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Bulk bismuth has a complex Landau spectrum. The small effective masses and the large g-
factors are anisotropic. Moreover, at a high magnetic field, when only the lowest Landau levels
remain occupied, the chemical potential does not stay constant. An added complexity arises from
the existence of twin boundaries, which, by producing extra anomalies, further complexify the
interpretation of the data in the extreme quantum limit. Here, we present an extensive study of
low-temperature angle-dependence of magnetoresistance up to 65 T together with measurements of
Nernst effect, ultrasound, and magneto-optics in bismuth. We found that all observed anomalies
can be explained in a single-particle picture of a sample consisting of two twinned crystals tilted by
108°. We show that a quantitative agreement between theory and experiment can be achieved only
if one assumes that the two adjacent twinned crystals keep their own chemical potentials at a high
magnetic field, despite a shift between chemical potentials as large as 68 meV at 65 T. This implies
the existence of an energy barrier between adjacent twinned crystals reminiscent of a Schottky
barrier between a metal and a semiconductor. We argue that this barrier is built by accumulating

charge carriers of opposite signs across a twin boundary.

I. INTRODUCTION

Bismuth occupies a distinct place in the history of solid
state physics (For reviews, see [1-4]). Its tiny Fermi
surface was the first to be experimentally mapped out
thanks to the easily detectable quantum oscillations it
generates [5—8]. Recent attention focuses on finding topo-
logically non-trivial states both for the surfaces and the
hinges of bismuth crystals [9-18]. Recent transport stud-
ies on macroscopic crystals have revealed a non-trivial
variation of the magnetoresistance [19] and the Seebeck
effect [20] with the amplitude and the orientation of the
magnetic field. A robust boundary conductance emerges

at quantizing magnetic field, which is yet to be under-
stood [21]. At the atomic scale, a bismuth layer on a
NbSe, substrate was found to be a novel platform for
detecting nanometric Turing patterns [22].

The rhombohedral structure of crystalline bismuth at
ambient pressure is the outcome of lowering the cubic
symmetry by pulling the cube along its body diagonal
axis. Since this can be achieved along each of the four
body diagonals, twin formation is common in bismuth
crystals [23, 24] and twin boundaries in bismuth crys-
tals were directly observed decades ago with a scanning
tunneling microscope [25, 26].

The uncontrolled presence of such twin boundaries



misled researchers seeking the signatures of collective
electronic effects in bismuth. In the extreme quantum
limit, when all carriers are confined to their lower Landau
levels, a variety of electronic instabilities are conceivable
[27, 28]. Experiments seeking such instabilities [29, 30]
explored bismuth beyond its quantum limit, achievable
by applying a magnetic field exceeding 9 T along the trig-
onal axis, and found anomalies which, at first sight, could
not be explained in the single-particle picture. Taken at
face value, they were attributed to instabilities caused
by electronic interactions. However, these interpretations
in the case of bismuth were rejected subsequently. The
computed Landau spectrum [31-34] was found to be in
agreement with the experimental data and the hystere-
sis attributed to a first-order phase transition [30] was
not reproduced by torque magnetometry [35] or magne-
tostriction [36] measurements.

It was later found that the additional anomalies [29]
were caused by the presence of a secondary twinned crys-
tal tilted by 108° with respect to the main crystal [34].
Thus, up to 28 T, the single-particle picture proved to
be sufficient to explain the experimental data [34]. The
same theoretical frame was then employed to explain how
the evacuation of one or two electron pockets by a 40 T
magnetic field, applied along the binary or the bisectrix
axes, generates a sudden drop in magnetoresistance [37]
and an anomaly in magnetization [38].

The success of the single-particle picture in bismuth
pushed beyond the quantum limit is to be contrasted
with the case of graphite, another low-carrier semi-metal,
in which the quantum limit is accessible in a three-
dimensional context. A succession of field-induced phase
transitions have been detected in graphite[39—42] indicat-
ing the capacity of strong Coulomb interaction to gener-
ate collective states [27, 28] in this material. The two
elemental semi-metals differ in several aspects. Screen-
ing is weaker in graphite because of its lower dielectric
constant. Spin-orbit coupling is much stronger in bis-
muth. Finally, graphite is much more anisotropic than
bismuth, and its electron and hole Fermi pockets’ longer
axis are aligned.

In the case of bismuth-antimony alloys, possible signa-
tures of field-induced electronic instability were recently
observed [43]. They are to be distinguished from high-
field anomalies due to the presence of twin boundaries
seen before [44].

Here, we present an extensive study of the Shubnikov-
de Haas effect, Nernst effect, ultrasound, and magneto-
optics in bismuth at low temperatures and a magnetic
field as strong as 65 T. We map the angle dependence
of the Landau spectra for the whole solid angle and find
that all anomalies can be explained in the single-particle
picture, invoking the presence of a secondary twinned
crystal. This includes the anomaly observed around 38 T
when the magnetic field is applied along the trigonal axis
of the main crystal [45], whose origin has not been hith-
erto identified. Thus, up to 65 T, there is no signature
of instability caused by electron-electron interaction in
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FIG. 1. Magnetoresistance data in the three planes of
rotation: Magnetoresistance up to 65 T at 1.6 K for a mag-
netic field rotating in the (a) binary-trigonal, (b) bisectrix-
trigonal, and (c) binary-bisectrix planes. The quantum limit
of holes, when the penultimate hole Landau level is evacuated,
occurs at 9 T when the magnetic field is along the trigonal
axis and shifts upward as the field is tilted towards the binary
or bisectrix axis.

bismuth. However, the quantitative agreement between
theory and experiment is obtained thanks to a crucial
assumption: that the two adjacent twinned crystals each
have their own chemical potential u, set by the orienta-
tion of the magnetic field respective to their crystalline
axes. We will show that without this assumption, there
is no agreement between the computed and the measured
Landau spectrum. This unavoidable assumption leads us
to conclude that electrons residing in two adjacent crys-
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FIG. 2. Experimental Landau spectrum for three rotating planes: (a)-(c).
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Nernst voltage (Szy) vs magnetic field

measured in a magnetic field up to 12 T (in a superconducting magnet), up to 28 T in resistive water-cooled magnet (curves
in blue) along with the second derivative of the magnetoresistance measured in pulsed field experiments above 28 T up to 65
T (curves in red) for the three planes of rotation: binary-trigonal, bisectrix-trigonal, and binary-bisectrix planes, respectively.
The data have been normalized to their highest amplitude for each data set. The 0° and 90° represent the field along trigonal
and binary/bisectrix for the (a)/(b). The 0° and 90° represent the field along binary and bisectrix for the (c). The sketches
show the direction of the orientation of the magnetic field and electrical/heat current for each plane of rotation. Note that in
all the experiments, the electrical or the heat current is along the direction perpendicular to the plane of rotation.

tals do not mix up, despite a 68 meV difference in their
chemical potentials at 65 T. We argue that this hypoth-
esis points to the existence of a new type of p-n junction
at the twin boundary of this semi-metal.

II. EXPERIMENTAL

Bismuth single crystals commercially obtained used in
this study had typical dimensions of 1 x 2 x0.5mm? and a
Room-temperature-to-Residual-resistivity-Ratio (RRR)
of p(300 K)/p(4.2 K)) ~ 30 — 100. Magnetoresistance
(MR) measurements in pulsed magnetic field were car-
ried out at Wuhan National High Magnetic Field Cen-
ter (WHMFC) and in National High Magnetic Field
Laboratory- Pulsed Field Facility (NHMFL-PFF) in Los
Alamos. The samples were rotated in three distinct
planes: binary-trigonal, bisectrix-trigonal and binary-
bisectrix. For each set of measurements, the current

was applied along the axis perpendicular to the rotat-
ing plane. Our high-field MR data complemented the
Nernst data obtained below 28 T and reported previ-
ously [33, 34]. Additional angle-dependent Nernst mea-
surements up to 45 T were also carried out in the hy-
brid magnet of the NHMFL DC Facility in Tallahassee.
Ultrasound measurements have been collected at Labora-
toire National des Champs Magnétique Intense (LNCMI-
Toulouse) with pulsed magnetic field up to 54 T. Longi-
tudinal ultrasonic waves were generated using commer-
cial LiNbO3 36° Y-cut transducers glued on a polished
surface. A standard pulse-echo technique was used to
determine the change in the sound velocity and atten-
uation. Magneto-optical measurements involving polar-
ized light (for more details, see reference [46]) were con-
ducted at the International MegaGauss Science Labora-
tory, the Institute for Solid State Physics at the Univer-
sity of Tokyo. The resulting image was captured using a
high-speed camera.
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FIG. 3. Consistency among different probes and samples: (a) Nernst voltage (Sz,) measured in Grenoble up to 28 T

(dashed lines) compared with the Nernst voltage measured up to 45 T (solid lines) for several orientations of the magnetic field.

(b) Nernst voltage (blue) compared with the second derivative of the magnetoresistance (red), and the sound velocity (black)
d’p

2
vs. magnetic field at 0° (c) Same for 15°. Peaks in Sy, and 555 are concomitant with a minimum in Av. The arrows indicate

the ~40 T anomaly observed previously [45]. The measurements presented in all panels were performed in the bisectrix-trigonal

plane and zero degree corresponds to field orientation along the trigonal axis.

III. RESULTS

Angle-dependent magnetoresistance in three
planes: Fig.1 shows magnetoresistance along three
planes, namely binary-trigonal (bin.-tri.), bisectrix-
trigonal (bis.-tri.), and binary-bisectrix (bin.-bis.) at
1.6 K. Magnetoresistance shows oscillations which corre-
spond to evacuations of the Landau levels with magnetic
field. The different orientations for these planes are indi-
cated. When the magnetic field is along the trigonal axis,
MR shows a minimum around 9 T, which corresponds to
the evacuation of the penultimate Landau level of hole-
like carriers [47]. As the magnetic field is tilted off the
trigonal axis, the cross-section of the hole Fermi pocket
perpendicular to the magnetic field increases and this
minimum shifts to higher fields. In the binary-bisectrix
of Fig.1(c), the drops are evident around 40 T because
of the emptying of Dirac pockets[37].

Fig. 2 presents the second derivative of our magne-
toresistance next to the Nernst measurements (Sg,) for
three high-symmetric planes [34]. The two types of data
are consistent with each other, but the sensitivity of the
Nernst results is relatively higher. FEach peak in the
Nernst response or in the second derivative of magne-
toresistance corresponds to an intersection between an
electron (or a hole) Landau level and the chemical po-
tential. Note that the data have been normalized to
the largest amplitude of each data set. Fig.2 (a), (b),

and (c) show the data for the magnetic field rotating in
the binary-trigonal, bisectrix-trigonal, and in the binary-
bisectrix planes, respectively. In the corner of the panel,
the schematic diagram shows the measurement configu-
rations for MR. The quantum oscillations pattern is rel-
atively simple and easily understood when the field is
along the trigonal axis [48]. The hole Landau peaks can
be easily identified as their amplitudes are the largest,
except for a sudden jump around 40 T along the trigonal
axis.

Counsistency of measurements: We verified the
consistency between diverse techniques when the field
was rotated in the bisectrix-trigonal plane and the data
obtained on different samples. Fig.3(a) shows a compar-
ison of the Nernst data collected in Grenoble up to 28
T (dashed lines) with the data collected in Tallahassee
up to 45 T (solid lines) for several orientations of the
magnetic field. In various experiments, the peak posi-
tions are close to each other. Panels (b) and (¢) compare
three distinct sets of data obtained in different labora-
tories at different times and on different samples. The
Nernst data, S, the second derivative of magnetoresis-

tance, j%’;, and the change in the sound velocity (Av), as
the ultrasound propagated along the trigonal direction,
are shown for two orientations of the magnetic field, when
it is oriented almost along the trigonal axis (b) and when
it is 15° (c) off the trigonal axis. There is a good con-
sistency between the three experimental probes, indicat-
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FIG. 4. The experimental and theoretical Landau spectrum:
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(a) The illustration of the twinned structure in bismuth.

The two crystals tilt from each other by 108° and share one common binary. (b) The Landau spectrum of the main and twinned
samples from holes according to theory (solid lines) and experiment (symbols) for binary-trigonal, (c) bisectrix-trigonal, and
(d) binary-bisectrix planes. The red and blue symbols are for the peaks from the holes of the main and twinned crystals from
the Fig. 2, respectively. The red and blue lines represent the calculated Landau levels from holes of the main and twinned
domains, respectively. The magenta dashed lines are for calculated O.— electron Landau level which corresponds to the large
drop in magnetoresistance as the field is along trigonal. The other electron peaks below 28 T are omitted for clarity, see the

ref [34].

ing similar peak positions. Specifically, there are ~40 T

anomalies in Sz, in C‘Z%’;, and in Av. The slight difference
in positions at 6 ~ 15° is consistent with the experimen-
tal margin in measuring the angle between the magnetic
field and the sample in three different experiments. We
also notice that the anomalies in sound velocity and ul-
trasound attenuation occur at slightly different magnetic
fields[49].

Comparison with theory: The angle-dependent
Landau spectrum can be described by a theoretical model
that considers electron pockets at the L points of the Bril-
louin zone in an extended Dirac Hamiltonian and the hole
pocket at the T point as carriers with parabolic disper-
sion and highly anisotropic g-factor[34, 37, 50, 51]. In
order to explain additional and unexpected anomalies,
one needs to assume the presence of an additional sec-

ondary twinned domain [34, 37]. In the high field limit,
when only a single Landau level is occupied, the inter-
band coupling becomes important and plays a significant
role in setting the details of the spectrum [37].

The twinned sample originates from the distortion
by the symmetry-lowering operation due to Peierls
transition[52]. Since the Schmid factor is 0.48 in bis-
muth [53], applying an external load[24] and thermal
cycling[54] could relatively easily induce twins compared
to other materials[53]. Thus, the strain appearing dur-
ing sample cleaving by a blaze along cleavage basal
trigonal (0001) plane in liquid nitrogen could introduce
twinned domains on the sample and these twinned do-
mains should mainly be on the surface. This could be a
reason that a smaller RRR was found in a sample with
a smaller dimension[55], since the ratio of the one plane



area to the volume is smaller in a smaller sample. When
the sample is twinned, besides the existing principal trig-
onal, a quasi-trigonal axis will be present.

Fig.4 compares the theoretical prediction with exper-
imental peaks for three high symmetrical planes. The
experimental peaks depicted by open symbols are com-
pared with the theoretical results, which are presented by
lines from both the main and a secondary tilted crystal.
For clarity, we have omitted the electron peaks below 28
T, which have been identified earlier[34]. Beyond 28 T,
we included all peaks associated with electrons from both
domains. Fig.4(a) sketches the main and twinned crys-
tals with their Fermi surfaces. The tilt angle between the
two crystals is 108°[34]. The common binary axis is also
shown. All theoretical results of the hole and twinned
electron Landau level 0._ are included.

The theoretical model here is fundamentally the same
as the one used before [33, 34, 37], except that the ten-
sor, which is the correction to the additional g-factor in
the lowest Landau level V', was adjusted a little to fit
the experimental Landau spectra better. The Vi was
adjusted to -0.0025 from -0.0625 [37]. As seen in Fig.4,
whereas a slight displacement occurs, which may be due
to misalignment during measurement, there is a relatively
good agreement between the theory and the experiment.
Some more peaks may be due to the electron Landau lev-
els, which have not been clearly identified in the figures,
see Fig.4(c). We may conclude, therefore, that the Lan-
dau spectrum of bismuth corresponds to what is expected
in the single-particle theory. No collective effect due to
electron-electron interaction is visible up to 65 T. Be-
cause of extreme sensitivity, nullification of the Zeeman
splitting and of holes along the trigonal axis, the experi-
mentally resolved hole peaks are split due to a small resid-
ual misalignment in the case of binary-bisectrix plane
(see Fig.4(d)). The twinned crystal shares one common
binary axis with the original crystal, but tilts its trigonal
axis by 108° off[37]. This is demonstrated by Fig.4(d) at
zero degrees where two sets of hole peaks merge. The ad-
ditional peaks vanish as the two crystals are in the same
configuration regarding the magnetic field and possess an
identical Landau spectrum.

The twinning scenario provides an explanation for the
previously reported drop in the magnetoresistance for a
magnetic field of 38 T along the trigonal axis of the main
crystal [45]. We can identify it as the result of empty-
ing the electron pockets of the twinned domain. As seen
in Fig.4(b) and Fig.4(c), the magenta dashed line, which
represents the intersection between the 0._ Landau level
of the twinned domain and the chemical potential hap-
pens to be at ~ 40 T when the magnetic field is along
the trigonal axis of the main crystal. Thus, there is no
ultra-quantum feature in the main crystal beyond the
quantum limit of holes, which occurs at 9 T along the
trigonal axis.

Twins observed by magneto-optics: We con-
firmed the presence of twin boundaries in our bismuth
samples with a magneto-optical probe and found that

FIG. 5. No detectable change of twins under pulsed
magnetic field: (a), (b), and (c) show photos at the specific
time at 0 T, 30.8 T, and 0 T after the pulse, indicated in
the (d). The crystalline orientations are marked in the (a).
(d). The time pattern of the magneto-optical measurements
performed at 8.1 K. The magnetic field pulse for the imaging
experiment lasts ~ 5 ms. Images were taken every 0.2 ms as
marked by red open circles.

pulsed magnetic fields have no influence on the domain
population. The in-situ images are shown in Fig.5. The
crystal was illuminated with polarized light and the im-
age was recorded using a high-speed camera in pulsed
magnetic fields up to 30.8 T oriented along the trigonal
axis. The field profile is shown in Fig.5(d). Images are
taken at the magnetic field at the times represented by
red circles. Three typical images taken at 0 T, 30.8 T,
and 0 T after the pulse are shown in Fig.5 (a), (b), and
(c), respectively. The binary axis common to the two
domains is labelled in Fig.5(a). The twinned domains
occupy a large area close to one-third of the surface.
Independent or common chemical potentials for
main and twinned crystals: Let us now turn our at-
tention to the most striking aspect of our results. Since
the charge is conserved, any change in the density of elec-
trons is to be compensated by an identical change in the
density of holes. This leads to a shift in the position
of the chemical potential with increasing magnetic field
[6, 33, 34, 37]. This field-induced shift strongly depends
on the orientation of the applied magnetic field. The
main crystal and its twinned domain are tilted by 108
degrees. Therefore, the magnitude of the field-induced
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(c¢) The chemical potential shift for the main and twinned sample according to the theoretical results

with independent p. The difference becomes as large as 68 meV at 65 T.

chemical potential shift is different for the two twinned
crystals. Thus, the Landau spectrum would be very dif-
ferent in two imaginable cases: a) The two crystals keep
their own distinct chemical potential; b) The two crys-
tals share the same chemical potential. Fig.6 (a) and (b)
compare the experimental data on twinned hole peaks
and the theoretically expected Landau spectrum in the
two cases. As seen in Fig.6 (b), assuming that the two
twinned crystals share a common chemical potential set
by the main crystal, the theoretical expectation is incom-
patible with the experimental results, in sharp contrast
with the agreement seen between theory and experiment

in the former case, see Fig.6(a).

This conclusion implies a discontinuity in chemical po-
tential and in carrier density across the twin boundary,
which is reminiscent of a Schottky barrier. Remarkably,
when the magnetic field is along the trigonal axis, the
difference in chemical potentials increases up to 68 meV
at 65 T (see Fig.6 (c)). This is remarkable given that the
twin boundary width is as narrow as 1 nm [26, 56]. This
raises the following question: What impedes electrons
belonging to adjacent crystals from mixing up?
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the Schottky junction between a metal and a n-type semiconductor; (¢) the twin boundary in semimetal bismuth

IV. DISCUSSION

We now propose a possible scenario explaining this
effect. It is well known that the bands are bent near
the interface between electronically different solids [57].
The typical examples are shown in Fig. 7 (a) for the
p-n junction and (b) for the Schottky junction. The for-
mer is a junction between semiconductors, and the latter
is a junction between a metal and a semiconductor. In
each case, chemical potentials are different in each side
when separated (upper panels of Fig. 7). When they
are joined, the carriers are forced to move to make pu
common. For example, holes move from p-type to n-
type, and electrons move from n-type to p-type in the
p-n junction. The n-type band is shifted upward and the
p-type band downward by the potential gradient due to
the carrier transfer across the interface, resulting in the
band bending with a common g as shown in Fig. 7 (a).

A similar band bending is also expected in the present
twin boundary between Bi crystals. At zero field, u is
shared between the main and twinned crystals. Under a
strong magnetic field, o of the main crystal shifts differ-
ently from that of the twinned one, as shown in Fig. 6
(c). This situation can be expressed by the model where
two electronically different semimetals are joined at the
twin boundary as depicted in Fig. 7 (c).

Suppose that p of the main crystal is lower than that
of the twinned one when two semimetals are separated.
When they are joined, the carriers are forced to move to
make p common. As a result, both the electron and hole
bands are bent, as if two types of p-n junction coexist.
By this band bending, the relative levels between u, the

conduction and the valence bands are kept in each crystal
as before joining. The Landau level spectrum of this
twinned p-n junction is equivalent to that of the case
where the independent chemical potentials are employed.
Eventually, the mystery of the apparent jump of u is
solved by this scenario of the twinned p-n junction.

For the twinned p-n junction scenario, we assumed
the electric potential difference between the main and
twinned crystals. One may question whether an inho-
mogeneous electric field can exist inside a (semi) metal.
The standard answer would be “No” because finite cur-
rent will screen the potential difference. However, Lan-
dauer argued against this simplistic view [58, 59]. Even
in a metal, a point-like scattering center inside a metal
will create an unscreened dipolar field, i.e., the electric
field is inhomogeneous near the point-like defects. In the
present case, the twin boundary, a line or plane defect,
will play a similar role to the point-like scattering center
of Landauer’s theory.

In this scenario, the Landau eigenvalues curve in the
vicinity of a twin boundary in the same way as they bend
near the edges of a 2D electron gas [60]. Any time of such
Landau level bending results in edge currents, the con-
tinuity equation causes the edge charge and currents to
remain close to the edge but distributed in real space
in a 2D case[60]. In the present 3D case, the continuity
equation strictly confines the currents and any associ-
ated charge variations to the vicinity of the twin bound-
ary. The currents flow along the twin boundaries and
essentially account for small differences in magnetization
between twins, which should be present due to differ-
ences in Landau level filling factors related to the differ-
ence in chemical potential. The equilibrium distribution



of currents and charge ultimately depends on a balance
between the Lorentz force of the current and the twin
boundary potential that causes the Landau level eigen-
states to curve in real space. These currents flowing along
the twin boundary result from a novel form of extended
bound state associated with the twin junction. This line
of inquiry deserves further investigations.

In summary, we have carried out angle-dependence of
magnetoresistance along three high symmetric planes,
and mapped out their Landau spectra up to 65 T. All
anomalies including the one observed at ~40 T for a
magnetic field oriented along the trigonal axis could be
explained by assuming the presence of a second twinned
crystal and the two crystals keep separate chemical po-
tentials. We suggested an interpretation of this result by
a scenario in which a p-n junction builds up at the twin
boundary-areas. This implies the existence of an inhomo-
geneous electric field in the vicinity of twin boundaries,
which can be checked by future experiments.
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