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Abstract. The concurrent existence of ferroelectricity and magnetism within
a single crystalline system characterizes the multiferroic materials discovered
in recent years. To understand and develop the multiferroic phenomenon, we
need to investigate the unusual coupling between spin and lattice degrees of
freedom. Spins in multiferroics are expected to be elastically coupled to phonons.
Therefore, the time-dependent study can be a crucial factor in understanding
the coupled dynamics. Here, we report the observations of strong dynamic
spin—lattice coupling in multiferroic LuMnOj;. A coherent optical phonon of
3.6 THz and its temperature dependence is measured for the first time from our
femtosecond IR pump and probe spectroscopy. Also, we observed a coherent
acoustic phonon of 47 GHz similar to a previous report (Lim et al 2003 Appl.
Phys. Lett. 83 4800). Temperature-dependent measurements show that both
optical and acoustic phonons become significantly underdamped as temperature
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decreases to Ty, and they disappear below Ty. These observations reveal that
phonons are coupled to spins by magneto-elastic coupling, and the disappearance
of phonon modes at 7y is consistent with the isostructural coupling scheme
suggested by Lee et al (2008 Nature 451 805).
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1. Introduction

Magnetism and ferroelectricity coexist in materials called multiferroics, resulting in a strong
interplay between magnetic and dielectric properties. The coupling between dielectric and
magnetic properties provides possibilities of controlling magnetic properties using electric fields
and controlling dielectric properties using magnetic fields. As magnetism and electricity are
important in developing material-based technologies, the research of multiferroic materials and
their fundamental properties has become unprecedentedly competitive in recent years [1, 2].
Multiferroic materials are found in a class of materials known as frustrated magnets,
for example the perovskites RMnOj3;, RMn,0Os, delafossite CuFeO,, spinel CoCr,0O4 and
hexagonal ferrites [3]—[8]. Interestingly, the origin of the strong coupling between the dielectric
and magnetic properties is not the magneto-electric coupling, but the magnetically induced
ferroelectricity from complex spin structure [9]-[12]. In general, magneto-elastic coupling
plays an important role in a magnetically complex system that contains weak or frustrated
magnetic interactions. For example, in an antiferromagnetic spin-Peierls system such as
CuGeOs;, spins couple to phonons elastically such that the translational symmetry is also
spontaneously broken [13]. In a superconducting iron-pnictide system, the spin density
wave couples to a structural distortion; therefore, superconductivity is recovered when the
structural distortion is suppressed [14]. For a multiferroic system with geometrically frustrated
magnets, spin fluctuations can cause unusual dynamic effects due to strong spin-lattice
coupling. Therefore, especially in the vicinity of the magnetic phase transition, optical phonon
generation and its time-dependent study can be used as a direct tool to study coupled
dynamics between spin and lattice. As for the multiferroic properties, many studies have been
conducted on crystallographies, optical properties and magnetic structural changes [15]-[17],
but the interrelations between spin and lattice are not yet fully understood. Temperature-
dependent studies have provided a better understanding of magneto-dielectric coupling by
the measurements of crystal structures and dielectric constants [18]—[21]. Most importantly,
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spin—lattice coupling has been observed in optical property, thermal conductivity and neutron
diffraction [22]—[24].

In this paper, we have performed femtosecond time-resolved pump—probe reflection
measurements of LuMnOj; to investigate the dynamics of optically induced lattice vibrations
near the antiferromagnetic phase transition. LuMnO; has a ferroelectric phase transition at
high temperature (~900 K) and an antiferromagnetic phase transition at 7y ~90 K. In a recent
transport study of LuMnOs;, the dielectric constant changes anomalously as spin ordering
appears below Ty [18]. A time-dependent study is useful to complement conventional optical
methods for a better understanding of coupled dynamics. For these reasons, time-resolved
optical spectroscopy was used to investigate the non-equilibrium states of a coupled system
and it was useful to understand the physical properties of manganese oxide materials; see for
example [25].

2. Experimental procedure

The experiment was carried out in a fast-scanning pump and probe spectroscopy setup. The
lattice vibration of the sample was induced by an intense 20-fs-short pump pulse from a cavity-
dumped Ti:sapphire laser oscillator, and then the optical reflectance was measured by a weak
probe pulse as a function of time delay between the pump and probe pulses. The laser operated
at a center wavelength of 790 nm (~1.57 eV) and at a repetition rate of 400 kHz. For a time delay
between the pump and probe, a raster scanning shaker (APE Scan Delay) was used in the path
of the pump pulse. The focused laser spots at the sample were ~80 and ~30 um for the pump
and probe pulses, respectively. Flux-grown LuMnOj; single crystals were used. The sample was
cleaved as platelets with a thickness of ~100 um. The polarization of the normally incident
pump beam is independent of the orientation of the c-cut crystal and was kept perpendicular to
the probe beam to minimize coherent artifacts and also scattered pump noise. The pump laser
fluence was kept below 300 1] cm ™ to minimize local heating of the sample. Our measurement
setup operates at a higher repetition rate (400 times) and with a lower single pulse power
(a few hundred times lower) than the amplifier-based setup used in [26]. The low power
operation at a high repetition rate has been proven in our experiment, crucial for the low-
temperature measurements. The spectrum of the pump laser was chosen to maintain the optical
excitation for LuMnO; to be efficient and mildly varied over the measurement temperature
range [22]. The temperature of the sample was varied from 5 to 300K in a cryostat (JANIS
ST-500) filled with liquid He.

3. Results and discussion

Figure 1 represents time-dependent changes of the optically induced lattice vibrations of
LuMnOj3; measured as optical reflectance changes AR/ R at various temperatures. Photo-induced
reflectance change AR/R was measured as a function of time delay (¢). Figure 1(a) represents
the initial data (f < 11 ps) measured with high time resolution (time delay interval, Az = 1{5s).
Figure 1(b) shows the data of the entire range (f < 110 ps) measured with low resolution
(At = 10fs). In addition to the typical relaxation behavior, two types of coherent oscillations
are observed: the ‘fast” oscillation in figure 1(a) and the ‘slow’ oscillation in figure 1(b).

We applied Fourier transform (FT) analysis to obtain information in the frequency domain
of the coherent oscillations. The FT results (AR(w)/R) of the high- and low-frequency parts
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Figure 1. Photo-induced reflectance change AR(t)/R plotted as a function of
time delay (¢) for various temperatures: (a) time delay interval Ar =1fs and
(b) At = 10fs. Fourier-transformed amplitudes of a coherent optical phonon in
(c) and a coherent acoustic phonon in (d). In (c), a dashed line represents optical
phonon frequency from [22]. The reflectivity data in (a) and (b) are shifted along
the vertical axis for clarity.

are separately obtained from AR(z)/R in figures 1(a) and (b), respectively. The FT results are
displayed in figures 1(c) and (d) as 2D intensity plots as functions of frequency and temperature.
The frequency of the ‘fast’ oscillation is found around ~ 3.6 THz. The measured frequency is
similar to the lowest optical phonon mode (3.57 THz at room temperature) previously reported
by Souchkov et al [22] for the E || ¢ polarization. Therefore, the ‘fast’ oscillation can be
assigned as an optical phonon mode. The frequency of the ‘slow’ oscillation is the strongest
for ~47GHz at T = 180 K. Our result is in good agreement with Lim et al’s [26] report: they
also found a coherent mode at ~46 GHz (at T = 180 K) and assigned it as an acoustic phonon
mode. However, the temperature dependence significantly differs from ours, especially near
and below Ty. The FT amplitudes of optical and acoustic modes are plotted in figure 2(a).
The amplitudes are obtained from the characteristic frequencies, i.e. 3.6 THz and 47 GHz.
Both oscillations have a similar temperature dependence, which gradually disappear as the
sample temperature approaches Ty from above. A similar disappearance of oscillation is found
at the structural transitions in SrTiOs, VO,, Pb;_,Ge, Te and Lagy 4,CagssMnO3; [27]-[30]. To
the best of our knowledge, this is the first observation indicating the coupling of coherent
phonons with the antiferromagnetic ordering transition, i.e. through magneto-elastic coupling.
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Figure 2. (a) Temperature dependence of the phonon amplitudes obtained
by Fourier analysis. Below Ty, another smaller frequency appears in dashed
diamonds. (b) Amplitudes obtained by model analysis using equation (1). The
oscillation amplitude of the acoustic phonon (A,) is plotted in squares and the
optical modes in circles (9.72 x A;). The amplitude of the electronic relaxation
(B/6.15) 1s shown with triangles. Curves are drawn after scaling. The lines are
guides to the eye.

Pump-probe measurement probes Raman modes basically and, therefore, it is sensitive to the
group symmetry change. Therefore, the disappearance of phonon modes at 7y can be related to
the magneto-elastic coupling scheme of hexagonal manganites near 7y, suggested by the recent
neutron study [20], the so-called giant magneto-elastic coupling in the isostructural transition
in hexagonal manganites. In addition, another strange low-frequency overdamped component
(f < 30GHz) develops below Ty.

In order to elucidate the temporal decay behavior of the reflectance change precisely,
we introduce an empirical model. The model consists of two oscillatory decays and a simple
exponential decay:

AR(t)

=C+Be P+ )" Aje" cos(wit + ), (1)
i=1,2

where w;, and y;, are the angular frequencies and damping constants of the coherent
oscillations, and B is the non-oscillatory relaxation rate. Also, A;,, B and C are proportional
amplitudes. With this model, we could successfully fit the reflectance change and could extract
parameters such as amplitudes, frequencies, dephasing time constants, etc. The amplitude
curves obtained with the model are plotted in figure 2(b), and they are similar to the results
obtained with the FT method in figure 2(a). In figure 2(b) scaled results are presented.
Interestingly, the amplitudes B and A, fall on a single curve, indicating a scaling relationship
between them. Also, the amplitude A; scales with the other two amplitudes below ~180 K.
This scaling behavior suggests that there is strong coupling among the three objects, i.e. their
populations (after excitation) are proportional to each other in the temperature axis.
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Figure 3. Temperature dependence of the mode frequencies f; (=w;/2m) (‘fast’
mode, with black circles) and f, (=w,/27) (‘slow’ mode, with red squares). The
reported optic phonon frequency from [22] is plotted with black triangles. The
reported acoustic phonon frequency from [26] is plotted with red triangles: note
that 400 nm pumping was used in their case. The lines are guides to the eye.

3.1. Optical coherent phonons

Furthermore, the temperature dependence of the frequency ( f; = w;/27) can be analyzed using
the model. The ‘fast’ mode shows hardening behavior as temperature is lowered from room
temperature. The frequency is upshifted by less than 3% as the temperature decreases down
to 90K, as shown in figure 3. Such behavior is very close to Souchkov et al’s [22] report
for an optical phonon ~3.57 THz, as compared in figure 3. The ‘fast’ oscillatory behavior of
AR/R formulated in equation (1) is consistent with a characteristic behavior of reflectance
change in the displacive excitation of coherent phonons (DECP) mechanism [31], which is
a good candidate for the generation of coherent optical phonons in LuMnO;. In DECP, the
oscillatory changes of reflectance are caused by the change of electronic energy distribution due
to an IR absorption occurring at the excitation energy. For hexagonal manganites, the electronic
transition from °T';(83e') to >T's(t3€?), the on-site Mn d-d transition, occurs by a 1.6eV pump
pulse and the optical phonon accompanies the electronic excitation through an electron—phonon
interaction [32, 33]. After a short pump—pulse excitation, the excited electron density goes to
quasi-equilibrium much faster than the response of the nuclei. The excited electron density
relaxes oc e #’. The electronic response affects nuclear motion through the electron-lattice
coupling. For deformational electron—phonon coupling, only zero wave vector phonon modes
are coherently excited [34]. The equation of motion of nuclear coordinate Q(¢) can be given as
a driven damped oscillator type with source F(t) ~ e '

9°Q Y
ﬁ+2%§+w§Q(t)=Fext(t), (2)

where w, and y, are the angular frequency and the damping constant of the mode. The fractional
change in reflectivity, AR(¢)/R, due to the short-pulse excitation can be approximated as
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proportional to the nuclear response Q(t) and the electronic response e ' [31]:

AR 2 ’

—— =Bee P+ A, 5 @0 |:e_ﬁt —e {cos(a)lt) _F sin(a)lt)”
R wy+ B> — 2y B o)

Ab

V1+(B'/w)?

where A} = Agw?/(@2+B%—2By1), ¢ =tan" (B'/w)), o=/t —y? and B =B —y.
Ap and Bj are amplitudes from induced nuclear displacement and from excited electron
population, respectively. Also, 8 and y; are decay constants from electronic origin and
from nuclear motion, respectively. Therefore, the DECP mechanism predicts the following:
(i) nuclear relaxation is ascribed to oscillatory decay and (ii) electronic relaxation is mostly
from simple exponential decay. The parts of equation (3) are the same as the two terms shown
in equation (1), with the following substitutions: A; = A;//1+(B’/w1)? and B = By + Ay,

= (By+ Ag)e_ﬂ’ — e " cos(wit+¢y), (3)

3.2. Strain pulse propagation

The ‘slow’ oscillatory behavior is also consistent with the prediction of the typical propagating
strained layer mechanism for acoustic phonon generation [35]. There is an interference between
probe beams reflected off the surface and the strained layer propagating with the speed of
sound vg. Therefore, the reflected probe pulse shows oscillatory behavior with time delay ¢:

AR 47 novg [+ @)
—— X COS ,
R Y 2

where A is the wavelength of the probe pulse and n is the index of refraction without strain. The
frequency of the oscillation is given as w, = 4wnyvs/A. Equation (4) shows the same temporal
behavior as the slow oscillatory part of equation (1), assuming the dephasing of acoustic
mode observed in our experiment. The ‘slow’ oscillation in figure 1(b) is analyzed with this
mechanism and the temperature dependence of the mode frequency (f, = w,/2m) is shown in
figure 3. The ‘slow’ mode hardens as temperature is lowered to ~160 K, and this behavior is
consistent with the temperature dependence of other optical phonons [22]. However, the ‘slow’
mode changes into weakly softening behavior below ~160 K down to 90 K. This temperature
dependence is different from Lim et al’s [26] report with a 400 nm pumping laser, as compared
in figure 3. Note that a 790 nm laser is used in our case, which is close to the resonant d—d
transition condition of LuMnO; [32, 33]. The electronic level transition in the resonance is
d2— 2y, (ryy = d@322—2y, and the occupied d(s,2_,2y orbital is closely responsible for the short-
range antiferromagnetic correlations above Ty, which have been observed in this geometrically
frustrated magnetic system [18].

3.3. Dephasing and relaxation

The dephasing times of phonons, shown in figure 4, also indicate strong temperature
dependences. They increase significantly as temperature decreases to Ty, i.e. the coherent
phonons become underdamped. The phonon dephasing times (7,1 and 7, ) and the electronic
relaxation time (1/8) increase five times as temperature decreases from 290 to 90 K. The smaller
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Figure 4. Temperature dependence of dephasing times: t4; (=1/y;) (optic
phonon, with circles) and 74, (=1/y2) (acoustic phonon, with squares). The
electronic relaxation time (1/8) is also shown with triangles. In the inset, the
temperature dependence dephasing time of the 47 GHz coherent acoustic phonon
is shown (red squares). Asterisks and stars represent dominant absorption time
constants, T,ps = A/4mwvsk, for 800 and 740 nm, respectively. Here the extinction
coefficients, k, are from [26]. The lines are guides to the eye.

values of the electronic relaxation time indicate that excited electrons relax faster than nuclei,
as stated above in the DECP mechanism. Because the acoustic dephasing time is much longer
than others, skin depth should also be considered. The skin depth is estimated as ~130 nm
using the dielectric constant € = 7+ 5.51 at 790 nm. The propagating length of the strain pulse is
much longer than the skin depth of the probe beam. Therefore, the absorption time constant,
Tas = A/4mvgk [26], is dominant in the dephasing process. As temperature decreases, Typs
increases, because k (for A = 790 nm) decreases in LuMnOs.

3.4. Spin—phonon coupling

Regarding the acoustic phonon, our observations are the following: (i) the acoustic phonon
frequency in figure 3 has softening behavior below ~160K and (ii) the phonon mode is
not excited below 7Ty, as shown in figure 2. According to the thermal analysis by Sharma
et al [23], the acoustic phonon can be strongly coupled to spin fluctuations above and below 7y.
In the high-temperature phase near and above Ty, the interacting spins fluctuate energetically
among the nearly degenerate ground state configurations originating from geometric frustration.
Therefore, a generic spin coupling to phonons at the phase transition temperature can be a cause
of the observed critical behavior of spin scattering [36]—[38].

For the optical phonon, the anomalous behavior in figure 2 suggests spin—phonon coupling
that occurs in the magnetically ordered phase below 7y. LuMnOj has structural change across
the ferroelectric phase transition temperature (~900 K) from the higher symmetry space group
P65;/mmc to P6scm [39]. However, there is no structural transition at 7Ty. From this point,
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the anomalous behavior is not induced by pure structural phase transition. Similar anomalies
observed in SrRuO; (ferromagnet) have been explained by ion motions that modulate spin
exchange coupling [40]. The measured 3.6 THz mode includes displacement of Lu ions along
the c-axis, and the anomalous change of this mode indicates spin—phonon coupling below 7y.
Recently, an iso-structural transition was observed at Ty [20], i.e. each ion moves within the unit
cell when Mn moments get ordered while the unit cell itself remains intact. This observation
provides evidence for magneto-elastic coupling in the hexagonal manganites [41].

4. Conclusions

We measured the temperature dependence of coherent phonons of multiferroic LuMnO; using
femtosecond pump—probe differential reflectance spectroscopy. The coherent oscillations of
optic and acoustic modes were found to be above Ty, and these findings suggest the existence
of strong spin-lattice coupling. The time dependence of coherent phonons was understood
with DECP and propagating strain mechanisms. The electronic level transition, d2_ 2y vy —
d(3,2_,2y, is the driving source of the coherent modes near the resonance condition. The excited
d@3,2_,2y electron is responsible for the spin order in this geometrically frustrated magnetic
system and it also couples to the phonon modes through the DECP mechanism. Therefore, our
time-domain spectroscopic result supports Sharma et al’s [23] dynamic spin—phonon picture.
The disappearance of phonon modes at 7y is consistent with the recent iso-structural transition
picture suggested by Lee et al [20]. In summary, our observations for multiferroic LuMnO;
show that (i) spin ordering couples to the excitation of both optic and acoustic phonons and
(i) spin fluctuation couples to the acoustic phonon.
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