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We report an infrared spectroscopy study of the axion topological insulator candidate Euln, As, for which the
Eu moments exhibit an A-type antiferromagnetic (AFM) order below Ty >~ 18 K. The low-energy response is
composed of a weak Drude peak at the origin with a plasma frequency of about 2000 cm~' and a pronounced
infrared-active phonon mode at 185 cm™!. The interband transitions start above 800 cm~! and give rise to a
series of weak absorption bands at 5000 and 12 000 cm~! and strong ones at 20 000, 27 500, and 32 000 cm~!.
The AFM transition leads to pronounced anomalies of the charge response in terms of a cusp-like maximum of
the free carrier scattering rate around 7y and large magnetic splittings of the interband transitions at 5000 and
12 000 cm™~'. The phonon mode at 185 cm™' has also an anomalous temperature dependence around 7y which
suggests that it couples to the fluctuations of the Eu spins. The combined data provide evidence for a strong
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interaction among the charge, spin, and lattice degrees of freedom.

DOI: 10.1103/PhysRevB.103.245101

I. INTRODUCTION

Topological insulators represent a new quantum state of
matter for which gapless conducting states can develop at
the surface of materials that are insulating in the bulk [1-3].
These surface states disperse linearly around so-called Dirac
points where they are protected by time-reversal symme-
try and thus robust against perturbations (scattering). In the
presence of an additional magnetic order, which breaks this
time-reversal symmetry, a gap is opened at this Dirac point
[4]. In such magnetic topological materials, the combination
of nontrivial band topology and magnetic order may give rise
to the emergence of a variety of novel quantum phenomena
[5-15]. In recent years, an increasing number of magnetic
materials, which have an intrinsic magnetic order and topo-
logical electronic states in the stoichiometric compositions,
has been theoretically predicted as magnetic topological in-
sulators [16-19], magnetic Dirac semimetals [20,21], and
magnetic Weyl semimetals [22,23]. Such materials would not
only provide a clean platform to realize the exotic topological
phenomena under time-reversal symmetry breaking, but also
show great potential for applications in quantum technology.

Recently, a strong experimental focus has been on
MnBi,Te4 [24—41], which has been predicted to be an intrin-
sic antiferromagnetic (AFM) topological insulator for which
different topological states can be realized in bulk crystals as
well as in thin films [17-19]. Euln,As; is another promising
candidate for an intrinsic magnetic topological material [42].
Different from the layered van der Waals-type MnBi,Tey,
Euln,As; has a three-dimensional structure and crystallizes
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in the hexagonal P63/mmc (No. 194) space group, with al-
ternating stacking of Eu?* and [In,As,]*~ layers along the
¢ axis [42]. The Eu spins exhibit an A-type antiferromag-
netic order below Ty ~ 18 K where they are oriented parallel
within each layer and antiparallel between neighboring lay-
ers (along the ¢ axis) [43,44]. It has been predicted that
the AFM order in Euln,As; gives rise to an axion insulator
with nontrivial topological states that are strongly influenced
by the orientation of the magnetic moments. A topological
crystalline insulator phase with gapless surface states on the
(100), (010), and (001) surfaces is expected for in-plane ori-
ented magnetic moments, whereas a higher-order topological
insulator phase with chiral hinge states is predicted if the
magnetic moments are out-of-plane oriented [42]. From an
experimental perspective, angle-resolved photoemission spec-
troscopy (ARPES) studies have confirmed that Euln,As, has
hole-type Fermi pockets around the bulk Brillouin-zone center
[44—46], together with a heavily-hole-doped surface state and
an inversion of the bulk band in the AFM state [46] that is
consistent with the theoretical predictions [42]. A negative
magneto-resistance seen in magneto-transport measurements
has provided evidence for a rather strong spin scattering of the
carriers by the localized magnetic moments [43,44] that may
affect the above-described topological states. Electron spin
resonance measurements have revealed that the spin dynamics
in the vicinity of Ty is governed by short-range AFM corre-
lations of the Eu spins [47]. An optical spectroscopy study,
which can directly probe the dynamics of the charge carriers
and provide information about their interplay with the spin
and lattice degrees of freedom, has not been reported to date
(to our best knowledge).

Here, we present an infrared spectroscopy study of
Euln, As; which reveals a strong interaction of the charge car-
riers with the Eu spins in terms of a cusp-like maximum of the
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free carrier scattering rate around 7y and a sizable exchange
splitting of the bulk valence bands below Ty. Moreover,
we observe corresponding anomalies of an infrared-active
phonon mode around 185 cm~! which provide evidence for
a sizable spin-lattice coupling. These findings highlight a
strong mutual interaction between the charge, spin, and lattice
degrees of Euln,As; that may also affect the predicted topo-
logical states and thus should be considered in the theoretical
predictions and interpretation of experimental data.

II. EXPERIMENTAL METHODS

High-quality single crystals of Euln,As, with plate-like
shapes have been synthesized with a self-flux method [44].
The in-plane resistivity exhibits a metallic temperature depen-
dence, albeit with a cusp-like maximum around 7y ~ 18 K
[see Fig. 3(b)]. The in-plane reflectivity R(w) spectra were
measured at a near-normal angle of incidence using a Bruker
VERTEX 70v Fourier-transform infrared (FTIR) spectrome-
ter with an in situ gold overfilling technique [48]. Data from 30
to 20 000 cm~! were collected at different temperatures with
the sample mounted in an ARS-Helitran cryostat. The room-
temperature optical response function in the near-infrared to
ultraviolet range (4000-50 000 cm™') was measured with a
commercial ellipsometer (Woollam VASE). The optical con-
ductivity and related response functions and constants were
obtained by performing a Kramers-Kronig analysis of R(w)
[49]. For the low-frequency extrapolation below 30 cm™!,
we used a Hagen-Rubens function (R = 1 — A,/w). On the
high-frequency side, the extrapolation was anchored by the
room-temperature ellipsometry data.

III. RESULTS AND DISCUSSIONS

A. Plasma edge and screened plasma frequency

Figure 1(a) shows the temperature-dependent spectra of
the in-plane reflectivity R(w) of Euln,As;. In the far-infrared
range they show a typical metal-like response with a sharp
plasma edge, below which the reflectivity increases rapidly
and approaches unity toward the origin. The left inset de-
tails the temperature dependence of the low-frequency value
R(w =300 cm~!) which exhibits a pronounced anomaly
around 7y ~ 18 K. The small value of the plasma edge
(~650 cm™') suggests a rather low carrier density, consistent
with the small hole pocket that has been observed in ARPES
measurements [44—46]. The slight temperature-dependent up-
ward shift of the plasma edge from around 650 cm~! at
300 K to 680 cm™! at 10 K indicates a corresponding weak
increase of the plasma frequency with cooling. Note that the
weak feature around 750 cm™! (marked by a star) is due
to a plasmonic effect that will be discussed elsewhere. The
far-infrared spectra also show a pronounced infrared-active
phonon mode around 185 cm~! and there seems to be two
additional, very weak modes around 80 and 215 cm™!. Toward
higher frequency, starting from the mid-infrared range, the
spectra reveal several interband transitions from the occupied
states in the valence bands to the empty states in the conduc-
tion bands, that show up as kinks or peaks that are centered
around 5000, 12 000, 20 000, 27 500, and 32 000 cm~'. The
inset on the right-hand side of Fig. 1(a) shows the anomalous
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FIG. 1. (a) Temperature-dependent in-plane reflectivity spectra
of Euln,As,. The left inset shows the temperature-dependence of
the reflectivity at 300 cm~!. The right inset displays the change of
the reflectivity below Ty =~ 18 K in terms of the ratio of the spectra
at 10 and 20 K. (b) Temperature dependence of the real part of the
dielectric function &;(w). Inset shows a magnified view of the &, (w)
spectra in the vicinity of the zero crossing. (c) Temperature evolution
of the screened plasma frequency ™, as deduced from the zero
crossing of &;(w).

change of the reflectivity spectra in the AFM state in terms of
the ratio of the spectra at 10 and 20 K. It reveals characteristic
peak-dip-peak features around 5000 and 12 000 cm™! that
arise from the magnetic splitting of the bulk valence bands
and will be further discussed below.

Figure 1(b) shows the corresponding temperature depen-
dent the spectra of the real part of the dielectric function
e1(w). At low frequencies, ¢ (w) is negative (a defining prop-
erty of a metal) an?d can be well described by a Drude model,

e(w) = €00 — %I.’;)/T, where &, is the high-frequency dielec-
tric constant, w, = (ne*/epm*)'/? is the plasma frequency,
that is, a measure of the ratio of the carrier density n and
the effective mass m* of the free carriers, and 1/t is their
scattering rate. The zero crossing of &;(w) (indicated by the
horizontal dashed line in the inset) marks the screened plasma
frequency w;" of the free carriers, which is related to the
plasma frequency through ;™ = w,/,/¢. Fig. 1(c) shows
that, similar to the low-frequency reflectivity in the left inset of

Fig. 1(a), w," increases weakly toward low temperature, from
about 580 cm™! at 300 K to 620 cm™! at 10 K, and exhibits a
weak anomalous suppression around Ty.

B. Optical conductivity and band splitting
in the antiferromagnetic state

Figure 2(a) displays the temperature dependence of the real
part of the optical conductivity o|(w) in the far-infrared to

245101-2



INFRARED STUDY OF THE INTERPLAY OF CHARGE, ...

PHYSICAL REVIEW B 103, 245101 (2021)

15 ———T——T——T—7//~
L@ 100 ®)
\ L
Il 80 |
' : E
\ 60 |
\ L
~tor sl -
£ I
o | 20} T=300 K
Ng :\ 0 . 1 . . 1 .
= | 0 20000 40000
B
w5F — 10K ——20K -
30K 50 K
100 K—— 200 K VB
—300K
\F_ Euln As
2 2
0 L 1 L 1 L 1 L I 1 7} L 1 L L L 1 L L L VB
0 100 200 300 400 5000 10000 15000

Wave number (cm™)

15— T . ;
CcB (c)
—10K-20K
. ——40K-50K
..... JON--- 1.0 _
: E Aygs ® 0.8 eV
[ 505 ! L
TN o Ag,=04eV :
S ‘9 '
H RN = o 1
v Zoo 'ﬁ
~ N ~ [ ]
’ N ) ! ! I )
' N < ] ] | |
’ . N | ] ] 1
h , | ] ] ]
3a H -0.5 : : : : 4
PR -x 1 1 1 |
. R | | | |
4 1 1 1 1
’ N 1 1 1 1
M 1.0 L L mn Lo
0 5000 10000 15000 20000

Wave number (cm™)

FIG. 2. (a) Optical conductivity of Euln,As, at different temperatures; the dashed line show the extrapolation of the Drude fits. Inset shows
optical conductivity at room temperature in the full measured range up to 50 000 cm~". (b) Schematic of the band structure of Euln,As,. The
dashed lines denote the splitting of the valence bands below 7y. (c) Difference plot of o, (w) across (10-20 K) and above (40-50 K) the AFM

transition.

near-infrared range. The inset shows the room-temperature
spectrum of the optical conductivity over the full measured
range up to 50 000 cm~!. Below 500 cm™! the main fea-
tures are a weak Drude peak centered at zero frequency
and a sharp infrared-active phonon around 185 cm~'. The
onset of the interband transitions occurs around 800 cm™!
and is superimposed on the tail of the Drude peak. Towards
higher frequency, there is a series of weak interband tran-
sitions up to 15 000 cm™! that is followed by three much
stronger interband transitions around 20 000, 27 500, and
32000 cm™!.

Figure 2(b) shows a schematic of the band structure that
is motivated by the reported band-structure calculations [42].
The assignment of the low-energy interband transition is in-
dicated by colored arrows. In addition to a pair of conduction
and valence bands (CB; and VB,), for which the spin-orbit
coupling gives rise to an inverted band gap, there are two more
valence bands (VB, and VB3) that are degenerate around the
I" point in the paramagnetic state (solid lines) and are expected
to exhibit a magnetic splitting in the AFM state (dashed gray
lines). This band assignment accounts for the quasilinear con-
ductivity in the frequency range 800-3 000 cm~' in terms
of the interband transitions near the spin-orbit-inverted gap
(black arrow). The onset frequency of 800 cm™! provides a
rough estimate of the spin-orbit gap of about 100 meV. A
somewhat lower gap value will be obtained if the so-called
Burstein-Moss shift, due to the Pauli-blocking effect by the
holes in the valence band, is included. However, since the
Drude peak is very weak, the latter effect should be rather
small and thus has not been further considered. The absorption
peak around 5000 cm ™! is assigned to the interband transitions
from VB, to the empty states in CBy, as illustrated by the blue
arrow in Fig. 2(c). The rapid increase of o (w) around 12 000
cm™! can be understood in terms of the transitions from VB3
to CBy, as indicated by the orange arrow. Finally, the much
stronger and sharp peaks around 20 000 and 30 000 cm~! are
assigned to transitions from deeper valence bands that are also
predicted by the band calculations [42].

Next we focus on the changes of the optical response across
the AFM transition of Euln, As,. Figure 2(c) shows the o (w)
difference spectrum between 10 and 20 K across Ty ~ 18 K. It
reveals two sets of peak-dip structures that are centered around
the interband transitions at 5000 and 12 000 cm™!, respec-
tively, and are absent in the corresponding difference spectrum
between 40 and 50 K. These characteristic peak-dip structures
are interpreted in terms of a magnetic band splitting of VB,
and VB3 which is indicated by the dashed lines in Fig. 2(b).
For the corresponding interband transitions, this magnetic
splitting gives rise to a doublet of sub-bands that are located
below and above the frequency of the interband transition
in the paramagnetic state, respectively, e.g., VB,, — CBy,
VBZb — CB], VB3a — CB], and VB3b — CB[ As shown
in Fig. 2(c), from this peak-dip structures in the difference
spectrum of oj(w) we can estimate the magnitude of the
magnetic band splitting, which amounts to ~0.4 eV for VB,
and ~0.8 eV for VB3. Note that a recent ARPES study found a
similar magnetic splitting of VB, and a reconstruction of VB,
by the emergence of an “M”-shaped band due to the bulk-band
inversion in the AFM state [46]. The latter effect is likely
weaker and thus not identified in the difference spectrum of
the interband o (w) across Ty. The small anomaly of the free
carrier plasma frequency around 7y, on the other hand, may
be an indication of this band inversion.

C. Drude response and spin fluctuations

Next we discuss the quantitative analysis of the temper-
ature dependence of the free carrier response that has been
obtained from a Drude fit to the low-frequency o} (w) spectra.
Figure 3(a) shows as an example of the Drude fit to the data
at 10 K from which we derive a (bare) plasma frequency of
w, =2056 cm™! and a scattering rate of 1/t =50 cm™.
Corresponding Drude fits of the o1 (w) curves have been per-
formed at all measured temperatures, as shown by the dashed
lines in Fig. 2(a). Figure 3(b) compares the temperature de-
pendence of the dc resistivity p = 1/0(w = 0) from electric
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FIG. 3. (a) Drude fit (red line) to the low-frequency optical con-
ductivity of Euln,As; at 10 K (blue line). Note that the phonon mode
at 185 cm™! is not included in this Drude fit. (b) Comparison of the
temperature dependence of the dc resistivity, p,; (solid line), with the
one of the zero-frequency value obtained from the extrapolation of
the Drude fit to the optical conductivity, 1/07(w = 0) (open circles).
(c) Temperature dependence of the free carrier plasma frequency w,
and the scattering rate 1/t, as obtained from the Drude fit.

transport measurements (black solid line), with the one of
the inverse conductivity at zero frequency obtained from the
Drude fit (open red circles). They both agree reasonably well
concerning the temperature dependence, with a characteristic
cusp-like maximum around 7y, and even the absolute values.
This agreement confirms that the modeling of the optical
data is meaningful and reliable. The corresponding plasma
frequency w, (orange symbols) and the scattering rate 1/t
(green symbols) are displayed in Fig. 3(c). Similar to the
screened plasma frequency in Fig. 1(c), the bare plasma fre-
quency shows a small increase toward low temperature in
the paramagnetic state and only a weak anomaly around 7y .
The shallow minimum of @, around Ty might be a signature
of a slight increase of the band mass due to an enhanced
interaction with the AFM spin fluctuations and/or a band
inversion in the AFM state that has been observed in a recent
ARPES measurement [46]. In addition, there may be a small
contribution to the plasma frequency from the surface states
that is expected to be strongly temperature dependent and
affected by the AFM transition [45]. The latter contribution
could explain the anomalous increase of w, that occurs below
Ty . The electronic scattering rate, on the other hand, exhibits
a pronounced, cusp-like maximum around 7}y that is similar to
the one of the resistivity p in Fig. 3(b). In return, this suggests
that the cusp-like maximum of the resistivity p = m*/e’tn
around 7y arises from a corresponding increase of the free
carrier scattering rate that is caused by the critical fluctuations
of the Eu spins in the vicinity of 7y. Our optical data thus
provide evidence for a rather strong interaction of the charge
carriers with the (slow) spin fluctuations of the Eu moments
in Euln,As,.

To study the nature of the dominant scattering mechanism,
we recall the Suezaki-Mori model that was proposed for AFM
or order-disorder systems [50-52], where the scattering rate is
given by
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FIG. 4. (a) Lineshape of the strong infrared-active phonon mode
at temperature from 300 to 8 K in Euln,As,. The black solid lines
through the data denote the Fano fits. (b)—(e) Temperature depen-
dence of the resonance frequency wy, the linewidth y, the oscillator
strength ©2, and the Fano parameter 1/ of the phonon. The vertical
dashed line denotes the antiferromagnetic transition temperature 7y
at which all the parameters show anomalies.

The first and second terms represent the contributions of
impurities or vacancies and of the phonons. The third term
1/tc o< 1 — D|e|*® accounts for the critical contribution,
which is written in terms of the reduced temperature € = (T —
Ty)/ Ty and the critical exponent 28. Using scaling estimates
for an Ising-type model, the exponent should be 28 = 0.625
[52,53]. With this model, we can well reproduce the tempera-
ture dependence of scattering rate [red solid line in Fig. 3(c)],
in particular, the upward-pointing cusp in the scattering rate
that is due to the critical fluctuations. The fitted value of
the critical exponent of 28 = 0.66(4) also agrees with the
prediction. This confirms that the scattering of the free carriers
is strongly enhanced by the critical fluctuations of the Eu spins
in the vicinity of Ty.

D. Spin-lattice coupling

Finally, we turn to the infrared-active phonon mode at
185 cm~'. Its temperature dependence is detailed in Fig. 4(a)
which shows the phonon lineshapes after the electronic back-
ground (determined with a Drude fit) has been subtracted.
With decreasing temperature, this mode shifts to higher
frequency and becomes sharper. Meanwhile, the lineshape
becomes more strongly asymmetric. Such an asymmetric line-
shape is a characteristic signature of the coupling of the
phonon to a much broader background of electronic and/or
spin excitations.

The asymmetric phonon mode has been fit with a Fano-
type lineshape [54] according to the following expression:

27 QZ q2 + 4‘](@);(1)0) —1

ofw)= - ————F——,
Zy y q2(1+4(w;2wo)2)

@
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where wy, v, and 2 are the resonance frequency, linewidth,
and the strength of the phonon, respectively. The dimen-
sionless parameter g describes the asymmetry of the Fano
profile. The parameter 1/4° is a measure of the strength of the
coupling between phonon and electron or spin. At 1/¢> =0
the lineshape is still symmetric and Lorentzian, whereas with
increasing 1/¢* the lineshape becomes more asymmetric. The
best fits using this Fano model describe the phonon mode
reasonably well, as shown by the black solid lines in Fig. 4(a).
The temperature dependence of the fit parameters for wy, ¥,
Q?, and 1/¢* are summarized in Figs. 4(b) to 4(e), respec-
tively. They reveal some weak but clearly resolved anomalies
in the vicinity of Ty ~ 18 K which suggest that the spin-
phonon coupling is also not negligible.

IV. CONCLUSIONS

To summarize, the optical conductivity of the antiferro-
magnetic axion topological insulator candidate Euln,As; has
been measured over a wide frequency range and at a vari-
ety of temperatures. In the far-infrared range, we observed
a weak Drude response and a sharp infrared-active phonon
mode. Towards higher frequency, there is a series of interband
transitions that starts with a weak absorption edge around
800 cm™~' and is followed by weak bands at 5000 and 12 000
cm~! and strong bands at 20 000, 27 500, and 32 000 cm™ !
Based on reported band-structure calculations, we assign the

weak bands to transitions from the low-lying valence bands
(VB; and VB3) to an empty conduction band (CB;). The gap
magnitude is estimated to be 0.1 eV. Below Ty ~ 18 K, we ob-
served clear signs of a magnetic splitting of the valence bands
VB, and VB3 which amounts to about 0.4 and 0.8 eV, respec-
tively. The free carrier response is also strongly affected by
the antiferromagnetic transition. In particular, the scattering
rate (width of the Drude peak) shows a pronounced, cusp-like
maximum at 7y that arises from critical antiferromagnetic
fluctuations of the Eu spins that are strongly interacting with
the charge carriers. An anomalous 7' dependence in the vicin-
ity of Ty ~ 18 K is also seen for the infrared-active phonon
mode around 185 cm~!, which suggests that the spin-phonon
coupling is also sizable. Our study highlights that Euln,As, is
of interest not only for its magnetic and topological properties
but also for the rather strong interaction among its charge,
spin, and lattice degrees of freedom. The latter may also
affect the various topological surface states and need to be
considered in comparing theory with experiments.
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