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To date, the most widely-studied quantum anomalous Hall insulator (QAHI)
platform is achieved by dilute doping of magnetic ions into thin films of the
alloyed tetradymite topological insulator (Tl) (Bi, _ ,Sb,),Te; (BST). In these
films, long-range magnetic ordering of the transition metal substituants opens
an exchange gap A in the topological surface states, stabilizing spin-polarized,
dissipationless edge channels with a nonzero Chern number C. The
long-range ordering of the spatially separated magnetic ions is itself mediated
by electronic states in the host Tl, leading to a sophisticated feedback
between magnetic and electronic properties. Here, a study is presented on the
electronic and magnetic response of a BST-based QAHI system to structural
tuning via hydrostatic pressure. A systematic closure of the topological gap
under compressive strain is identified accompanied by a simultaneous
enhancement in the magnetic ordering strength. Combining these
experimental results with first-principle calculations, structural deformation is
identified as a strong tuning parameter to traverse a rich topological phase
space and modify magnetism in the magnetically doped BST system.

1. Introduction

Time-reversal invariant Z, topological insulators (TIs) feature
gapless edge and surface states protected by time-reversal sym-
metry. Due to this time-reversal symmetry requirement, elec-
tronic band structures of Z, TIs respond strongly to mag-
netic perturbation.!””l This relationship is notably exempli-
fied in the realization of the quantum anomalous Hall effect

in magnetic TI systems. In quantum
anomalous Hall insulators(QAHIs, long-
range magnetic order gaps the otherwise
mass-less topological surface state. When
the chemical potential is positioned within
the exchange gap, the 2-dimensional den-
sity of states vanishes, and a chiral edge
state represents the lone channel for elec-
trical transport. The resulting phase is char-
acterized by a combination of long-range
magnetic order, quantized Hall conductiv-
ity, and vanishing longitudinal resistance;
all of which persist in the absence of
an applied magnetic field. The promise
of technologically significant phenomena
in QAHI materials including dissipation-
less, non-reciprocal electrical transport,®°]
quantized magneto-electric dynamics,!1%1]
and exotic quasiparticle excitations!'>13] to
name a few, has stimulated a tremen-
dous research effort in QAHI systems and
magnetic topological matter in general.

Though recent discoveries have notably expanded the
landscape of known QAHI hosts,!*1% the most mature
and widely studied QAHI platform is the Cr substituted
(Bi; _,_,Sb,Cr,),Te; (CBST) system grown using molecular
beam epitaxy (MBE). Due to the greatly reduced spin-orbit
coupling strength of Cr compared with the Bi/Sb atoms it substi-
tutes, in quantized CBST the concentration of magnetic dopants
must be left relatively dilute lest they promote a topological phase
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Figure 1. Summary of magnetic and electrical properties in a QAHI. a) Temperature dependent p,, (red) and p,, (black) are presented for a QAHI
device P2. Temperature dependent sample magnetization acquired using a piece of unpatterned film is included for comparison (blue). All data was
collected at a magnetic field of 1 mT. Curie temperature denoted in the figure is determined by Arrott analysis.!?*] b) Field dependent p,, and Py data
collected at 50mK demonstrating well-quantized transport behavior. c) Gate dependent p,, (red), p,, (black), and magnetic coercive field poH, (blue) at
a temperature of 500 mK are displayed. In these data, uoH, was determined by the location of the zero crossing points of the Hall bar’s two p,, channels.
The error bars, meanwhile, represent the standard deviation of the four separate transitions measured (i.e., up-down and down-up transitions in each

channel). Grey shading denotes the center of the emerging topological gap.

transition to a trivial insulating state.[®!7] The dilute magnetism
and disordered, dual-doped crystal structure of CBST imbues an
unfortunate fragility onto the quantum anomalous Hall effect
in CBST at elevated temperatures.'®2!l This fragility of the
quantum anomalous Hall state presents a major hurdle limiting
the technical applicability of these compounds. Operational
temperatures may be improved to a degree by varying dopant
concentrations and profiles.[?2?3] However, in practice chemical
optimization of these materials is a delicate and imperfect
process, as chemical composition simultaneously impacts the
positioning of the chemical potential, electronic band structure,
disorder profile, and magnetic ordering strength. A cleaner tun-
ing parameter to more directly engineer CBST band structures is
therefore essential to expand the study of CBST QAHI materials
and improve QAHI critical temperatures.

Here we report the magnetic and electronic evolution of CBST
in response to a continuous deformation of the crystal lattice via
hydrostatic pressure. Pressure dependent experiments were per-
formed on gated Hall bar devices at pressures up to 1.6 GPa
and temperatures as low as 20 mK. Our experiments demon-
strate the electronic and magnetic properties of CBST to be highly
responsive to strain, with lattice compression both suppress-
ing the QAHI phase and enhancing the magnetic order. First-
principle calculations confirm these effects emerge from a struc-
tural driven evolution of the CBST band structure, and indicate
a rich topological phase space may be addressed through the ap-
plication of even larger pressures. Together, these experimental
and theoretical results demonstrate crystal strain as an effective
tuning parameter to selectively modify the low energy electronic
structure in BST based magnetic topological matter.

2. Results and Discussion

Experiments are conducted on six quintuple layer (QL) thick
MBE grown CBST films with a magnetic Curie temperature T
of roughly 20 K. Data are presented for three different photolitho-
graphically defined Hall bar devices, labelled P1, P2, and P3.
Samples P2 and P3 were fabricated simultaneously from the
same wafer in field-effect transistor geometries, where an ap-
proximately 20 nm thick HfO, layer serves as the gate dielectric.
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These two devices display virtually identical behaviors over a wide
range of temperature and magnetic field,?* and, in the following,
their properties will frequently be compared directly. P1 mean-
while was fabricated from a separate wafer. The impact of pres-
sure on the topological transport signatures and magnetism of
these devices was studied using a piston cell equipped for electri-
cal transport experiments. During experiment, P1 was measured
in a dilution refrigerator while P2 and P3 were primarily stud-
ied in a >He sorption cryostat. Taken together, data gathered on
these different devices span nearly three decades in temperature
ranging in regime from k, T < <A to k, T~ T.

We begin by presenting the ambient pressure properties of de-
vice P2 (Figure 1). At T, the system develops a magnetization
when subjected to a small external field. When cooled to lower
temperatures, this magnetic order manifests a rapidly increas-
ing anomalous Hall signal, and at temperatures well below T
. begins to rapidly decrease as seen in Figure 1a. At dilution re-
frigerator conditions, p,, approaches zero while p,, approaches
the quantized value of h/e? ~ 25.8 kQ. Field dependent hystere-
sis loops in a dilution refrigerator environment are presented in
Figure 1b. In these data, transitions between p,, plateaus accom-
pany the switching of the magnetic order in the system between
the down and up states and mark a topological transition between
C =1land C = —1. The p,, peaks and p,, zero crossings observed
in the magnetic hysteresis loops occur at the magnetic coercive
field uy H, and correspond with an M, = 0 condition (Figure 1b).

Figure 1c demonstrates the gate response of device P2 at a
temperature of T = 500 mK. At this relatively elevated tempera-
ture thermal excitations into dissipative states precludes the high
quality quantization observed in the dilution cooled regime. Nev-
ertheless, a clear p,, (p,,) minimum (maximum) is observed at
an optimized gate voltage of roughly —1.5 V; indicative of the in-
cipient QAHI phase. The magnetic coercive field p,H,, a rough
avatar for the magnetic ordering strength, is also measured as a
function of the gate voltage. We observe an enhanced magnetic
order when the system is driven away from the charge neutral
point. Such an enhancement in magnetism with the addition of
carriers into the system has been previously reported, and is com-
monly attributed to itinerant carrier mediated RKKY interactions
strengthening the coupling between Cr-ions.”>?’] In a narrow
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Figure 2. Pressure dependent p,, and p,, in a QAHI device. a) Schematic of pressure dependent experiment, depicting the geometry of the pressure cell
used and the orientation of the sample plane and the external magnetic field. b) Cartooned depiction of hydrostatic pressure effect on CBST unit cell,
emphasizing the roughly isotropic compression anticipated in these experiments. c,d) Gate dependent measurements of p,, (c) and p,, (d) collected at
1.5 Kand 2 T. e,f) Field dependent p,, (e) and p,, (f) collected at 1.5 K'and a V, of 0 V. For data presented in panels (c—f), 0 GPa data were collected on

g
device P3 while all data at non-zero pressure were collected from sample P2.

range near Vy, however, u,H, exhibits very little if any response
to the changing gate voltage (gray regime in Figure 1c). In this re-
gion the carrier concentration is minimized, and the Cr-Cr mag-
netic coupling is sustained by the van Vleck mechanism.[>2%2]

Following ambient pressure characterization, QAHI devices
were loaded into a piston pressure cell (Figure 2a) and studied at
hydrostatic pressures up to 1.6 GPa (Figure 2b). Bulk Sb,Te, ex-
periences a basically isotropic compression of roughly 1% at 1.6
GPa, while the GaAs substrate is more rigid and will compress
by only about 0.5% at the same pressure.332] We expect in this
study, that the in-plane response of the QAHI sample may devi-
ate from that of a free-standing Sb,Te; sample due to substrate
clamping. The overall compression of the QAHI film will there-
fore likely fall somewhere between that of the GaAs substrate and
a free-standing topological insulator material. Despite the modest
compression that may be anticipated in these experiments, our
QAHI devices are nevertheless quite responsive to lattice tuning
in the range of pressure studied. Figure 2 presents a summary
of basic transport data collected at 1.5 K, indicating that the sys-
tem trends away from quantized transport with shrinking unit
cell size. This is evidenced by an increase in p,, and concomitant
reduction in p,, seen in both gate voltage traces (Figure 2c,d) and
field hysteresis loops (Figure 2e,f). Despite the trend away from
quantized transport, a p,, (p,,) maxima (minima) is still seen
near V; at all pressures. The deviation from quantized transport
when sweeping the gate voltage at increasing pressures suggests
a pressure-driven modification of the electronic band structure
rather than a rigid shift of the chemical potential, as the latter sce-
nario should represent a lateral shift of the gate-sweeping curve
rather than a diminishing quantization window. In fact, the ob-
servation of a consistent V; at all pressures suggests any shifting
of the Fermi energy within the pressure range explored is mini-
mal.

Comparison of the temperature and voltage dependent p,.. and
Py at pressures of 0, 0.7, and 1.6 GPa are shown as 2D color plots
in Figure 3a—f, providing a qualitative visualization of a closing
topological gap with increasing pressure. By fitting the tempera-
ture dependent p,, at V, = 0 V and y,H = 2 T to an Arrhenius
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model (Figure 3g) the value of this gap is quantified at all pres-
sures. The pressure dependence of the topological gap is sum-
marized in Figure 3i, indicating the gap remains intact, but de-
creases in a linear fashion by almost exactly a factor of two from
1.2 to 0.6 K over the pressure range explored. Though non-linear
dependencies between strain, material band structure, and the
disorder potential may lead to deviations from this linear trend
at high pressure, we anticipate this approximate linearity to hold
in the low pressure limit. Extrapolating the linear trend to zero
suggests a critical pressure P of approximately 3.3 GPa. We an-
ticipate a topological phase transition away from the QAHI state
to occur near this pressure, though follow up studies at even
higher pressures are required to confirm the exact value of P.
To demonstrate that the QAHI phase does persist to the highest
pressures measured in this study, in Figure 3h we present data
collected on another device, sample P1, at a temperature of 20 mK
and pressure of 1.6 GPa. At these conditions, we still observe con-
ductivity values within 3% of the quantized expectation of €?/h,
confirming that 1.6 GPa is insufficient to drive these samples out
of the QAHI ground state.

Intriguingly, while the transport gap closes in pressurized
QAHI samples, we observe a pressure driven enhancement in
the magnetic order as demonstrated by an increasing coercive
field. This enhancement is visible in Figure 4, where the field de-
pendent p, ., hysteresis loops collected from device P1 at a temper-
ature of 20 mK are presented. The p,, peaks are clearly pushed
to higher fields with increasing pressure, reflecting the growth
in pyH, from a value of 133 mT at 0.1 GPa to a notably larger
144 mT at 1.6 GPa. At the 20 mK temperature where these data
are collected k, T < <A. Consequently, the strength of magnetic
interactions dependent upon itinerant charge carriers are van-
ishingly weak and this enhanced magnetic order is presumably
sustained through the van Vleck mechanism. In addition to the
magnetic enhancement observed at 20 mK, an increasing coer-
cive field under pressure is also observed in devices P2/P3 be-
tween 280 mK and 15 K, demonstrating this effect to be con-
sistent between samples and persistent over a wide temperature
range.[?* Gate-dependent data collected in P2/P3 demonstrate
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Figure 3. Evolution of topological gap with increasing pressure. a—f) Temperature and gate dependent p,, and p,, are presented at a constant field of
HoH = 2 T, and pressures of 0 GPa (a,d), 0.7 GPa (b,e), and 1.6 GPa (c,f). Contour lines are included at values of 0.125, 0.25, 0.5, and 0.558 h/e? in
Py color plots, and at values of 0.5, 0.75, 0.9, and 0.95 in p,,. g) Logarithm of longitudinal resistance values presented versus 1/T. The linearity of the
curves when presented in this fashion confirm thermally activated transport behavior of the form p,, (T)xexp (— A/2kgT). h) Magnetic hysteresis loop of
sample P1 collected at a pressure of 1.6 GPa and temperature of 20 mK confirming the persistence of high quality quantization at dilution temperatures
and high pressures. i) Pressure dependence of topological gap determined by temperature dependencies presented in (g). Linear extrapolation to zero

predicts a critical pressure P, of approximately 3.3 GPa.

the magnetic enhancement can be maximized by gate-tuning to-
ward the valence band; indicating that pressure likely also en-
hances the hole-mediated RKKY interaction in a manner con-
sistent with previous reports in more traditional dilute magnetic
semiconductors.!®!

The strengthened magnetic ordering indicates that it is un-
likely that the pressure driven reduction in the transport gap is
a consequence of a reduced exchange field at the Dirac surface
states. Alternative sources that may account for the suppressed
gap include increasing surface hybridization or occupation of de-

localized, dissipative states. To understand what effects are domi-
nant in our system, we perform first principle band structure cal-
culations for a six QL thick slab of CBST host compound Sb, Te,.
As Bi primarily functions as a counter-dopant in CBST,**l and
Cr d-electrons do not contribute to the density of states at the
Fermi energy,l®! Sb,Te, calculations capture the principal details
of the CBST band structurel??! while notably excluding the ma-
terial magnetism and resulting exchange gap. Thus, in the pre-
sented calculations, trends in the surface hybridization are ob-
served directly and are not obfuscated by magnetic gapping of the

—~ 10} 1.6GPa
()
2 [ 2omk
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50 100
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150 200 250
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Figure 4. Evolution of magnetism under hydrostatic pressure. Pressure dependent evolution of p,, hysteresis loops are shown for sample P1 at 20 mK
and pressures of 0.1, 0.9, and 1.6 GPa. The inset displays the full magnetic hysteresis loops, while the main figure is zoomed to the region near pyH,

shaded in blue in the inset.
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Figure 5. Electronic evolution with hydrostatic pressure. a—d) Calculated electronic band structure of a 6 QL thick Sb,Te; slab with isotropic lattice
compressions of 0% (a) and -4%. To simplify their comparison, the calculated band structures are shifted vertically so that the center of the surface
band gap (Ecnp) rather than the calculated E is positioned at zero energy. b) Zoomed band structures near Eg and I" are shown in (c) (0%) and (d)
(4%), highlighting the pressure dependencies of the hybridization gap m and the energy of the valence band valley E,,. The locations of the zoomed
regions are marked in (a) and (b) by boxes. e-g) Strain dependence of m (e), yyy (f), and E,, (g) are presented with dashed lines as a guide for the
eye. Corresponding pressures are estimated based off previous reports in bulk Sb,Te;. h) Proposed zero-temperature topological phase diagram for the
CBST system as a function of pressure P and film thickness t. Cartooned band structures representative of the electronic ground state are shown in the
four distinct regions in this topological phase space. In these simplified cartoons, the red and blue lines represent the spin split surface bands, while

the bulk valence band is presented in black.

surface band structure. Following previous example,[**3*] pres-
sure is simulated by isotropically compressing the boundaries of
the computational unit and allowing all interior atoms to relax to
their lowest energy configuration.

Band structure calculations were performed in 1% strain incre-
ments between 0% and 4%. Calculations at 0% and -4% compres-
sive strains are presented in Figure 5a—d. Consistent with previ-
ous reports, we find that increasing pressure widens the direct,
bulk band gap at T, while simultaneously raising the energy of the
valence band valley E,, between I" and M.[*] At the computational
thickness of 6 QL, we observe a small hybridization gap m in
the surface bands even in the zero-compression limit (Figure Se).
This feature is amplified as the unit cell size is decreased, indi-
cating increasingly pronounced hybridization between top and
bottom surfaces of the TI under pressure. Finally, using the cal-
culated band structures, we extract the van Vleck susceptibility
Xy according to the relationship:

2 Ao (nk| S, |mk) (mk| S, |nk) )

1
A = K] ; ? Emk - Enk

Epg <H<Ep
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here p, is the vacuum permeability, u, is the Bohr magneton, S,
is the spin operator. n, |nk), and E,, represent the band index,
wave function and eigenvalue of nth band in valence bands at
momentum k, while m, [mk) and E,,, correspond to conduction
band states. Based upon these calculations we observe a clear
though modest enhancement in y, with increasing pressure
(Figure 5f). This enhancement emanates primarily from states
near I', suggesting it is born from increasing mixing between the
inverted Sb p;_and Te p;_states in the compressed lattice.

The above observations have significant implications to the
QAH state. The pressure driven enhancement in m biases the
system toward a trivial insulator phase, with the electronic phase
transition occurring once the magnitude of m grows larger than
that of the exchange gap A,,. Meanwhile, once the energy of the
valence band valley exceeds the Fermi energy (i.e. E,, > 0) delo-
calized states in the valence band will populate down to lowest
temperatures and the system will behave as a metal. In the case
when E,;, > 0and A,, > m carrier conduction in the chiral chan-
nels will relax internally through the dissipative valence band
states, precluding transport quantization. The calculated evolu-
tions of m, yyy, and E,, with increasing pressure (Figure Se—g)
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therefore imply a coalescence of metallic, insulating, and QAHI
electronic ground states in the pressure tuned CBST sys-
tem. Based upon these calculated band structures and the
known evolutions of the hybridization gap, bulk state quan-
tum confinement, and exchange energy with decreasing CBST
thickness,[1#2%36] we present a proposed topological phase dia-
gram in layer thickness and pressure dependent parameter space
in Figure 5h. These phase boundaries could be further adjusted
by tuning along other axes such as external magnetic field!'®?! or
applied gate voltage. We will also note that the QAHI/insulator
phase boundary presented here assumes that the hybridization
gap is more responsive to pressure than the exchange gap, an as-
sumption supported by the relatively weak pressure effect on y,,
(Figure 5f) compared with m (Figure 5e). It is possible, however,
that the exchange gap may feature its own pressure dependence,
altering the trajectory of the A,, = m boundary.

Having discussed the calculated pressure dependent band
structure for this system, we now consider how these calcula-
tions comport with the experimentally determined results. No-
tably, our band structure calculations unambiguously indicate a
trend away from the QAHI state in compressed tetradymite TIs,
consistent with the experimental reality. While the calculations
indicate that the electronic state beyond P, may be either trivially
insulating or metallic depending upon the details of the mate-
rial, in our samples we believe the topological phase transition
occurring at P, to be toward the metallic regime. We come to this
conclusion through the observations of reduced p,, at tempera-
tures above T, as well as reductions in the p,, peaks at p,H, with
increasing pressure; both of which suggest an increasing density
of states near the Fermi energy. Meanwhile, the enhanced y,,
observed in the calculation captures the increasing magnetic or-
dering strength observed in our pressurized QAHI films.

3. Conclusion

To conclude, these results establish lattice deformation as an ef-
fective, clean tuning parameter for modifying the electronic and
magnetic properties of alloyed QAHI materials. Though a sig-
nificant material response is observed in the pressure range ex-
plored in this study, we believe increasing pressure may evoke
even more dramatic electronic and magnetic responses. Cru-
cially, P_ is well below the 9+ GPa threshold at which a structural
phase transition from rhombohedral to monoclinic crystallo-
graphic point groups has been previously reported in tetradymite
TI systems,[3%37:38] indicating future experiments may explore a
significantly larger pressure range without concern of interfer-
ence from additional structural phases.

Furthermore, we suggest that uniaxial and biaxial strains
may present a particularly rich avenue for future structural
engineering studies in QAHI films. Though efforts to apply
such strains are complicated by the weak interlayer coupling
in tetradymite topological insulators, previous reports demon-
strated that it can be accomplished through the deposition of
additional strain layers, via the substrate, or mechanically fol-
lowing film growth.**-*!l Notably, while we have shown lattice
compression to be hostile to the QAH phase, tensile strain
has been demonstrated to suppress bulk state contributions in
Sb, Te;,[*0 suggesting that tensile strain may present a potential
avenue to enhance QAHI critical temperatures. Tensile strain
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applied via material engineering or mechanical apparatus!*>*3
additionally offers direct access to the surface of the sample,
thereby enabling a wider suite of experimental techniques, such
as ARPES, to directly probe material band structure and validate
first-principles computations.

4. Experimental Section

Material Growth: The 6QL Crg 1, (Big26Sbg ¢2),Te; films were grown
in an ultra-high vacuum, Perkin-Elmer molecular beam epitaxy (MBE)
system. Epi-ready semi-insulating GaAs (111)B substrates with resistiv-
ity larger than 10° Q -cm were used for the growth. Before growth, the
substrates were loaded into the MBE chamber and pre-annealed at the
temperature of 630 °C in a Te-rich environment in order to desorb the
oxide on the surface. During growth, the substrate was kept at 190 °C.
High-purity Bi (99.9999%), Te (99.9999%), Cr (99.99%) were evaporated
by conventional Knudsen effusion cells while Sb (99.999%) was evapo-
rated by a cracker cell. The Bi, Cr, Sb, and Te cells were maintained at 472,
372, 1090, and 340 °C during the growth. The growth process was mon-
itored by the reflection high-energy electron diffraction (RHEED) in situ,
and the digital RHEED images were captured using a KSA400 system built
by K-space Associates, Inc. Sharp and streaky lines in the RHEED pattern
indicate good epitaxial crystalline quality.

Six-terminal Hall bar devices were fabricated using optical lithogra-
phy, reactive ion etching, and electron beam evaporation. The as-grown
samples were first cleaned using the standard solvent cleaning proce-
dure. The channel region was then patterned using a Karl Suss mask
aligner using a typical lithography procedure and etched with CF, and Ar
plasma. The metal contacts were then defined by another lithography and
Cr/Au contacts were deposited with an electron-beam evaporator. A 20-
nm-thick HfO, layer was subsequently deposited at 150 °C using atomic
layer deposition. The top gate was finally patterned using the same lithog-
raphy and metallization procedure. A typical Hall bar device had a channel
length/width of 100/50 um.

High Pressure Experiments:  Pressure was applied using a standard pis-
ton pressure-cell. To fit within the active area of the pressure cell, single
devices were cut from pre-patterned wafers to dimensions of less than 3.0
mm, and were fixed to a fiber optic using epoxy to orient the sample within
the pressure cell. Thin platinum wires were attached by hand to the con-
tact pads of the device under test with silver paint. A small ruby chip was
fixed to the tip of the fiber optic, which was used to calibrate the pressure
at room temperature and again at low temperature. A PTFE cup was filled
with Daphne 7575 oil and fixed in place over the sample platform so that
the device was surrounded by the hydrostatic fluid. Once assembled, the
cell was placed in a hydraulic press where a piston fed through a hole in
the threaded top screw of the cell was used to add pressure. When the
appropriate pressure was reached, the top screw was clamped, locking in
the pressure.

Transport measurements were collected using a low-frequency (<10
Hz) lockin technique with ac excitations of 10 nA. Gate swept data dis-
play a small hysteresis based upon the gate history. To compensate for
this effect and ensure consistency all data presented were taken during
sweeps from +3.25 to -5 V.

Cryogenic sample environments for ambient pressure experiments
were maintained using a Quantum Design Physical Property Measure-
ment System equipped with a dilution refrigerator insert. High pressure
measurements were conducted in high magnetic field cells SCM-1 and
SCM-2 at the National High Magnetic Field Laboratory in Tallahassee.
SCM-1 was equipped with a dilution refrigerator cryogenic environment
while SCM-2 was operated with pure >He cooled using a sorption pump.
Both SCM-1 and SCM-2 were equipped with 18 T superconducting mag-
nets. To compensate for the remnant field of the superconducting magnet,
the field dependent data were calibrated using a Hall sensor. Additionally,
to account for the magnetoresistance of the SCM-2 thermometers, the
temperatures used in Figures 3 and 4 were calibrated using the strong
temperature dependence of the QAHI material itself. For details of the
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field and temperature calibration processes please refer to the Supporting
Information.[24]

First Principle Calculations: First-principles calculations were per-
formed as implemented in the Vienna Ab Initio Simulation Package
(VASP).[*4] The Perdew, Burke, Ernzerhof (PBE) form of the gener-
alized gradient approximation was used as the exchange-correlation
functional.[**] The computational cell employed was constructed from six
QL Sb, Te; slabs stacked with a 40 A thick vacuum region. An energy cutoff
of 500 eV and a 8x8x1T-centered k-grid were applied to optimize cell struc-
ture and atomic positions. The optimized lattice constant of the slab was
a=b=43307 Aand ¢ = 31.09 A. Tri-axial compressive strains between -
4.0% and 0.0% were applied by shrinking the perimeter of the Sb,Te; slab.
At each strain, atomic positions inside the unit cell were allowed to relax in
all directions. Spin-orbit coupling was included during the charge density
relaxation for electronic band structures.

Based upon the band structure, van Vleck susceptibilities were calcu-
lated according to Equation (2).1°]

5 (nk| §Z |mk) (mk| §Z |nk)

Avwy = % zk:E Z 4uoHg

nk <H<Epmk

@
Emk - Enk

where, as described in the main text, y, is the vacuum permeability,
lg is the Bohr magneton, S, is the spin operator. n, |nk), and E, repre-
sent the band index, wave function and eigenvalue of nth band in valence
bands at momentum k, while m, |mk) and E,,, correspond to conduction
band states. The susceptibility averages over k points in the first Brillouin
zone, where N is the number of k points. We focus on the k symmetric
lines (K — ' — M) around the Dirac point which make the susceptibility
calculation feasible.

The wave functions |nk) was a spinor, with both spin up and spin down
components due to spin-orbit coupling, as shown in Equation (3).

1
o = V)
Ink) (ng 0 ®)

here WT,( (r) and wjk (r) are spin up and down components of a real space
wave function. The real space wave functions were found through sum-
ming over plane-wave vectors G and their associated plane-wave coeffi-
cients. The wavefunctions were read from WAVECAR files, produced by
VASP,[46] with a cut-off plane-wave energy of 500 eV.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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