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Observation of surface ferromagnons in the axion-insulating phase of the antiferromagnetic
topological insulator EuSn,As,
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We report the study of spin dynamics of Eu>* in the antiferromagnetic axion topological insulator EuSn,As,
by means of antiferromagnetic resonance at 9.34 GHz. Below the Néel temperature (7y), two types of resonance

modes, the conventional bulk antiferromagnetic resonance and additional surface ferromagnetic resonance, are
observed. The latter turns out to be characteristic of the axion-insulating phase. Above Ty, we prove the existence
of a Kosterlitz-Thouless scenario that is relevant for the spin relaxation in the Eu?* layers. The absence of
Korringa relaxation indicates the strong confinement of the conduction electrons at the Fermi level to the SnAs

layers.
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I. INTRODUCTION

An axion is a hypothetical particle that was suggested in
1977 by postulating a new U(1) symmetry, in order to solve
the strong charge-parity problem of quantum chromodynam-
ics (QCD) in the standard model (SM) of elementary particles
[1-4]. This was achieved by adding a pseudoscalar field, the
so-called axion field Y¥qocp, to the SM Lagrangian: Lgy o
ﬁQCDGZvG"“", where wa =1,2,...., 8are the field strength
tensors in the theory of QCD. In condensed matter physics, in
order to provide a simple understanding of the anomaly of the
currents and the fractional electric charge in the PbTe-type
narrow-gap semiconductors, the axion field d¢y is intro-
duced into the ordinary electromagnetic Lagrangian as Ly o<
YcMmE - B, where E and B are the electric and magnetic fields,
respectively [5,6].

Theoretical studies of the antiferromagnetic topological
insulator BiFe,Se; [7] proposed a new type of polariton (ax-
ionic polariton), which is the coupled mode of light and the
axionic mode of an antiferromagnet. Optical magnetoelec-
tric resonance measurements at terahertz frequencies found
an axion-type coupling in the polar magnet (Fe, Zn),Mo3;0g
[8]. Among antiferromagnetic topological materials, bulk
three-dimensional topological insulators show a quantized
topological magnetoelectric effect, which is a hallmark of
axion topological insulators [9-13]. Commonly, the descrip-
tion of the basic properties of static and dynamical axion
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insulators requires magnetic order [14]. Indeed, an axion
phase was discovered in the layered van der Waals antifer-
romagnet MnBi,Tes with an A-type magnetic structure with
the Mn moments aligned along the trigonal ¢ axis [15-22].
This compound belongs to the (MnBi,Te4)(BiyTes), family,
which reflects the interplay between the topology of the elec-
tronic structure and spontaneous symmetry breaking [23-27].
Currently, new axion topological insulators, the so-called
Zintl-phase compounds EuSn,As;, Euln,P;, Euln,As,, and
EuSn,P,, show that the evolution of Dirac surface states is
induced by magnetic order [23,28-36]. The magnetic-order
effect is attributed to the hybridization between the localized
magnetic moments from either 4f or 3d orbitals and the
topological electronic states.

EuSn;As; crystallizes in the layered NaSn;As,-type crys-
tal structure with trigonal space group R3m [37-39]. The Eu>*
ions (4f7; S = 7/2) form a hexagonal unit cell in the ab plane.
The Eu layers are stacked alternately and each Eu atom is
coordinated by six As atoms to form a trigonal prism. The Sn
and As atoms are covalently bonded in a honeycomb arrange-
ment and the Sn atoms between two adjacent Sn-As layers
face each other with inversion symmetry. The system exhibits
van der Waals layered character with a collinear A-type an-
tiferromagnetic order along the ¢ axis below Ty &~ 24 K (see
the Supplemental Material [40]). Eu>* magnetic moments are
aligned ferromagnetically in the ab plane, with an easy-plane
anisotropy character [38].

In this work, we provide evidence for the existence of
surface ferromagnons in the axion phase of EuSn,As,, by
probing the spin dynamics of Eu*" by means of electron
spin resonance (ESR). Moreover, the isostructural antifer-
romagnetic topological insulator EuAl,Ge, is studied as a
reference compound to work out the specific axion-related
magnetic resonance properties of EuSnyAs, (see the Sup-
plemental Material [40]). Above Ty, the spin correlations
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FIG. 1. Selected antiferromagnetic resonance spectra of

EuSn,As, are taken corresponding to Figs. 2(a) and 2(b) and
Figs. 2(c) and 2(d) at 4 and 16 K, respectively. Both first and
second magnon modes are well described by red Dysonians. The
two sketches in the insets of panels (a) and (c) show the different
positions of the sample in the resonance cavity with respect to the
static field H and microwave field h,,,,, where H L hy,,,.

are assigned to a Berezinskii-Kosterlitz-Thouless (BKT) sce-
nario [41-43]. For T > 100K, the strong confinement of
conduction electrons marks the ideal topological insulating
phase.

II. EXPERIMENTAL DETAILS

EuSn,As; single crystals were grown as described in Ref.
[38]. Temperature- and angular-dependent antiferromagnetic
resonance experiments were performed using a continuous-
wave ESR spectrometer (Bruker ELEXSYS ES00A) at
X-band frequency for in- and out-of-plane sample adjust-
ments. The crystals were fixed in quartz tubes with paraffin.
Using a continuous helium gas-flow cryostat ESR 900 (Ox-
ford Instruments), the measurements were carried out for
4K < T < 300K. The orientation of the samples was con-
trolled by a programmable goniometer in 5° steps during a
full rotation. The signal was detected at constant excitation
frequency in a resonant cavity by sweeping the applied static
magnetic field H up to 16 kOe. The microwave field /iy
remains always perpendicular to H, which detects only the
transverse magnons. The signal-to-noise ratio was improved
by means of lock-in technique with field modulation. Hence,
one obtains the field derivative of the absorbed microwave
power as depicted in Fig. 1, where typical ESR spectra of the
antiferromagnetic phase are shown for two excitation geome-
tries and at two temperatures.
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FIG. 2. Microwave absorption of EuSn,As, as a function of an-
gle and magnetic field H up to 16 kOe at selected temperatures. By
applying hnw_Lab and hy,, ||ab, two resonance modes are observed.
The second magnon mode appears very close to the paramagnetic
resonance line, while the first one shifts to higher resonance fields as
temperature increases.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

In the antiferromagnetic phase of EuSnyAs;, due to the
weak interlayer coupling, and strong easy-plane anisotropy
and exchange field, a small antiferromagnetic gap is expected.
Indeed, two different magnon modes have been observed
within the range of X band. The second mode remains nearly
constant and close to the paramagnetic resonance field value
H,., ~ 3.4 kOe, while the first mode shifts to lower Hie.
as temperature decreases (Figs. 1 and 2). Both modes are
well described by the field derivative of a Dysonian, i.e.,
a Lorentzian including a certain contribution of dispersion
besides the absorption due to the metallic conductivity of
the sample. Only for the magnetic field applied within the
ac plane, slight distortions of the signals show up at lowest
temperatures, which can be taken account by a weak second
Dysonian and result from local demagnetization effects. Note
that the first mode exhibits practically the same amplitude
for the microwave field applied parallel or perpendicular to
the crystallographic ¢ axis, while the amplitude of the second
mode is much stronger for the latter case.

The full angular dependence for both rotation geometries is
depicted in Fig. 2, where the color-coded amplitude of Fig. 1
is plotted as a function of angle and magnetic field. Within the
ab plane, there is no significant angular dependence except
for a weak 180° modulation due to a slight tilting of the ¢
axis with respect to the rotation axis. Regarding the ac plane,
the resonance field of the second mode exceeds the accessible
field range of our electromagnet for the magnetic field applied
along the ¢ axis in agreement with the significant easy-plane
anisotropy known from magnetization measurements. The
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FIG. 3. Microwave absorption of EuSn,As, as a function of
temperature for (a) out-of-plane and (b) in-plane applied magnetic
microwave fields, respectively. The first mode approaches the second
one for T > Ty.

first mode also shifts to higher fields, but fades out for H||c.
Note that the reference compound EuAl,Ge, reveals only a
single resonance mode corresponding to mode 2 in EuSn;As,
(see the Supplemental Material [40]). Hence, we conclude that
mode 1 is characteristic of the axion-insulating phase as will
be discussed below.

The temperature dependence for both geometries (static
field within the easy plane but microwave field parallel and
perpendicular to the easy plane) is shown in Fig. 3. On in-
creasing temperature, the resonance fields of both resonance
lines increase and finally merge in the paramagnetic phase.
At higher temperatures, the ESR signal is well described by
a single Dysonian. While at the lowest temperature the res-
onance field of the second mode is only weakly shifted from
the paramagnetic resonance field, the first mode is found close
to zero field.

In an easy-plane antiferromagnet, one expects two reso-
nance modes dependent on the relative strength of external
magnetic field Hy, exchange field Hg between the two sublat-
tices, and anisotropy field Ha [44,45]. The anisotropy field Ha
is determined from the difference between the critical fields
required to align the moments along the ¢ axis and in the ab
plane at T = 0K, i.e., Hy = H; — H_,. Taking into account
the demagnetization factors to correct the critical field values
H¢ for the 2 x 2 x 0.5mm? crystal, we obtain H, = H® —
4w N.Ms and HS = H® — 47 N.M,, where N, =0.175 and
N. = 0.650, which satisfy the relation 2N, + N, = 1 [46,47].
M is the saturation magnetization. By substituting the values
H¢ and M; for selected temperatures between 5 and 20 K
from Ref. [38], the values of H5 decrease from 7.9 to 3 kOe.
This must be compared to the antiferromagnetic exchange
field between adjacent layers Hg = 2|J.|S/gugp, where J. ~
0.32 x 107!6 erg is the exchange constant along the ¢ axis
[48,49]. We obtain Hg ~ 12 kOe. Using these values, we can
calculate the expected resonance positions. For Hy = 0, one
mode is found at w = 0, while the other exhibits an excitation
gap w = y«/2HgHx corresponding to a microwave frequency
v = w/(2r) =~ 39 GHz. On application of Hy < 2Hg perpen-

dicular to the plane, the lower mode remains an unobservable
Goldstone mode at zero frequency, while the frequency of
the upper mode monotonously increases approaching a lin-
ear field dependence. Thus, with our microwave frequency
v = 9.34 GHz and the accessible magnetic field range H <
18 kOe, we do not expect any signal for this field geometry
in agreement with our experimental observation. For the ex-
ternal field applied within the easy plane, the frequency of
the lower mode increases linearly with the field following
o = yHy~/T+ Ho/(2Hg), while the frequency of the upper
mode gradually decreases, approaching zero at the spin-flop
field 2Hg. Under our experimental conditions, we can only
observe the lower mode, which is expected to shift from
His =3.12kOein T =20K to Hes =2.70kOe in T = 5K
in fair agreement with the experimental data of the second
mode.

The first mode at low field cannot be explained on the
basis of the easy-plane antiferromagnet. It rather reminds us
of the behavior expected for a thin ferromagnetic platelet.
For the magnetic field applied within the plane, the reso-
nance field is expected to shift to lower magnetic fields due
to the demagnetization following w = yH(H + 47 M;). If
the field is applied perpendicular to the plane, one expects
o = y(H — 47 My) [50]. Using the resonance field H = 0.6
kOe observed at T = 4.2K for the magnetic field applied
within the ab plane, we determine a ferromagnetic saturation
magnetization of M, = 1.4 x 10° emu/mol. Thus, for H ||c the
ferromagnetic resonance signal is expected at about 21 kOe,
which is beyond the field range of our electromagnet.

Previously, broadband magnetic resonance measurements
of EuSn,As; in the ab plane exhibited, besides the resonance
close to the paramagnetic resonance field, the very same
additional low-field resonance mode [51], which at 4 K is
observable down to about Hys ~ 0.6 kOe at 9 GHz. It was
speculated that magnetic point defects or stacking faults may
be the origin of this additional resonance line. It was claimed
that the presence of such defects may have a crucial effect
on the magnetoresistance of the system such as abnormal
Hall resistance, as was reported in Ref. [52]. Recent transmis-
sion electron microscopy investigations reveal ferromagnetic
EuSnAs, layers within the EuSn;As, matrix [53], which are
stated to be responsible for the additional ferromagnetic reso-
nance [54]. In this respect, we have to state that our samples
do not reveal any indications of a ferromagnetic hysteresis for
the magnetic field applied within the ab plane, as depicted
in Fig. 10 of Ref. [38], in contrast to the samples described
in Ref. [53]. Nevertheless, we observe the ferromagnetic-
type resonance of comparable strength. Hence, taking into
account the skin effect, we suggest that the ferromagnetic
layers responsible for the observed resonance appear close
to or directly at the surface and therefore are intimately con-
nected to the axion-insulator characteristics of EuSn, As, [26].
It is important to note that strong surface ferromagnetism was
discovered earlier in the antiferromagnet EuRh,Si, [55]. In
this compound, formation of the surface ferromagnetism was
attributed to the existence of surface states in an energy gap at
the Fermi level.

For T > Ty, both the antiferromagnetic and the ferromag-
netic resonance lines merge into a single line. Above 100 K,
the linewidth AH is explained by the relaxation of the local-
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FIG. 4. (a), (b): Temperature dependence of the paramagnetic
linewidth of EuSn,As, measured at v = 9.34 GHz for applied mag-
netic field H ||c and H ||ab, respectively. Solid lines represent the sum
of Korringa relaxation and BKT scenario AHx + AHgkr + AHy,
where AH, is the residual linewidth. The inset (c) shows the quality
of the BKT fit using a logarithmic plot In(AHg;y,) vs the reduced tem-
perature — (T /Tt — 1)7°°. The corresponding temperature values
are depicted on the upper axis of the inset.

ized Eu*" spins via scattering of the conduction electrons by
Korringa’s formula [56]:

AHg = T P\ T = T, (1)
gUB

where (J2(g)) is the squared exchange constant between lo-
calized spins and conduction electrons averaged over the
momentum transfer g, D(Ep) is the conduction-electron den-
sity of states at Fermi energy Ef, and « is the Korringa
slope. For both H||c and H||ab, k ~ 0.1 Oe/K. This very
small value shows that AH is nearly temperature independent
[Figs. 4(a) and 4(b)]. The usual value of « in Eu-based iron
pnictides is between 6.5 and 8 Oe/K [57-61], which is typical
of the S state of 417 local moments in conventional metals
[62,63]. However, the absence of Korringa relaxation was
reported in Euln,As; [64] and the highly ruthenium-doped
EuFe,_,Ru,As, [65]. It means that the conduction electrons
are well separated from the localized Eu>" spins. They are
strongly confined within the SnAs layers. It suggests that at
the europium site D(Ef) nearly vanishes at the Fermi surface.

The anisotropy of AH at high temperatures exhibits the
influence of the exchange-narrowed Eu’* fine structure, sug-

gesting the impact of crystalline electric-field effects [66].
The factor g = hv/upH;es. remains nearly constant when the
temperature increases to 300 K. Nevertheless, it lies slightly

above the insulator value g = 1.993 of Eu’>*. The g anisotropy
Ag = gliab — 8||c 1s reduced by 12% when T — Ty. The
broadening of AH gives a hint to the development of an-
tiferromagnetic short-range correlations. Below 7y, these
correlations dominate the spin dynamics of Eu?* spins and
form pairs of topological magnetic defects (vortices) [41]. A
topological phase transition can take place at Txt [42,43]. The
correlation length & is related to AH via [see Figs. 4(a) and

4(b)]
RCE R
AHpktr = AHsoexp |30/, | — — 1| x &7, 2)
Txr

where AH, is the ESR linewidth in the high-temperature
approximation and b = 7 /2 for the square lattice [67]. This
value, however, is also valid for other lattice geometries (see,
e.g., Ref. [68]). The respective transition temperatures Tgt ~
11 and ~14K for H||c and H||ab are around 45%-60% of
T, which indicates that magnetic fluctuations extend deep
into the ordered state as was already found in some frustrated
antiferromagnetic oxides [69-71].

IV. CONCLUSION

In summary, we conducted antiferromagnetic resonance
experiments on high-quality single crystals of EuSn;As,,
which exhibit clear and robust surface and bulk magnon res-
onance modes in the ordered phase. Our findings show that
the surface magnons are ferromagnons, which are only ob-
served in the axion-insulating phase. They vanish as T — Tx.
The direct observation of these surface magnons could be
a characteristic for the antiferromagnetic axion phase. On
approaching the paramagnetic regime, both bulk magnon and
surface magnon resonance lines merge into a single line at 7.
The analysis of the resultant linewidth AH obeys the BKT
scenario, which proves both a two-dimensional and topolog-
ical character of the Eu®* spin system. At 7 > 100K, the
absence of Korringa relaxation proves the strong confinement
of conduction electrons to the SnAs layers. This shows that
the conduction electrons are well separated from the localized
Eu’* spins, which makes EuSn,As; a true magnetic topolog-
ical insulator.
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