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Topological insulators with intrinsic magnetic ordering, potentially hosting rare quantum effects,
recently attracted extensive attention. MnBizTes is the first established example. The Sb-doped
variant Mn(Bii—5Sbs)2Tes shows a great variety of electronic properties depending on the Sb con-
tent z, such as shifts in the Fermi level and the Neel temperature Tn, and the change of the free
charge carrier type from n- to p-type at high Sb substitution ratios. Here, we investigate the effect
of magnetic ordering on the bulk electronic structure of Mn(Bii—;Sbz)2Tes with high Sb content
x = 0.93 by temperature-dependent reflectivity measurements over a broad frequency range. We
observe anomalies in the optical response across T when the antiferromagnetic order sets, which
suggests a coupling between the magnetic ordering and the electronic structure of the material.

I. INTRODUCTION

The topological insulator MnBisTeys (MBT) is cur-
rently extensively investigated, since its intrinsic anti-
ferromagnetic order could potentially induce interesting
quantum mechanical effects such as quantum anomalous
Hall effect (QAH) or axion insulator at low tempera-
ture ﬂ, E] The QAH, in particular, plays a crucial
role for potential applications in quantum metrology and
spintronics B] In recent studies, reduced dimensional-
ity proved to realize exotic phenomena in van-der-Waals-
type layered materials, which favours the research of thin
films/monolayers of this material family [4]. MBT be-
longs to the group of ternary chalcogenides and its lay-
ered crystal structure with space group R3m is built of
septuple layers, where MnTe blocks are intercalated in
BisTes layers. By exchanging certain elements gradually
— in this case bismute (Bi) by antimone (Sb) — the elec-
tronic and magnetic properties can be manipulated ﬂa, ]
Furthermore, an ideal type-1I Weyl semimetal can be es-
tablished through appropriate Sb doping in high mag-
netic fields ﬂﬂ] The unit cell parameters are slightly
changing in Mn(Bi,_,Sb,)2Tes from a = 4.33A and
¢ =4093A for z = 0 to a = 4.25A and ¢ = 40.87A
for z = 1 [§]. Fig.m(a) displays the unit cell structure of
the mixed compound Mn(Bi;_,Sb,)2Tey, where the sep-
tuple layer interaction is of van-der-Waals type ﬂg] In
the antiferromagnetic phase, the out-of-plane Mn spins
are aligned parallel within the ab plane and anti-parallel
along the c axis. This A-type antiferromagnetic state in
Mn(Bi;_,Sb;)2Tey orders between Ty = 25 K (z = 0)
and Ty = 19 K (z = 1) [§]. In case of a high Sb content,
also ferrimagnetism has been observed, which possibly
results from anti-site mixing of Mn and Sb ions [10].
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According to magnetic susceptibility measurements,
the effective magnetic moment g = 5.3 up, originat-
ing from the Mn?" ions, is not changed by the Sb doping
ratio ﬂé] However, the magnetic properties of the com-
pounds are significantly affected, namely, the antiferro-
magnetic ordering temperature, the saturation moment,
Weiss constant, and critical fields H. for the spin flop
transition all decrease with increasing Sb content ﬂj, ]
Additionally, a strong influence of Sb doping on the elec-
tronic structure can be found, as the free charge carrier
type is changing from n-type to p-type at a “critical”
doping level of z ~ 0.26 |5, [7, [§]. It was furthermore
predicted that at x = 0.55 the energy gap closes and
reopens, and that a topological phase transition occurs,
where the material turns from an intrinsic magnetic topo-
logical insulator with an inverted band gap to a topolog-
ically trivial magnetic insulator without band inversion
ﬂa, ] This scenario was, however, contradicted by a
recent theoretical work which showed that the energy
gap is reduced from 138 meV (for MnBisTey) to 16 meV
(for MnSbsTey) due to the reduced spin-orbit coupling,
but remains inverted [12]. According to Ref. [12] both
MnBisTe,; and MnSbyTe, are therefore expected to be
topological insulators.

Despite the disagreement regarding the topological
character of the Mn(Bi;_,Sb,)2Tes materials, the re-
ports agree in that the energy gap is decreasing with
increasing x, and that for a high Sb content x > 0.55, a
metallic behavior with mainly p-type charge carriers pre-
vails. A sketch of the bulk band structure for MnBisTey
and Mn(Big.07Sbg.g3)2Tes (MBST) studied in this work is
shown in Fig.Bl It reflects the evolution of the electronic
bands near the Fermi level and the (topological) surface
states with increasing Sb content. Since the topological
properties of highly doped Mn(Bi;_,Sb, )2Tey is contro-
versial, the surface states are indicated by dotted lines in
Fig.2(b). Regarding the bulk band structure of the mea-
sured compound MBST, the Fermi level is pushed down
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Figure 1.
of Mn(Bij—»Sbz)2Tes in the A-type antiferromagnetic state.
The arrows indicate the orientation of the Mn spins. (b) Mag-
netic susceptibility of Mn(Big.o7Sbo.93)2Tes with an anomaly
at 20 K indicating the antiferromagnetic ordering transition.

(a) Sketch of the crystal structure and unit cell

and crosses the former valence bands resulting in mainly
p-type free charge carriers, and the band gap is reduced
compared to the pure compound ﬂﬂ] Due to the Fermi
level crossing of the electronic bands, the MBST sample
is expected to show signs of a metallic character with a
high reflectivity at low energies, similar to the results for
the pure compound [13, [14].

In this work, we investigate the optical excitations in
Mn(Big.07Sbg.93)2Tes by temperature-dependent reflec-
tivity measurements over a broad frequency range, in or-
der to characterize the changes in the electronic structure
induced by the magnetic phase transition. The obtained
results are compared to the recent reports [13,[14] on the
undoped material MBT.

II. METHODS

Single crystals of Mn(Big.07Sbg.g3)2Tes were grown by
the self-flux method as reported in Ref. ] The plate-
like sample had a surface size of app. 0.6 x 0.8 mm and a
thickness close to 100 um. Magnetic susceptibility data
have been collected from 1.8 K to 300 K using a supercon-
ducting quantum interference device (SQUID, Quantum
Design) magnetometer MPMS. According to these mea-
surements, the sample undergoes a magnetic phase tran-
sition at ~ 20K, as expected for 2 = 0.93[see Fig.[M(b)].
The magnetic field H has been aligned parallel of the ab-
plane, i.e., perpendicular to the antiferromagnetic order-
ing. For the reflectivity measurements at temperatures
between 295 and 5 K, we have used a CryoVac Konti cryo-
stat, which has been connected to a Bruker Hyperion
infrared microscope and Bruker Vertex80v FTIR spec-
trometer. Half of the surface of the freshly cleaved sam-
ple was coated with a thin silver layer, which was used
as reference for the calculation of the absolute reflectiv-
ity. The sample was glued to a sample holder within
the cryostat and aligned perpendicular to the incoming
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Figure 2. Sketch of the electronic structures of (a) MnBisTey
and (b) Mn(Bio.07Sbo.03)2Tes near the band gap and Fermi
level based on Refs. ﬂa, , ] The blue dashed and dotted
lines indicate the (topological) surface states in these com-
pounds. The optical gap and the energy gap are shown with
green and violet lines, respectively.

beam. The measurements were performed from the far-
infrared up to the visible range (100 to 20000 cm ). The
measured spectra were extrapolated in the low- and high-
frequency range with the help of literature values and
volumetric data. Then, the optical functions were calcu-
lated through the Kramers-Kronig relations, using pro-
grams by David Tanner [16]. The optical spectra were
fitted with the Drude-Lorentz model using the software
RefFIT [17].

IIT. RESULTS AND DISCUSSION

The reflectivity spectra of MBST are shown in
Fig.Bl(a) for selected temperatures. The temperature
steps have been decreased close to the phase transition
temperature Tn =~ 20 K. The high reflectivity at low fre-
quencies and the plasma edge near 1000cm ™' indicate
the metallic character of the material. The bumps in the
reflectivity spectra above ~1000 cm™' are due to elec-
tronic transitions across the optical gap. With decreas-
ing temperature, slight but significant changes can be ob-
served in the low-energy range: During cooling from 295
to 50K the plasma edge sharpens and the Drude spec-
tral weight, which is associated with the free charge car-
riers, increases. This trend is, however, reversed for tem-
peratures below 50 K. In the high-frequency range, the
temperature-induced effects in the reflectivity spectrum
appear to be weak, however, as we will see below, are
significant. For further illustration of the temperature-
induced changes, we plot in Fig.Bl(c) the reflectivity val-
ues at 500cm ™!, i.e., within the free charge carrier range,
as a function of temperature. During cooling, one ob-
serves a steady increase of this value down to 40K, fol-
lowed by slight deviations down to 20K and a decrease
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Figure 3. (a) Reflectivity and (b) optical conductivity o1 of Mn(Big.o7Sbo.g3)2Tes for selected temperatures. (c) Reflectivity
values at wavenumber 500 cm ™! (inset shows the relevant range) for the measured temperatures. (d) Interband onset values at
low temperatures resulting from the zero-crossing of the linear extrapolations in o1 [see inset in (b)]. (e) Drude-Lorentz fit of
the optical conductivity at 10 K with two Drude (D) and seven Lorentz (L) oscillators. (f) Temperature dependence of the L1

oscillator position.

of the reflectivity at very low temperatures, which might
already be a hint for the magnetic ordering.

The optical conductivity spectrum o, which was ob-
tained from the measured reflectivity via KK analysis, is
depicted in Fig.Bl(b). The excitations of the free charge
carriers are visible from 0 up to about 2000 cm ™!, where
we detected the plasma minimum, separating the intra-
band from the interband transition range. The latter
starts from about 4000cm™!, where a steep linear in-
crease in oy is visible. This region is followed by a broad
maximum at ~12000cm~'. Thus, the Drude spectral
weight is rather small compared to the spectral weight
of the optical transitions at higher energies, which indi-
cates a relatively weak metallic behavior with o4, values
smaller than 1000~ 'em™'. The shape of o, is compa-
rable to the one we measured for the undoped compound
MBT, where the spectral weight of free charge carriers is
slightly higher, yet the plasma minimum and the inter-
band transition onset are located at lower energies ﬂﬁ]

With the use of linear approximation of the optical con-
ductivity o7 [see the example in the inset of Fig.Bl(b)]
we roughly estimate the onset of the interband transi-
tions at each temperature and associate it with the opti-
cal gap Eopi. The energy Fpy, corresponds to electronic
transitions from the highest occupied states below the
Fermi level to the next higher lying band across the en-
ergy gap Egap, while Eyq), corresponds to the smallest en-
ergy difference between the valence and conduction band

[see Fig.2(b)]. The difference between Egpe and Egap
is due to the Moss-Burstein shift ﬂﬁ], which describes
the (de)population of states in the conduction (valence)
band and the subsequent shift of the Fermi level. The
so-obtained values of Eqpt are plotted in Fig.Bl(d): dur-
ing cooling, an increase of the optical gap occurs down
to 75 K, followed by a moderate decrease down to 20 K.
At 18K one observes a sudden jump to higher values,
followed by a further steady decrease. This jump might
be caused by the magnetic phase transition occurring at
this temperature in our sample, since a blue shift of the
energy gap can be induced by the onset of magnetic or-
dering as it has been reported for MnTe m] We assume,
that also the optical gap can be affected by this blue shift,
which should be visible in our results.

For a quantitative analysis, we performed a simulta-
neous fitting of the reflectivity and optical conductiv-
ity spectra with the Drude-Lorentz model [see Fig.Bl(e)],
where we used the same number of oscillators like for the
undoped compound MnBisTey ﬂﬁ] Two Drude terms
have been implemented to characterize the response of
the free charge carriers, which should be mainly p-type
according to Chen et al. ﬂﬂ] Concerning the spectral
weight, we have used one strong and one weak Drude
term, as shown in Fig.[Bl(e). This can be justified, like for
the undoped compound ,], by the free carrier con-
tributions of two different conduction bands. In Fig.2lthe
band structure of MBST is sketched and the crossing of
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Figure 4. (a) €1 and (b) loss function of Mn(Bio.o07Sbo.93)2Tes at selected temperatures. (c) and (d) show the temperature-

dependent values of the screened plasma frequency w

scr
pl

resulting from the zero-crossing of €1 and the peak position of the

loss function, respectively. (e) and (f) display the temperature dependence of the plasma frequency wpi and damping of the
combined two Drude terms from the Drude-Lorentz fitting.

the Fermi level with two different bands is demonstrated.
Due to the higher density of states of one band compared
to the other, one Drude term has a much larger spectral
weight than the other. The temperature-dependent val-
ues of the position of the L1 oscillator are summarized
This term is located near the onset of the
interband transitions and, therefore, it can be associated
with the temperature-dependent evolution of the opti-
cal gap. Consistently, we find similarities between the
temperature dependence of the L1 frequency and that
of the interband onset depicted in Fig.Bl(d), namely an
anomalous behavior close to the magnetic phase transi-
tion temperature.

in Fig.B(f).

Besides the optical conductivity, also other optical
functions show an anomaly in their temperature depen-

dence.

The real part of the dielectric function €; and

the loss function, which is defined as Im(-1/e(w)) =
g2/ (e2+¢€3) where £(w) is the complex dielectric function,
plotted in Figs.@l(a) and (b), respectively, provide insight
into the temperature dependence of the screened plasma

frequency w

sCr

wpl

SCT
pl -

Regarding the £; function, the value of
is given by the frequency of the zero-crossing, while

from the loss function this value can be extracted from
the position of the plasmon peak. In Fig.@l(c) and (d),
these values are plotted as a function of temperature.
The values derived from e; show an increase between
295 and 50K from ~480cm~! to almost 700cm~!. Af-
ter a mainly constant behaviour down to 20K, the val-
ues are dropping to ~650cm~" at 5K. A similar trend

is seen for the temperature dependence of wpi' deter-

mined from the plasmon peak Lorentz fit [see inset of
Fig.Ml(d)]. With decreasing temperature the values rise
steadily down to 30K from ~780 to 845cm™!, where-
after a much stronger increase follows up to 860 cm~" at
18 K. With further cooling, wi{" is shifting to lower fre-
quencies to 843cm ™! at 5K, similar to the trend seen in
Fig.H(c). In general, both ways of specifying wii" should
agree with each other, but the absolute values can differ
by a certain value, which might be caused by the effect
of high-energy transitions, as described in ] Yet, we
can find a very good agreement regarding the tempera-
ture dependence and the cusp near the phase transition
temperature Ty = 20 K.

In Fig.H(e) and (f) we plot the plasma frequency wp,
and the damping D of the two Drude terms, resp. , as
extracted from the fitting [see Fig.Bl(e)] and calculated
according to the equations [22]

_ 2 2
Wpl = \/ wpl,l + wpl,2
2 2
\/ wpl,l + Wpl,2
D = — —

8m2co 0w

(1)

(2)

The plasma frequency can also be expressed by the
charge density N and the effective mass m™* with the for-

mula wy = \/47Ne2/m* [22]. wy is increasing steadily



from 295K down to 18K, whereas below 18K it de-
creases, which symbolizes a weakening of the metallic
character. This could either originate from a change in
the charge carrier density or in the effective mass due to
band profile modifications [see Fig.@l(e)]. The damping
is decreasing from 295K to 18 K, and below 18 K we find
a strong increase. Accordingly, the lowering of temper-
ature causes a growth in the metallic characteristics of
the sample, but below Ty this trend is reversed. Thus,
also the parameters wp; and D show an anomaly at ap-
prox. 20K, which agree with the values from Figs.H(c)
and (d). We also point out that the temperature be-
haviors of wi{" and wy, are in good agreement with each
other. Yet, the absolute values differ by a factor, since
wp s affected by high-energy excitations and, hence,
shifted to lower values, while wy; is solely determined
by the Drude contributions. Quantitatively, the relation
wpi’ = wpl/y/Eoc holds [21]. At the lowest temperature
(5K) we obtain wi{* = 844 cm™" (from the loss function)
and wp = 5167 cm ™!, which gives the value o, = 37.5.
We extract a similar value (~43) from the function &,
close to its maximum at ~6000cm~'. Hence, ¢, char-

acterizes the interband transitions at higher energies.

The observed weakening of the free charge carrier den-
sity at Tx could be related to the opening of a gap in
the electronic surface states when the antiferromagnetic
order sets in. He et al. ﬂﬁ] discussed an opening of the
topological surface gap in the case of pure MBT when
the magnetic moments start to align in an A-type anti-
ferromagnetic order. Although infrared spectroscopy is
mainly bulk and not surface sensitive, a contribution of
surface states, especially during the onset of magnetic
order, has been reported in recent studies m, @]

As discussed by Bossini et al. [20], Xu et al. [24], and
Dalui et al. m] regarding the materials MnTe, EulnyAso,
and (Sbg.g5Crg.05)2Tes, respectively, the magnetic phase
transition affects the bulk electronic structure near the
Fermi level, and thus the intra- or interband excitations
at low energies. Among these studies, an interaction of
the AFM spin fluctuations with the effective mass has
been observed, which caused a cusp-like anomaly in the
plasma frequency w, at the phase transition tempera-
ture Tn M] Also, the plasma frequency from the sur-
face states is expected to be very temperature dependent
and to be affected by the AFM transition ﬂﬂ] Besides
the breaking of the time-reversal symmetry for the re-
alization of exotic quantum effects, the creation of an
exchange gap at the Dirac point also turned out to be
a consequence of the presence of ordered magnetic mo-
ments m, @], which might be visible in our results. Even
though Mn(Bi;_,Sb,)2Tey is expected to be a topologi-
cally trivial magnetic insulator for = > 0.55, as described
above, recent DFT calculations m] and surface-sensitive

ARPES studies, of Mn rich, epitaxal films, revealed topo-
logical characteristics for the compound MnShyTey ﬂéj]
This could also be the case for MBST studied here. In
the case of pure MBT, He et al. [23] discussed the effect
of the magnetic ordering on the electronic bands. A hy-
bridization of the Bi and Te p-bands close to the Fermi
level, which are responsible for the topological character
in the MBST family, and the Mn d-bands, which are fur-
ther away from the Fermi level, could be detected. The
antiferromagnetic order affects this hybridization, since
below the ordering temperature the ferromagnetic layers
are interacting differently compared to the layers above
Tn. Depending on an even or odd number of magnetic
topological layers, a QAH insulator or axion insulator can
be created . As a result, a magnetic gap at the topo-
logical surface states (TSS) is generated, which could be a
reason for the observed decrease of the free charge carrier
density. Since infrared spectroscopy is mainly sensitive
to bulk electronic properties and less to surface states,
this contribution should be minor, which applies to our
findings. Eventually, this might explain the weakening
of the metallic character of Mn(Big g7Sbg.93)2Tes below
TN, as revealed by the temperature dependence of iy
and wy,.

IV. CONCLUSION

In  conclusion, we studied the temperature-
dependent optical functions of the magnetic insulator
Mn(Big.07Sbo.g93)2Tes by reflectivity measurements, in
order to characterize the effect of the antiferromagnetic
ordering on the electronic structure near the Fermi
level. Similar to the topological insulator MnBi;Tey
(13, [14], we have detected an anomaly in the profile of
the spectra and several optical parameters at Ty = 20 K.
From our findings, we conclude an interplay between
the magnetic ordering and the electronic structure in
Mn(Big.07Sbo.93)2Tes. The anomalous behavior might
be caused by the opening of an exchange gap at the
surface Dirac point, due to the breaking of the time
reversal symmetry when the antiferromagnetic ordering
sets in.
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