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PHYSICS

Tunable Weyl and Dirac states in the
nonsymmorphic compound CeSbTe

Leslie M. Schoop,’* Andreas Topp,’ Judith Lippmann,’ Fabio Orlandi,> Lukas Miichler,?
Maia G. Vergniory,** Yan Sun,® Andreas W. Rost,"”" Viola Duppel, Maxim Krivenkov,?
Shweta Sheoran,’ Pascal Manuel,” Andrei Varykhalov,® Binghai Yan,® Reinhard K. Kremer,’
Christian R. Ast,” Bettina V. Lotsch%""

Recent interest in topological semimetals has led to the proposal of many new topological phases that can be realized
in real materials. Next to Dirac and Weyl systems, these include more exotic phases based on manifold band degen-
eracies in the bulk electronic structure. The exotic states in topological semimetals are usually protected by some sort
of crystal symmetry, and the introduction of magnetic order can influence these states by breaking time-reversal
symmetry. We show that we can realize a rich variety of different topological semimetal states in a single material,
CeSbTe. This compound can exhibit different types of magnetic order that can be accessed easily by applying a small
field. Therefore, it allows for tuning the electronic structure and can drive it through a manifold of topologically
distinct phases, such as the first nonsymmorphic magnetic topological phase with an eightfold band crossing at a
high-symmetry point. Our experimental results are backed by a full magnetic group theory analysis and ab initio
calculations. This discovery introduces a realistic and promising platform for studying the interplay of magnetism
and topology. We also show that we can generally expand the numbers of space groups that allow for high-order
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band degeneracies by introducing antiferromagnetic order.

INTRODUCTION
In recent years, the field of topological semimetals has flourished be-
cause of the discovery of many materials that exhibit highly exotic
physical properties that are a result of massless quasi-particles, which
dominate the transport properties (1-3). For example, three-dimensional
Dirac semimetals (3D DSMs) and Weyl semimetals (WSMs) have been
shown to host unusual electronic transport properties, as evidenced by
their ultrahigh carrier mobility, their extremely large magnetoresistance,
and indications of the chiral anomaly (4, 5). The current vast progress in
the field draws the prospect of developing new spintronic devices based
on topological materials closer (6). To overcome existing limitations,
such as the necessity of high magnetic fields to access several topological
effects, new and improved materials are of high demand. In particular,
materials that exhibit long-range magnetic order in combination with
topologically nontrivial band structures are sparse. However, it is exactly
these types of materials that may solve present challenges for spintronic
applications (7).

3D DSMs exhibit a fourfold degenerate point in their electronic
structure, which is a result of a crossing of two doubly degenerate bands.
If inversion symmetry (IS) or time-reversal symmetry (TRS) is broken
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in a 3D DSM, then the doubly degenerate bands become spin-split, re-
sulting in doubly degenerate band crossings called Weyl nodes (8). Al-
though WSMs have been established for some time through IS breaking
(9, 10), there are only very few examples of TRS breaking WSMs, ex-
amples of which are GdPtBi or cobalt-based Heusler alloys (11, 12).
Antiferromagnetic (AFM) DSMs are even found more rarely, one ex-
ample being CuMnAs (13, 14), where it has been shown that although
TRS and IS are broken individually, the product of both still holds,
which leads to fourfold degenerate Dirac cones in its AFM structure.
Contrary to most 3D DSMs and WSMs, where the band degeneracy is
dependent on the orbital character of the bands, materials that crystal-
lize in nonsymmorphic space groups exhibit band degeneracies that
are imposed by the space group symmetry (15-17). These degeneracies
are guaranteed to be present if a nonsymmorphic symmetry operation
relates atoms in the crystal structure and thus predictions on topo-
logical features can be solely based on group theory in these cases. This
concept has been used to predict DSMs and completely new quasi-
particles (the so-called new fermions), beyond Dirac, Weyl, or Majorana
termions (16, 17). These (yet to be discovered) new fermions are not
constrained by Poincaré symmetry, only exist in the solid state, and
have no high-energy counterparts (16). Their unusual Landau-level
structure distinguishes them from normal Weyl points. The concept
of creating these new quasi-particles is based on the possibility of achiev-
ing three-, six-, or eightfold band degeneracies in nonsymmorphic
space groups. However, whether these degeneracies appear at the Fermi
level depends on the electron filling, which complicates the search for
these topological semimetals (18, 19). To date, only very few materials
have been experimentally shown to exhibit bulk band degeneracies
protected by nonsymmorphic symmetry, examples of which are ZrSiS
and ZrSiTe (19-21). It has also not yet been studied experimentally
how magnetism and, thus, TRS breaking affect the band degeneracies
that result from nonsymmorphic symmetry, mostly due to a lack of
these candidate materials [but a theoretical classification of degenera-
cies in magnetic groups has recently been performed (22)]. A magnetic
nonsymmorphic compound could be a new type of magnetic WSM
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that combines long-range magnetic order with new quasi-particles. In
addition, not only does antiferromagentic order affect TRS, but it can
also break or induce further symmetry elements. It has not yet been
studied how this influences band structures that are governed by non-
symmorphic symmetry.

In times where many topological materials have been realized, the
challenge to introduce compounds that combine several different states
in a single material and allow for switching between these different
topological states remains. Here, we show that the compound CeSbTe
exhibits Dirac and Weyl fermions and that both types, nonsymmorphi-
cally protected and accidental band crossings, are present in the vicinity
of the Fermi level. We also show that this material can exhibit more
exotic three- and eightfold degeneracies. Although CeSbTe is centro-
symmetric, TRS can be broken by applying a very small magnetic field.
CeSbTe orders antiferromagnetically below T = 2.7 K at zero field but
undergoes a metamagnetic transition to a fully polarized state under a
small field of about 0.25 T. This magnetically fully polarized state with
ferromagnetic (FM)-like polarization will be, for simplicity, referred to
as FM phase within this manuscript. We show with detailed magnetic
measurements combined with ab initio calculations and angle-resolved
photoemission spectroscopy (ARPES) measurements that this material
allows for easy access to a plethora of different Dirac and Weyl states, of
which some have not previously been realized in a real material. Using
the recently implemented double group representations (23-26), we
performed a group theory analysis (16, 23-26) that supports our ab
initio claims of the existence of protected Dirac and Weyl nodes, as well
as three- and eightfold crossings at high-symmetry points or lines, thus
presenting the first realization of a nonsymmorphic topological material
that exhibits degeneracies other than fourfold ones. We also show that
AFM order gives access to new fermion states in space groups that have
not been previously considered.

RESULTS
Figure 1 shows a drawing of the crystal structure of CeSbTe; an image of
a typical single crystal is shown in the inset. Contrary to a previous study

g o bbs '
Obs-Calc
Calc
| Bragg peak

Intensity (arbs)

d spacing (A)

Fig. 1. Refined neutron diffraction data taken at 5 K. Small impurity peaks
were excluded from the refinement. The upper inset shows a scanning electron
microscopy image of a typical crystal of CeSbTe, and the lower inset shows a
drawing of the crystal structure of CeSbTe, where the nonsymmorphic symmetry
elements are highlighted. arbs, arbitrary units; Obs, observed; Calc, calculated.
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(27), which reported that CeSbTe crystallized in the orthorhombic space
group Pnma (no. 62), we found that it crystallizes in the tetragonal space
group P4/nmm (no. 129), as evidenced by the refined neutron diffrac-
tion data (Fig. 1). Single-crystal x-ray diffraction (SXRD) and precession
electron diffraction (PED) yielded the same result (see the Supplemen-
tary Materials for details). With PED, we did not detect any of the ad-
ditional reflections that would be expected for space group Pnma (fig.
S1). Thus, CeSbTe is an isostrucutral and isoelectronic version of the
nodal line semimetal ZrSiS (20, 28). The crystal structure is composed
of CeTe bilayers that are separated by a square-net layer of Sb; the
layers stack along c (see the inset of Fig. 1). The Ce atoms form a square
network arrangement, and the intralayer distance of Ce atoms is 4.37 A,
whereas the interlayer distance is 5.26 A within a bilayer and 6.02 A
across a bilayer. ZrSiS and related compounds have been shown to ex-
hibit a diamond-shaped Dirac line node and fourfold degenerate nodes
at the X, R, M, and A points of the Brillouin zone (BZ) (20, 21). The
latter ones are a result of the nonsymmorphic glide planes in the space
group P4/nmm, and the resulting Dirac cones and nodes have been dis-
cussed and illustrated many times (21, 29). Although the Dirac line node
is gapped by spin-orbit coupling (SOC), the degeneracies that result
from nonsymmorphic symmetry are not affected by SOC. The non-
symmorphic degeneracies can be above, below, or right at the Fermi
level, depending on the c/a ratio of the lattice constants (19). For further
information on the crystal structure and sample quality, see high-
resolution transmission electron microscopy images with atomic reso-
lution in the Supplementary Materials.

The clarification of the crystal structure allows us to calculate the
electronic band structure, to find out whether the system is not only
structurally but also electronically similar to ZrSiS and related non-
symmorphic Dirac materials. A close-up of the calculated electronic
structure, without considering magnetic order, can be found in Fig. 2A,
showing the expected nonsymmorphically protected fourfold degen-
eracies at M (all crossings in the figure are protected by the nonsym-
morphic symmetry), and a more detailed discussion will follow later in
the paper. Because density functional theory (DFT) on f electron
systems has been proven to be challenging, we performed ARPES mea-
surements on the paramagnetic phase (samples were measured at
room temperature without a magnetic field) to qualitatively confirm
the predicted electronic structure. Because we measured at a fixed pho-
ton energy and thus cannot be certain about the k, position we are
probing, we chose the I'M direction to compare measured and pre-
dicted bands, because the electronic structure is more 2D, that is, has
less k, dispersion along this direction, in contrast to other cuts that are
shown in the Supplementary Materials. This can be seen in Fig. 24,
where the calculated bands along I'MI" and ZAZ are plotted in one
diagram. Figure 2B shows the measured dispersion along I'MI". Al-
most all bands are clearly resolved in the measurement. Some bulk
bands are not visible, which we attribute to matrix element effects
(see the Supplementary Materials for more ARPES data along different
high-symmetry lines). To get a better understanding of the discrepan-
cies between prediction and measurement, we extracted the intensity
maxima from the measured data and show them in red circles on top of
the data in Fig. 2C. We additionally performed a surface state calcula-
tion, as shown in Fig. 2D. The red bands indicate surface-derived states,
which are commonly observed in ZrSiS-type materials, and are a result
of the loss of nonsymmorphic symmetry at the surface (29). A compar-
ison between the surface calculation and the measured data clearly
shows an agreement between experiment and DFT. Thus, DFT gives
a qualitatively correct description of the electronic structure. We are
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Fig. 2. Comparison of measured and calculated electronic structure of CeSbTe.
(A) Calculated bulk band structure plotted along I'MT" (blue) in comparison to ZAZ
(green). Along this path, the band structure is relatively 2D. All crossings at M are forced
by nonsymmorphic symmetry. (B) Dispersion along TMI" measured with ARPES.
Except for the energy scaling, the measured band structure is in agreement with
the calculations. The 4f states are highlighted in blue on the right side and with
dashed lines on the left side. (C) Measured data overlaid with extracted maximal
intensity data shown as red circles. The observed crossings at M are numerated.
(D) Surface band structure calculation with surface-derived bands shown in red.
The crossings at M are numerated analogous to the measured data.

even able to resolve some delicate features close to the Fermi level, such
as a nonsymmorphic degenerate point at X (see fig. S5). We also ob-
serve a flat, nondispersive band at around 3.1 eV below the Fermi level.
We attribute these states to the localized Ce 4f" band, which would be
expected to be around this energy in a Ce’* compound that contains
localized 4f states. Note that the 4f states were modeled as core states in
the calculation of the paramagnetic phase but will be included for the
calculation of magnetically ordered phases later in the manuscript.
Here, the experimental observation of 4f states serves as a guide to
match the DFT calculations to the experimental observations. The
energy of the 4f band agrees well with the photoemission spectra
of CeTe or CeBi (30). The localization of the 4f states is further
strengthened by our magnetic susceptibility data that clearly indicate
that CeSbTe contains one localized 4f electron per Ce atom. The mag-
netization data will be described in the following paragraph. Thus, we
can conclude that, although the 4f states are responsible for the magnet-
ism in CeSbTe, they do not interfere severely with the electronic struc-
ture beyond providing an effective exchange field in the polarized phase.

Temperature-dependent measurements of the magnetic susceptibil-
ity of a single crystal of CeSbTe are shown in Fig. 3A. The field was
applied along the c axis (see the Supplementary Materials for the other
field orientation). For data with low field strengths, the susceptibility
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shows a sharp cusp at the Néel temperature Ty = 2.7 K, indicative of
the emergence of AFM order below this temperature [the exact
transition temperature was derived from plotting d(x1)/dT versus T].
For field strengths larger than 0.25 T, the cusp disappears and the sus-
ceptibility continues to increase with decreasing temperature, saturating
at very low temperatures, reminiscent of FM behavior (reaching the
fully polarized state). Curie-Weiss fits (see the Supplementary Mate-
rials) reveal an effective moment of 2.50 g per formula unit, which
matches the expected free ion value of 2.54 g, for a Ce®" ion well. De-
viations from the Curie-Weiss law at low temperatures are due to the
crystal electric field (CEF) splitting of the sixfold degenerate ground
state of Ce®". Fits of the susceptibilities indicate a separation of the first
excited CEF doublet of =150 K (see fig. S6B). Because we observe the
expected Curie-Weiss moment of 2.50 pp per formula unit, the mag-
netic order is most likely a result of a Ruderman-Kittel-Kasuya-Yosida
interaction, where the conduction electrons mediate the exchange be-
tween localized spins. The observed moment also indicates that the
Ce 4f states are localized and away from the Fermi level. The field-
dependent data (Fig. 3B) elucidate the transition from an AFM to an
FM (fully polarized) phase; at a field of poH. = 0.224 T, the field-
dependent susceptibility shows a sudden increase. As shown in
Fig. 3B, the required field is higher (1.75 T) if the field is applied per-
pendicular to the ¢ axis, which is the usual observation for spin-flop
transitions. This indicates that the moments prefer to align along the
c axis (that is, the easy axis). The expected saturation moment of a Ce’*
ion (1 pp per Ce) is reached faster if the field is aligned perpendicular to
the ¢ axis. A possible explanation for this behavior is a strong magnetic
anisotropy of the Ce moments. Similar field-dependent magnetic tran-
sitions have also been observed in different square lattice Ce com-
pounds, such as CeTe, or CeSbSe (31, 32). Moreover, other magnetic
square lattice compounds, such as CsCo,Se,, can show a field-induced
magnetic transition (33).

The magnetic properties were additionally investigated with specific
heat measurements (see Fig. 3C). At zero field, a magnetic transition is
clearly visible at 2.7 K (derived from the C/T plot shown in the inset),
agreeing well with the susceptibility data. Although the AFM phase
transition (sharp peak in C/T) is shifted to slightly lower temperatures
with a small applied field (here, the field is applied along the c axis),
which is typical for AFM order, the crossover seen as a broad peak in
CIT shifts to higher temperatures when the applied field is larger than
1 T, reminiscent of behavior seen in ferromagnets. The crossover be-
tween the two different types of magnetic order is therefore also re-
flected in the specific heat. For information about magnetic entropy,
see the Supplementary Materials.

To analyze the low-field magnetic structure of CeSbTe, neutron
powder diffraction measurements were performed. Some refinements
are shown in Fig. 3D, and more detailed figures and tables with refined
parameters can be found in the Supplementary Materials. As men-
tioned before, at 5 K, above the Néel temperature, the refinement yields
the tetragonal space group P4/nmm, in agreement with the results from
SXRD and PED. Upon cooling, additional Bragg peaks appear owing to
magnetic order. These extra reflections can be indexed with a propaga-
tion vector k = (0, 0, 1), and the absence of the (00! +1) reflections
clearly indicates that the spins are oriented along the ¢ direction,
matching the indications from the susceptibility data (see the Supple-
mentary Materials for details). The magnetic structure was solved at
1.5 K with a doubling of the unit cell along ¢ in the magnetic space
group PA/ncc (no. 130.432, type IV) corresponding to the mZ;" ir-
reducible representation (see Fig. 3D for a fit of the nuclear and magnetic
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Fig. 3. Magnetic properties of CeSbTe. (A) Temperature-dependent magnetic susceptibility; different colored lines represent different applied field strengths (H || ¢).
(B) Field-dependent magnetic susceptibility; different colors represent different temperatures. Below Ty, a field direction-dependent magnetic transition is observed
that is reached at lower field strengths for H || ¢, but the saturation moment is reached faster with H 1 c. (C) Specific heat of CeSbTe. The magnetic transition is clearly
visible at 2.7 K. The inset shows the behavior with different applied field strengths. (D) Refinement of neutron diffraction data taken at 1.5 K, below the magnetic
transition. The lower panel shows the pure magnetic diffraction pattern, which was obtained by subtracting the 5-K data from the 1.5-K data. The region below the
nuclear Bragg reflection was excluded from the refinement because of the irregular background caused by small changes in the cell parameters between the two
temperatures. Arrows point to the main magnetic Bragg peak, indicating the doubling of the unit cell. emu, electromagnetic unit; f.u., formula unit.

contributions and the pure magnetic diffraction pattern). A drawing of
the magnetic structure can be found in Fig. 4. In each Ce single layer, the
spins are ferromagnetically arranged and coupled antiferromagnetically
with the following layer, forming an AFM bilayer. The bilayers are then
coupled antiferromagnetically with each other, which causes the
doubling of the unit cell along c. Further information regarding the mag-
netic structure solution is given in the Supplementary Materials.

The magnetic phase diagram of CeSbTe is summarized in Fig. 4,
which includes the results of the susceptibility, specific heat, and neu-
tron diffraction measurements, measured on multiple and distinct
single crystals. The transition temperatures in the susceptibility data
were inferred from the derivative d(xT)/dT. There are three regions
in the phase diagram: at temperatures below Ty = 2.7K and poH, =
0.224T, the spins order antiferromagnetically; above the critical field,
they switch to an FM-type, fully polarized order; and above Ty and
low field, the material is paramagnetic. Note that the spin-flop transition
to the FM phase happens at higher field strengths if the field is aligned
perpendicular to the ¢ axis. Depending on the field alignment, the spins
can be adjusted to point in different crystallographic directions.

DISCUSSION

The different possibilities of magnetic order are expected to have a sig-
nificant effect on the electronic structure of CeSbTe. In the paramagnetic
case, TRS is preserved, conserving the fourfold degeneracies at the
nonsymmorphically protected high-symmetry points. In the AFM and

Schoop et al., Sci. Adv. 2018;4:eaar2317 23 February 2018

FM phases, it is broken, which usually leads to a lifting of degeneracies. In
addition, in the AFM structure, there is now an antitranslation
{1](0, 0, 1)} acting on the Ce atoms; thus, this phase has an additional
nonsymmorphic symmetry element. Figure 5A shows the calculated
band structure of the paramagnetic phase of CeSbTe. Without consid-
eration of f-electrons and spin polarization, fourfold degenerate lines,
protected by joint IS, TRS, and nonsymmorphic symmetries, exist on
the boundary of the BZ, such as that along RX, similar to ZrSiS and re-
lated compounds (21, 29). These fourfold protected crossings are guar-
anteed by group theory to be present in the space group P4/nmm (34),
and their appearance in the DFT calculation confirms the accuracy of the
latter in this case. At the X point, one of these crossings appears very close
to the Fermi level (see the green highlight in Fig. 5C). Further fourfold
degeneracies appear at M and A, but those are much further away from
the Fermi level. Along I'Z, there is a slightly tilted Dirac crossing that is
protected by the fourfold rotation symmetry in the tetragonal space
group P4/nmm.

If magnetism is included in the calculation, then the electronic struc-
ture is affected rather severely depending on the type of magnetic order
and the orientation of the spins. As long as spin polarization is taken
into consideration, the symmetry is reduced by breaking TRS, leading
to splitting of the fourfold degenerate lines. Figure 5C shows the region
around the X point, when different types of spin polarizations are in-
cluded in the calculation. For complete plots of the electronic structure
including spin polarization, see the Supplementary Materials. Without SOC,
the nonsymmorphic symmetry C,, = {Cx| (%, 0, 0)} guarantees the
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double degeneracy at the X point. With SOC, each band remains
twofold degenerate because (TI)? = —1, where T'is TRS and I is the spa-
tial IS. The screw C,, anticommutes with I at the X point, leading to a
fourfold degeneracy (35). When an FM spin polarization is taken into
account, TRS is broken and the Dirac point at X splits correspondingly.
The details of the band structure are strongly dependent on the orien-

CeSbTe

100

Hi|c

10 o S——
v -
ﬁ,(ﬁ, p V. =
1 4 & ’f @ v .- } - == Phase transition 3
- = == Crossover 3
E o[ eLeL '.I\ PM ]
O  umsore
0.01f ¢F° ¢ un

E B Myvs. T, sample 1 3
E PSP S ® Muvs. T, sample 1 (FM) 3
r B Mvs. T, le 2 9
1x 103 3 ‘tplﬂa AEM u Mz:.r,:::zl:a 3
E ﬁ’&? v Cuvs. T, sample 1

—4
1x10 4 "" N 4 N 1 N 1 N 1 N 3
0 1 2 3 4 5 6 7

T (K)

Fig. 4. Magnetic phase diagram of CeSbTe. Three different regions can be ob-
served within a low field limit. The magnetic structures of the different phases are
shown in the respective regions. Different colors indicate different samples and
different symbols indicate different measurement techniques.

tation of the magnetization. If the spins are aligned along [001], only TRS
is broken, whereas the anti-unitary combination of the nonsymmorphic
symmetry C,, and time-reversal C,, T is preserved. Therefore, the four-
fold degeneracy is reduced to a double degeneracy at X and doubly
degenerate bands for all k = (+m, k,, k.). Note that this scenario appears
below 2.7 K and poH, > 0.224 T if the field is aligned along the crystal-
lographic c axis. If the spins are aligned along [100], which is analogous
to [010] in a tetragonal system, only the unitary nonsymmorphic
symmetry C,, remains. A new anti-unitary symmetry m,T (where
m, is a mirror operation) is present additionally, protecting a double
degeneracy along the line XR. The same symmetry appears for an FM
spin orientation along the [110] direction. In the AFM phase, even if
TRS is no longer a symmetry of the Schrodinger Hamiltonian, the
symmetry element {1[(0, 0, )} squares to -1 and maps k to —k,
such as what TRS would do in space group no. 130. This is a result from
the doubled c axis in this phase. Therefore, although CeSbTe crystal-
lizes in space group no. 129, its AFM phase behaves like a material in
space group no. 130 with TRS. This causes the bands to be fourfold
degenerate at X, R, and M and eightfold degenerate at A at E; = —4.6 eV
(see Fig. 6). We can conclude that AFM order is a possibility to create
higher-order degeneracies that are associated with new types of topo-
logical phases in space groups that have previously not been considered.
This considerably extends the amount of materials that can exhibit such
unconventional quasi-particles. For example, we can extend this
scenario to further materials crystallizing in the space group P4/nmm,
where AFM order creates additional nonsymmorphic symmetries.
Examples of further materials where eightfold band degeneracies
might be realistic are LiMnAs (36), CeTe, (31), and LaMnGe (37).
All these materials are known to crystallize in the space group P4/nmm

A CeSbTe SOC + GGA

AN

-0.2

Fig. 5. Band structure of CeSbTe. (A) Calculated paramagnetic band structure including SOC. The green and orange boxes highlight the nonsymmorphic Dirac and
the tilted Dirac crossing, respectively. (B) Symmetry groups of the different accessible phases (for drawings of the respective magnetic structures, see fig. S13). (C) Detailed
plots of the region around the X point and how different types of magnetic order affect the electronic structure. (D) Detailed plots of the region along I'Z and the effect

of magnetic order.
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Fig. 6. Band structure of the AFM phase of CeSbTe plotted for lower ener-
gies to highlight the degeneracies at the A point. Two crossing points are
highlighted, with the lower one showing a true eightfold degeneracy.

and double their ¢ axis by adding an antitranslation symmetry operation
({11(0, 0, 1)}) in their AFM structure.

The changes in symmetry also affect the electronic structure away
from high-symmetry points. For example, twofold degenerate Weyl
points appear close to the X point if the spins are aligned along [110].
In addition, there is an effect on the tilted fourfold degenerate Dirac
crossing along the I'Z direction (Fig. 5D). In the FM phase, with spins
aligned along [001], one of these bands splits, whereas the other one
remains degenerate, resulting in a triply degenerate point close to the
Fermi level that is composed of two different irreducible representations
of 2 + 1 dimensions along the line A connecting I" and Z. Triply
degenerate band crossings have also been associated with the possibility
of creating double Fermi arcs at the surface (16).

CeSbTe is thus a unique material that allows access to many different
magnetic groups that allow for irreducible representations in various
dimensionalities. Figure S7 summarizes the accessible magnetic groups
and how the system can be transformed to exhibit each symmetry.
Drawings of the crystal structure of CeSbTe in each magnetic group
are also shown in the same figure. The magnetic groups that are acces-
sible in CeSbTe can be either symmorphic or nonsymmorphic, which
adds to the richness of the different irreducible representations that are
accessible.

To have a wider view of the rich diversity of quasi-particles that ap-
pear at the time-reversal inversion momenta (TRIMs) of the different
phases of CeSbTe, we have tabulated all the dimensions of the ir-
reducible matrix representations at these points, using the double group
representations of the Bilbao Crystallographic Server (23-26), including
and excluding TRS. The tabulated values can be found in table S3.

The multitude of exotic quasi-particles that can be accessed by
changing the temperature or applied magnetic field should be visible
in scanning tunneling microscopy (STM) experiments, where the
electronic structure can be investigated by measuring quasi-particle in-
terference. STM experiments should be very sensitive to the changes in
the necessarily occurring surface electronic structure when a magnetic
field is applied. Surface states related to Weyl nodes that can be con-
trolled by a magnetic field should be identifiable by careful surface-
sensitive spectroscopic techniques, despite the convolution with other
bulk states.

CONCLUSION
In conclusion, we showed that the tetragonal compound CeSbTe can
host many different topological features in its electronic structure,

Schoop et al., Sci. Adv. 2018;4:eaar2317 23 February 2018

ranging from fourfold and twofold Dirac and Weyl crossings to more
exotic eightfold and threefold degeneracies. Because of the easy access to
several different magnetic phases, this system is a rich playground to
study the effects of symmetry breaking due to magnetic order on differ-
ent types of Dirac crossings, as well as on higher-order degeneracies
that result from nonsymmorphic symmetry. In particular, the AFM
phase is represented by a space group of higher symmetry order, the
nonsymmorphic group P.4/ncc. Because of the added symmetry
elements, the material shows the same irreducible representations
as materials that crystallize in space group no. 130 with TRS. As a
consequence, CeSbTe displays exotic states such as eightfold degenerate
new fermions. This concept can also be extended to further materials
crystallizing in space group no. 129 (a much more abundant space
group compared to no. 130), significantly increasing the available
materials that could host new fermions. Because of the difficulty of
taking ARPES spectra in the presence of a magnetic field, future in-
vestigations of CeSbTe with STM are of high interest.

MATERIALS AND METHODS

Single crystals were grown with iodine vapor transport. The crystal
structure was solved with SXRD, neutron diffraction, and electron dif-
fraction (see the Supplementary Materials for details). Magnetic mea-
surements were performed on a magnetic property measurement
system-XL and a physical property measurement system (PPMS)
equipped with a vibrating sample magnetometer option from Quantum
Design. Specific heat measurements were performed on a PPMS from
Quantum Design. Powder neutron diffraction data were collected on
the WISH instrument at ISIS, Harwell Oxford (see the Supplementary
Materials for details) (38). For ARPES measurements, crystals were
cleaved and measured in ultrahigh vacuum (low 10™'" mbar range).
Spectra were recorded with the 1°-ARPES experiment installed at the
UE112-PGM2a beamline at BESSY-II in Berlin. The spectra were taken
at room temperature. DFT calculations were performed using the
augmented plane-wave method, as implemented in the Vienna ab initio
Simulation Package (39). Because of the presence of Ce-f electrons, we
have considered the exchange-correlation energy by the DFT + U
method, with U = 6 eV (or U = 5 eV) added to the Ce atoms (40),
reproducing the experimentally measured magnetic moment and the
experimental energy of the Ce 4f states. To model the paramagnetic
phase, we used a Ce-pseudopotential in which the 4f electron was
placed in the core to model the Ce’* valence. For the surface slab cal-
culations, a slab containing five unit cells was used. All the electronic
structures were calculated based on experimental lattice constants,
including SOC.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/2/eaar2317/DC1

Supplementary Text

fig. S1. Electron diffraction on CeSbTe.

fig. S2. Analysis of neutron powder diffraction data.

fig. S3. Refinement of the pure magnetic Bragg peaks, obtained by subtraction of the 5-K data
from the 1.5-K data with respect to the two possible different magnetic structures.

fig. S4. Energy dispersions of CeSbTe along high-symmetry lines.

fig. S5. Additional ARPES measurements on CeSbTe.

fig. S6. Additional magnetic susceptibility and specific heat data.

fig. S7. Accessible magnetic subgroups discussed in this paper.

table S1. Crystallographic data and details of data collection for single-crystal x-ray and low-
temperature neutron diffraction.
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table S2. Position coordinates and thermal displacement parameters for paramagnetic (top)
and AFM (bottom) CeSbTe.

table S3. Possible dimensions of the irreducible representations at each TRIM and along
certain high-symmetry lines of different phases of CeSbTe.
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