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We investigate the photo-induced carrier dynamics and spin-lattice interaction in hexagonal YMnO3
ﬁlm by the temperature-dependent femtosecond pump-probe spectroscopy. The spin-lattice
interaction is identiﬁed from the slow component of the transient transmittance change with the
excitation energies tuned to 1.7 eV and 2.0 eV, which are close to Mn3þ ions dðxzÞ;ðyzÞ ! dðz2 Þ and
dðx2 y2 Þ;ðxyÞ ! dðz2 Þ transition, respectively. Temperature dependences of the spin-lattice relaxation
parameters demonstrate that the spin-lattice interaction is strongly connected with the d-d transition
C 2012 American Institute of Physics.
within Mn3þ ions and enhanced by spin ordering. V
[doi:10.1063/1.3675906]
In recent years, multiferroic oxides have attracted
intense attention because of the great potential for application in the ﬁelds of oxide electronics and spintronics.1–3 The
physical properties of multiferroicity are extremely complicated due to the intrinsic integration and strong coupling
between ferroelectricity and magnetism.4,5 The microscopic
origin of the magnetoelectric phenomenon has been interpreted as the magnetoelastic effect,6 which eventually leads
to an effective coupling between electric dipole moment and
magnetic moment. Therefore, the understanding of the
strong coupling among the charge, spin, orbital, and lattice
degrees of freedom is a central topic of multiferroic oxide
materials. Conventional studies of spin-lattice coupling in
multiferroic oxides were investigated by steady-state spectroscopy, such as inelastic neutron scattering,7 Raman spectra,8 and thermal expansion measurements,9 etc. In the last
two decades, ultrafast optical spectroscopy has been demonstrated to provide valuable insights into the microscopic dynamics in materials as reported in Refs. 10–16. In particular,
the temperature-dependent pump-probe spectroscopy has
proven to be an effective tool to study the electron-phonon,
phonon-phonon, and spin-phonon interactions.12–16
Ogasawara et al. showed that the complex correlation
between charge, lattice, and spin in various ferromagnetic
and ferrimagnetic compounds can be explicitly identiﬁed
from the different characteristic time scales by time-resolved
magneto-optical Kerr spectroscopy (TRMOKE).10 Wall
et al. studied the ultrafast coupling between coherent lattice
vibrations and the magnetic structure of a strong spin-orbit
coupling structure, LaMnO3.11 A magnetic resonance had
been observed in multiferroic Ba0.6Sr1.4Zn2Fe12O22 using
pump-probe reﬂectance spectroscopy, which revealed that
the dielectric tensor of material can be modulated by magnetization precession owing to the magnetoelectric effect.12
The intrinsic interdependence between the optical conductivity and magnetism in colossal magneto-resistance manganites La0.7D0.3MnO3 (D ¼ Ca, Sr) was investigated by Lobad
a)
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et al., which allowed for the determination of the spin-lattice
coupling magnitude.13,14 Shih et al. investigated the ultrafast
photoinduced electron and phonon dynamics of HoMnO3
single crystal, and the anomalous thermoelastic effect around
TN was reported.15,16 These studies demonstrate that the
ultrafast optical spectroscopy, even in non-Kerr experimental
conﬁgurations, is an alternative method to explore the interaction of spin, charge, and lattice degrees of freedom in magnetic oxides.17
YMnO3 in its hexagonal phase is one of the few multiferroic materials where ferroelectric and antiferromagnetic
ordering coexist.18 In contrast to the other rare-earth ions in
magnetic oxides, such as Ho3þ(4f10), Er3þ(4f11), Tm3þ(4f12),
and Yb3þ(4f13), the magnetic properties of YMnO3 solely
originate from Mn3þ ions. Thus, YMnO3 provides a pure material system for the study of interaction among charge, spin,
and lattice. Hexagonal YMnO3 is formed by stacked Mn-O
and Y-O layers, in which the Mn3þ ions are surrounded by
three in-plane and two apical oxygen ions (MnO5 bipyramide)
and form a triangular lattice. The Mn spins order antiferromagnetically below TN  80 K, and the spins lie in the hexagonal plane, orthogonal to the Mn-O bonds. Using optical
pump-probe spectroscopy, Jang et al. reported a coherent
31 GHz acoustic phonon above the magnetic ordering temperature and a THz frequency coherent mode in the antiferromagnetic phase in YMnO3 single crystals, which demonstrated
that the acoustic phonon is coupled to spin ordering.19 Kimel
et al. found that the nonlinearity in YMnO3 results in a transient perturbation of the dielectric permittivity tensor.20 Up to
now, the investigation of the carrier dynamics and spin-lattice
interaction in YMnO3 ﬁlm is lacking compared with HoMnO3
and LuMnO3. In this letter, spin-lattice interaction in hexagonal YMnO3 ﬁlm was investigated by femtosecond pumpprobe spectroscopy with varying temperature, which spans the
antiferromagnetic transition temperature. Temperature
dependences of the spin-lattice interaction parameters at two
excitation energies reveal that the spin-lattice interaction is
strongly connected with both the d-d transition within Mn3þ
ions and the spin ordering.
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FIG. 1. (Color online) (a) XRD patterns and (b) the UV-Vis absorption
spectrum for hexagonal YMnO3 ﬁlm. The inset illustrates the 3d orbit splitting of the Mn3þ ion in trigonal bipyramid environment.

The YMnO3 ﬁlm on YSZ (110) substrate was fabricated
by a pulsed laser deposition system with a 355 nm-laser
source at a repetition rate of 10 Hz. YMnO3 targets were synthesized by a standard solid-state reaction method from the
starting chemicals Y2O3 and MnCO3, with purity of 99.99%.
The deposition was carried out at 800  C with a dynamic oxygen pressure of 20 mtorr. The x-ray diffraction (XRD) pattern of the YMnO3 ﬁlm shown in Fig. 1(a) was determined
with a JEOL 3500 x-ray diffractometer, which shows the
YMnO3 ﬁlm is epitaxially grown on YSZ (110) with an orientation of h112i. The inset of Fig. 1(b) shows the electronic
energy diagram as derived from the local symmetry of Mn3þ
ion.21 Four 3d electrons of the Mn3þ occupy the ground state
5
D, a quintet state. In hexagonal YMnO3, the 5D state splits
into three states under the inﬂuence of a moderate crystalline
ﬁeld resulting from the trigonal bipyramidal symmetry 
6m2.
Fig. 1(b) shows the room temperature absorption spectra for
the hexagonal YMnO3 ﬁlm. Two absorption bands appear, a
strong band around 1.70 eV and a weak one around 2.15 eV,
which are attributed to inter-site optical transitions from the
hybridized occupied states with dðx2 y2 Þ;ðxyÞ and dðxzÞ;ðyzÞ orbital symmetry to the unoccupied Mn dðz2 Þ state, respectively. Charge-transfer transitions between O 2p and Mn 3d
are expected to occur above 3 eV.
In time-resolved optical experiments, a pump beam
excites a sample initiating a dynamical response that is
monitored by a time delayed probe beam. The source of excitation consists of a mode-locked Ti:Sapphire oscillator
(Mai Tai HP-1020) generating 100 fs pulses at 800 nm. A regenerative ampliﬁer system (Spectra-Physics, Spitﬁre Pro)
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was used to amplify the pulses 106 times at a repetition rate
of 1 kHz. Part of the energy was used to pump an optical
parametric ampliﬁer (Topas-C) for generating different
wavelengths ultrashort pulses. Pump and probe beam were
focused by a 50 cm focal length lens and overlapped on the
same spot of the sample with a spot size of 500 lm. The ratio
between the power of pump and probe beams was 50:1. The
typical ﬂuence of the pump pulses was set at 0.8 mJ/cm2.
The sample was mounted in a closed-cycle liquid-He cryostat in vacuum chamber with four optically accessible windows. A mechanical delay line was used to vary the arrival
time of pump pulses related to probe pulses. In order to
improve the immunity of laser drift, the pump beam was
chopped at 490 Hz, and the probe signal was detected by a
silicon photodiode connected to a lock-in ampliﬁer.
Figures 2(a) and 2(b) show the typical temperaturedependent transient transmittance change (DT/T) for the hexagonal YMnO3 ﬁlm obtained at two excitation energies,
1.70 eV and 2.0 eV, respectively. The initial rising (or falling) components of the DT/T indicate the Mn3þ d-d transition in YMnO3, which means the carriers transit from
ground state to excited state induced by the pump pulses.
The amplitudes of the initial components start to diminish
around T ¼ 100 K, which is due to the Mn3þ d-d transition
blocken when d-d transition energy level undergoes a blueshift with decreasing temperature.16,22 Following the initial
parts, DT/T curves contain three primary relaxation components: (1) the ultrafast component (<1 ps) corresponds to the
electron-lattice thermalization, (2) the subsequent slow component gives a direct information of the energy exchange
between the lattice and spin system, and (3) after these two
relaxation processes, a quasi-constant component corresponds to either the remagnetization process or the heat diffusion out of the illuminated area of the sample. These three
processes (t > 0) can be described by the following equation
phenomenologically:
DT=T ¼ Aexpðt=sfast Þ þ Bexpðt=sslow Þ þ T1 ;

(1)

where A and B are the amplitudes of the fast and slow components mentioned above, respectively. sfast and sslow are the
relaxation time constant of the fast and slow components,
respectively. T1 is a time-independent quasi-constant parameter, which should recover to the ground state after a
much longer time delay (hundreds of picoseconds—several
nanoseconds). The experimental data are well ﬁtted using
the Eq. (1), which is shown in Figs. 2(a) and 2(b) as the black
solid lines. Hereinafter, we focus on the discussion of

FIG. 2. (Color online) Relaxation
curves of the relative transmittance
change DT/T of YMnO3 ﬁlm at two excitation energies: (a) 1.7 eV and (b)
2.0 eV. The temperatures marked in the
ﬁgure are the steady-state temperatures
of sample. DT/T curves are shifted along
the vertical axis for clarity. The black
solid lines show the ﬁtting results by Eq.
(1).
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temperature dependence of the slow component parameters,
which is considered to relate to the spin-lattice interaction
mediated by the spin-orbit coupling. The ﬁtting fast component parameters, sfast and A, contain the information about
the electron-phonon scattering, which will be discussed in
another publication.22
The main results (which are derived from the ﬁtting data
of Fig. 2) are presented in Fig. 3. Figure 3(a) shows the temperature dependences of sslow with excitation energies at
1.70 eV and 2.0 eV, respectively. The spin-lattice interaction
time displays the nonmonotonic temperature dependences,
and the peaks of sslow appear at 120 K with values of 12
ps (2.0 eV) and 6 ps (1.70 eV). The observed nonmonotonic temperature dependences are indeed anticipated.
Excited electrons are assumed to shed their excess energy after thermalized within the ﬁrst picoseconds. A threetemperature model can be invoked to model the weak coupling between lattice and spin freedom of degrees, which is
coupled by anisotropy ﬂuctuations of the crystal ﬁeld.23,24
The spin-lattice interaction time is related to the lattice speciﬁc heat Cl , spin speciﬁc heat Cs , and spin-lattice energy
Cs Cl
.13,24,25 Under a
coupling constant Gsl as ssl  Gsl ðC
s þCl Þ
mean ﬁeld approximation, the temperature dependent Cs ðTÞ
is proportional to @M2 =@T, where M is the sublattice magnetization as a function of temperarute.26 For weak lattice
heating, the magnetic speciﬁc heat Cs ðTÞ contributes to the
peak of the temperature-dependent spin-lattice relaxation
time,25 which was also observed in La0.7Ca0.3MnO3 and
La0.7Sr0.3MnO3.13 We note here, however, the critical temperature (Tc  120 K) is higher than the Néel temperature
(TN  80 K) of YMnO3 crystal, which might be caused by
the short-range spin ordering. It has been reported that the
short-range correlations ﬂuctuate both in space and time
above TN in YMnO3. This short-range spin ordering is a signature of a spin liquid phase, which forms out of geometrically frustrated Mn moments.27 It is further found that, at the
temperature window from 70 to 200 K, the sslow at excitation
energy of 1.70 eV is faster than that at 2.0 eV, which reveals
that the spin-lattice interaction is sensitive to the photoexcitation energy. In other words, when the excitation energy
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is approaching to dðx2 y2 Þ;ðxyÞ ! dðz2 Þ transition, the
d-electrons of ðx2  y2 ; xyÞ state could be excited, and then it
will signiﬁcantly affect the ordering of the Mn3þ spins.28,29
From our data, the spin-lattice coupling constant, Gsl , is estimated to be  75  1010 and  37  1010 W=ðKmoleÞ for
the excitation energies of 1.7 eV and 2.0 eV, respectively. Gsl
was calculated by taking the lattice speciﬁc heat Cl  44 J/(K
mole) and the spin speciﬁc heat Cs  5 J/(K mole).30 In addition, the lower the temperature is, in our case, lower than
70 K for 2.0 eV and 100 K for 1.7 eV, the more robust the
magnetic ordering becomes due to the prevailing of the longrange antiferromagnetic ordering, as a result, a longer time is
needed to disturb the spin system, which is in accordance
with our observation. Similar phenomenon was also reported
in HoMnO3 single crystals.16
Figure 3(b) shows the temperature dependence of slowcomponent-amplitude, B, collected at the excitation energies
of 1.70 eV and 2.0 eV, respectively. From our experimental
results, it is expected that the intensity of the spin-lattice
interaction increases markedly with decreasing temperature.
We attribute this behavior to the competition between shortand long-range antiferromagnetism in YMnO3, which causes
the signiﬁcant spin-scattering behavior and then enhances
the spin-lattice interaction.19
As is clearly seen in the Fig. 3(c), for excitation energy at
1.70 eV, the quasi-constant parameter T1 gradually decreases
with decreasing temperature and alters its sign from positive
to negative when temperature is approaching 120 K. Nevertheless, for the excitation energy at 2.0 eV, T1 increases with
decreasing temperature and tends to be zero above 120 K.
This temperature dependence of T1 is relevant to the
magnetism-induced redshift in the optical conductivity spectra
at lower temperature.3,14,16,31 Ren et al. ascribed this longlived component to a slow spin-relaxation process of the magnetically ordered phase in La0.67Ca0.33MnO3.32 Shih et al.
reported that the temperature dependence of the amplitude of
the negative component is similar to the displacement of Mn
atoms, which is directly related with the magnetic ordering of
the Mn moments in HoMnO3.15
In summary, the ultrafast dynamics probed by
temperature-tunable femtosecond pump-probe spectroscopy at
two excitation energies are performed to investigate the spinlattice interaction in hexagonal YMnO3 ﬁlm. Our data show
that the fast component in DT/T corresponds to the electronlattice thermalization, and the subsequent slow component analyzed by a three-temperature model represents the energy
exchange among the electron, spin, and lattice system. Temperature dependences of slow component parameters indicate
that the spin-lattice interaction in hexagonal YMnO3 ﬁlm is
strongly connected with the d-d transition within Mn3þ ions
and signiﬁcantly enhanced by spin ordering.
The research is supported by National Natural Science
Foundation of China (11174195) and Science and Technology Commission of Shanghai municipal (09530501100). Z.
X. Cheng thanks Australia Research Council for support
through a Future Fellowship.

FIG. 3. (Color online) The temperature dependences of ﬁtting parameters
given by Eq. (1): (a) time constants sslow , (b) amplitudes of slow component
B, and (c) background signal T1 for two excited energies, 1.7 eV and
2.0 eV. Vertical broken lines correspond to Tc ¼ 120 K.
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