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A recurring theme in topological matter is the protection of
unusual electronic states by symmetry, for example, protec-
tion of the surface states in Z, topological insulators by time-
reversal symmetry'=, Recently, interest has turned to unusual
surface states in the large class of non-symmorphic materi-
als*'2, In particular, KHgSb is predicted to exhibit double quan-
tum spin Hall states™. Here we report measurements of the
Hall conductivity in KHgSb in a strong magnetic field B. In the
quantum limit, the Hall conductivity is observed to fall expo-
nentially to zero, but the diagonal conductivity is finite. A large
gap protects this unusual zero-Hall state. We theoretically
propose that, in this quantum limit, the chemical potential
drops into the bulk gap, intersecting equal numbers of right-
and left-moving quantum spin Hall surface modes to produce
the zero-Hall state. The zero-Hall state illustrates how topo-
logical protection in a non-symmorphic material with glide
symmetry may lead to highly unusual transport phenomena.

KHgSb crystallizes in the non-symmorphic space group
Dg,(P6, / mmc). The Hg and Sb ions define honeycomb layers with
AB stacking (Fig. 1a)'’. The combination of strong spin-orbit cou-
pling, inversion symmetry and band inversion leads to non-trivial
topological properties (Supplementary Section 1). As the mirror
Chern number Cy,=2, we have double quantum spin Hall (QSH)
states (two left- and two right-moving modes) on each of the sur-
faces (100) and (010). The QSH states disperse along the blue lines
in the inset in Fig. 1a, with velocity v, || x or y. At their intersections,
left- and right-moving QSH states are protected against hybridiza-
tion by mirror symmetry across the mirror plane M.,.

Crystals of KHgSb grow as plates with the broad faces normal to
Z||[001], and side faces.identified with (100) and (010). Hall mea-
surements in a field B||z with current in the x—y plane can detect the
QSH states, provided the chemical potential y lies inside the bulk
gap. (Our measurements do not couple to the hourglass modes'***
because they disperse along I'Z with v,||z.)

We report results from two batches of crystals (Supplementary
Sections 2 and 3 and Supplementary Table 1). In batch A (nomi-
nally undoped), Hg vacancies lead to a carrier density (n-type)
n~9.5%x107cm™ (determined from the weak-B Hall effect). In
batch B, Bi dopants were added to reduce n by a factor of 4. In both
batches, p lies low in the conduction band when B=0. In batch A,
the in-plane resistivity p, (B=0) is nearly independent of tempera-
ture T, with a mobility p,~3,500cm?V~'s"! limited by dominant
impurity scattering (Supplementary Fig. 1). In batch B, p, increases
by 30-40% between 40 and 4K. (The sharp downturns at 4K in
Supplementary Fig. 1 are caused by trace superconductivity from

exuded Hg ions at the crystal surface; they do not affect the conclu-
sions.) Batch A crystals display strong Shubnikov de Haas (SdH)
oscillations. In Fig. 1b, SAH oscillations in the resistivity p,, (with
B||z) are plotted at selected T. At the field By, at which p,, has a
deep minimum, y enters the lowest Landau level (LLL). From the
damping of the SAH amplitudes versus T we infer a small in-plane
mass m,=0.05m, (m, is the free electron mass). The Fermi surface
is highly elongated along z, implying a weak interlayer coupling
(Supplementary Section 6 and Supplementary Fig. 10).

A hint of interesting behaviour in the LLL was first detected in
the field profiles of the Hall angle tan 6y (Fig. 1c). Whereas tan 6y
is B-linear and T independent below 5T, it varies strongly with B
and T once y enters the LLL (the peak occurs at B ). Further hints
emerged from the T dependencies of the resistivity p,, and Hall
resistivity p,, in intense B||z (Fig. 1d). The prominent increase in p,,
in a 63-T field (60-fold at 2K) suggests a dramatic loss of carriers,
which should cause the Hall resistivity p,, to diverge. Paradoxically,
we find instead that p,, measured with B fixed at 62.5 T (red circles)
plunges steeply to 0 below ~40K.

To understand these features, we turn to the field profiles in Fig.
2 measured at low T with B||z. Using pulsed fields, we extended
measurements of the resistivity p,, to 63T, well beyond By ~11T
(Fig. 2a). Whereas p,, is relatively flat below B, (aside from the SdH
oscillations), it shows a steep 60-fold increase above By, (see curve
at 1.53K), consistent with a sharp decrease in the carrier density #,
as noted above. However, above 45T, p,, bends over to approach
saturation instead of continuing to diverge.

Simultaneously, the Hall resistivity p,. displays a striking field
profile (Fig. 2b). At the lowest T'(1.53K), p,, deviates sharply at By,
from the usual B-linear Hall dependence, describes a broad maxi-
mum and then plunges steeply to 0 above 45T, where it remains
pinned up to the highest B=63T. As we raise T from 1.5 to 10K,
the high-field curves of p,, strongly deviate from 0 in a thermally
activated way that defines an energy gap (Supplementary Figs. 1-4).

In intense fields, it is best to analyse the Hall conductivity o,
Inverting the matrix p;, we obtain the curves of 6,(B) (Fig. 2c).
At 150K, the measured o,, closely follows the semiclassical form
(shown as the dashed curve)

0y =neu.B [ [1+pB’] (1)

with n being the carrier density in the LLL and e being the charge.
With y,=3,500cm*V~'s™!, we have o,,— ne/B for B>20T; that is,
o,, depends only on n because dissipation effects (1) cancel out.
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Fig. 1| The quantum limit in KHgSb. a, The crystal structure of KHgSb and the bulk and surface Brillouin zones. The blue and red lines are mirror planes M,
at wavevector k,=0, nt/c (cis the lattice parameter). b, The SdH oscillations for 0.3 < T<104 K (sample A3, magnetic field B||z). Indexing the oscillations
reveals that the chemical potential i enters the LLL at the deep minimum near 10 T. Damping of the SdH amplitudes yields an in-plane mass m,=0.05

m, (m, is the free mass). ¢, The field profiles of the Hall angle tan 6, at selected T (in A3). At the peak (~11T), u enters the LLL. d, Divergent behaviours

of the Hall resistivity p,, (red circles) and resistivity p,, (symbols) in the LLL. As T— 2K, p,, increases steeply, implying a sharp decrease of the itinerant
population. Paradoxically, the Hall resistivity p,, (a negative quantity) plunges to O below 20K instead of diverging to very large values as expected from
loss of itinerant carriers. These opposite trends imply a surface conduction channel in parallel with the bulk (see text). The saturation of p,, at 62T as

T— 2K also constitutes evidence for the surface conduction mode. The solid red curve is a fit to p,, using equation (1); the curves drawn through the p,,

symbols are guides to the eye.

The key observation is that (T, B) becomes strongly T depen-
dent once B exceeds an onset field B.~22T (arrow in Fig. 2c). The
strong T dependence is well described by n(T,B)=nye 4E/ksT
with a B-dependent gap A(B) (k; is Boltzmann’s constant). The
close fits of o,, are shown magnified in Fig. 2d. (At each B, A(B) is
uniquely obtained from the Arrhenius plot of ¢, with the prefactor
1y=9.5%10"cm™. The gap values are plotted in the inset in Fig.
2c.) We stress that, above 20T, o,, depends only on n(T, B) because
the mobility p, cancels out. The activated behaviour in #(T, B)
ensures that o,, is pinned to zero in the limit A(B)/ kyT>> 1.

In our analysis, the conductivity o,, initially increases with
field just above B reflecting the increasing density of states
(Supplementary Section 8). However, above B,, o,, falls steeply, and
asymptotes to a B- and T-independent constant ¢° which we iden-
tify with surface modes. In the 7 batch A samples, ¢° varies from 2.5
to 40 (© cm)™' (or 0.03 and 0.1¢*/h per HgSb layer). As emphasized
above, the surface mode displays zero Hall response. The finite ¢°
explains why p,, — 0 rather than co in the limit # — 0.

We also observe the zero-Hall state in samples B1 and B3.
Figure 3a displays curves of p,, measured in sample B3 (where
Bq ~3T, instead of 12T). At 2K, p,, approaches 0 as an activated
form when B> 10T. The gap A(B) inferred from the semilog plot
of 6, versus 1/T (Fig. 3c) is plotted in the inset in Fig. 3a. As shown
in Fig. 3¢, the zero-Hall state survives to large field-tilt angles 6
(see scaling plot in Supplementary Fig. 11). The similarity of the
profiles of p,. in A4 (Fig. 2b) and B3 (Fig. 3b) implies that the
zero-Hall state is intrinsic to the LLL (when B> B, ). The large
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resistivity anisotropy (p_./p,.~270; Supplementary Section 5 and
Supplementary Fig. 9), together with the highly elongated Fermi
surface, implies a very weak interlayer hopping, consistent with
dominant conduction via ¢°.

Ab initio calculations reveal the special status of the LLL
(Fig. 4, Supplementary Section 7 and Supplementary Fig. 12). In
intense B (60T), the LLL in the conduction band and its partner
level (at energies E,=0.18 and E;=0.35¢V, respectively) disperse
downwards at the sample’s edge, reflecting their hole-state ori-
gin (Fig. 4b). Together, these two edge states constitute the left-
moving QSH modes. Conversely, a pair of right-moving QSH
modes arise from the LL at the valence band maximum. Hence,
there exist two left- and two right-moving QSH modes. All four
modes intersect y if it lies in the bulk gap (solid line in Fig. 4b).
By Biittiker-Landauer theory'>'®, we must have ¢,,=0, but ¢, will
remain finite.

As noted, the disparate behaviours of ¢,, and o,, in the quan-
tum limit suggest parallel conduction channels by bulk carriers
and surface modes. In a conventional clean semimetal, y is pinned
at E, in the quantum limit (dashed line in Fig. 4b). However, if
u drops into the gap (that is, itinerant bulk carriers vanish), the
Biittiker-Landauer theory should apply. One mechanism that
produces such a downward shift in g (as well as thermal activa-
tion in n(T)) is magnetic freeze-out, long familiar in bulk semi-
conductors'”"" (Supplementary Section 8 and Supplementary
Fig. 13). Whereas the electrons are unbound in zero B, a strong B
deepens the binding energy to donors (Hg vacancies). At the field
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Fig. 2 | Emergence of a zero-Hall state and gap in sample A4. a, Curves of p,, versus B for selected temperatures T (semilog scale). At fields B>~11T,

P at 1.53K increases steeply, but saturates above 60 T. b, The Hall resistivity curves p,, versus B. Below 100K, p,, displays strong T dependence when u
enters the LLL. When B exceeds ~35T, p,, falls steeply, consistent with thermal activation across a gap A(B). ¢, Curves of the Hall conductivity o, versus B
at selected T (given in b). The red dashed curve is the fit to equation (1) with carrier density n=n, at 150 K. The strong T dependence that appears above
the onset field B.~22 T (arrow) is well described by equation (1) with n(T) = noe’A(BkaT. The gap A(B) inferred from the fits increases to 13meV at 62.5T
(inset). The vertical lines indicate the uncertainties in determining A(B) from the fits. d, Fits to equation (1) (solid curves) for fields B.<B< 63T at selected
T. At 150K we fix n=n,, whereas at and below 60 K we use the thermally activated form for n(T). In cand d, 5,, is a negative quantity, like p,,.
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Fig. 3 | The zero-Hall state in Bi-doped KHgSb (batch B). a, Curves of the Hall resistivity p,, in B3. The field profiles are similar to Fig. 2b except for
the much lower field scales. The inferred gap A is plotted versus B in the inset (vertical lines are error bars). b, The effect of varying the tilt angle 8 of B
relative to z at 4.5K. All of the curves at # <60° collapse to a universal curve when plotted against B, (see Supplementary Fig. 11). ¢, Semilog plot of |5, |

versus 1/T at selected B (in Sample B1). d, Curves of the conductivity o,, versus B for sample B1. At 2K (black curve), 6,, — 41 (Q cm)~' or ~0.1e?/h per
mode above 10T.
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Fig. 4 | Ab initio band structure of KHgSb near I in B=0 and in strong B. a, Direct gap of 320 meV separating the bulk states (black curves) in B=0.
Pairs of right- and left-moving QSH states (red curves) traverse the gap. b, The LL spectrum in B=60T with zigzag termination on a (100) surface. In

the conduction band, all LLs disperse upwards at the surface except for the lowest LL (at energy E,~0.18 eV) and its partner produced by band folding at
k,=m/c at energy Ej~0.35eV, which disperse downwards to form a pair of left-moving QSH states. Conversely, a pair of right-moving QSH states emerge
from the valence band. In the quantum limit, magnetic freeze-out lowers p into the gap (dashed line to solid) where it intersects two left- and two right-

moving QSH modes to give 0,,=0.

B,, the binding energy becomes large enough to localize bulk car-
riers onto impurity states'’, so that y falls below E, into the bulk
gap (solid line in Fig. 4b). When A /kyT>> 1, the itinerant bulk
population is completely suppressed. The entire current is then
carried by the four QSH modes, so that the zero-Hall state with
finite o,, is realized.

We have considered whether a semiclassical three-band Drude
model can explain our findings (details in Supplementary Section 9
and Supplementary Fig. 14). As discussed in Supplementary Section
9, the key features here—the sharp onset at B. of thermal activation
across a gap A(B) and pinning of ¢, to zero up to 63 T—lie well
beyond the purview of semiclassical transport (see especially the
plots of 6,,(B) in Fig. 2c,d and Supplementary Fig. 15). Moreover,
photoemission'*'* and ab initio band calculations do not see three
bands. In addition, we distinguish our results from the anoma-
lous Hall effect” in ferromagnets and conventional semimetals
(Supplementary Section 10).

In summary, the Hall conductivity o,, in KHgSb exhibits a
remarkable exponential decrease to zero when the chemical poten-
tial y enters the LLL in the quantum limit. The activated behaviour
of o, yields an energy gap that appears abruptly at the onset field
B.. The gap pins o,, to zero over an extended range of fields B> B..
In contrast, the diagonal conductivity o,, remains finite. By vary-
ing the carrier density, we verified that the zero-Hall state occurs
within the LLL, and is insensitive to tilting of B. We interpret the
activation as caused by magnetic freeze-out, which describes field-
induced trapping of the itinerant bulk carriers by Hg vacancies. As
a consequence, y is lowered into the bulk energy gap. The applied
current is then conducted solely by the surface double QSH states
predicted to exist in this non-symmorphic material. The counter-
propagating double QSH states lead to the unusual gap-protected,
zero-Hall state observed in the experiment.

Online content
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Methods

Crystals of KHgSb were grown by slow cooling of a stoichiometric melt in vacuum-
sealed quartz tubes from 700 °C. The required amounts of high-purity K, Hg and
Sb (and Bi) were sealed in a thick-walled quartz tube. The ampoule was heated to
300°C at the rate of 60 °Ch™', annealed for 12h and then heated to 650 °C again at
the rate 60 °Ch™" for 12h. As a last step, the temperature was raised to 700 °C at the
same rate for 12h. The hot ampoule was stirred to ensure a homogeneous molten
mixture. The ampoule was slowly cooled to 300 °C at the rate 6 °Ch~' and annealed
for 24 h, and finally cooled to room temperature at the rate 60°Ch~".

The ampoule was opened in an Ar-filled dry box to avoid exposure of the
crystals to oxygen and moisture. The crystals, dark green in colour with large and
shiny facets up to ~5mm on a side, were cleavable along different crystallographic
planes. The D,,(P6, / mmc) phase of KHgSb was confirmed by single-crystal
X-ray diffraction, as was the relationship between unit-cell axis directions and
crystal morphology. The powder X-ray diffraction pattern on ground crystals
was recorded by covering with a layer of Paratone-N oil followed by a layer of
Kapton foil. A Le Bail fit was performed to the recorded diffraction pattern. The
crystallographic cell parameters were found to be a=4.785 A and ¢=10.226 A.
Doping with Bi (1-2%) was performed to lower the bulk carrier density n.

As a result of the high K content, crystals of KHgSb oxidize rapidly (within
305s) on exposure to moist air. Hence, all manipulations and contacting with
wires were carried out in an Ar-filled dry-box. The crystals were mounted inside
a small capsule that was hermetically sealed with a cap (the capsule and cap are
made of brass or G10 epoxy). Electrical wires were brought from the outside into
the capsule through feed-through perforations at the bottom. Stycast epoxy was
used to make the perforations gas-tight. After the electrical leads were contacted
to the crystal with silver paint, the brass cap was screwed on tightly inside the
argon dry-box. Indium solder was employed to achieve a hermetic seal. With
this set up, samples are well protected against oxidation for up to a week. (For
pulsed field experiments, the samples were sealed in G10 capsules to avoid eddy-
current heating.)

NATURE MATERIALS

Supplementary Fig. 1 shows the in-plane resistivity p, measured in samples
A4 (blue curve) and B1 (red curve) versus T. The large disorder arising from
Hg vacancies leads to a profile that is T independent in A4. In B1 (with a carrier
density 4x smaller than in A4), p, displays an increase below 40 K. The sharp
transitions at 4K arise from surface superconductivity due to exuded Hg ions. The
inset shows a photograph of a mounted crystal of KHgSb.

In the Hall experiments in pulsed fields, we first performed measurements of
the Hall voltage V; with the pulsed field direction B in the ‘up’ direction. After a
wait-period of 50 min (to let the magnet coils cool back to liquid N, temperature),
we performed a second measurement of Vy, with B reversed. The long wait period
between pulses gives rise to a spurious background offset 8V}, that adds a small
B-independent error signal to the inferred p,,. We believe that 8V}, is caused by
very small temperature drifts during the wait period. This shift is not a major
problem in most Hall experiments. Here, however, it gives a noticeable error when
p,x approaches zero and is exponentially sensitive to tiny changes in T. The offset
can be seen in the trace of p,, at 1.53K in Fig. 2b of the main text. Analysis of the
pulsed-field data was performed after this background is removed. We emphasize
that in d.c. experiments (on batch B samples) this spurious background is absent.

Despite the hermetic seal, a particular sample cannot be re-used for a second
round of experiments after it has been warmed from 4K to room temperature and
the cap re-opened (even inside an argon dry-box). The thermal cycling probably
causes more Hg ions to be exuded to the surface and further oxidation due to a
very small amount of residual water vapour inside the dry-box. To overcome this
experimental difficulty, we typically prepare 6-10 encapsulated crystals for each
run in the Pulsed Field Facility.

Data availability

All of the data displayed in the main text and Supplementary Information are
available from S.H.L. (sihangl@princeton.edu) or N.P.O. (npo@princeton.edu)
upon request.
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