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Abstract. In this paper, the photo-induced ultrafast thermoelastic dynamics
of hexagonal HoMnO; single crystals has been studied by using optical
pump—probe spectroscopy. The thermoelastic effect in the ab-plane of hexagonal
HoMnOs;, associated with giant magnetoelastic coupling around the Néel
temperature (7y), is intimately correlated to the emergence of a negative
component in the transient reflectivity changes (A R/ R) obtained in temperature-
dependent pump—probe experiments. Moreover, the variation in the oscillation
period in AR/R caused by a strain pulse propagating along the c-axis exhibits
an abrupt drop around 7y, presumably due to the antiferromagnetic-ordering-
induced changes in ferroelectricity.
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1. Introduction

Multiferroic oxides have attracted a great deal of attention in recent years because of the strong
coupling between the charge, spin, orbital, and lattice degrees of freedom and the accompanying
rich and intriguing physics [1]—-[8]. Since the relevant orderings can be manipulated through
magnetoelectric coupling (the induction of magnetization by an electric field or of polarization
by a magnetic field) [5, 6], multiferroic oxides are expected to have great potential for
application in the fields of oxide electronics and spintronics, and also in green energy devices
designed for reduced power consumption. Therefore, an understanding of the coupling between
electric and magnetic ordering is at the heart of realizing these applications of multiferroic
oxides. Due to the intrinsic integration and strong coupling between ferroelectricity and
magnetism, however, the physics of multiferroicity is extremely complicated. For instance,
the linear magnetoelectric effect that was thermodynamically described within the Landau
theory framework [9] cannot be observed in BiFeO; owing to the cycloid antiferromagnetic
(AFM) structure that even its crystal symmetry allows. Once the cycloid AFM structure
is destroyed by a magnetic field, the linear magnetoelectric effect can be clearly observed
in the case of BiFeO; [10]. In contrast, the linear magnetoelectric effect is forbidden in
hexagonal manganites HoMnOj; and thus the detailed mechanism of the electric field control
of the magnetic phase remains unclear. Until recently, the origin of their magnetoelectric
phenomenon has been further interpreted as due to the so-called magnetoelastic effect [11],
which eventually leads to an effective coupling between electric dipole moment and magnetic
moment by virtue of combining the elastic coupling between ferroelectric (FE) polarization and
strain with magnetic anisotropy. However, all of these anisotropic couplings have never been
simultaneously observed in a single measurement.

In the last two decades or so, many studies have demonstrated that ultrafast optical
spectroscopy can provide valuable insights into the microscopic dynamics and the underlying
functional responses in complex materials. In particular, the ability to simultaneously probe
the evolution of multiple degrees of freedom in the time domain, as well as the coupling
between them, has made pump—probe spectroscopy a unique and powerful tool for investigating
the dynamical properties of multiferroics. For instance, Ogasawara et al [12] showed that the
complex correlation between charge, lattice and spin in various ferromagnetic and ferrimagnetic
compounds can be explicitly identified on different characteristic time scales by measuring the
transient reflectivity or transmissivity changes.
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In this study, we derived the ultrafast photo-induced electron and lattice dynamics of
hexagonal HoMnOj; (h-HMO) single crystals by using the wavelength-tunable femtosecond
pump—probe technique. It was found that, around 7y, the anomalous thermoelastic effect in
the ab-plane and that along the c-axis unambiguously couple with the AFM and FE orderings,
as reflected in various components of the temperature-dependent transient reflectivity changes
(AR/R).

2. Experiments

The physical characteristics of the high-quality #~-HMO single crystals used in this study
have been described in detail previously [13]. Briefly, the 2-HMO single crystals were grown
by a traveling solvent optical floating zone method and examined by temperature-dependent
magnetization measurements. For pump—probe measurements, we utilized a commercial
mode-locked Ti:sapphire laser with 30fs and tunable wavelengths from 740 to 800 nm
(hv = 1.68-1.55¢eV) with a spectrum width of 25 nm as the light source. The fluences of the
pump beam and the probe beam were 0.18-0.79 and 0.05 1J cm~2, respectively. The pump
beam was focused on the 2-HMO single crystals at a spot with a diameter of 0.5 mm and the
probe beam was focused on a spot with a diameter of 0.3 mm that overlapped the spot of the
pump beam. The polarizations of the pump beam and the probe beam were perpendicular to each
other and parallel to the ab-plane of the 2-HMO single crystals (i.e. E L c-axis). Moreover, both
beams were set in almost normal incidence. The transient reflectivity changes of the probe beam
were detected by using a photodiode detector and a lock-in amplifier.

3. Results and discussion

3.1. Temperature- and wavelength-dependent AR/ R

Figure 1 shows the typical temperature-dependent A R/ R obtained at various wavelengths. The
rising part of the AR/R curve reflects the d—d excitation of carriers from e, band to a;, band
induced by the optical pump pulses. Thus, the number of excited carriers due to a nonthermal
process is related to the amplitude of AR/R at zero delay time (see figure 3 [13]). After
excitation, the hot electrons accumulated in the a;, band start to release their energy through
thermal processes, such as electron—phonon collisions [14]. During the electron—phonon
collision processes, the energy transferred from the hot electrons may generate the thermoelastic
effect and may further amplify the lattice vibrations. The above-mentioned relaxation processes
(t > 0) as reflected in AR/R are frequently and phenomenologically described by fitting with
the following equation [15],

AR
— T =4, T)e™ + Ap(h, T)(1 —e7"/®))e =m0 B

+ A, (A, T)(1 — e V/mr)e=t=mo)/ma 4 A (X, T)e /™ cos(wt — ¢). (1)

The first term in the right-hand side of equation (1) represents the decay in the number
Ac.(A, T) of excited electrons with the relaxation time of 7.. The second term represents
the increase and decrease in the number A,(A, T) of phonons with the rise time 7, , and
decay time 7, 4, Where 7, is the starting time of phonon decay. Due to the electron—phonon
coupling, the 7, , was set to be equal to 7. in the data fitting. The number of excited electrons
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Figure 1. The photo-induced AR/R as a function of temperature at various
wavelengths: (a) A =800nm, (b) A =770nm, (c) A =755nm and (d) A =
740 nm. The temperatures shown in this figure are the steady-state temperatures
of samples.

decreases exponentially (dashed lines in figure 2) due to the electron—phonon collisions. In the
meanwhile, the number of phonons increases initially to respond to the energy gain from the
electron—phonon collisions (short dashed lines in figure 2) and then decays by losing energy to
the environment. The third term describes the negative component associated with the magnetic
ordering; A,(X, T) is the strength of magnetic ordering, 7, , is the magnetic disordering time,
T,.4 1s the magnetic reordering time and t, ¢ is the starting time of magnetic reordering. The final
term describes the oscillation component associated with strain pulse propagation; A,(A, T) is
the amplitude of the oscillation component, 7, is the damping time of the oscillation component,
w 1s the angular frequency of the oscillation component and ¢ is the initial phase of the
oscillation component. Except for the oscillation term, equation (1) is consistent with the widely
accepted three-temperature model [16, 17], which completely reveals the characteristics of the
AR/R curves at T > Ty and T < Ty, as shown in figure 2.

3.2. Attribution of the negative component in AR/R

As shown in figure 1, the level of the amplitude of A R/ R in the long decay time (> 40 ps) regime
decreases with decreasing temperature and even overshoots into the ‘negative’ territory. Thus,
in order to describe the lower value of AR/R at ¢t > 5 ps, an emerging ‘negative component’ is
imposed as A,(XA, T) in equation (1) (see figure 2(b)). It is interesting to note that this negative

New Journal of Physics 13 (2011) 053003 (http://www.njp.org/)


http://www.njp.org/

5 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

1.4
(@) T =200 K, % = 740 nm
1.2+
o o |
=5 44}
LA Ve
& 08F o 35
o =T O raw data = 54 + 800 nm
< 06F OF - - -electron = EEEApn
© } 8 25 —y
.g 0.4l g;‘ pho.non- é 20 ....na=oloni=.:-:t::
= - oscillation % 8
E o2l 8| ——sumoftotal < 1™
e d 50 _1io 150 00 250
Z ool 8 voo o Tompomtme(K) |
0.2 ; 1 1 1 1 1 1 1 1 1
10 0 10 20 30 40 50 60 70 80 90 100
Delay Time (ps)
15T (b) T =69 K, A =740 nm
1o ¢
2 o5t
5
x 0.0} e T e e e e e e e —
Id O raw data
< .05 | - - electron
B I - phonon
g 1.0 | - oscillation__
© : ” &
E 15 negative component
(o] L
Z 20t — sum of total
25k

10 0 10 20 30 40 50 60 70 80 90 100
Delay Time (ps)

Figure 2. The selected AR/R curves at (a) 200K and (b) 69K are fitted
by equation (1). Inset: the temperature-dependent reflectance at various
wavelengths.

component grows gradually with decreasing temperature and exhibits a dramatic change while
the temperature is approaching 7y. This characteristic is clearly demonstrated by the data point
(solid squares) displayed in figure 3. Phenomenologically, a negative A R/ R indicates that upon
disturbance by the arrival of pump pulses at t = 0, something happens to make the reflectivity
of the probe pulses drop to below its original magnitude. One of the possible reasons for this
dramatic reduction in reflectivity is an abrupt increase in absorption, which might be realized
if there is a sudden increase of the empty density of states (DOS) within the energy range
of the probe beam. As indicated previously, in hexagonal rare-earth manganites, the energy
difference between the a;, and e,, bands (E,,;) increases with decreasing temperature and is
accompanied by a rather significant extra blueshift near 7y [13], [18]-[20]. After pumping, the
electron—phonon scattering will raise the lattice temperature and push the Mn atoms back to the
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Figure 3. The amplitude of the negative component (solid squares) as a function
of temperature. The solid circles are taken from [10]. Note: the Ty of YMnOj3 and
HoMnOj; are 70 and 76 K, respectively. Inset: the pumping fluence-dependent
amplitude of the negative component A, (740 nm, 75 K). The dashed line is a
guide to the eyes. The temperatures shown in this figure are the steady-state
temperatures of the samples.

position at higher temperatures and, in particular, disrupt the magnetic ordering. Consequently,
a redshift of e,, band with increasing temperature [13] will raise the available DOS in the a,,
band for absorbing more probe photons (AA > 0) with the same wavelength and lead to the
emergence of negative AR/R (AR « —AA and A, (A, T) # 0 in equation (1)). Moreover, after
a certain pumping fluence, A, (A, T') increases with increasing pumping fluences and saturates
at high fluences, as shown in the inset of figure 3.

We note that the temperature dependence of the amplitude of negative AR/R [A,(A, T)] is
very similar to the displacement of Mn atoms (solid circles in figure 3) that was revealed by high-
resolution neutron diffraction measurements recently [11]. In [11], it has been pointed out that
the drastic position shift of the Mn atoms is directly associated with the magnetic ordering of the
Mn moments and is regarded as strong evidence of magnetoelastic coupling. The large position
shift of the Mn atoms, in turn, produces a further coupling to electric dipole moments [3] and
changes the electronic structure of the system. Although it might appear coincident, the intimate
similarity between the anomalous increase in the amplitude of the negative component of AR/ R
and the large displacement of Mn atoms around 7y (in figure 3) strongly suggests that they
originate from the same magnetoelastic effect. Namely, the dramatic changes in amplitude of
the negative component around 7y are due to disruption of the established long-range AFM
ordering and the accompanying retraction of the magnetoelastic effect. Moreover, it is noted
that the onset of the negative AR/R component appearing at temperatures well above Ty is
attributed to the emergence of short-range AFM ordering [13].
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Figure 4. The photo-induced AR/R at various pump and probe wavelengths.
Inset: schematic illustration of the oscillated AR/ R due to a strain pulse.

3.3. Attribution of the oscillation component in AR/R

Another interesting feature appearing in all of the AR /R curves is the damped oscillations (see
the dotted lines in figure 2), which are described by the last term of equation (1) and have
been ubiquitously observed in various materials. Thomsen et al [21, 22] termed these damped
oscillations as the coherent acoustic phonons (CAP) induced by the electronic and lattice
stresses. In their model, the stress tensor contributed by the nonthermal and thermal origins can
be written as o;; = o, + 0, wWith o, corresponding to the electronic stress and o;, corresponding
to the thermoelastic stress, respectively. In an isotropic medium, the thermoelastic stress can be
expressed as o, = —3KBAT;, where K is the bulk elastic modulus, AT7; is the lattice temperature
rise and B is the linear thermal-expansion coefficient. In this model [22], the oscillation of
AR/R is caused by the interference between the probe beams reflected from the crystal surface
and the rear interface of the propagating strain pulse with the modulated dielectric constant (or
FE ordering), as illustrated schematically in the inset of figure 4. The changes in reflectivity due
to the strain can be obtained by solving the Maxwell equations and the closed-form formula for
AR/R is as follows [22],

AR(t 4 §f
R( ) X cOS ( rn;v. — ¢) e W/ 2)

where A is the wavelength of the probe pulses, 7 is the refractive index of samples, v is the speed
of sound propagated in the medium and & is the penetration depth of probe pulses. Figure 4
shows the typical AR/R curves obtained by using different combinations of pump and probe
wavelengths. It is evident that the frequency of the damped oscillations is solely dependent on
the wavelength of the probe beam and is rather insensitive to that of the pump beam, which is
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consistent with the essential features of CAP generation described by the simplified equation,

drnu,
3
. (3)

Figure 5(a) shows the temperature dependence of the oscillation period 7, probed by
using various wavelengths. Here, 7,5 is defined as 7., = 271/w with w obtained by fitting the
data with equation (1). At room temperature, the 7., at 740 nm is larger than the s, at 800 nm,
which is the opposite of the prediction of 7, = A/2nv,. Due to the increase in reflectance at
740nm and the decrease in reflectance at 800 nm with decreasing temperatures shown in the
inset of figure 2(a), the wavelength range from 800 nm (1.55eV) to 740nm (1.68eV) is just
located at the absorption peak of the optical conductivity spectra [20]. The giant difference
between the optical conductivity (o) values at 800 nm and 740 nm and the higher reflectance
at 800 nm further leads to (72300nm/M740nm) > (800 nm/740 nm).® With constant v, therefore,
Tose.800nm Would be smaller than s 740nm. This result was also observed for LuMnO; by Lim
et al [23]. Moreover, the difference between Tosc 800nm and Tose.740nm decreases with decreasing
temperature owing to the n74n,m getting closer to ngynm (see the inset of figure 2(a)) (see
footnote 6).

It is evident that, for all the probed wavelengths, 7., appears to decrease only slightly with
decreasing temperature, which is consistent with a similar pump—probe spectroscopy study on
hexagonal LuMnOj; reported by Jang et a/ [15] and can be interpreted as due to the increase in
rigidity of the isostructure lattice as the temperature is lowered. The shortest accessible probe
wavelength in our system was 740 nm, which was the only wavelength to delineate such a
dramatic change in 7,4 for temperatures below Ty. According to equation (3), T, is a function
of the refractive index n of probe pulses and the sound velocity. However, at a wavelength of
740nm, A ngo_100x/M100K 1S about 2.7% (see footnote 6), which cannot explain the variation
in —30% in A Tosc.69—100K/ Tosc.100k- Therefore, such significant shrinkage of 7., around 7y is
most probably dominated by the dramatic increase in v, along the c-axis owing to the stiffness of
the lattice at low temperatures, which is consistent with the Lim et al results for LuMnO; [23].
This strongly indicates that the propagation of a strain pulse with modulation of the dielectric
constant along the c-axis should be affected by the FE properties with the FE polarization along
the c-axis below T, [3]. Indeed, the temperature-dependent dielectric properties of HoMnOj;
are drastically affected by the emergence of AFM ordering around 7y [3]. In any case, the
AFM ordering in the ab-plane also influences the temperature-dependent oscillation period of
AR/ R along the c-axis through the magnetic—elastic coupling and then the elastic—ferroelectric
coupling.

According to equation (2), the dephasing time 7, is proportional to the penetration depth
& of probe pulses and the inverse sound velocity v, which is wavelength independent. At the
same temperature, €.g. room temperature, Ty goonm 15 larger than 7y 749 ,m because the penetration
depth at 800nm is larger than that at 740 nm in lossy media [24]. For all of the probing
wavelengths, 1y almost remains constant above 180K, which is associated with the starting
temperature of short-range AFM ordering [13], as shown in figure 5(b) and the inset. With
decreasing temperature, a significant increase in 7y at 740 nm is clearly observed around Ty. To
figure out this phenomenon, we consider the attenuation constant as a function of the dielectric
constant (¢; and &,) in lossy media [24]. However, the shrinkage of penetration depth caused by a

w =

¢ Estimated from the temperature-dependent reflectance in the inset of figure 2(a) by the Fresnel equation at near
normal incidence.
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Figure 5. (a) The temperature-dependent oscillation period in AR /R at various
wavelengths. Inset: the evolution of the oscillation component in AR/R at
various temperatures. (b) The temperature-dependent dephasing time of the
oscillation component in AR/R at various wavelengths. Inset: the normalized
dephasing time as a function of temperature at various wavelengths. The
temperatures shown in this figure are the steady-state temperatures of samples.

decrease of g1 at 1.68 eV (740 nm) [20] and an increase of &, (estimated from the blueshift of o
spectra in [20] through Kramers—Kronig relation) around 7y cannot explain the large
enhancement (A 7 69—100k/70.100k = 162%) in the dephasing time 7. Thus, this dramatic
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growth of 7y around 7y should be dominated by the temperature-dependent vs. Namely, vy
increases with decreasing temperature owing to the stiffness of the lattice at low temperatures,
and it even overshoots around 7y owing to AFM ordering [23], which is consistent with
the conclusion on the shrinkage of 7, around 7y. As mentioned before, Lee er al [11] in
their neutron diffraction experiments also observed extra displacement of the rare-earth and
oxygen atoms along the c-axis at 7y. On the basis of the magnetic-ordering-induced atomic
displacement, it was argued that the observed magnetoelastic effect is the primary origin of the
eventual magnetoelectric phenomenon in this intriguing class of materials.

4. Conclusion

In the present study, we have measured temperature-dependent transient reflectivity changes in
hexagonal HoMnOj single crystals to study the photo-induced ultrafast thermoelastic dynamics.
The emergence of AFM ordering of Mn®* ions at Ty was clearly delineated in the temperature-
dependent evolution of the negative component in AR /R caused by the thermal strain induced
by the incident pump beam, which might be the result of a redshift in the d—d transition. The
oscillation period and dephasing time in AR/ R caused by the strain pulse propagating along the
c-axis also exhibit a similar dramatic change around the AFM ordering temperature, indicating
that an accompanying variation in FE ordering might have occurred simultaneously.
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