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Abstract: Quantum anomalous Hall (QAH) effect appears in ferromagnetic
topological insulators (FMTI) when a Dirac mass gap opens in the spectrum of the
topological surface states (SS). Unaccountably, although the mean mass gap can
exceed 28 meV (or ~320 K), the QAH effect is frequently only detectable at
temperatures below 1 K. Using Landau level spectroscopy in a scanning tunneling
microscope, we compare the archetypal FMTI Crg gg(Bio.1Sbo.9)1.9,.Tes to that of its non-
magnetic parent (Big;Sbog),Tes, with the objective of revealing the cause of such
suppressed temperatures. In (Big;Sbgg),Tes, we find spatially random rigid band
shifts with correlated variations of the Dirac energy. Statistically equivalent
variations occur in Crgog(Big1Sbgg)1.92Tesz with concurrent but uncorrelated Dirac
mass gap disorders. The combined disorders drastically suppress the minimum mass
gap to below 100 peV for nanoscale regions separated by <1 um. This fundamentally
limits the fully quantized anomalous Hall effect in Sb,Te3-based FMTI materials to

very low temperatures.

1

ACS Paragon Plus Environment


mailto:jcseamusdavis@gmail.com

oNOYTULT D WN =

Nano Letters

Main Text:

The exemplary topological state of electronic matter is the integer quantum
Hall (IQH) effect. This occurs when a high magnetic field generates Landau
quantization in the states of a 2-dimensional electron gas, resulting in precisely
quantized Hall conductance oy, = Ce?/h and transport resistivity p,, =0 (C is the
Chern number equaling the number of Landau levels (LL) below the Fermi energy Ep,
e is the electron charge and h is Planck’s constant). Even more striking is the quantum
anomalous Hall (QAH) effect’? which should support o, = e?/h and p,, = 0 in the
absence of external magnetic fields and at any temperature where global
ferromagnetism can be sustained. The advent of topological insulators (TI) with
relativistic surface states (SS) made this feasible because, if these materials can be
rendered ferromagnetic, the spontaneous magnetization gaps the SS Dirac spectrum,

generating a QAH effect with its chiral edge states.?

Although the existence of the QAH in such ferromagnetic topological
insulators (FMTI) has now been widely demonstrate,*1° its detailed phenomenology
remains mysterious. This is because the fully quantized o, =% e?/h is typically only
detected at temperatures well below 1 K even though the average Dirac-mass gap A

due to optimum ferromagnetism in FMTI is reported to be A ~ 28 — 50 meV.1617

2
Moreover, departure from the oy, =i%;pxx=0 condition with increasing

temperatures, while initially involving a complex phenomenology, consistently
o
undergoes a transitiontoa g,, e ' Arrhenius dependence’-812131415 jn the T~1 K

range. How this could occur for states protected by a A > 28 meV energy gap (kAB > 32

0 K) is a conundrum3* whose solution governs the long-term utility of QAH effects in

these materials.

The surface states of three-dimensional TI exhibit a spectrum of delocalized

states with Hamiltonian H(k) = hvgk - o yielding 2-dimension electron gas with a

Dirac spectrum and spin-momentum locking.!’® In a FMTI with homogeneous
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magnetization M, parallel to the surface normal z, an energy gap of magnitude A =] *
M,/2ug ( = mvg®) opens, where m is the Dirac-mass, iz the Bohr magneton, vy the
Fermi velocity, and J* the effective exchange energy. The resulting FMTI surface state
spectrum is given by!°

E 4 (k) = Ep + J(wp) k2 + A 1)
where E) is the Dirac point of the ungapped bands measured relative to the surface-

state Ep. Then, to achieve, detect and use the QAH effect and associated

dissipationless transport, Er must satisfy Ep — A < Ep < Ep + A.

From a material science and technological applications point of view, the key
challenges are therefore to create a long-range robust Dirac mass gap A, in the SS of a
TI with strong ferromagnetic order and whose bulk is truly insulating, and then to
alter the surface electron density so as to place Er within that gap. A widely-explored
strategy involves magnetic doping (e.g., with Cr or V atoms) of TIs (e.g., Sb,Tes3) along
with Er tuning with charge dopants (e.g., Bi). But such substitutional doping must
necessarily create disorder* that is widely hypothesized?%2122 to be the limiting factor
for observing QAH effect at higher temperatures. Amelioration strategies, such as
remote magnetic doping® and co-doping?® of the non-magnetic (Bi,Sby.),Tes have
increased the QAHE observation temperatures up to almost 2 K, but this remains far
smaller than what would be expected conventionally, given the large mass gap and
Curie temperatures T = 100 K.?* Thus, determining and understanding the
combined atomic-scale effects of both the magnetic and charge dopant atoms on

phenomenology of Ep(r) and A(r) is now of critical interest.

To explore the electrostatic disorder induced in the SS of Sb,;Te; compounds,
we employ LL spectroscopy?°26:27.282930 to simultaneously determine the Dirac

energy Ep, the Dirac mass gap A, and the Fermi velocities vy at nanoscale. In general,

under an external magnetic field perpendicular to the sample surface, the SS becomes

Landau quantized?®2° with LL energies E,, = E} +A,\/ZehB|n|v12: + A? forn # 0, where
B is the external magnetic field and A includes contributions from both the exchange

3
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gap and the Zeeman gap. Here, A=1 for n > 0, and 1 = —1 for n < 0. The 0% LL

occurs at Ey = Ep + A, where the sign depends on the relative direction of the sample

magnetization and the external magnetic field?® - they being parallel in our studies.

Hence, by measuring the set of LL energies E, () at each spatial location r and

assuming LL quantization equations remain valid at nanoscale one can write

En(r) = Ep(r) + A\J2ehBn|v(r) + A@r)? forn # 0 (2)
so that
E§+ E*, —2E%*,
Ep(") =3@,+5,-28 ()
and

A(r) = Eo(r) — Ep(T) (4)

Here, the Fermi velocities of the top and bottom Dirac cones are not assumed identical
to account for any electron-hole asymmetry. In the special case of electron-hole
symmetry, Eqn. (3) is simplified as Ep(r) = (E _1 + E1)/2. Furthermore, a linear
dispersion of the topological surface state is assumed because the relevant LLs are
within + 70 meV of the Dirac point, where the dispersion has been shown to be
linear.1731 Qur strategy is then to compare and contrast the electronic structure of the
SS in (Bigp1Sbgg),Tes and Crgog(Bip.1Sbog)1.92Tes single crystals, using nanoscale LL
spectroscopy?°2627.2829 techniques in a spectroscopic imaging scanning tunneling

microscope (SISTM)3? operated at T < 300 mK and in magnetic fields up to 9 T.

The (Bip1Sbgg):Tes crystals consist of stacked quintuple layers with 10% of
the Sb sites occupied by Bi substitutional dopant atoms in a random manner as shown
schematically in Fig. 1a. Once cleaved, the crystal is terminated by Te atoms arranged
in a triangular lattice with nearest-neighbor atoms separated by 4.3 A (Fig. 1b). This
lattice forms the main contrast in atomic-resolution topographicimages shown in Fig.
1b. The subsurface Bi dopant atoms lead to heterogeneous topography with spatially
varying bright spots (inset Fig. 1b). Electronic structure visualization is then carried
out by measuring the differential tunneling conductance dI/dV(r,E =eV) = g(r,E)

as a function of both location r and electron energy E. At each r, the local density of

4
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electronic states N(r,E) is conventionally determined from N (7,E) < g(r,E). For
these materials, the g(r,E) data are dominated by bulk bands at high energy and by
the topological SS for 0 < E < 400 meV. Thus one can evaluate the local effects of Bi
dopant disorder on the bulk bands by measuring spatial variants in N(r,E) at high
energies. Figure 1c shows a pair of simultaneous g(r,E) images acquired at E = -0.4
eV and E = 0.8 eV (at zero magnetic field). Underpinning these phenomena are the
high-energy shifts in g(r,F) discussed in Figure 1d. Here the blue and red g(E) curves
are averages from the regions indicated by the blue and red circles in Fig. 1c. These
two g(E) curves are laterally displaced while their functional form remains virtually
unchanged, indicating that the images in Fig. 1d represent rigid bulk band shifts

between different regions of the sample33.

Next the magnetic field is turned on and the g(r,E) mapping of LL is carried
out. Figure 2a shows the spatially averaged g(E) spectrum of (Bip;Sbgg),Tes; under
an 8.5 T magnetic field after a background subtraction (raw spectrum shown in Fig.
S1). The peaks due to LL quantization of the SS are clearly resolved as indicated. Since
the Zeeman energy is negligible at this field, A is taken as zero for this non-magnetic
TIL. Therefore, spatial fluctuations of Ep(r) are derived from Ey(r) in Eqn. (4) with
their statistics shown in Fig. 2b. On average, the LL-derived E[ occurs at 143.4 meV
with a standard deviation 6=3.3 meV (FWHM is 2.350 ~ 7.8 meV), indicative of a
significant electrostatic spatial variations in Epof the SS. Such E disorder is absent in
pure Sb,Tes crystals without the Bi dopant atoms.?® For (Big1Sbg9),Tes samples, by
contrast, the Dirac energy disorder is visualized by plotting measured E(r) as shown
in Fig. 2c. Moreover, Figure 2d shows the measured and calculated rigid band shift I'(r
) in the region of the white square in Figure 2c (see details of calculation in Fig. S2).
The features correspond well, suggesting that the Dirac point and bulk bands locally
shift in the same direction. Such observation is in agreement with macroscopic band
structure characterization of (BiySb;.4);Tes with different nominal Bi concentrations
using angle-resolved photoemission spectroscopy.3! By using measured E,(r) (Fig.

2a), the Fermi velocity of the top and bottom Dirac cones can also be determined as a

5
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function of position (see Fig. S3). The Fermi velocities vpr(r) and vpg(r) show spatial
fluctuations and clear anticorrelation with each other. They also anticorrelate and
correlate with Ep(r) respectively or §Epdver < 0 and §Epdvrg > 0, where § denotes
variations. Specifically, an upwards E shift (i.e.,, Ep > 0) is found associated with §
vrg(r) > 0 and Svpr(r) < 0, and vice versa. In addition to the averaging effect from
larger radius of higher LL wavefunctions, this form of SS band structure variations

also explains the observed narrower distribution of higher LLs (i.e., larger n)

SE, 5 SEn
compared to that of the 0™ LL considering that 57z =1 + \/ZehBTl;TFZ forn>0and g,

(SUFB

=1- '\/ZehBlnlaTD for n < 0 (see Fig. S4).

Having characterized the electrostatic disorder generated by heterogeneity of
the Bi dopant atoms in (Big1Sbgg),Tes, we next turn to explore the combined effect of
electrostatic and magnetic dopants in Crggg(Bip1Sbgg)192Tes. The Cr dopant atoms
appear as additional well-defined dark triangles in topographic images (Fig. 3a), in
agreement with previous reports.!”?4 Here, we determine both Ep(r) and A(r) by
measuring LL energies as shown in the background-subtracted spectrum in Fig. 3b
(raw spectrum shown in Fig. S5). Compared to asymmetric LLs caused by electron-
hole asymmetry (e.g., different Fermi velocities) in (Bi,Sb;4),Tes (Fig. 2 and Fig. S3)
and twisted graphene layers,3* the asymmetric LLs in the case of a Dirac-mass gap
opening is manifested as an energy shift of the zeroth LL by the amount of the gap.
Figure 3c shows measured Ep(r) and demonstrates it to be statistically highly
consistent with Ep(7) in (Big1Sbgg).Tes. Then the Dirac mass gap A(r) is determined
using Eqn. (4) with the typical result shown in Figure 3d. The spatial structure of E
(r) and A(r) in the same FOV are virtually uncorrelated with maximum cross
correlation coefficient of y(r = 0) = -0.23. This is expected given that Cr dopants
resulting in A(r) disorder contributes little to Ep(r) disorder due to Bi, and vice

versa.28
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The simultaneously measured histograms of Ep(r) and A(r) are given in
Figures 4a,b. The average of Ep(r) in Crgog(Bip1Sbog)192Tes is 171.2 meV with
standard deviation B@=2.9 meV (FWHM is 2.350 = 6.83 meV), close to that of
(Big.1Sbgg),Tes. The Dirac-mass gap A centers near 14 meV with a minimum value of
4.7 meV. Compared to preliminary Dirac-mass gap extraction from zero-field dI/dV
spectra,!” which revealed a consistent phenomenology of A disorder, LL spectroscopy
is a more fundamental technique that is expected to yield quantitatively more
accurate measures of A. Although the standard deviation of A(r), 0=1.7 meV, is
slightly smaller than that of Ep(r), the more peaked shape of A than Ej, results in a
similar distribution width of ~ 10 meV. This suggests a similar magnitude in the
electrostatic and magnetic disorder in the Dirac SS in these doped Sb,Te; FMTI
materials. Indeed, by plotting the top and bottom band edges of the gapped surface
state (Ep(r) +A(r) and Ep(r) —A(r), respectively) as shown in Figure 4 c,d and their
energy distributions as shown in Figure 4e, the minimum distance between the two
energy-surfaces is only ~3.8 meV, much smaller than the average gap in earlier
reports.'®17 This energy scale, however, is not what is critical in thermally activated
transport. Instead, because the SS Fermi level Ef is inserted into this gap, it is the
spatial arrangement of the minimum energy separation of positive or negative gap
edge to Ep. This corresponds to a minimum effective Dirac-mass gap of less than 1.9
meV within this 200 nm field of view, and with spatial variation caused not merely by
the magnetic dopant atoms but also by the charge dopant atoms. One can measure
this minimum excitation energy difference between the chemical potential and the
local gap edge, either above or below Ep as a function of r: &6(r)=
min (A(r) + Ep(r) — Ep; A(r) — Ep(r) + Ep), where Epis assumed at the optimum
position maximizing min(§(r)). Since A(r) and Ep(r) are not correlated, the §(r)
shown in Figure 4f represents the previously unknown spatial arrangement of energy
barriers to activated electric transport in Crgog(Bio.1Sbog)1.9.Tes samples that sustain

the QAH effect.

7
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The statistical distribution of our measured §(r) is shown in Figure 4g and
well fitted with a skewed normal distribution function, which is confirmed with our

numerical simulations (Fig. S6):

16—u

2 _Loew? o
f@) =smme 17 [

o e ax )
where u=13.54meV, 0 =3.65mel/, a =—1.90. Such distribution allows us to
consider §(r) beyond the field of view limited by our SISTM. For example, while the
probability density falls off to zero quickly for § > u, the long tail of § < u suggests
non-negligible probability of &(r) approaching zero mass gap. A more detailed
analysis of this low-energy tail in Fig. 5a reveals §(r) < 100 peV with a probability
P ~2x10~*. This implies that, statistically, regions where the energy gap falls

2
below ~100 peV are separated by d%ﬁ = 0.85 um in this material, where £ = 12.1

nm is the coherence length of §(r) determined from Fig.4f representing the
characteristic length over which §(r) varies. Figure 5b shows a schematic of these

effects and it is in this physical context that one must consider the departure of QAH

2
effect from the o, =+ %:pxx = 0 condition, with increasing temperatures. With an

A

average mass gap above 10 meV, thermally activated band conduction (o, x e _TBT)
should be tremendously suppressed at 1 K. On the other hand, thermally activated

hopping transport through nearest-neighbor of localized states would result in a

To
similar exponential form of o, &< e T, butrequire a far lower activation energy (kgT,

« A), where kgT,, is the activation energy on the order of the energy separation of
neighboring localized states. Indeed, transport measurements of QAH materials at
temperatures around 1 K consistently revealed an activation energy ranging on the
order of 100 peV.12131415 [n lightly doped semiconductors, nearest-neighbor hopping
is preferred when the inter-donor distance is much larger than the effective Bohr
radius of the dopants3. Given the reported localization length of hundreds of
nanometers!® in Cry(Big1Sboo)2.x Tes, it is therefore plausible that charges hop
between the localized states of the surface state band extrema, which our data

indicate are separated by ~0.8 um with activation energies near 100 puV (Fig. 5b). At

8
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even lower temperatures kgT <« 100 peV , this nearest-neighbor hopping should
transition into variable-range hopping with a different functional form of o, x

Ty 1/3

e_(T) , which has also been observed experimentally in Crgog(Bio1Sbo9)192Tes at
temperatures below 200 mK.412 The dissipative nature of such transport channels
resulting from electrostatic and magnetic heterogeneity then limits the observation

of QAH effect to temperatures well below (A)/kp and the Curie temperature.

In summary, by utilizing LL spectroscopy, we have examined separately and
at atomic scale, the electrostatic and magnetic disorder due to individual dopant
atoms in the canonical QAH effect materials (Big;Sbog);Tes and
Cro.08(Big.1Sbog)1.92Tes. This reveals that electrostatic disorder randomizes the Dirac
energy while the magnetic disorder independently randomizes the Dirac mass gap
(Fig. 3). Together these two phenomena conspire to drastically suppress the
minimum Dirac mass gap by two orders of magnitude from the mean, in regions
separated by less than a micron (Figs 4, 5), plausibly rendering thermally activated
transport possible at temperatures around 1 K. Our study thus provides a more
complete picture of the material characteristics underpinning the very low
temperatures where the QAH effect can be observed in these materials. The key
implication is that, for practical applications of QAH insulators at higher
temperatures, homogenization of both the SS band structure and of the Dirac mass
gap is required, for example, by engineering intrinsic magnetic TIs.3¢ Meanwhile,
efforts towards engineering FMTIs with larger Dirac-mass gaps would effectively

mitigate the influence of electrostatic disorders.

Materials and Methods:

Single crystals of Crgog(Bio.1Sbog)1.92.Tes and (Big1Sbgg),Tes were synthesized using a
floating-zone method, where high purity Bi, Sb, Te, Cr (for Crgog(Bi.1Sbog)1.92Te3)
were sealed in double-walled quartz ampoules under vacuum conditions and melted

at 900°C. The premelt ingot rods in quartz tubes were then mounted in a floating-
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zone furnace and premelted at a rate of 200 mm/h. Then the crystals were grown at

arate of 1 mm/hin a1 bar Ar atmosphere.

STM experiments were performed in a home-built system in an ultra-high vacuum
environment. Bulk crystals were mechanically cleaved in situ at temperatures below
10 K in vacuum and immediately transferred to STM head for characterization using
tungsten tips. The tips were prepared by field-emission on Au substrates until a flat
density-of-state near the Fermi level was obtained. Spectroscopic characterizations
of the samples were performed at a base temperature of 300 mK with a single-shot
3He cryostat. A lock-in amplifier (SR830) was used to obtain differential conductance

data with a modulation frequency of ~850 Hz and modulation amplitude of 80 uV.
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2. Discussion on the narrower distribution of higher LLs compared to that of the 0t
LL

Figure S1. Raw LL spectrum of (Big;Sbg),Tes and its uniform background used for
subtraction.

Figure S2. Bulk band shift as a function of position in (Big1Sbgg).Tes.

Figure S3. Spatial maps of Fermi velocities.

Figure S4. Evolution of LLs in (Big1Sbg),Tes.

Figure S5. Raw LL spectrum of Crgog(Big.1Sbgg)192Tes and its uniform background
used for subtraction.

Figure S6. Skewed normal distribution of simulated 6(7).

Figure S7. Comparison of Ep(r) extracted using different LLs and zero magnetic field

data.
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Figure 1. Spectroscopic measurements of (Big 1Sbgg).Te; single crystals.

(a) Schematics of (Big.1Sbg.g).Tes crystal structure in 3D (left) and its in-plane
lattice structure as viewed from above (right).

(b) STM topographic images of Te termination layer of (Big 1Sbgg),Tes; with inset
being a zoomed-in image.

(c) Differential conductance g(r,E) maps of the same region at -0.4 eV and 0.8
eV.

(d) Spatially averaged differential conductance g(E) spectra of (Big.1Sbg.g).Tes
acquired in a zero magnetic field. The red and blue curves are averaged spectra
taken from the regions marked by the red and blue circles in C, respectively. The

dashed curves correspond to the same region in two inset images.
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Figure 2. Correlated disorders in the Dirac surface states of (Big 1Sbgg).Tes.

(a) Averaged differential conductance spectrum of (Bip 1Sbgg).Testaken in an 8.5
T magnetic field showing well-defined LLs. The numbers correspond to LL indices
n.

(b) Typical histogram of measured Ej, for (Big.1Sbog).Tes.

(c) Typical Ep(r)image showing spatial arrangements of disorder in the Dirac
energy of the SS of (Biy.1Sbgg).Tes.

(d) Typical rigid band shift I'(r) image showing spatial arrangements of disorder in
the bulk energy bands of (Big1Sbgg).Tes. I'(r) is extracted from differential

conductance spectra.
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39 Figure 3 Topographic and spectroscopic characterizations of

41 Cro.08(Bio.1Sbo.g)1.92T€3.

43 (a) STM topographic images of Crgog(Bip1Sbgg)192Tes with the inset showing a
zoomed-in image.

46 (b) Averaged differential conductance spectrum taken in an 8.5 T magnetic field
48 showing well-defined LLs of Crg gs(Bio.1Sbo.g)1.92T€3.

(c) Typical Ep(r)image showing spatial arrangements of disorder in the Dirac
energy of the SS of Cry 0s(Bip.1Sbog)1.02T€3.

53 (d) Typical A(r) image showing spatial arrangements of disorder in the Dirac mass

55 gap of Cro0s(Bip.1Sbgg)192Tes.
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Figure 4 How charge and magnetic dopant atoms conspire to degrade SS band
structure of Crg og(Bip.1Sbo.g)1.02T€s3.

(a, b) Measured histograms of Ep and A

(c, d) Measured images of Ep(r) + A(r) and Ep(r) — A(r)

(e) Measured histograms of Ep(r) + A(r) and Ep(r) — A(r) from C, D.

(f) Measured image of &(r)=min(A(r)+Ep@)—Er;A(r)—Ep(r) +Ep).
Comparing Ep(r) in Figure 3e and &(r) in Figure 4f, both the local minima and
local maxima in Ep(r) correspond to local minima in &(r). This suggests any
significant local variations in Ej would results in the reduction of local effective

energy barrier for activated transport.

(9) Measured histogram of §(r) and fitting using a skewed normal distribution.
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34 Figure 5 Statistics for 8(1") distribution in Crolog(BiO.1Sbo_g)1_92Te3.
36 (a) Low energy portion of the histogram for the probability density of &(r) from
Figure 4g in log scale.

39 (b) Schematics of surface valence and conduction band heterogeneity.
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