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We have studied the picosecond lattice dynamics of optically pumped hexagonal LuMnO3 by using ultrafast
x-ray diffraction. The results show a shift and broadening of the diffraction curve due to the stimulated lattice
expansion. To understand the transient response of the lattice, the measured time- and angle-resolved diffrac-
tion curves are compared to a theoretical calculation based on the dynamical diffraction theory of coherent
phonon propagation modified for the hexagonal crystal structure of LuMnO3. Our simulations reveal that a
large coupling coefficient �c13� between the a-b plane and the c axis is required to fit the data. Though we
interpret the transient response within the framework of thermal coherent phonons, we do not exclude the
possibility of strong nonthermal coupling of the electronic excitation to the atomic framework. We compare
this result to our previous coherent phonon studies of LuMnO3 in which we used optical pump-probe
spectroscopy.
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Since the development of laser-based ultrafast x-ray
sources, there has been extensive work on femtosecond x-ray
diffraction measurements.1 The coupling of structurally sen-
sitive x-rays with time-resolved pump-probe techniques al-
lows the tracking of time-dependent structural changes in
condensed matter. Recent research has been focused on the
study of coherent acoustic phonons,1,2 nonthermal melting,3

and anharmonic acoustic wave propagation in semicon-
ductors.4

Coherent phonons can be generated by an instantaneous
thermal stress generated with an optical pulse that induces a
periodic modulation of the optical properties of the solids
due to the propagating strain pulse.5 While coherent acoustic
phonons of solids have been investigated using femtosecond
x-ray diffraction, the main focus has been on semiconduc-
tors.

In this Brief Report, we present a study on the lattice
dynamics of optically pumped single crystal LuMnO3. The
lattice dynamics in this hexagonal manganite is observed by
using time-resolved optical pump and x-ray probe measure-
ments in a symmetric Bragg geometry. We have measured
the shift and broadening of diffraction curve due to coherent
acoustic phonons in LuMnO3. We also compare the experi-
mental data with simulations of the x-ray diffraction from
dynamical diffraction theory.

LuMnO3, which has a hexagonal structure, is a multifer-
roic material with a ferroelectric phase transition at TC
�1000 K and an antiferromagnetic transition near TN
�90 K.6,7 The coexistence of ferroelectric and magnetism
in this system provides the possibility for electric-magnetic
interactions and the potential for this material’s use in spin-
tronics applications. Previously, Lim et al.8 have observed a
coherent oscillation of acoustic phonons using time-resolved
optical pump-probe spectroscopy of LuMnO3. In this case,
the coherent phonons were observed through the intensity
variations of the transmission and/or reflectivity via a modu-
lation of the dielectric function resulting from the propagat-
ing strain pulse. However, how the relationship between the

generated coherent phonons and the thermoelastic properties
of the crystal was not revealed. In the experiments reported
here, we clarify the existence of the coherent phonons in the
hexagonal manganite and directly reveal how they propagate
into the crystal and how the magnitude of the strain pulse
depends on a large elastic coupling between the c axis and
the a-b plane by using laser generated ultrafast x-rays that
are diffracted from the laser-excited lattice. The resulting dif-
fraction patterns are interpreted within the coherent phonon
propagation model of Thomsen et al.5 to elucidate the mate-
rial response.

The x-ray pulse is generated by using �100 mJ of an 800
nm 100 fs laser pulse focused onto a moving Al wire, as
shown in Fig. 1. Al K� x rays are collected by using a

spherical quartz �101̄0� crystal �radius of 150 mm� held in
Bragg geometry and focused onto the LuMnO3 single crys-
tal. The pump pulse is spatially overlapped with x-ray pulse
and temporally delayed by using automated translation
stages. The diameter of the optically pumped region and the
region probed by the focused x-ray pulse are 1 cm and
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FIG. 1. �Color online� Schematic diagram of the ultrafast x-ray
diffraction apparatus.
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600 �m, respectively. Detection is accomplished by using
an x-ray sensitive charge-coupled device camera fixed at an
angle for Bragg reflection from a �002� plane of LuMnO3.
Thus, time-resolved symmetric diffraction patterns are ob-
tained from the laser-excited sample. The details of our ex-
perimental technique have been described previously.9

The optical penetration depth ��� of 800 nm light is
�125 nm for LuMnO3.10 This penetration depth allows the
generation of large surface strains. We illuminate the crystal
with laser pulse�s� having fluence�s� of �8–24 mJ /cm2. A
significant fraction of the incident laser energy �pump pulse�
is absorbed in the sample, causing a temperature jump in the
absorbed volume �peak temperatures of 445 and 733 K for
the 8 and 24 mJ /cm2 cases, respectively, assuming a Debye
temperature of 550 K�. This rise in temperature generates the
thermal stress that launches a bipolar strain wave that travels
into the crystal, yielding the periodic modulation of the op-
tical properties8 and the changes in the location and broad-
ening of the diffraction peak.

The experimentally measured and theoretically calculated
time- and angle-resolved diffraction curves for LuMnO3 are
shown in Fig. 2. Figure 2�a� shows the shift of the position of
the x-ray diffraction curve after excitation with �20 mJ /
cm2 pump pulse. Here, we can see a very broad and low
intensity diffraction curve in the negative Bragg angle region
coexisting with the main curve immediately following pho-
toexcitation. The shift and broadening are understood as the
response of the lattice expansion due to the generation of the
bipolar strain pulse. This deviated diffraction curve merges
to the original diffraction line as delay time increases. Due to
the anisotropic structure, LuMnO3 has a strongly anisotropic
thermal expansion when compared to a cubic system. While
the equilibrium in-plane thermal expansion shows a thermal
lattice expansion of 0.9% increase with temperature from
300 to 1000 K, the lattice expansion along the c axis shows

just 0.1% increase with increasing temperature from 300 to
1000 K.7 The natural elongation of the c axis of hexagonal
manganite comes from the tilting of the MnO5 polyhedron
and the buckling of the rare earth plane. Therefore, the an-
isotropic thermal expansion is expected to give rise to a
strong coupling between the elastic strain along the in-plane
and c axis.

Many authors have discussed lattice expansion due to the
effect of strain.5,11,12 From dynamical diffraction theory,
depth profiles of strain and the concomitant change in x-ray
rocking curve have been accurately described. In particular,
the propagation of the strain wave and the description of the
lattice dynamics with acoustic coherent phonons have been
proposed and compared to experimental data on semiconduc-
tors by Thomsen et al.5 and Wie et al.12 We have simulated
our x-ray diffraction time dependence based on the equation
written by Wie et al.,12 using the bipolar strain description of
Thomsen et al.5 Because LuMnO3 is a hexagonal crystal, the
anisotropy must be accounted for in the thermoelastic behav-
ior. To account for these physical differences, we have modi-
fied the bipolar strain equation to include the elasticity in the
form

�3 = c33�3 − c33�2c13�1

c33
+ �3�	T ,

where �3 is the elasticity in the z direction �normal to the
surface, parallel to the c axis�, c33 and c13 are components of
the elastic strain tensors, �1 and �3 are the linear expansion
coefficients in the x and z directions, and 	T is a temperature
rise. This results in changes to the bipolar strain equation,

�3 = �2c13�1

c33
+ �3�Q�1 − R�

A�C


�e−z/��1 −
1

2
e−�z−vt�/� tanh� z − vt

v�eph
�	
 ,

where Q is the pulse energy, R is the reflectivity, A is the
illuminated area, C is the specific heat, v is the sound veloc-
ity, and �e-ph is an electron-phonon coupling time.

Figures 2�b�–2�f� are theoretically calculated diffraction
curves for LuMnO3 from the above equations. By using
known parameters for the specific heat,6,13 linear expansion
coefficients,13 sound velocity,8 penetration depth,10 and
density,14 we numerically solved the equation. For penetra-
tion depth, we calculated an optical penetration depth
���125 nm� from the optical constant obtained by Souch-
kov et al.10 For c33, we used the sound velocity from Lim
et al.:8 � /c33=v2. To calculate the diffraction, we varied only
one unknown parameter, which is the elasticity tensor ele-
ment c13. Figures 2�b� and 2�c� show the simulation results
with different c33 /c13 ratios ��5.51 and �111, respec-
tively�. Although Fig. 2�c� seems similar with the experimen-
tal result of Fig. 2�a�, we varied �, in addition to the change
in c33 /c13 ratio to find a best fit. Figures 2�d�–2�f� are ob-
tained by using the different combinations of � and c33 /c13
values. To narrow the parameter space, we performed simu-
lations with a larger skin depth ��� and a reasonable c33 /c13
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FIG. 2. �Color online� �a� Experimentally measured diffraction
curve for LuMnO3 with a laser fluence of 20 mJ /cm2. Theoreti-
cally calculated diffraction curves with �b� ��125 nm and
c33 /c13�5.51, �c� ��125 nm and c33 /c13�111, �d� �
�188 nm and c33 /c13�111, �e� ��250 nm and c33 /c13�5.5
1, and �f� ��250 nm and c33 /c13�5.51.
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parametric ratio.4 From the parametric study, we can see that
Figs. 2�c�–2�e� are close to the experimental result of Fig.
2�a�.

To further correlate the experimental and the simulation
curves, we compared the peak position of the shifted diffrac-
tion curves of both the experimental and simulation results at
selected time delays. The solid squares of Fig. 3 show the
peak positions of the shifted curve of Fig. 2�a� at each time
delay. We obtained peak positions from convolved curves of
Fig. 2�c� �dotted line�, Fig. 2�d� �solid line�, and Fig. 2�e�
�dashed line�, as shown in Fig. 3. Although the three lineouts
show good agreement with experimental data �they lie within
the error bars at early times�, the best agreement throughout
the temporal range of the experiment is found for the calcu-
lation that used ��188 nm. The inset of Fig. 3 presents
profiles of the experimental curve and convolved Fig. 2�d� at
selected time delays. Profiles at 0, 20, and 120 ps show very
good agreement between the experiment and the simulations.
At 40 and 80 ps, the peak position of the experiment and the
simulation agree well, but there exist differences in intensity
in both the shifted and initial diffractions.15

Thus, there appears to be a discrepancy between our best-
fit simulation of the experimental data, which yields 188 nm
for the optical penetration depth, and the measured skin
depth of 125 nm. This could result from our neglecting two-
photon absorption, excited-state absorption, and ambipolar
diffusion. Alternatively, the 188 nm value could simply result
from rapid carrier diffusion, indicating that the strain is pro-
duced over a region larger than the optical penetration
depth.4 In either case, the strain field appears to be on a
length scale approximately 50% greater than the skin depth.
After fixing the unknown parameter �c33 /c13�111� and
penetration depth ���188 nm�, we simulated it as a func-
tion of pump laser intensity to compare it with our available
experimental results. Figures 4�a� and 4�d� are experimental
results with pump fluences of 20 and 8 mJ /cm2. We con-

volve Figs. 4�b� and 4�e� with a Gaussian instrument re-
sponse function to yield Figs. 4�c� and 4�f�. In Figs. 4�b� and
4�e�, we can see the oscillatory signal resulted from the co-
herent acoustic phonon because the simulation has a “per-
fect” resolution. However, the oscillatory behavior is not ob-
served in the experimental data due to noise and the
instrument response function of our setup. Both calculations
�Figs. 4�c� and 4�f�� are consistent with our experimental
results.16 At the longest time delay �which is not shown in
this Brief Report�, the diffraction peak slowly recovers due
to the relaxed, but heated, lattice. At 600 ps, the recovery is
still in progress. From the shifted peak position changes to
600 ps, we estimate an acoustic relaxation time of �60 ps,
which is approximately the mechanical relaxation time of the
stressed layer within the penetration depth of the x rays.1,17

We have interpreted the data as resulting from a propagat-
ing strain pulse originating near the surface occurs by means
of acoustic phonon generation and relaxation. While the op-
tical study using two-color femtosecond optical pump-probe
spectroscopy reported coherent acoustic phonons in the hex-
agonal manganite LuMnO3, the x-ray diffraction results of
Figs. 3�a� and 3�b� directly shows the propagation of the
bipolar strain pulse generated by the lattice expansion and
provides the data indicating that the structural coupling be-
tween the in-plane and c axis plays an important role within
this interpretation. However, though we have analyzed the
observed diffraction in terms of a coherent phonon model
based on the thermal relaxation of the excited LuMnO3, it is
possible that the coherent excitation is the result of a direct
excitation of the lattice structure through relaxation of the
d-d excitation of LuMnO3. The experiments discussed here
cannot rule this out and we are considering other experi-
ments �e.g., Raman, to observe Stokes–anti-Stokes ratio dif-
ferences� to conclusively elucidate the mechanism.
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FIG. 3. Time dependent peak position of the shifted curves.
Solid squares with error bars present shifted angles from the experi-
mental result of Fig. 2�a�. Dotted, solid, and dashed lines show
shifted angles obtained from Figs. 2�c�–2�e� with error bars. The
inset shows profile curves at each time delay. Symbols denote ex-
perimental results and lines are obtained from convolved Fig. 2�d�.
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FIG. 4. �Color online� Experimental time- and angle-resolved
diffractions of x rays from the �002� plane of LuMnO3 with laser
fluences of �a� 20 mJ /cm2 and �d� 8 mJ /cm2. �b� and �e� are theo-
retically calculated time- and angle-resolved diffraction curves with
laser fluences of 20 and 8 mJ /cm2 under ��188 nm and
c33 /c13�111 parameter. �c� and �f� present convolved results
with the Gaussian function from �b� and �e�.
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In summary, we have observed the picosecond lattice
dynamics of optically pumped LuMnO3 by using ultrafast
x-ray diffraction. A shift and broadening of the diffraction
curve due to the stimulated lattice expansion has been com-
pared to a theoretical calculation based on a dynam-
ical diffraction theory. Within this framework, the calculation
shows that the coupling between the in-plane and c axis
plays an important role for propagating strain pulse in the
hexagonal structure system. Further experiments on a mate-
rial with negative thermal expansion �e.g., YMnO3� and/or
other techniques �e.g., Raman� will provide additional details

that will permit us to understand the structural mechanistic
dynamics of these manganites under thermal stress.
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