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We report the investigation of spin dynamics in the antiferromagnetic metal Euln, As, with the Zintl phase
by using time-resolved magneto-optical Kerr effect (TR-MOKE) and transient reflectivity spectroscopy. In
TR-MOKE measurement, we observe a spin precession mode with a frequency of about 18 GHz below 1.4 T
and a new emerging coherent acoustic phonon mode near 35 GHz at a higher field where the latter shows a
field-independent behavior. With temperature increasing, the spin precession disappears above Néel temperature
Ty, whereas the acoustic phonon persists up to 25 K due to existence of magnetic-field-induced polarized
paramagnetism. In contrast, the quasiparticle dynamics of Euln,As, does not show dramatic change in the
vicinity of Ty. By comparing the spin and quasiparticle dynamics, we attribute the appearance of an acoustic
phonon in TR-MOKE to photoinduced transient perturbation of magneto-optical coefficient. Our paper provides
an in-depth investigation on the dynamical magnetic properties and broadens the understanding of the Euln, As,

system.
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I. INTRODUCTION

Zintl phases represent the intermetallic compounds com-
posed of metals with very different electronegativities.
Theoretically, there is a complete transfer of valence electrons
among the alkali or alkaline atoms to make all components
satisfy the eight-electron closed-shell configuration [1,2].
However, because the valence electron transfer cannot be
formed completely, Zintl phase materials are generally in the
region between metal and semiconductor [3,4]. Therefore,
Zintl phases often have very fertile physical properties, such
as superconductivity [5], magnetoresistance [6], and mixed
valency [7]. Moreover, coexistence of high electrical conduc-
tivity and low thermal conductivity [8] makes Zintl phases
good thermoelectric materials. Abundant physical properties
and superior thermoelectric effect, therefore, greatly increase
the application value of Zintl phases.

Euln,As; is a three-dimensional antiferromegntic (AFM)
metal with the Zintl phase, which crystalizes in the hexag-
onal P63/mmc space group [6] and contains the staggerly
stacked Eu and In;As; layers along the c axis. Below its Néel
temperature Ty =~ 16 K, Euln,As, turns into the AFM state
and shows giant magnetic resistance [6,9] where the spins of
Eu* in one layer are ferromagnetically arranged within the
ab plane, whereas the interlayer coupling is AFM. Photoe-
mission investigation reveals the signature of band inversion
in the AFM phase [10,11]. With applying the magnetic field
above 0.9 T on the ab plane or about 2 T along the ¢ axis,
the spins in EulnyAs, can be fully polarized [12]. A very
recent investigation argues that the spin in Euln,As, should
be in the helical arrangement [13]. With applying pressure on
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Euln;As,, there is a significant increase in 7y from 16 to 65 K
[14].

Significantly, Euln, As; is predicted to be an intrinsic axion
insulator candidate, whose topological surface state can be
tuned by changing the direction of staggered magnetic mo-
ments [15,16]. Since the discovery of a topological insulator
[17,18], topological properties in condensed-matter physics
have attracted great attention. Topological nontrivial states,
such as the Dirac fermion [19,20], the Weyl fermion [21-23],
and the Majorana fermion [24,25], etc, are protected by struc-
ture symmetry and cannot be destroyed by perturbation. These
topological electronic states have a very important application
prospect in the future low-dissipation electronic transport and
new memory devices. Moreover, appearance of magnetism in
topological materials can break the time-reversal symmetry,
cause large Berry curvature, and finally lead to more inter-
esting quantum states and novel physical phenomena, such
as the anomalous Hall effect [26,27], topological Hall effect,
magnetic Weyl semimetals [28—30], and axion insulator states
[31-33]. Different from materials of particular thickness or
stacking configuration [33], Euln,As; is an ideal platform to
investigate the axion electrodynamics.

Magnetism plays an crucial role in determining the topo-
logical properties of Euln,As,. Kerr rotation spectroscopy
is a well-known optical method to investigate the magnetic
properties on condensed matters. The linearly polarized inci-
dent light can be regarded as sum of left- and right-circularly
polarized light beams. In a magnetic-ordered sample, the local
effective magnetic field makes the electrons respond differ-
ently to two types of circularly polarized light beams (i.e.,
the optical conductivity is different for two circular polarized
beams). Thus, the polarization angle or ellipticity of reflected
summed light beam yields slight variation [34]. Comparing
with the traditional transport or susceptibility measurements,
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Kerr rotation measurement possesses high spatial [35], layer
number [36,37], and rotation angle resolution [38], and even
owns energy resolution [39]. Furthermore, ultrafast lasers
can interact with magnetic order and lead to several fasinat-
ing transient states [40], including ultrafast demagnetization
[41,42], coherent magnetic precession [43], and even laser-
induced phase transitions between two magnetic states [44].
The three-temperature model was widely used to phenomeno-
logically elucidate the laser-induced magnetization dynamics:
femtosecond pulse warms electron to hundreds of Kelvin, sub-
sequently, the energy is transmitted to spin and lattice degree.
The spin temperature increases and equilibrium orientation
accordingly changes, leading to the spin rotation around the
new equilibrium position and formation of spin wave. Al-
though the static magnetical characteristic of Euln,As; has
been thoroughly studied, its nonequilibrium dynamics behav-
ior is still elusive. Researching the mangneto-optical coupling
would be helpful for understanding the axion electrodynamics
and topological modulation of Euln;As;.

Here we use time-resolved magneto-optical Kerr effect
(TR-MOKE) spectroscopy to study the spin wave excita-
tion of Euln,As,. At low temperatures, as magnetic field
increasing, spin dynamics begins to emerge after laser pulse
pumping. A spin precession eigenmode at 18-GHz frequency
is observed, which is different from the expected behavior in
the presence of the easy plane, indicating the non-negligible
contribution from high-order anisotropic energy. When the
magnetization is saturated at the high field, the spin preces-
sion disappears whereas the coherent acoustic phonon mode
(with a frequency of 35 GHz) emerges. In contrast with spin
precession, the frequency of coherent acoustic phonon ba-
haves independently on both temperature and field strength.
The magnetic relaxation background shows a very long-lived
process combing with a spike at time zero. By measuring the
ultrafast dynamics of quasiparticles, we find no signature of
coupling between magnetic order and the quasiparticle relax-
ation. We also ascertain that the coherent acoustic phonon
is caused by the perturbation on magneto-optical coefficient,
whereas the spike at time zero includes the additional con-
tribution of demagnetization effect. Our findings provide the
dynamical behavior of the spin and quasiparticle in Euln, As;
after perturbation, which is helpful for the, subsequent, study
on Euln,As, and related materials.

II. METHODS

Large single crystals of EulnpAs, were grown by self-
flux method, which is similar to that reported in early
paper [6]. The magnetism of sample was characterized with
a physical property measurement system. And the reflec-
tivity spectroscopy was measured via a Fourier transform
infrared spectrometer (Bruker IFS 80v). In the TR-MOKE
measurement, the sample was mounted in an optical cryo-
stat (SpectramagPT) with a base temperature of 1.6 K and a
superconducting solenoid magnet up to 7 T. In all the mea-
surements, the magnetic field was applied perpendicular to
the ab plane of the sample. In time-resolved experiments, we
used ultrafast laser with 800-nm wavelength, 1-kHz repeti-
tion rate, and 35-fs pulse duration. Pump beam wavelength
was 400 nm (fluence was about 180 wJ/cm?, generated by a
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FIG. 1. The characterization of the Euln,As, sample and TR-
MOKE experimental configuration. (a) Temperature-dependent mag-
netic susceptibility with an applied field of H = 1000 Oe along
the ¢ axis for the Euln,As, single crystal. The inset illustrates the
crystal structure of Euln,As,. (b) Magnetic hysteresis (MH) loops
with a field applied along the ¢ axis at different temperatures where
the saturation field can be identified to be 1.8 T at 3 K. (c) X-ray
diffraction pattern of the Euln,As, single crystal. (d) In-plane re-
flectivity spectrum of Euln,As, below 1200 cm™'. (e¢) Schematic of
TR-MOKE measurement configurations.

barium metaborate crystal), and the probe beam wavelength
was kept at 800 nm. Both the pump and the probe beams
were linearly polarized and nearly normally illuminated on
sample surface. The reflected probe beam passed through a
half-wave plate and a beam-splitter cube, and finally detected
by a pair of balanced photodiodes. The pump-induced change
in Kerr rotation was determined as the value of the imbalance
of these two photodiodes. At each field and temperatures, the
full balancing between two photodiodes in the static state was
executed. For the transient reflectivity measurement, only one
photodiode was used at the O-T field.

III. EXPERIMENTAL RESULTS

After synthesis, we first check the foundamental physical
properties of the Euln,As; single crystal. As illustrated in
Figs. 1(a) and 1(b), the magnetic susceptibility reveals the
phase transition temperature 7y = 16 K and saturation field
strength H; = 1.8 T along the ¢ axis, which is in agreement
with early reports [6,12,14]. The x-ray-diffraction pattern
represents sharp (O0OL) peaks [Fig. 1(c)], which are well con-
sistent with previous investigations [14], demonstrating the
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FIG. 2. Time dependence of spin dynamics under different ap-
plied magnetic fields at 3 K. (a) Time traces of A0k with increasing
magnetic field. (b) The two-dimensional color map of Afk as a
function of both magnetic field and delay time. The white solid line
labels the saturation field strength. (c) The residual A6k values at
175-ps delay time. The wine-red dashed line labels the transition.
(d) Frequency of two modes at different magnetic fields. The dashed
purple curve is the schematic of Eq. (1). (e) Magnetic-field evolution
of amplitude of two oscillation modes. The orange dashed curve is
rescaled MH relation at 4 K. (f) and (g) Schematic of two prospective
spin precession eigenmodes in the AFM state.

pure phase of our sample. We also measured the reflectivity
spectrum in range of 80-1200 cm~! [shown in Fig. 1(d)].
The reported infrared-active phonon mode near 185 cm™!
and plasma edge near 700 cm~! can be clearly seen [45],
indicating a low carrier density metallic response. These char-
acterizations all confirm the high quality of our Euln,As;
sample.

After checking the sample, we performed the TR-MOKE
measurements with applying different magnetic fields at 3 K
where the experimental configuration is shown in Fig. 1(e).
Figure 2(a) displays the time evolution of the pump-induced
differential Kerr rotation (Af) in the field range of 0-3.2 T.
In the absence of an external magnetic field, there is almost
no perturbation on Kerr rotation. When the magnetic field
rises to 0.25 T, there is a sharp peak at time zero, then the
Kerr rotation begins to increase and show a slow periodic
modulation with a frequency of about 18 GHz (we call it F;
later). After 100 ps, the modulation becomes invisible, but
A0 still does not return to zero value. As the external field
continues to increase, the amplitude of periodic modulation

slightly increases. Except for the oscillation component, the
relaxation background exhibits a long-lived decay process
with no signature of recovery at 175 ps. At 1.4 T, the sec-
ond period of the oscillation cannot be resolved. When the
magnetic field is further enhanced, the F; mode completely
vanishes, and another coherent oscillation mode occurs with
a higher frequency of about 35 GHz (we call it F, later).
By applying the magnetic field up to 1.8 T, the F; mode is
strengthened. In the case of a stronger magnetic field, the
temporal evolution of Af tends to stabilize.

We also plot the two-dimensional color map of a Afg
value as a function of both magnetic field and delay time
in Fig. 2(b). From the color map, the magnetic evolution
can be understood intuitively. In the range of 0-1.8 T, the
intensity color is mostly green during the first 90 ps. With
magnetic field increasing, it evolves from green to blue and
back to green again in the 90-175-ps range and becomes red
overall at 1.8 T. Above 1.8 T, the color alters independently
on the magnetic field. Limited by the range of delay time,
we roughly check the long-lived spin relaxation by extracting
the A6k value at 175-ps delay time as shown in Fig. 2(c).
The A6 175ps value in Fig. 2(c) fluctuates slightly below 1 T,
then rises rapidly and reaches a stable value above 1.8 T. This
phenomenon corresponds to saturation of magnetization. And
the critical magnetic field is consistent with that given by the
susceptibility measurement.

We have extracted the frequency and amplitude of coherent
oscillations in spin dynamics. As can be seen in Fig. 2(d),
the frequency of F; decreases continuously with the mag-
netic field. When the magnetic field is above 1.2 T, it is
very difficult to obtain the frequency because only one period
can be recognized. In magnetic materials, the spin dynamics
behaviors are usually described by Landau-Lifshitz-Gilbert
(LLG) equation [46]. If there are only two magnetic ions in
a primitive magnetic cell (i.e., two-sublattice condition), the
precession mode can be resolved in a succinct form. In general
circumstances, the ¢ axis is a hard axis, and the ab plane is
an easy plane according to the lattice symmetry and in-plane
AFM of Euln,As;. However, in this case the precession fre-
quency is predicted harden with increasing field [46], which
seems contradictory with our result. Interestingly, the preces-
sion eigenfrequency at a low field seems phenomenologically
comparable with the relation in case of the field normal to the
easy axis [the purple dashed curve in Fig. 2(d)],

/ H,
Wiow =V HAHX‘ - FAHz’ (1)

where y is the gyromagnetic ratio, Hy is the anisotropy field,
H; represents the assumed saturation field, and the subscript
low means the one with lower frequency. The comparable
result suggests easy directions (axes) on the ab plane. It
is consistent with the observed spin flop with applying an
in-plane field (implying a positive effective Hy) [12]. Consid-
ering the crystal symmetry, this in-plane anisotropy is most
likely to originate from the higher-order free-energy term,
K3sin6(9)cos(6<p) [46], where 6 is the angle between ¢ -axis
and spin vector, and ¢ is the in-plane azimuthal angle. With
negative K3, the zero-field equilibrium spin orientations are
fixed to be (8 = m /2, ¢ = nmw/3) instead of an easy plane.
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Therefore, at low field the spin precession behavior can be
approximately described by Eq. (1). Where the strict solution
of the precession frequency-field relation needs further inves-
tigation.

According to the LLG equation there should be the other
spin precession mode [46]. However, it is invisible in our
TR-MOKE measurement. This can be explained that the other
frequency precession mode corresponds to antiphase couple
between spins in adjacent layers and the projection of magne-
tization along the c axis is a nearly constant value [Fig. 2(g)].
For the F;, mode, it appears before the sample entering po-
larized paramagnetic (PP) state (i.e., below 1.8 T), and the
frequency does not change with the magnetic field, thus, the
spin precession origin [46] can be ruled out.

The field dependence of amplitude is also different in
these two modes [Fig. 2(e)]. For low-energy mode F;, the
amplitude first increases and peaks in the vicinity of 0.75 T,
then decreases with an increase of the magnetic field and
soon becomes indistinguishable. For high-energy mode F;,, its
amplitude first increases with the magnetic field and reaches
saturation above 1.8 T, which is approximately proportional
to magnetization [dashed curve in Fig. 2(e)], this phenomenon
would be discussed later.

We also carried out the temperature-dependent TR-MOKE
measurements both in AFM and in PP states. As illustrated
in Fig. 3(a) when the magnetic field is 0.25 T, the precession
period significantly gets longer with temperature increasing.
Simultaneously, the amplitude of the oscillation decreases
visually. The quantitative frequency-temperature relation is
shown in Fig. 3(b). Figure 3(c) depicts the Afk signal at
175-ps delay time.

In the PP state, the temperature evolution of spin dynam-
ics manifests a distinct difference. Two negative relaxation
components (one fast and one slow) can be seen in Fig. 3(d).
When the sample temperature rises, the vertical offset of the
slow component gradually decreases and finally disappears
completely at 36 K. This can be roughly quantitatively re-
flected from the value of the Ak 1755 signal [Fig. 3(f)]. The
amplitude of the superimposed Fj, mode also decreases with
temperature increasing, but the frequency remains unchanged
[Fig. 3(e)]. Note that both the oscillation mode and the offset
of the Af signal survive above Ty, this may be caused by the
surviving short-range magnetic order of Eu’>* ion above Ty,
which will be discussed later.

To analyze the origin of this abnormal high-frequency
mode Fj, in the TR-MOKE measurement, we measure the
transient reflectivity of EulnyAs, below 40 K at 0 T where
the result is shown in Fig. 4(a). The time traces of quasiparti-
cle dynamics is totally different from spin dynamics. There are
anegative fast decay component and a very slow positive com-
ponent. These two processes have almost no change when the
temperature rises across Ty. There is also a coherent oscilla-
tion superimposed on the relaxation process. The frequency of
the oscillation does not change during the heating process, but
the intensity decreases slightly [Fig. 4(b)], this is very typical
of the acoustic phonon. Comparing with the Fj, oscillation in
the TR-MOKE measurement [Figs. 4(b) and 4(c)], they reach
the extreme point of departure from equilibrium at same delay
time. Thus, the oscillation mode with 35 GHz in A0k (¢) on the
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FIG. 3. Temperature-dependent TR-MOKE in AFM and PP
states. (a) Temperature-dependent Afx dynamics at H = 0.25 T.
The data are offset for clarity. (b) The temperature evolution of
precession frequency. The purple dashed curve is guide to the eyes.
(c) The amplitudes of the Afx signal at 175-ps delay time at different
temperatures. (d) Temperature-dependent Afx dynamics at H =2 T.
(e) The temperature evolution of high-energy oscillation frequency
and amplitude. (f) The extracted amplitudes of the A6k signal at
175-ps delay time at different temperatures from panel (d).

high magnetic field can be attributed to the coherent acoustic
phonon.

IV. DISCUSSION

The observation of the acoustic phonon in the TR-
MOKE measurement is relatively rare. And the spike-
shaped signal at time zero is also discordant with fol-
lowing long-lived demagnetization process. The result
is deserved to be discussed. In fact, the size of the
Kerr rotation angle is determined by magnetization and
magneto-optical coefficient [47]: 6x = oM, where « is the
(effective) magneto-optical coefficient. Hence, interpretation
of the Kerr rotation should be as follows: A6y = AaM +
o AM. Except for the real magnetic perturbation contribution
(¢ AM), the optical contribution (AaM) is also included. A
common causation of A« is a photoinduced transient dis-
turbance on state filling [34,47], which can be measured by
pump-probe spectroscopy. Note that the AR/R and Afk are
comparable to a certain extent [the inset of Fig. 4(a)], both
of them relax quickly on the picosecond scale, but there is
still an obvious difference, thus, we attribute the fast de-
cay component in the TR-MOKE to a combination of the
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FIG. 4. Transient reflectivity and precession illustration in
Euln,As,. (a) Transient reflectivity of Euln,As, below and above
Ty where the coherent oscillations superimpose on relaxation back-
ground. The inset: comparison of normalized transient Kerr rotation
(collected at 0.25 and 2 T) and reflectivity. (b) The extracted oscilla-
tions at 4 and 40 K from panel (a). (¢c) The corresponding coherent
mode in the TR-MOKE measurements at 2 T. (d) The illustration
of spin precession in the out-of-plane PP state. The spin vector
rotates around the ¢ axis and keeps the c-axis component invariant.
(e) The illustration of spin precession in the transitional AFM-to-PP
state. The spin vector rotates around a tilted equilibrium position and
makes the c-axis component oscillate.

perturbation of magneto-optical coefficient and magnetic sus-
ceptibility instead of a single contribution. With the magnetic
field increasing, the AaM term is merely proportional to M
and unchanged in time evolution. The « AM term has a strong
field dependence and evidently exhibits distinct behavior in
AFM and PP states. The final magnetic-field dependence of
the TR-MOKE signal is a cooperative result by these two
terms.

Analogously, the acoustic phonon in the TR-MOKE
measurement exhibit two characteristics: temperature- and
field-independent frequency; and the similar field dependence
of the amplitude to that of magnetization [Fig. 2(e)]. The

former feature excludes the possibility of coupling with mag-
netic order, and the latter confirms that the acoustic phonon
signal comes from optical contribution Ao M (this term is
proportional to magnetization M). From this point, the ampli-
tude of the F;, mode can reflect the temperature evolution of
field-induced magnetization M at 2 T. From Fig. 3(e), it can be
seen that the amplitude of Fj, varnishes above 25 K, implying
the polarized paramagnetism is maintained below 25 K.

According to the LLG equation, in the PP state (H > Hj),
the frequency of spin precession usually has an approximately
linear relationship with the magnetic-field strength [46,48].
However, spin precession is not observed here above 1.8 T.
In this case, the magnetic moments orient along the ¢ axis.
Therein, the spin precession eigenmode is assigned to rotating
around the ¢ axis [left panel of Fig. 4(d)]. With ignoring the
decay of precession, the projection of magnetic moment on
¢ axis (the dominant source of the MOKE signal [48]) is
a constant [right panel of Fig. 4(d)], therefore, this preces-
sion pattern is unlikely to be detected in our experiments.
Correspondingly, when the applied magnetic field is below
H,, the spin direction is tilted. After perturbation by laser
pulse, the spin precesses around the new equilibrium position,
and the intensity of the c-direction projection produces peri-
odic changes [Fig. 4(e)], the oscillation on Kerr rotation is,
therefore, detected.

V. CONCLUSION

To summarize, we investigate the spin dynamics in
Euln;As, under different magnetic fields and temperatures.
We observe a spin precession eigenmode in an unsaturated
AFM state with a frequency of 18 GHz. Its abnormal mag-
netic dependence reveals the important contribution from
high-order magnetic anisotropic energy. Such a low-frequency
oscillation mode is difficult to be probed and investigated
with other experimental methods. The transient demagnetiza-
tion process with dramatic field dependence is also observed.
Above 1.4 T, we find an acoustic phonon mode on the TR-
MOKE measurement. After comparing with the quasiparticle
dynamics, we confirm that the appearance of acoustic phonon
mainly come from the perturbation on magneto-optical co-
efficient (Aw). After saturation, the field-induced PP state is
found to hold on up to 25 K. Our paper reveals the dynamical
behavior of spin in Euln,As; and deepens the understanding
of its magnetism, which is helpful for further investigation.
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