1 T field cooling (top) and 300 and 6 K for Sb,Te; /Py with
—1 T field cooling (bottom). The gray dashed line represents the exchange bias field Hgg. (b) The Hgg plotted as a function of field-cooling
condition. (¢) Moment as a function of temperature for +1 T field cooled (FC) in orange and zero field cooled (ZFC) in blue. (d) Derivative of
moment with respect to temperature for +1 T FC in orange and ZFC in blue. The gray dashed line is simply to highlight the Néel temperature,

evident by a centered, magnetic hysteresis loop with a narrow
Hc. At 40 K, we observe a shift in the magnetic hysteresis
loop indicative of a finite exchange bias. Additionally, below
40 K the Hc dramatically increases, which also supports the
presence of exchange coupling and/or magnetic frustration,
i.e., pinned domains. As temperature decreases, the Hgg and
Hc both increase as summarized in Figs. 4(b) and 4(c), re-
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FIG. 4. (a) Magnetic hysteresis loop at 50, 40, 30, 20, and 10 K
for Sb,Te; /Py with —1 T field cooling. (b) The exchange bias Hgg
plotted as a function of temperature. (c) The coercive field plotted as
a function of temperature.

spectively. This giant Hes enhancement and the presence of
Hgp disappear at, or close to, the experimentally identified
AFM Néel temperature, thus the interfacial AFM phase is
responsible for this observed magnetic anisotropy [40]. The
observed exchange bias was completely suppressed with the
implementation of a Te spacer layer (data found in S3 of
the Supplemental Material) [34]. Therefore, the Te alone is
not reactive enough to form the interfacial AFM phase with
Py, unlike the Sb,Te;/Py interface presented here. Besides
the presence of exchange bias, there is evidence of mag-
netic frustration in the system. The irreversibility/bifurcation
of the FC/ZFC curves in Fig. 3(c) at around 100 K may
indicate that there is some additional magnetic frustration at
the interface. The accompanying exponential decay of the
coercivity with temperature shown in Fig. 4(c) may also point
to magnetic frustration. The observed signatures of this mag-
netic frustration may arise due to additional disorder at the
interface.

The observed exchange bias in the Sb,Te; /Py system is
due to an interfacial AFM phase at the interface, analogous to
what was reported in the BiyTe; /Py system with an interfa-
cial topological AFM NiBi,Te4 phase [28]. To investigate the
accurate morphology and composition of the interfacial AFM
phase, we performed cross-section HAADF-STEM. Focused
ion-beam (FIB) milling was used to make the cross-section
sample, and the FIB lift-out had a surface normal of GaAs
[011]. As shown in Fig. 5(a), the interface between Sb, Tes and
Py is complex and disordered, with a high concentration of
defects and nanoscale crystalline structures distinct from the
Sb, Te; tetradymite structure. The interfacial reaction has par-
tially consumed the Sb,Te; film and has resulted in a thickness
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FIG. 5. (a) Representative HAADF-STEM cross-section image. Orange arrows point to the interfacial phase. (b) Representative STEM
EELS spectra with corresponding STEM image. The colors and lines are a guide to where in the cross-section the data were collected.
(c) Atomic models of the NiTe,-type structure in the two common orientations observed at the interface. The structure was retrieved from the
Materials Project for NiTe, (mp-2578) (P3m1) from database version v2021.11.10. (d) Zoomed-in HAADF-STEM cross-section image of the
orientation on the left in (c). (¢) Zoomed-in HAADF-STEM cross-section image of the orientation on the right in (c). (f) Experimental HAADF-
STEM image of the interfacial NiTe,-type structure [zoomed-in further than (d)]. (g) Simulated HAADF-STEM image using COMPUTEM

package with and without blurring (right and left, respectively).

variation of the Sb,Tes (5—7 QLs) across the heterostructure.
The predominant interfacial structure has an out-of-plane lat-
tice constant of 0.5 nm, roughly half that of the Sb,Te; QL.
Electron-energy-loss spectroscopy (EELS) was performed at
different sections through the thickness of the heterostructure.
The EELS spectra are shown in Fig. 5(b). Note there is ox-
idation present in the sample based on the prevalence of the
oxygen K-edge which is attributed to the fact that the sample
was stored in atmosphere post-FIB lift-out. The presence of
the Fe-L edge and Ni-L edge in the disordered interfacial re-
gion (orange) and the ordered interfacial phase region (green)
indicates that there is diffusion of Fe and Ni into the Sb,Te;
film during the room-temperature sputter deposition of the
Py film. This diffusion is followed by an interfacial reaction
resulting in an interfacial phase seen in Sb,Tes /Py, promoted
by the TSS electrons on the Sb,Te; surface. The interfacial
phase is consistent with a NiTe,-type structure, specifically
P3m1 [structure retrieved from the Materials Project for NiTe,
(mp-2578) from database version v2021.11.10] [43]. For the
orientation that is shown in Fig. 5(d), the out-of-plane layer
spacing is 0.55 nm, the in-plane bond distance is 0.2 nm, the

out-of-plane bond distance is 0.25 nm, and the bond angle
is 90°. For the orientation shown in Fig. 5(e), the out-of-
plane layer spacing is 0.57 nm, the in-plane bond distance is
0.35 nm, the out-of-plane bond distance is 0.32 nm, and the
bond angle is 55° (estimated error in the bond lengths is 0.03
nm). It is important to note that in HAADF-STEM imaging
heavier elements correspond to higher intensity, therefore in
the images shown in Fig. 5 the bright atoms correspond to the
Te-sites. Shown in Fig. 5(f) is the NiTe,-type interfacial struc-
ture with both the Ni- and Te-sites resolved in the image. This
HAADF-STEM image was compared to a simulated HAADF-
STEM image for the NiTe,, which appears to be visually and
qualitatively consistent [43]. The simulated HAADF-STEM
image [shown in Fig. 5(g)] was generated using Kirkland’s
COMPUTEM package [44]. There are more STEM images in S4
of the supplemental material—these include other instances of
the NiTe, 17 -like structure and other indications of disorder,
specifically stacking fault defects near the interface. We note
that the in-plane size of the interfacial domains (<10 nm) is
significantly less than the thickness of the STEM specimen.
Thus, when the STEM probe is placed over the crystalline
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interfacial phase shown Fig. 5, the probe is likely also passing
through the amorphous Py and/or another disordered phase.
Thus, we cannot determine the composition of the interfacial
NiTe,-like phase, but we note that the Ni, Fe, Te, and Sb
are all detected within this region, thus they may be present
within this interfacial phase with NiTe, 17-like structure.
Therefore, we pursued theoretical calculations to better un-
derstand what possible compositions contribute to the AFM
phase.

III. THEORETICAL RESULTS AND DISCUSSION

Following the experimental results, density functional the-
ory calculations were required to definitively identify the
AFM interfacial phase. The magnetometry data and the pres-
ence of exchange bias in the heterostructure strongly suggest
that there should be an AFM phase in contact with the FM Py
at the Sb,Te; /Py interface. Based on the STEM-EELS data,
there is Fe and Ni diffusion in the interfacial phase region,
therefore the chemical composition of the interfacial region
must include Fe and/or Ni. To determine the most probable
AFM phase, first-principles calculations were carried out us-
ing projector augmented-wave pseudopotentials implemented
by the Vienna ab initio simulation package (VASP) [45-49].
In previous theoretical studies on the NiTe, 17 -phase, cal-
culations using the functionals of LDA+U and PBE+U
found distinctly different, nonmagnetic solutions compared to
those calculations employing hybrid functionals [50]. There-
fore, the presence of correlation effects is important for
elucidating the magnetic ground state of the NiTe, 17 -phase,
which led to the choice of the SCAN functional as has been
shown to be successful at incorporating correlation effects
overlooked using the PBE or LDA (even without including the
U parameter) [51-53]. Here, an energy cutoff of 520 eV was
used and the Brillouin zone was sampled by a I'-centered grid
with points evenly spaced at most 0.07/A apart. The lattice
parameters and atomic positions were relaxed with the conju-
gate gradient method until the forces in the unit cell were less
than 0.008 eV/A and self-consistency was reached when the
energy difference between the electronic steps was less than
10~7 eV. Again, based on the STEM-EELS data there is Fe
and Ni diffusion into the Sb,Te; film, therefore the chemical
composition in the interfacial AFM phase must be a combina-
tion of Ni, Fe, Sb, and/or Te. The interfacial crystal structure
in the high-resolution HAADF-STEM images closely resem-
bles XY, 1T-phase (X = Ni,Fe and Y = Te,Sb), but we are
not ruling out the XY, 2H-phase in our calculations. Addi-
tionally, we have included materials with space group 194 and
atomic formula XY. We performed first-principles calculations
on the possible combinations of X and Y elements in these
three structures (XY, 17, XY, 2H, and XY). First, we tested
for stable magnetic solutions with any magnetic moments on
the unit cell equal to or larger than 0.01 ug. Although we can-
not make a direct comparison between our bulk calculations
employing the SCAN functional with the aforementioned hy-
brid functional calculations of monolayers, the total magnetic
moments should be similar. We found moments of 2.04 ug
and 0.08 ug for FeTe, 2H and NiTe, 17, respectively,
which is consistent with the 2.00 ug and 0.11 ug reported in
Ref. [50]. These results are summarized in Table II.

TABLE II. Presence of stable magnetic solutions. The magnetic
moments on the unit cells are given in units of ug.

Sb Sb2 1T sz 2H Te Tez 1T Tez 2H
Fe 3.87 2.27 2.57 4.90 2.38 2.04
Ni 0.00 0.00 0.00 0.00 0.08 0.00

For materials identified to have stable magnetic solutions,
we then performed supercell calculations using the lattice
constants and atomic positions optimized in the primitive unit
cell. For the XY structure there are two X-atomic sites in
the primitive cell—thus, the out-of-plane (OP) AFM solu-
tion was calculated for the XY primitive cells. For the XY,
structures, a 1 x 1 x 2 supercell was used to calculate the
energy of OP AFM solutions. For the XY, XY, 17, and XY,
2H structures, a 2 x 2 x 1 supercell was used to calculate
the energy of the in-plane (IP) AFM solutions. Note, the
three IP AFM arrangements that are possible in the 2 x 2 x 1
supercell are all equivalent due to the threefold symmetry,
therefore we only record one solution. The energy differences
between these equivalent states are less than 0.01 meV. If
a given material’s ground state is AFM, then the FM state
must be higher in energy than the AFM state. In Table III
the results are summarized with the recorded energy differ-
ences between the lowest-energy state for each structure and
formula with the IP and OP AFM, FM, and the nonmagnetic
(NM) states. While NiTe, 17 -phase was a possible candidate
for the AFM interfacial phase based on the structural simi-
larities identified in the HAADF-STEM images and previous
reports of antiparallel moments between Ni and Te sites in the
literature [50], the NiTe, 17 -phase showed no stable AFM
solutions in our calculations. Specifically, when magnetic
moments were initialized with antiparallel moments between
the Ni-sites, the final solution after self-consistency was
always NM.

Out of the candidate materials, only the FeSb and FeTe,
1T -phase were found to have AFM ground states. Their
ground state is characterized by an intraplanar “stripe” -like
AFM coupling and interplanar FM coupling—this is depicted
in Fig. 6. While there are no studies, to our knowledge, to
compare our FeSb AFM results, there are calculations on
the FM state available—the FM results between these are in
qualitative agreement, however they have smaller magnetic
moments due to the implementation of different functionals
in the calculations [54]. While both the FeSb and FeTe,
1T -phase are AFM, we do not observe FeSb-type structures

TABLE III. Ground-state energies (eV/FE.U.).

IP AFM OP AFM M NM
FeSb 0.0000 0.1292 0.0986 0.4113
FeSb, 1T 0.0643 0.0208 0.0000 0.5368
FeSb, 2H 0.0138 0.0430 0.0000 0.3399
FeTe 0.0014 0.1116 0.0000 0.9172
FeTe, 1T 0.0000 0.1119 0.0554 0.3068
FeTe, 2H 0.1393 0.0105 0.0000 0.4586
NiTe, IT Unstable Unstable 0.0003 0.0000
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(a)

(c)

(b)

FIG. 6. (a) The crystal structures of FeSb (a),(b) and FeTe, 1T (c),(d) are shown from along the a-lattice vector (a),(c) and the c-lattice
vector (b),(d). The red and blue atoms represent spin-up and spin-down Fe atoms, respectively, depicting the FM coupling between layers

(a),(c) and the “stripe” -type AFM coupling (b),(d) within layers.

in our HAADF-STEM images, therefore we have determined
that the AFM interfacial phase present at the Sb,Tes /Py inter-
face is consistent with the FeTe, 17 -phase.

IV. CONCLUSIONS

In conclusion we have studied the Sb,Tes /Py heterostruc-
ture and, with low temperature magnetometry, discovered a
large exchange bias which indicates the presence of FM/AFM
exchange coupling. The HAADF-STEM and EELS materi-
als characterization revealed Fe and Ni diffusion into the
Sb,Te; film, yielding the secondary phase formation of a
NiTe, 1T -type structural phase. From first-principles calcu-
lations performed for structures of XY, XY, 17, and XY, 2H
(X = Ni,Fe and Y = Te, Sb), we found that NiTe, 17 had no
stable AFM solutions, whereas FeSb and FeTe, 1T -phase are
AFM. While there is theoretical support that FeSb and FeTe,
17 are AFM, based on our HAADF-STEM results, there is
strong justification that the interfacial phase at the Sb,Te; /Py
interface is consistent with the FeTe, 17 -phase. We must note
that the precise chemistry of the interfacial phase could not be
determined, therefore it is possible that the FeTe, 1T and/or
an intermixed (Fe;_,Ni,)Te, 1T -phase is present at the inter-
face contributing to the AFM/FM exchange coupling. From
Fig. 3(d) the derivative of the ZFC curve is a bit broad which
may indicate the AFM phase transition is smeared out with
temperature. We believe that along with FeTe, 17 -phase that
there is likely the existence of some (Fe;_,Ni,)Te, 17 -phase
and that this nickel incorporation into the structure will most
certainly alter the phase transition temperature. It is also
important to emphasize that we have performed calculation
only on hexagonal structures, therefore we did not explic-
itly study the tetragonal phase of FeTe, which is a known
antiferromagnet [55,56]. While this tetragonal FeTe phase is
not evident in our STEM images, it cannot be completely
ruled out here. It is possible FeTe, 17 -type phase is the

prominent phase, but there could be traces of tetragonal FeTe
that we could not explicitly identify here. Overall, this study
has demonstrated that novel metastable phases may be formed
at TI/FM interfaces, which should be the subject of further
studies, because they may lead to the discovery of new mag-
netic and/or topological materials. Along with the discovery
of the AFM interfacial material consistent with the intermixed
(Fe, Ni)Te, 1T -phase, the interface was found to have signif-
icant disorder such as stacking faults and an inhomogeneous
interface. Additional, magnetic signatures of disorder were
observed namely that the coercive field dependence and the
exchange bias dependence are slightly different. We attribute
the coercive field temperature dependence to the presence of a
magnetically frustrated interface leading to pinned domains
that will contribute to the total switching energy. It is not
a reach to assume this, because from the STEM imaging
we can conclude the interface is highly inhomogeneous and
rough which may influence magnetic frustration near the in-
terface. Despite the magnetically frustrated interface and the
formation of the FeTe, 17 -type phase at the Sb,Tes /Py inter-
face, we still found evidence of spin-pumping in this system
(significant enhancement in Gilbert damping accompanied by
decrease in effective magnetization in-plane). This highlights
that despite these mixed interfaces, heterostructures can still
be used in spin-orbit-torque memory applications. However,
it may be useful to mitigate this mixed interface formation
by introducing a spacer layer such as Ag, or Ti [40,57-60].
More studies should be conducted about whether the spin-
pumping effect is enhanced by the presence of an additional
AFM phases at the interface of TI/FM heterostructures. While
this work focused on the FM/AFM exchange coupling be-
tween permalloy and the interfacial AFM phase formed at
the interface with Sb,Te; there has been other interesting
research directions focused on AFM/TI coupled interactions
in literature. These exotic interactions range from interfa-
cial superconductivity (BiyTes;/FeTe) [61] to AFM-induced
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magnetic proximity effect in TI with potential to exhibit quan-
tum anomalous Hall effect [62-64].
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