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Outline

• Overview:  dynamics as pathway to control 

• X-rays as a selective probe of structure in condensed matter 

• Indirect control:  coupled lattice, orbital and charge in PCMO 
• Aside:  a first look at x-ray “control” in a solid 

• Direct control:  coherent electromagnon in TbMnO3 

• Outlook 
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Structure and function

Graphite Diamond
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Conventional: adiabatic/stochastic

Temperature, pressure, static fields...
...works, but slow.

Can we do this faster, more efficiently?
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Dynamics of symmetry changes

Equilibrium thermodynamics powerful:  Critical phenomena, RG theory
[Hwang et al. PRB 52, 15046 (1995)][Doiron-Leyraud et al. Nature 447, 565 (2007)]

CupratesCuprates

Time scales ≲ interaction times                   
(~ 1-1000 fs):  breakdown of 
conventional thermodynamics
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Experimental concept

Femtosecond-resolved      
x-ray probes of structure 
changes

+
Understand & 
control of 
atomic-scale 
structural 
dynamics

Intense light pulses to 
perturb structure
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• Three step process: 
•Use a femtosecond laser to change the energy of a “slice” of one 

electron bunch 
• Separate this slice spatially from the other electrons 
•Use slits in an insertion device or bend magnet to separate sliced beam 

from core 

Light as a control knob

§ Mature technology for creating / shaping pulses at near-
optical frequencies 

§ Recent advances at lower frequencies make direct 
resonant excitation of IR active modes possible
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X-ray pulses as a fast probe

• X-ray diffraction: access to long-
range atomic-scale order  

• Sources for short pulses 
• Electron-beam slicing at Swiss 

Light Source (PSI) 
• X-ray free electron lasers
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X-ray pulses as a fast probe

• Non-resonant:  first-order 
elastic scattering dominated 
by |A|2 term in Hint 

• Intensity related to FT of 
electron density

I(Q) / |F (Q)|2 =

������

X

j

fje
irj ·Q

������

2

Hint = � q

mc
(A ·P+P ·A) +

q2|A|2

2mc2

(non-relativistic, spin ignored)
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X-ray pulses as a fast probe

• Near core-level resonance:  
large second-order 
scattering  

• Enhanced contributions 
from valence states 

Hint = � q

mc
(A ·P+P ·A) +

q2|A|2

2mc2

�f =
X
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h i|Hint | ji h j |Hint | ii
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“Indirect” vs. “Direct” control

§ “Indirect” control of order parameters 
§ Excitation of other DOF, couples to order 

§ “Direct” control 
§ Drive order directly with EM pulseIn the excited electronic states !Table I" the potential en-

ergy surfaces are flatter than the ground state potential en-
ergy surface !Fig. 2". As a consequence the phonon frequen-
cies are lower. In addition anharmonicity may further lower
the phonon frequencies.7,25 After the initial softening of the
A1g phonons, the frequency returns to its original value
within roughly 10 ps.7 We discuss the origin of this fre-
quency hardening by comparing our results and the experi-
mental results of Ref. 7, where the A1g phonon frequency has
been resolved in time. For the electronic entropy Se
=0.300 kB/atom !Table I" our calculated A1g phonon fre-
quency was 2.45 THz, the initial A1g frequency obtained in
Ref. 7. After 0.3 ps the A1g frequency in Ref. 7 increased to
2.52 THz. Our results indicated that at most 0.03 THz of this
increase can be explained by the anharmonicity of the poten-
tial energy surface !the harmonic frequency was 2.48 THz",
in agreement with experiments using two time-delayed pump
laser pulses10 that have shown that the frequency of the A1g
phonon mode averaged over five periods is the same within
1% independent of the amplitude of the oscillations for fre-
quencies as low as 2.65 THz. Instead a decrease of the elec-
tronic entropy to Se=0.260 kB/atom yielding an A1g fre-
quency of 2.52 THz is probably responsible for the
frequency increase observed in Ref. 7. The accompanying
decrease in the number of electron-hole pairs by 15% !cal-
culated at z=0.234" corresponds to a decay time of 1.8 ps,
which agrees well with the experimentally determined elec-
tronic background decay time of 1.78±0.08 ps, which is in-
dependent of the laser fluence.26 The loss of entropy of the
electrons near the surface is most likely due to diffusion of
hot electrons away from the surface region !the penetration
depth of the laser d#17 nm" and may also be partly due to
the exchange of heat of the electrons with the ions via
electron-phonon coupling, two processes that were not ex-
plicitly taken into account in our calculations.

We now consider the coupling between the A1g and the Eg
phonons. Figures 3!a" and 3!b" show the intensity of the

Fourier transform of the z coordinate of the atoms. Higher
harmonics of the main A1g peak at 2.52 THz, which have
also been observed experimentally,8 and which are a conse-
quence of the anharmonicity of the potential, are indicated.
For the initial velocity of the atoms in the x direction !coher-
ent Eg phonons" we chose a value that gave a peak-to-peak
amplitude !x=0.4!z, in agreement with Ref. 27. In Fig. 3!b"
it is clear from the peaks that are not higher harmonics of the
main frequency that there is a considerable coupling between
the A1g and Eg phonons. In Eq. !1" the A1g phonon mode
couples to x2+y2, a signal with double the Eg frequency,
2"!Eg". Accordingly an analysis of the x coordinate of the
atoms showed that the frequency of the highest peak induced
by the coupling between the A1g and Eg phonons, labeled
2Eg in Fig. 3!b", !3.32 THz" equaled 2"!Eg". Experimentally
this peak has been observed at 3.44 THz.12 So in our calcu-
lations "!Eg" was slightly lower than in the experiment,12

which is consistent with our ground state calculation. The
frequency of the peak labeled “Eg” in Fig. 3!b" !1.72 THz" is
given by 2"!A1g"−2"!Eg". Experimentally this peak has been
observed at 1.61 THz.7 Our value was slightly higher than in
the experiment7 because the calculated "!Eg" was slightly
lower. Note that in Ref. 7 this peak has been identified with
the Eg mode. However, since there is no coupling term linear
in x !y", and since the Eg mode produces modulations of the
A1g oscillations, it is clear that no peak of the power spec-
trum can have the frequency "!Eg", whereas the difference
2"!A1g"−2"!Eg" should be present. The fact that the “Eg”
peak has an intensity of only I!“Eg” "=7#10−7I!A1g" and
that it has nevertheless been observed experimentally7 indi-
cates that the laser-induced amplitude of the Eg mode is
probably larger than !x=0.4!z, which we used in our simu-
lation. According to Ref. 27 the relative Raman cross sec-
tions of the A1g and Eg modes are indeed temperature depen-
dent. The sensitivity of the results to the initial conditions is
further underlined by a calculation with !x=1.2!z, for
which we found I!“Eg” "=3#10−4I!A1g". Finally, we note

FIG. 2. !Color online" Potential energy surfaces for the ground
state !Te=1 mRy" and for excited electronic states !Te=17.6 and
22 mRy at z=0.234". Vertical arrows show transitions of the atoms
from the ground state to an excited energy surface. The A1g and Eg
phonon modes are indicated. On the surface labeled Te=22 mRy
the curvature in the x direction becomes negative when the atoms
are at their maximal displacement in the z direction. This negative
curvature is indicated by a light arrow.

FIG. 3. Fourier transforms !intensities" of the z coordinate of the
atoms for two different simulations: !a", !b" Te=16.2 and !c", !d"
Te=12.7 mRy at z=0.234. All curves have been convoluted with a
Gaussian with a full width at half maximum of 0.03 THz. The left
panels !a" and !c" show that the height of the peak labeled “Eg”
depends very sensitively on the laser fluence, which was twice
lower in !c" than in !a". Experimentally this has been shown in
Ref. 7.

LASER-INDUCED PHONON-PHONON INTERACTIONS IN… PHYSICAL REVIEW B 74, 220301!R" !2006"
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2. METHODS
We used the standard experimental setup for the tera-
hertz time-domain spectroscopy in transmission geom-
etry. Femtosecond laser pulses, delivered from a mode-
locked Ti:sapphire laser with a center wavelength of
800 nm, pulse width of 100 fs, and repetition rate of
80 MHz, were divided into pump and trigger pulses. The
pump pulses were irradiated to the ZnTe crystal or to the
photoswitching device made on the low-temperature-
grown GaAs (LT-GaAs) coupled with the bow-tie antenna.
The detector was another LT-GaAs coupled with the di-
pole antenna. Although the lower limit of the available
energy range is restricted by the size of each sample, we
cover the energy range of 2–9 meV and 0.8–6 meV by us-
ing ZnTe and LT-GaAs terahertz emitters, respectively.
The radiated terahertz pulse was collimated and focused
on the sample by a pair of the off-axis paraboloidal mir-
rors. For the light-polarization dependence, the wire-grid
polarizer was inserted in between the off-axis paraboloi-
dal mirrors.

Single-crystalline samples were grown by the floating-
zone method [8]. Specimens with wide ac, ab, and bc faces
were cut from the bowl, and each crystallographic axis
was determined by back Laue photographs. The obtained
specimens were characterized by x-ray diffraction, ! at
10 kHz, Ps, and magnetization measurements, which
were all consistent with previous reports in [2,7,8]. For
transmission experiments, we polished the specimens to
the thickness of 100–850 "m. We carefully confirmed
that there was no effect of the polishing procedure
on the optical properties at terahertz frequencies of
RMnO3.

We estimated the optical constants ñ of RMnO3 with-
out the Kramers–Kronig transformation. In RMnO3,

there are spin excitations driven by both E# and H# in
the measured energy range, as we could clarify their con-
tributions to ñ mainly based on the measurements of the
complete set of the light-polarization dependence (Section
3). Due to the emergence of the magnetic resonances
driven by H#, ñ should be precisely expressed as ñ=!!"
(whereas ñ=!! for the case of nonmagnets). We confirmed
that the contribution of " is negligible to the complex
transmission coefficient by the numerical calculation, and
thus the effect of H# was taken into account by adopting
ñ=!!". Therefore, we used the quantity of !" in this pa-
per. Further details of our estimate procedure and the va-
lidity of this approach can be found in [29].

3. EXPERIMENTAL RESULTS
A. Overall Optical Spectrum of TbMnO3 from Terahertz
to Ultraviolet Frequencies
First, we show the overall optical spectrum of TbMnO3 in
the ferroelectric bc spiral spin-ordered phase, ranging
from terahertz to ultraviolet frequencies [31]. Figures 3(a)
and 3(b) show the real Re"!"# and imaginary Im"!"#
parts of the !" spectra of TbMnO3 up to 90 meV, respec-
tively, measured at 12 K. E# was set parallel to the a axis.
Although there is no contribution of " to the !" spectrum
above 8 meV, we used the notation of Re"!"# and Im"!"#.
We obtained the !" spectrum above 10 meV by using the
Kramers–Kronig transformation; the polarized reflectiv-
ity spectrum was measured in the energy ranges of
0.01–0.8 eV and 0.6–36 eV by using a Fourier transform
infrared spectrometer and a grating monochromator, re-
spectively. In the energy range of 10–22 meV, we per-
formed both the transmission and reflectance measure-
ments and thus directly estimated the !" spectrum

Fig. 3. (Color online) Overall optical spectrum of TbMnO3, ranging from 2 meV to 10 eV, in the ferroelectric bc spiral spin-ordered
phase, measured around 10 K. E# was set parallel to the a axis. (a) Real Re"!"# and (b) imaginary Im"!"# parts of the !" spectrum up
to 90 meV. The low-energy part of the Im"!"# spectrum below 21 meV is multiplied by 10. Inset shows the Im"!"# spectrum up to 10 eV,
measured at 10 K. Below 10 meV, both Re"!"# and Im"!"# spectra were obtained by terahertz time-domain spectroscopy. Above 10 meV,
we used the Fourier transform spectrometer $0.01–0.8 eV% and the grating spectrometer $0.3–36 eV%.

A38 J. Opt. Soc. Am. B/Vol. 26, No. 9 /September 2009 Kida et al.

[Zijlstra, Tatarinova & Garcia, PRB 74, 220301 (2006)] [Kida et al., JOSAB 26 A35 (2009)]

Bismuth
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“Indirect” control: 

Electronically induced structure changes
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Pr0.5Ca0.5MnO3:  mixed-valence manganite

• Distorted perovskite 
• Charge and orbital 

ordering below 240 K 
• Strong lattice distortion 

due to Jahn-Teller 
interaction 
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Pr0.5Ca0.5MnO3:  mixed-valence manganite

• CE-type charge 
& orbital order 

• Jahn-Teller 
distortion at Mn3+ 
sites doubles 
unit cell T > TCO/OO 

orthorhombic Pbnm 
T < TCO/OO 

monoclinic P21/m 
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Photoexcitation drives transition

• Photoexcitation:  
perturbation of 
charge and orbitals 

• Forces system to 
higher symmetry 
state 

• How does this 
couple to structure? 
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Experiment team: Pr0.5Ca0.5MnO3
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Experiment

100 K 

• 40 nm film sample of 
Pr0.5Ca0.5MnO3 

• (011)c orientation 
• Pumped at 1.55 eV, 50 fs pulses 
• Probed with ~ 6.55 keV, ~50 fs 
• Cornell-SLAC Pixel Array Detector 
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Resonant diffraction at Mn K-edge

• From hybridization of Mn 3d and O 2p states 
[Zimmermann et al. PRL 83, 4871 (1999)] 

for k odd… 

(h k/2 0):   structural 
                 distortion 

(0 k/2 0):   orbital order  
                 & Jahn-Teller 

(0 k 0):      charge order
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Resonant diffraction at Mn K-edge

• From hybridization of Mn 3d and O 2p states 
[Zimmermann et al. PRL 83, 4871 (1999)] 
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Time resolution

• Per-shot arrival time monitor 
essential [spectral encoding 
method, Harmand et al. Nat. 
Photon. 7, 215 (2013)] 

• Dramatic improvement over 
previous measurements

[P. Beaud et al., Nature Mater. 13, 923 (2014)]

~20 minutes >24 hours 

FEMTO@SLS 
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Overview:  coupled motions

• Different reflections in & out of resonance gives access 
to different types of long-range order 

• Above a certain excitation density, all go to zero at           
t > 1 ps 

• Charge order melting fastest 
• Other peaks see strong coherent vibration contribution

[P. Beaud et al., Nature Mater. 13, 923 (2014)]

«off»%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%«on»%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%«on»%%%%%%
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“Time-dependent" order parameter

• Use (0 -3 0) intensity as a 
measure of charge order 

• Intensity gives square of 
Mn charge modulation 
amplitude 

• Identify charge 
modulation amplitude as 
a transient order 
parameter 

• Order parameter varies 
with time (and depth) 

[P. Beaud et al., Nature Mater. 13, 923 (2014)]

⌘t



Wednesday, June 17, 2015 Nobel Symposium

“Time-dependent" order parameter

• Early time excitation fluence dependence well described by 

[P. Beaud et al., Nature Mater. 13, 923 (2014)]

(0 -3 0) at t = 250-500 fs

n0 = initial electronic  
       energy density, 
       proportional to fluence
nc = 350 meV/Mn site

⌘t =

(q
1� n0

nc
n0 < nc

0 n0 � nc

• Very similar to Landau mean-field result for 2nd order phase 
transitions  
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Time evolution of order parameter

• Later times, after e-ph interaction: 

Change of exponent:  onset of long-range correlations? 
[P. Beaud et al., Nature Mater. 13, 923 (2014)]

� = 0.20± 0.02⌘t(tlate) =

✓
1� n0

nc

◆�



Wednesday, June 17, 2015 Nobel Symposium

Time evolution of order parameter

• Represent as an evolving n(t):

[P. Beaud et al., Nature Mater. 13, 923 (2014)]

n(t) = (n0 � anc)e
�t/⌧ + anc

a = 1�
✓
1� n0

nc

◆2�⌘t =

(q
1� n

nc
n < nc

0 n � nc
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Coupled dynamics of structure

• Coupling to structure via 
a time-dependent 
interatomic potential 

• For quasi 1-D systems 
with one transition 
coordinate, Landau form 
has worked  
[Yusupov et al. Nat. Phys. 6, 681 (2010)]

[Huber et al. Phys. Rev. Lett. 113, 026401 (2014)]

V (x, t) = V0 + a [n(t)� nc]x
2 + bx

4
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Coupled dynamics of structure

• In PCMO, multiple independent vibrational modes contribute 
• Simplify as only four groups of modes

     y1                               y2                             y3                            y4
  

80 cm-1 483 cm-1 

595 cm-1 ? cm-1 

343 cm-1 

227 cm-1 

Jahn-Teller 

V (y1, y2, y3, y4, t) = V0 + a [n(t)� nc] y
2
1 + by41 + c21(y2 � y1)

2 + c32(y3 � y2)
2 + c43(y4 � y3)

2

driven motion chain of coupled motions
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Coupled dynamics of structure

[P. Beaud et al., Nature Mater. 13, 923 (2014)]

• Use time-dependent potential to construct equations of motion 
(linear damping added)
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Coupled dynamics of structure

[P. Beaud et al., Nature Mater. 13, 923 (2014)]

• Strong coupling:  lowest frequency dominates at late times 
• High fluence:  overshoot of high symmetry point leads to 

doubling in measured diffraction signal
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Aside:  X-rays as driver?

• X-ray pump to drive electronic and possible structural motion 
(tuned to diffraction peak) 

• Detection channel:  change in polarization of transmitted optical 
light

electron laser. The experiment has been performed at the
XPP instrument at the LCLS FEL.15

ZnO is a wurtzite II-VI semiconductor with a large
bandgap (!3:37 eV), which makes ZnO a good candidate
for high frequency light emitting devices. It has a very large
exciton binding energy (!60 meV), which makes excitonic
emission possible even at room temperature. These proper-
ties together with a large polarizability and the mixed polar
and ionic character of the Zn-O bond result in strong light
matter interaction effects.

ZnO is a birefringent uniaxial crystal.33 Structurally, it
is a relatively simple system that can be grown as a single
bulk crystal in the hexagonal wurtzite structure. It consists of
Zn and O planes, alternately stacked along the c-axis. ZnO
belongs to the space group C4

6v and consists of 4 atoms per
unit cell, leading to 12 vibrational eigenmodes. The lowest
energy phonon mode (2.97 THz) corresponds to a pair of
degenerate E modes, usually referred to as Elow

2 in the litera-
ture.34 When coherently excited with sufficiently short pulses
of linearly polarized light (via ISRS), this phonon mode
breaks the symmetry in the c-plane and modulates tempo-
rally the dielectric tensor of the material. These modulations
can be experimentally measured using standard transient
birefringence or transmission probes.35

With ZnO as a model system, we have performed a
pump-probe experiment with the aim to understand the
changes induced by strong excitation with femtosecond
pulses of light in the hard x-ray regime. Pump induced tran-
sient anisotropy in the sample is monitored using a polariza-
tion gating detection scheme, similar to that used in optical
Kerr effect and electro-optic sampling measurements.36,37

We observe complex relaxation dynamics showing a
strongly non-linear, hard x-ray induced anisotropy.

The sample is a commercial c-cut ZnO single crystal,
with dimensions 5 mm " 5 mm " 0.2 mm. Both (001) facets
are polished to optical grade. As depicted in Figure 1, the
hard x-ray (6.67 keV) pump beam is focused down to 15 lm
1/e2 diameter at the sample position and meets the Bragg
condition for diffraction from the (210) ZnO planes. The
detection setup is similar to a standard optical Kerr effect
setup. A linearly polarized 800 nm laser beam (45 fs FWHM
pulse duration) is focused at normal incidence onto the sur-
face of the sample (1/e2 spot diameter of 140 lm and pulse
energy of 0.7 lJ). The large probe size as compared to the
pump beam size ensures spatial overlap despite the pointing

instability present in the x-ray pump beam. The probe beam
is polarized at 45# with respect to the pump beam polariza-
tion. A quarter wave plate (QWP) placed before the sample
is initially aligned with its fast axis along the probe beam
polarization. Under these geometrical conditions, the group
velocities of pump and probe beams are matched. We
observe similar dynamics when slightly detuning the sample
out of this x-ray diffraction condition. The shot-to-shot fluc-
tuation of the incident pump intensity is larger than 100%. It
is monitored upstream allowing all the data to be grouped
into bins of varying pump excitation levels.

After the sample, the probe beam passes through a Glan
Laser polarizer (P), which is crossed with respect to the initial
laser beam polarization. The two beams coming out of P are
delivered to two photodiodes to record the crossed (PD?) and
parallel (PDk) polarizations (relative to initial polarization of
the probe beam). The QWP is rotated slightly to minimize the
increase of light going to PD? after inserting the sample at
normal incidence in the probe beam. In this configuration, the
QWP partially compensates for the residual birefringence of
the ZnO sample, which we attribute to strain.38 The angle of
the QWP is then a ¼ 0#. An additional rotation of the QWP
may introduce a local oscillator allowing heterodyne detection
of the signal.36,37 A set of such heterodyne results are shown
in the supplementary material.38 A bandpass filter together
with absorptive neutral density filters are placed in front of
the photodiodes (not shown). These serve both to block the
photoluminescence of the sample and to attenuate the probe
beam in order to prevent saturation of the photodiodes. An
additional reflective variable filter is placed just before the
PDk photodiode in order to attenuate the light and make it
equal in magnitude to that of the PD? channel for balanced
detection.

A mechanical delay line introduces an average control-
lable delay between pump and probe pulses. A single-shot
x-ray/laser cross correlation installed at the XPP endstation25

measures the fluctuations in the relative timing between the
pump and the probe pulses. The data are afterwards cor-
rected for temporal jitter.

The normalized change in transmission for each of the
two polarizations is shown in Figs. 2(a) and 2(b). The colors
of the time traces correspond to different pump fluences. The
ratio of the two photodiode signals is shown in Figure 2(c).
To leading order, the signals in Figures 2(a) and 2(b) are pro-
portional to the overall transmission of the sample as well as
the probe laser shot-to-shot fluctuations. The photodiode
PD? is in addition proportional to the anisotropy introduced
by the sample,38 a situation that happens only upon symme-
try breaking in the c-plane. The ratio (Fig. 2(c)) is a pure ani-
sotropic signal, since the isotropic change in transmission
has been removed after dividing the two constituent
signals.38

As shown in Fig. 2, ZnO presents rich anisotropic and
isotropic responses upon hard x-ray pump as a function of
probe delay, which we divide into three ranges: (i) time zero
anisotropy, (ii) delayed anisotropy (comprising pump-probe
delays between !1:6 ps and !8 ps), and (iii) isotropic
response (time delays t> 8 ps according to the ratio shown
in 2(c)).

FIG. 1. Schematic of the hard x-ray pump (6.67 keV)-800 nm probe experi-
mental setup. The orientation of the (linear) polarization of each beam is
outlined at different stages of the set up with arrows enclosed in circles. P is
a Glan Laser polarizer with a 10%5 extinction ratio. QWP is a quarter wave
plate. The x-ray pump is incident at 61# with respect to the surface normal
and the 800 nm probe at normal incidence.

154101-2 Ferrer et al. Appl. Phys. Lett. 106, 154101 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
129.132.208.103 On: Tue, 16 Jun 2015 20:28:04

[A. Ferrer et al., Appl. Phys. Lett. 106, 154101 (2015)]
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Persistent induced anisotropy

[A. Ferrer et al., Appl. Phys. Lett. 106, 154101 (2015)]

• Nonlinear increase in optical anisotropy from electronic 
excitation 

• Delayed onset, signal persists to ~ 6 ps!!

(i) Time zero anisotropy: A small negative spike is
observed in the vicinity of time zero even for the
traces at low pump fluences (Fig. 2(c)). After this
short time-zero spike, there seems to be an induction
time of about 1.6 ps, where no anisotropy is generated
in the probe beam.

(ii) Delayed anisotropy: The most striking response of
the material appears at time delays ranging from
1.6 ps to 8 ps. An increase in the signal is observed af-
ter an approximately 1.6 ps induction time. This
delayed anisotropic response also appears only above
a critical fluence.

In order to quantify this behavior, the traces in Fig.
2(c) have been fitted to the phenomenological function
y0þA

2 1þerf
ffiffiffi
2
p
ðt#t0Þ=r

" #$ %
%exp #ðt#t0Þ=sð Þ, where

erf is the Gauss error function, y0 is a vertical offset,
A is proportional to the amplitude of the anisotropy
signal, t is the time delay, t0 is the time offset for the
anisotropy signal, and r and s are the time constants
for the rise and the fall, respectively. One representa-
tive fit is shown in Figure 2(c) (dashed line), while
the complete set of fits is shown in the supplementary
material.38 The retrieved amplitude A is plotted in
Figure 3 as a function of the pump fluence. The

amplitude remains close to zero below a critical pump
fluence (3:4860:97J=cm2) and increases linearly after
this threshold.

(iii) Isotropic response: At later times, i.e., after 8 ps, the an-
isotropy signal has fully decayed and only an isotropic
change in transmission remains. In order to quantify
this change, we have averaged the last 4 ps of each trace
in Figure 2(a) (it is equivalent for the traces shown in
Fig. 2(b)) and fitted it to an exponential decay as a func-
tion of the pump fluence. The results are shown in Fig.
4. The isotropic normalized change in transmission sat-
urates at level close to 41%. This would correspond to
a complete block of the probe transmission over a cen-
tered circular region of 36 lm in diameter.

We begin the discussion with a short description of the
x-ray excitation of carriers. Hard x-ray absorption takes
place in atomic shallow core states and valence electrons,
leading to the ejection of highly excited electrons. Each
ejected electron may traverse many crystal unit cells, leaving
potentially thousands more highly excited electrons in its
wake due to impact ionization. The highly excited electrons
can lose energy through Auger processes, impact ionization,
electron-electron scattering processes, and eventually recom-
bination. Theoretical studies on silicon showed that in the
hard x-ray regime, most excited carriers are created through
impact ionization processes,39 with the excited carrier con-
centration reaching a maximum within tens of femtoseconds
for an intense 13 fs FWHM 8 keV x-ray pump pulse.

FIG. 2. Normalized change in transmission for parallel (a) and perpendicular
(b) polarization channels for different fluences (colors) as a function of the
temporal delay between the hard x-ray pump (6.67 keV) and optical probe at
800 nm. (c) Transient anisotropy data and representative fit to the expression
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FIG. 3. Amplitude of the anisotropy signal A as a function of the of the pump
fluence. The error bars correspond to 95% confidence bounds of the fitting pa-
rameter. The dashed line is a linear fit to the points above 2 mJ=cm2.

FIG. 4. Normalized change in the transmission of the parallel polarization as
a function of the of the pump energy, averaged from 8 to 12 ps. The error
bars correspond to the standard error. The dashed line is a single exponential
decay fit.
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(i) Time zero anisotropy: A small negative spike is
observed in the vicinity of time zero even for the
traces at low pump fluences (Fig. 2(c)). After this
short time-zero spike, there seems to be an induction
time of about 1.6 ps, where no anisotropy is generated
in the probe beam.

(ii) Delayed anisotropy: The most striking response of
the material appears at time delays ranging from
1.6 ps to 8 ps. An increase in the signal is observed af-
ter an approximately 1.6 ps induction time. This
delayed anisotropic response also appears only above
a critical fluence.

In order to quantify this behavior, the traces in Fig.
2(c) have been fitted to the phenomenological function
y0þA

2 1þerf
ffiffiffi
2
p
ðt#t0Þ=r

" #$ %
%exp #ðt#t0Þ=sð Þ, where

erf is the Gauss error function, y0 is a vertical offset,
A is proportional to the amplitude of the anisotropy
signal, t is the time delay, t0 is the time offset for the
anisotropy signal, and r and s are the time constants
for the rise and the fall, respectively. One representa-
tive fit is shown in Figure 2(c) (dashed line), while
the complete set of fits is shown in the supplementary
material.38 The retrieved amplitude A is plotted in
Figure 3 as a function of the pump fluence. The

amplitude remains close to zero below a critical pump
fluence (3:4860:97J=cm2) and increases linearly after
this threshold.

(iii) Isotropic response: At later times, i.e., after 8 ps, the an-
isotropy signal has fully decayed and only an isotropic
change in transmission remains. In order to quantify
this change, we have averaged the last 4 ps of each trace
in Figure 2(a) (it is equivalent for the traces shown in
Fig. 2(b)) and fitted it to an exponential decay as a func-
tion of the pump fluence. The results are shown in Fig.
4. The isotropic normalized change in transmission sat-
urates at level close to 41%. This would correspond to
a complete block of the probe transmission over a cen-
tered circular region of 36 lm in diameter.

We begin the discussion with a short description of the
x-ray excitation of carriers. Hard x-ray absorption takes
place in atomic shallow core states and valence electrons,
leading to the ejection of highly excited electrons. Each
ejected electron may traverse many crystal unit cells, leaving
potentially thousands more highly excited electrons in its
wake due to impact ionization. The highly excited electrons
can lose energy through Auger processes, impact ionization,
electron-electron scattering processes, and eventually recom-
bination. Theoretical studies on silicon showed that in the
hard x-ray regime, most excited carriers are created through
impact ionization processes,39 with the excited carrier con-
centration reaching a maximum within tens of femtoseconds
for an intense 13 fs FWHM 8 keV x-ray pump pulse.

FIG. 2. Normalized change in transmission for parallel (a) and perpendicular
(b) polarization channels for different fluences (colors) as a function of the
temporal delay between the hard x-ray pump (6.67 keV) and optical probe at
800 nm. (c) Transient anisotropy data and representative fit to the expression
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2
p
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" #$ %
% exp #ðt# t0Þ=sð Þ, for fluence of 13.0

J=cm2 (black dashed line).

FIG. 3. Amplitude of the anisotropy signal A as a function of the of the pump
fluence. The error bars correspond to 95% confidence bounds of the fitting pa-
rameter. The dashed line is a linear fit to the points above 2 mJ=cm2.

FIG. 4. Normalized change in the transmission of the parallel polarization as
a function of the of the pump energy, averaged from 8 to 12 ps. The error
bars correspond to the standard error. The dashed line is a single exponential
decay fit.
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(i) Time zero anisotropy: A small negative spike is
observed in the vicinity of time zero even for the
traces at low pump fluences (Fig. 2(c)). After this
short time-zero spike, there seems to be an induction
time of about 1.6 ps, where no anisotropy is generated
in the probe beam.

(ii) Delayed anisotropy: The most striking response of
the material appears at time delays ranging from
1.6 ps to 8 ps. An increase in the signal is observed af-
ter an approximately 1.6 ps induction time. This
delayed anisotropic response also appears only above
a critical fluence.

In order to quantify this behavior, the traces in Fig.
2(c) have been fitted to the phenomenological function
y0þA

2 1þerf
ffiffiffi
2
p
ðt#t0Þ=r

" #$ %
%exp #ðt#t0Þ=sð Þ, where

erf is the Gauss error function, y0 is a vertical offset,
A is proportional to the amplitude of the anisotropy
signal, t is the time delay, t0 is the time offset for the
anisotropy signal, and r and s are the time constants
for the rise and the fall, respectively. One representa-
tive fit is shown in Figure 2(c) (dashed line), while
the complete set of fits is shown in the supplementary
material.38 The retrieved amplitude A is plotted in
Figure 3 as a function of the pump fluence. The

amplitude remains close to zero below a critical pump
fluence (3:4860:97J=cm2) and increases linearly after
this threshold.

(iii) Isotropic response: At later times, i.e., after 8 ps, the an-
isotropy signal has fully decayed and only an isotropic
change in transmission remains. In order to quantify
this change, we have averaged the last 4 ps of each trace
in Figure 2(a) (it is equivalent for the traces shown in
Fig. 2(b)) and fitted it to an exponential decay as a func-
tion of the pump fluence. The results are shown in Fig.
4. The isotropic normalized change in transmission sat-
urates at level close to 41%. This would correspond to
a complete block of the probe transmission over a cen-
tered circular region of 36 lm in diameter.

We begin the discussion with a short description of the
x-ray excitation of carriers. Hard x-ray absorption takes
place in atomic shallow core states and valence electrons,
leading to the ejection of highly excited electrons. Each
ejected electron may traverse many crystal unit cells, leaving
potentially thousands more highly excited electrons in its
wake due to impact ionization. The highly excited electrons
can lose energy through Auger processes, impact ionization,
electron-electron scattering processes, and eventually recom-
bination. Theoretical studies on silicon showed that in the
hard x-ray regime, most excited carriers are created through
impact ionization processes,39 with the excited carrier con-
centration reaching a maximum within tens of femtoseconds
for an intense 13 fs FWHM 8 keV x-ray pump pulse.

FIG. 2. Normalized change in transmission for parallel (a) and perpendicular
(b) polarization channels for different fluences (colors) as a function of the
temporal delay between the hard x-ray pump (6.67 keV) and optical probe at
800 nm. (c) Transient anisotropy data and representative fit to the expression

y0 þ A
2 1þ erf

ffiffiffi
2
p
ðt# t0Þ=r

" #$ %
% exp #ðt# t0Þ=sð Þ, for fluence of 13.0

J=cm2 (black dashed line).

FIG. 3. Amplitude of the anisotropy signal A as a function of the of the pump
fluence. The error bars correspond to 95% confidence bounds of the fitting pa-
rameter. The dashed line is a linear fit to the points above 2 mJ=cm2.

FIG. 4. Normalized change in the transmission of the parallel polarization as
a function of the of the pump energy, averaged from 8 to 12 ps. The error
bars correspond to the standard error. The dashed line is a single exponential
decay fit.
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“Indirect” vs. “Direct” control

§ Indirect works, but some significant disadvantages: 
§ Competing channels (especially for electronic excitation) 
§ Upscaling limited in potential 
§ Often irreversibleIn the excited electronic states !Table I" the potential en-

ergy surfaces are flatter than the ground state potential en-
ergy surface !Fig. 2". As a consequence the phonon frequen-
cies are lower. In addition anharmonicity may further lower
the phonon frequencies.7,25 After the initial softening of the
A1g phonons, the frequency returns to its original value
within roughly 10 ps.7 We discuss the origin of this fre-
quency hardening by comparing our results and the experi-
mental results of Ref. 7, where the A1g phonon frequency has
been resolved in time. For the electronic entropy Se
=0.300 kB/atom !Table I" our calculated A1g phonon fre-
quency was 2.45 THz, the initial A1g frequency obtained in
Ref. 7. After 0.3 ps the A1g frequency in Ref. 7 increased to
2.52 THz. Our results indicated that at most 0.03 THz of this
increase can be explained by the anharmonicity of the poten-
tial energy surface !the harmonic frequency was 2.48 THz",
in agreement with experiments using two time-delayed pump
laser pulses10 that have shown that the frequency of the A1g
phonon mode averaged over five periods is the same within
1% independent of the amplitude of the oscillations for fre-
quencies as low as 2.65 THz. Instead a decrease of the elec-
tronic entropy to Se=0.260 kB/atom yielding an A1g fre-
quency of 2.52 THz is probably responsible for the
frequency increase observed in Ref. 7. The accompanying
decrease in the number of electron-hole pairs by 15% !cal-
culated at z=0.234" corresponds to a decay time of 1.8 ps,
which agrees well with the experimentally determined elec-
tronic background decay time of 1.78±0.08 ps, which is in-
dependent of the laser fluence.26 The loss of entropy of the
electrons near the surface is most likely due to diffusion of
hot electrons away from the surface region !the penetration
depth of the laser d#17 nm" and may also be partly due to
the exchange of heat of the electrons with the ions via
electron-phonon coupling, two processes that were not ex-
plicitly taken into account in our calculations.

We now consider the coupling between the A1g and the Eg
phonons. Figures 3!a" and 3!b" show the intensity of the

Fourier transform of the z coordinate of the atoms. Higher
harmonics of the main A1g peak at 2.52 THz, which have
also been observed experimentally,8 and which are a conse-
quence of the anharmonicity of the potential, are indicated.
For the initial velocity of the atoms in the x direction !coher-
ent Eg phonons" we chose a value that gave a peak-to-peak
amplitude !x=0.4!z, in agreement with Ref. 27. In Fig. 3!b"
it is clear from the peaks that are not higher harmonics of the
main frequency that there is a considerable coupling between
the A1g and Eg phonons. In Eq. !1" the A1g phonon mode
couples to x2+y2, a signal with double the Eg frequency,
2"!Eg". Accordingly an analysis of the x coordinate of the
atoms showed that the frequency of the highest peak induced
by the coupling between the A1g and Eg phonons, labeled
2Eg in Fig. 3!b", !3.32 THz" equaled 2"!Eg". Experimentally
this peak has been observed at 3.44 THz.12 So in our calcu-
lations "!Eg" was slightly lower than in the experiment,12

which is consistent with our ground state calculation. The
frequency of the peak labeled “Eg” in Fig. 3!b" !1.72 THz" is
given by 2"!A1g"−2"!Eg". Experimentally this peak has been
observed at 1.61 THz.7 Our value was slightly higher than in
the experiment7 because the calculated "!Eg" was slightly
lower. Note that in Ref. 7 this peak has been identified with
the Eg mode. However, since there is no coupling term linear
in x !y", and since the Eg mode produces modulations of the
A1g oscillations, it is clear that no peak of the power spec-
trum can have the frequency "!Eg", whereas the difference
2"!A1g"−2"!Eg" should be present. The fact that the “Eg”
peak has an intensity of only I!“Eg” "=7#10−7I!A1g" and
that it has nevertheless been observed experimentally7 indi-
cates that the laser-induced amplitude of the Eg mode is
probably larger than !x=0.4!z, which we used in our simu-
lation. According to Ref. 27 the relative Raman cross sec-
tions of the A1g and Eg modes are indeed temperature depen-
dent. The sensitivity of the results to the initial conditions is
further underlined by a calculation with !x=1.2!z, for
which we found I!“Eg” "=3#10−4I!A1g". Finally, we note

FIG. 2. !Color online" Potential energy surfaces for the ground
state !Te=1 mRy" and for excited electronic states !Te=17.6 and
22 mRy at z=0.234". Vertical arrows show transitions of the atoms
from the ground state to an excited energy surface. The A1g and Eg
phonon modes are indicated. On the surface labeled Te=22 mRy
the curvature in the x direction becomes negative when the atoms
are at their maximal displacement in the z direction. This negative
curvature is indicated by a light arrow.

FIG. 3. Fourier transforms !intensities" of the z coordinate of the
atoms for two different simulations: !a", !b" Te=16.2 and !c", !d"
Te=12.7 mRy at z=0.234. All curves have been convoluted with a
Gaussian with a full width at half maximum of 0.03 THz. The left
panels !a" and !c" show that the height of the peak labeled “Eg”
depends very sensitively on the laser fluence, which was twice
lower in !c" than in !a". Experimentally this has been shown in
Ref. 7.
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2. METHODS
We used the standard experimental setup for the tera-
hertz time-domain spectroscopy in transmission geom-
etry. Femtosecond laser pulses, delivered from a mode-
locked Ti:sapphire laser with a center wavelength of
800 nm, pulse width of 100 fs, and repetition rate of
80 MHz, were divided into pump and trigger pulses. The
pump pulses were irradiated to the ZnTe crystal or to the
photoswitching device made on the low-temperature-
grown GaAs (LT-GaAs) coupled with the bow-tie antenna.
The detector was another LT-GaAs coupled with the di-
pole antenna. Although the lower limit of the available
energy range is restricted by the size of each sample, we
cover the energy range of 2–9 meV and 0.8–6 meV by us-
ing ZnTe and LT-GaAs terahertz emitters, respectively.
The radiated terahertz pulse was collimated and focused
on the sample by a pair of the off-axis paraboloidal mir-
rors. For the light-polarization dependence, the wire-grid
polarizer was inserted in between the off-axis paraboloi-
dal mirrors.

Single-crystalline samples were grown by the floating-
zone method [8]. Specimens with wide ac, ab, and bc faces
were cut from the bowl, and each crystallographic axis
was determined by back Laue photographs. The obtained
specimens were characterized by x-ray diffraction, ! at
10 kHz, Ps, and magnetization measurements, which
were all consistent with previous reports in [2,7,8]. For
transmission experiments, we polished the specimens to
the thickness of 100–850 "m. We carefully confirmed
that there was no effect of the polishing procedure
on the optical properties at terahertz frequencies of
RMnO3.

We estimated the optical constants ñ of RMnO3 with-
out the Kramers–Kronig transformation. In RMnO3,

there are spin excitations driven by both E# and H# in
the measured energy range, as we could clarify their con-
tributions to ñ mainly based on the measurements of the
complete set of the light-polarization dependence (Section
3). Due to the emergence of the magnetic resonances
driven by H#, ñ should be precisely expressed as ñ=!!"
(whereas ñ=!! for the case of nonmagnets). We confirmed
that the contribution of " is negligible to the complex
transmission coefficient by the numerical calculation, and
thus the effect of H# was taken into account by adopting
ñ=!!". Therefore, we used the quantity of !" in this pa-
per. Further details of our estimate procedure and the va-
lidity of this approach can be found in [29].

3. EXPERIMENTAL RESULTS
A. Overall Optical Spectrum of TbMnO3 from Terahertz
to Ultraviolet Frequencies
First, we show the overall optical spectrum of TbMnO3 in
the ferroelectric bc spiral spin-ordered phase, ranging
from terahertz to ultraviolet frequencies [31]. Figures 3(a)
and 3(b) show the real Re"!"# and imaginary Im"!"#
parts of the !" spectra of TbMnO3 up to 90 meV, respec-
tively, measured at 12 K. E# was set parallel to the a axis.
Although there is no contribution of " to the !" spectrum
above 8 meV, we used the notation of Re"!"# and Im"!"#.
We obtained the !" spectrum above 10 meV by using the
Kramers–Kronig transformation; the polarized reflectiv-
ity spectrum was measured in the energy ranges of
0.01–0.8 eV and 0.6–36 eV by using a Fourier transform
infrared spectrometer and a grating monochromator, re-
spectively. In the energy range of 10–22 meV, we per-
formed both the transmission and reflectance measure-
ments and thus directly estimated the !" spectrum

Fig. 3. (Color online) Overall optical spectrum of TbMnO3, ranging from 2 meV to 10 eV, in the ferroelectric bc spiral spin-ordered
phase, measured around 10 K. E# was set parallel to the a axis. (a) Real Re"!"# and (b) imaginary Im"!"# parts of the !" spectrum up
to 90 meV. The low-energy part of the Im"!"# spectrum below 21 meV is multiplied by 10. Inset shows the Im"!"# spectrum up to 10 eV,
measured at 10 K. Below 10 meV, both Re"!"# and Im"!"# spectra were obtained by terahertz time-domain spectroscopy. Above 10 meV,
we used the Fourier transform spectrometer $0.01–0.8 eV% and the grating spectrometer $0.3–36 eV%.
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“Direct” control: 

Resonant THz excitations 
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THz excitation:  path to fast control of 
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pulse generates abþ (green) domains as at t ¼ 1:2 psec.
Subsequently stripes of bcþ (red) and bc# (blue) domains
emerge after the pulse ends at t ¼ 2 psec, and the chiral-
ities Ci;j oscillate in each domain between !ij ¼ 0$ and
!ij ¼ 180$ as seen in 2< tðpsecÞ< 3:4. Among the spi-
rally ordered spins, those directing (nearly) along the
propagation vector cannot flip and become nodes of the
spin oscillations to form the chirality domains. At last (t ¼
6 psec) the system gradually gets settled in the bcþ state.

Finally we discuss conditions for the chirality switching.
First, the switching occurs only at a frequency of the higher-
energy electromagnon resonance (!' 2:1 THz in the
present case), and does not occur at the lower-energy peak
(!' 1 THz). Second, we need a rather large peak height of
the pulse, jE0j * 10 MV=cm, in the present simulation.
Experimentally maximum peak height exceeding
100 MV=cm is available for 10–72 THz [24], but below
3 THz, it reaches only '1 MV=cm at present. We expect
that the optical pulse with jE0j * 10 MV=cm at '2 THz
will be realized in the near future. Importantly there are
optimal ranges of the electric strength jE0j, and a larger jE0j
cannot necessarily induce the switching. This can be under-
stood as follows. To achieve the chirality reversal, for
instance, from ! ¼ 180$ (bc#) to ! ¼ 0$ (bcþ), the chi-
rality vector oscillating around the energy minimum at ! ¼
90$ (abþ) should be in the range 0

$ < !< 90$ when E is
reversed fromEaðtÞ> 0 toEaðtÞ< 0 in order to fall into the
another minimum at ! ¼ 0$ (bcþ) instead of ! ¼ 180$

(bc#). Thismeans thatwe need to adjust depth of the energy
minimum of abþ at t ¼ t2 by tuning the strength of E0 in
order to synchronize the timing between the chirality oscil-
lation and the reversal of E. Therefore, the switching

processes show highly nonlinear behaviors with respect to
strength and shape of the pulse. In addition, if we adopt a
negative E0 in Eq. (4), the lowest-lying state at t ¼ t2
becomes ab# with ! ¼ 270$. Then the chirality reversal
occurs via ab# instead of abþ. The chirality flops to ab#
from bc( become also possible for a slightly weaker jE0j.
Relationships between the switching processes and the sign
of E0 are summarized in Fig. 4(b).
To summarize, we have theoretically studied the ultra-

fast optical switching of spin chirality by exciting the
electromagnons in a multiferroic Mn perovskite. We have
revealed that the oscillating E component of the light
activates the collective rotations of the spin-spiral planes
with a THz frequency via the ME coupling, and their
inertial motions result in chirality reversal or flop. It has
been shown that by tuning strength, shape and length of the
pulse, the spin chirality is controlled at will.
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FIG. 5 (color). (a)–(f) Color maps of calculated angles !ij
between the local spin chiralities Ci;j and the a axis (see inset),
which show the real-time dynamics of Ci;j. (g)–(j) Schematic
figures of the corresponding spatial configurations of Ci;j (col-
ored arrows).
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Experiment concept

8 
 

 
Fig. 1. (A) The magnetic structure of TbMnO3 below 27 K. The spins of the Mn 3d shells (black 
arrows) form a spiral propagating within a (bc) crystallographical plane. For better clarity, the 
oxygens are depicted in the form of gray octahedra around the Mn atoms (blue spheres). (B) 
Schematic of the experimental setup. The sample was pumped with a THz pulse resonant with 
the strongest electromagnon (THz spectrum of TbMnO3 (25) is displayed in the lower inset). The 
sample response was measured using the x-ray pulse resonant with the Mn L2 edge (see higher 
inset for the XAS spectrum of the (0q0) diffraction peak). The diffraction peak is shown as 
recorded on the CCD camera.  

 
  

Pump electromagnon with THz, watch spins with resonant x-ray 
diffraction
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X-ray pulses: probe spin order

• (0q0) reflection at Mn L-edges:  
only magnetic order 

• Experiment at LCLS 
• Pulses of < 80 fs duration 
• Time-stamping for                      

< 250 fs resolution 

[Beye et al. Appl. Phys. Lett. 100, 121108 (2012)]
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Results:  coherent electromagnon

• E-field of THz → coherent spin 
response 

• Measured spin response 
delayed by half cycle 

• Response suppressed in non-
multiferroic phase 
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[T. Kubacka et al., Science 343, 1333 (2014)]
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Analyzing the motion

⇒ 4.2 ± 0.4 degree rotation 
           of spin planes
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Fig. 3.  Spin-motion patterns analyzed to interpret the time-dependent data. Schematics on the 
left illustrate the movements of spins, where black (color) arrows denote the direction of spins in 
the ground (excited) state. Plots on the right show calculated (0q0) peak intensity assuming the 
azimuthal angle of 45q. (A) Antiphase oscillation within the spin-spiral plane, parameterized 
using the electromagnon coordinate M. (B) Coherent rotation of the spin-spiral plane about the 
crystallographic b axis, parameterized with the angle of rotation M’. 
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• What about time response? 
• Approximate electromagnons as damped harmonic oscillators 

Analyzing the motion  
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Fig. S2 
(A) Measured Im[εμ] from ref. (26) compared to the fitted results from the model 
discussed in the text. (B) The simulated responses of the 1.85 THz mode. (C) The 
simulated responses of the 0.75 THz mode. In each plot red is the electro-optic THz trace, 
blue circles indicate the measured response, and the calculated responses qj(t) and pj(t) 
are shown as dashed and solid lines, respectively. The amplitudes of the simulated 
responses are individually scaled to best match the experimental data. 
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• Susceptibility vs. frequency:  phase lag of 90 degrees at resonance 
• …but data shows lag of 180 degrees!?! 

Analyzing the motion
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• Dynamics dominated by spin interaction 
• One component of spin motion (in-plane) coupled to polarization 
• No “kinetic energy”:  role of momentum played by another spin 

component (similar to precession) 
[Michizuki & Nagaosa, Phys. Rev Lett. 105, 147202 (2010)]

Analyzing the motion
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Analyzing the motion

• X-ray response 
corresponds to the 
“momentum” of a  
harmonic oscillator 
driven by E-field 

• Rotation of spin 
planes fills this role 

[T. Kubacka et al., Science 343, 1333 (2014)]
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Fig. S2 
(A) Measured Im[εμ] from ref. (26) compared to the fitted results from the model 
discussed in the text. (B) The simulated responses of the 1.85 THz mode. (C) The 
simulated responses of the 0.75 THz mode. In each plot red is the electro-optic THz trace, 
blue circles indicate the measured response, and the calculated responses qj(t) and pj(t) 
are shown as dashed and solid lines, respectively. The amplitudes of the simulated 
responses are individually scaled to best match the experimental data. 
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Analyzing the motion

• Similar analysis 
assuming lower-
frequency 
resonance is poorer 
match to data 

[T. Kubacka et al., Science 343, 1333 (2014)]
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Fig. S2 
(A) Measured Im[εμ] from ref. (26) compared to the fitted results from the model 
discussed in the text. (B) The simulated responses of the 1.85 THz mode. (C) The 
simulated responses of the 0.75 THz mode. In each plot red is the electro-optic THz trace, 
blue circles indicate the measured response, and the calculated responses qj(t) and pj(t) 
are shown as dashed and solid lines, respectively. The amplitudes of the simulated 
responses are individually scaled to best match the experimental data. 
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§ Indirect control via e-ph coupling 
§ Entropy in electron system 

couples to other DOFs 

§ Direct control with THz 
§ Drive spin structure changes 

with E-field, switching 
expected at ~ 10 MV/cm 

Summary
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Fig. 3.  Spin-motion patterns analyzed to interpret the time-dependent data. Schematics on the 
left illustrate the movements of spins, where black (color) arrows denote the direction of spins in 
the ground (excited) state. Plots on the right show calculated (0q0) peak intensity assuming the 
azimuthal angle of 45q. (A) Antiphase oscillation within the spin-spiral plane, parameterized 
using the electromagnon coordinate M. (B) Coherent rotation of the spin-spiral plane about the 
crystallographic b axis, parameterized with the angle of rotation M’. 
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Outlook

Johnson 

 5 

investigate the (3 3 2), (-3 3 -2), (0 4 3), (0 4 -3), (2 3 0) and (-2 3 0) reflections.  For these 
measurements the incidence angle of the x-rays will be fixed at 45°.  The reflections are chosen to 
limit the effective probe depth of the x-rays to approximately 2-3 microns by controlling the exit angle 
of the diffracted beam to 9-20° grazing.  We will deposit several different antenna structures on each 
sample so as to vary the polarization and field enhancement.  We will also deposit crosshair targets to 
facilitate the overlap of the pump and probe beams.  The THz pump will be produced using optical 
rectification in the organic crystal OH1, as was used in the preliminary experiments at the SLS.  The 
electric field incident at the sample position will be measured using electro-optic sampling in a GaP 
crystal.  We expect incident field strengths of at least 200 kV/cm, possibly more given sufficient 
preparation time for optimization.  Based on the SLS work and previous experience at XPP, we expect 
data acquisition times of approximately 30 minutes for one set of experiment conditions, not including 
time for alignment and pump characterization.  This time is not set by the photon count from the 
diffraction peak, but rather by the averaging required to suppress noise from the I0 normalization.  
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Figure 3: Simulated response of proposed microantenna structures.  (a) Sketch of a gold dipole structure to 
be deposited onto the sample surface.  The thickness of the Au layer is 100 nm.  (b) Field enhancement at the 
sample surface (in the antenna center) as a function of antenna-arm length, normalized to the electric field 
magnitude without the presence of the antenna. Inset: E-field enhancement as a function of distance from the 
surface at 0.8 THz for the 40 um long antenna. The dashed line represents the case without the antenna 
present. Enhancements larger than 5x can be achieved within the first 4 um depth. 

Provisional Beamtime Plan (assuming the usual allocated 5 x 12 hour shifts) 
 
1. Align sample, find (332) and (-33-2) reflections in different antennas (0.5 shift);   
2. Find initial timing & overlap of pump and x-rays using timing tool (1 shift) 
3. Pump/probe measurements on these peaks for different intensities of pump, also polarizations (1 

shift) 
4. Measurements on reflections (0 4 3) and (0 4 -3) to measure soft mode components orthogonal to 

the polarization direction. (1 shift) 

§ Way forward:  micro-antennas 
§ Enhancement factors of > 10 with large volumes

[ Calculations from M. Savoini ] 
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ETH UDG Group (January 2015)
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