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Outline

§ Scientific goal:  fast control of technologically relevant 
material properties

§ Thermodynamic vs. dynamic control

§ Pump laser wish list
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Structure and symmetry
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Phase changes

Phase-change RAM
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Strongly correlated systems

§ Electronic correlations important
§ Strong phase competition

CupratesCuprates

[Hwang et al. PRB 52, 15046 (1995)][Doiron-Leyraud et al. Nature 447, 565 (2007)]
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Domain switching
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Multiferroics

[S. W. Cheong and M. Mostovoy, Nat. Mat. 6, p. 13 (2007)]
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empty d shell of a transition metal ion. Magnetism, on the contrary, 
requires transition metal ions with partially ! lled d shells, as the 
spins of electrons occupying completely ! lled shells add to zero and 
do not participate in magnetic ordering. " e exchange interaction 
between uncompensated spins of di# erent ions, giving rise to long-
range magnetic ordering, also results from the virtual hopping of 
electrons between the ions. In this respect the two mechanisms are 
not so dissimilar, but the di# erence in ! lling of the d shells required 
for ferroelectricity and magnetism makes these two ordered states 
mutually exclusive.

Still, some compounds, such as BiMnO3 or BiFeO3 with magnetic 
Mn3+ and Fe3+ ions, are ferroelectric. Here, however, it is the Bi ion 

with two electrons on the 6s orbital (lone pair) that moves away 
from the centrosymmetric position in its oxygen surrounding32. 
Because the ferroelectric and magnetic orders in these materials are 
associated with di# erent ions, the coupling between them is weak. For 
example, BiMnO3 shows a ferroelectric transition at TFE ≈ 800 K and a 
ferromagnetic transition at TFM ≈ 110 K, below which the two orders 
coexist12. BiMnO3 is a unique material, in which both magnetization 
and electric polarization are reasonably large12,33,34. " is, however, does 
not make it a useful multiferroic. Its dielectric constant ε shows only 
a minute anomaly at TFM and is fairly insensitive to magnetic ! elds: 
even very close to TFM, the change in ε produced by a 9-T ! eld does not 
exceed 0.6%.

In the ‘proper’ ferroelectrics discussed so far, structural instability 
towards the polar state, associated with the electronic pairing, is the 
main driving force of the transition. If, on the other hand, polarization 
is only a part of a more complex lattice distortion or if it appears as 
an accidental by-product of some other ordering, the ferroelectricity 
is called ‘improper’35 (see Table 1). For example, the hexagonal 
manganites RMnO3 (R = Ho–Lu, Y) show a lattice transition which 
enlarges their unit cell. An electric dipole moment, appearing below 
this transition, is induced by a nonlinear coupling to nonpolar 
lattice distortions, such as the buckling of R–O planes and tilts of 
manganese–oxygen bipyramids (geometric ferroelectricity)11,31,36.

Another group of improper ferroelectrics, discussed recently, 
are charge-ordered insulators. In many narrowband metals with 
strong electronic correlations, charge carriers become localized at 
low temperatures and form periodic superstructures. " e celebrated 
example is the magnetite Fe3O4, which undergoes a metal–insulator 
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Figure 1 Ferroelectricity in charge-ordered systems. Red/blue spheres correspond to cations with more/less positive charge. a, Ferroelectricity induced by simultaneous 
presence of site-centred and bond-centred charge orders in a chain (site-centred charges and dimers formed on every second bond are marked with green dashed 
lines). b, Polarization induced by coexisting site-centred charge and ↑↑↓↓ spin orders in a chain with the nearest-neighbour ferromagnetic and next-nearest-neighbour 
antiferromagnetic couplings. Ions are shifted away from centrosymmetric positions by exchange striction. c, Charge ordering in bilayered Lu(Fe2.5+)2O4 with a triangular lattice 
of Fe ions in each layer. The charge transfer from the top to bottom layer gives rise to net electric polarization. d, Possible polarization induced by charge ordering and the 
↑↑↓↓-type spin ordering in the a–b plane of perovskite YNiO3. 

Table 1 Classifi cation of ferroelectrics

Mechanism of inversion symmetry breaking Materials

Proper Covalent bonding between 3d 0 transition metal 
(Ti) and oxygen

BaTiO3

Polarization of 6s2 lone pair of Bi or Pb BiMnO3, BiFeO3, 
Pb(Fe2/3W1/3)O3

Improper Structural transition
‘Geometric ferroelectrics’

K2SeO4, Cs2CdI4 
hexagonal RMnO3

Charge ordering
‘Electronic ferroelectrics’

LuFe2O4

Magnetic ordering
‘Magnetic ferroelectrics’

Orthorhombic RMnO3, 
RMn2O5, CoCr2O4
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neighbouring spins is ferromagnetic (FM) in the a–b planes and 
antiferromagnetic (AFM) along the c axis. Consistently, spins in each 
a–b plane of LaMnO3 order ferromagnetically and the magnetization 
direction alternates along the c axis. ! e replacement of La by smaller 
ions such as Tb or Dy increases structural distortion, inducing next-
nearest-neighbour AFM exchange in the a–b planes comparable to 
the nearest-neighbour FM exchange. ! is frustrates the FM ordering 
of spins in the a–b planes, and below ~42 K Tb(Dy)MnO3 shows 
an incommensurate magnetic ordering with a collinear sinusoidal 
modulation along the b axis, which is paraelectric. However, as 
temperature is lowered and magnetization grows in magnitude, a spiral 
state with rotating spins becomes energetically more favourable, sets in 
at ~28 K, and induces ferroelectricity43. ! e wavevector Q is parallel to 
b, and spins rotate around the a axis, which according to equation (3) 
induces P parallel to the c axis, in agreement with experimental results. 
A similar transition from the paraelectric sinusoidal spin-density-wave 
state to the ferroelectric spiral state is observed15 in Ni3V2O8.

! e orientation of the polarization vector P can be changed by 
applied magnetic " elds. In zero or weak " elds, spins rotate in the easy 
plane and thus the spin rotation axis e3 is parallel to the hard axis 
of a magnet. In strong " elds, spins prefer to rotate around H, which 
can force the spin-rotation axis to # op and induce a concomitant 
reorientation of P. Such a 90° polarization # op was indeed observed13,54 
in Tb(Dy)MnO3 at ~5 T. ! e low-temperature magnetic behaviour of 
these materials is, however, obscured by the fact that the rare-earth 
ions, Tb3+ and Dy3+, which are also magnetic with a strong anisotropy, 
undergo their own spin-# op transitions in magnetic " elds.

It is much easier to interpret the " eld-induced transitions in 
orthorhombic manganites with non-magnetic rare earth ions, such as 

Eu0.75Y0.25MnO3. As was already mentioned, the size of the rare earths 
in RMnO3 is essential for the magnetic frustration, ferroelectricity 
as well as the stability of orthorhombic perovskite structure. ! us, 
orthorhombic RMnO3 with R = La–Gd does not show ferroelectricity, 
whereas for rare earths smaller than Dy, RMnO3 crystallizes in the 
hexagonal YMnO3 structure in ambient conditions. Desired physical 
properties can be obtained by mimicking the size of Tb(Dy) with an 
appropriate mixture of non-magnetic Eu and Y ions. For example, 
Eu0.75Y0.25MnO3 has the orthorhombic perovskite structure and 
undergoes magnetic and ferroelectric transitions similar to those in 
Tb(Dy)MnO3. ! e temperature dependence of magnetic susceptibility 
χ of Eu0.75Y0.25MnO3, shown in Fig. 3c, is consistent with an easy-b-axis 
sinusoidal state below ~50 K, and a magnetic spiral with the easy a–b 
plane below ~30 K. ! e magnetic spiral is ferroelectric with polarization 
along the a axis (the temperature dependence of εa is shown in Fig. 3c), 
presumably because Q is parallel to b and e3 is parallel to c (Y. J. Choi, 
C. L. Zhang, S. Park and S.-W. Cheong, manuscript in preparation; 
and refs 55,56). For H || a, Mn spins undergo the spin-# op transition 
and start rotating in the b–c plane around H (see Fig. 6b). ! e # op 
from e3 || c to e3 || a results in the 90° rotation of the polarization vector 
P from the a axis to the c axis.

Another interesting type of " eld-induced transition was found 
in the delafossite CuFeO2 (ref. 16). In this material, magnetic Fe3+ 
ions form triangular layers and exchange interactions among spins 
are strongly frustrated. ! e magnetic anisotropy with the easy c axis 
aligns spins in the direction perpendicular to layers, and in the ground 
state they form a collinear state commensurate with the crystal lattice. 
A magnetic " eld of ~6 T, applied in the c direction, induces a spin-
# op transition, which forces spins to form a spiral state and induces 
electric polarization in the a–b plane.

EXCHANGE STRICTION WITHOUT MAGNETIC SPIRALS

Spiral spin ordering is not the only possible source of magnetically 
induced ferroelectricity57–60. Electric polarization can also be 
induced by collinear spin orders in frustrated magnets with several 
species of magnetic ions, such as orthorhombic RMn2O5 with 
Mn3+ ions (S = 2) in oxygen pyramids and Mn4+ ions (S = 3/2) in 
oxygen octahedra. A view along the c axis (see Fig. 6c) reveals that 
Mn spins are arranged in loops of " ve spins: Mn4+-Mn3+-Mn3+-
Mn4+-Mn3+. ! e nearest-neighbour magnetic coupling in the loop 
is AFM, favouring antiparallel alignment of neighbouring spins. 
However, because of the odd number of spins in the loop, ordered 
spins cannot be antiparallel to each other on all bonds, which gives 
rise to frustration and favours more complex magnetic structures. 
Figure 6c shows the Mn spin con" guration in the commensurate 
phase of RMn2O5, which appears below T2 and consists of AFM 
zigzag chains along the a axis (dashed green lines).

To understand how ferroelectricity can be induced by this (nearly) 
collinear magnetic state, we note that half of the Mn3+–Mn4+ pairs 
across neighbouring zigzags have approximately antiparallel spins, 
whereas the other half have more-or-less parallel spins. ! e exchange 
striction shi$ s ions (mostly Mn3+ ions inside pyramids) in a way that 
optimizes the spin-exchange energy: ions with antiparallel spins are 
pulled to each other, whereas ions having parallel spins, despite the 
AFM exchange interaction, move away from each other. ! is leads to 
the distortion pattern shown with open black arrows in Fig. 6c, which 
breaks inversion symmetry (in particular, on oxygen sites connecting 
two Mn3+ pyramids) and induces net polarization along the b axis.

In the incommensurate magnetic phase below T3 = 20–25 K, the 
magnetization of the Mn ions in each zigzag chain is modulated along 
the a axis and spins in every other chain are rotated slightly toward 
the b axis. ! is behaviour is re# ected in the temperature dependence 
of χ, showing a sudden increase and drop of χ along the a and b axes, 
respectively, at Τ3 on cooling. ! is results in the reduction as well as the 
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Figure 6 Spiral and non-spiral magnetic ferroelectrics. a, Spiral magnetic order in 
zero fi eld with the spin rotation axis along the c axis and the wavevector along the 
b axis in Eu0.75Y0.25MnO3, which breaks inversion symmetry and produces electric 
polarization along the a axis. b, The spin-fl opped state in a magnetic fi eld with the 
spin rotation axis along H ||a and polarization along the c axis. c, Ordering of spins 
(red arrows) in the ‘(nearly) collinear’ phase of YMn2O5. Green dashed lines indicate 
antiferromagnetic zigzags along the a axis. Large red and blue dotted ellipsoids 
indicate parallel and antiparallel spin pairs across the AFM zigzags, respectively. The 
antiferromagnetic nearest-neighbour spin coupling and exchange striction result in 
expansion/contraction of bonds connecting parallel/antiparallel spins. The resulting 
Mn3+ distortions, inducing the net electric polarization along the b axis, are shown with 
black open arrows. (The concepts in a and b are from Y. J. Choi, C. L. Zhang, S. Park 
and S.-W. Cheong, manuscript in preparation.)
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§ Coexistence of ferroelectricity with magnetic order
§ Magnetic-induced multiferroicity:  strong coupling of 

magnetism and ferroelectricity
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[M. Bibes & A. Barthélémy, Nat. Mat. 7, p. 425 (2008)]

MeRAM

§ Could lead to devices that combine advantages of 
magnetic & ferroelectric memory
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Basic questions

§ How to change phase / domains?

§ How fast is this possible?

§ Is this reversible?
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Atomic structure

§ How and how fast can we rearrange atoms?
§ Small perturbations:  phonon frequencies

§ Acoustic:  < several THz
§ Optical:  1 - 40 THz (1 ps to 25 fs)G. KRESSE et al.: AB INITIO FORCE CONSTANT APPROACH ETC. 733 
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Fig. 1. - Phonon dispersion relations for diamond. The full lines show the results of the ab initio force 
constant approach, the dots the inelastic-neutron-scattering data of Warren et al. [181. 
Fig. 2. - Phonon dispersion relations for graphite. The full lines show the results of the ab initio force 
constant approach, the triangles the inelastic-neutron-scattering data of Nicklow et al. [ZO], the full and 
open circles the REELS data of Wilkes et al. 1221 and Oshima et al. 1231, the crosses the infrared and 
Raman data [241. 

near-degeneracy of the Z3 modes near the K-point, and the .overbending. of the optic 
dispersion relations, leading to a maximum frequency at k z 0. The existence of the 
overbending causes a sharp peak in the phonon density of states above the r-point optical 
frequency. Evidence for the existence of such a peak has been found in the second-order 
Raman spectrum[19]. Altogether we find that the ab initio force constant method leads to  
results that are of comparable quality to those obtained using the linear-response technique. 

Figure 2 shows the results obtained for the more difficult case of graphite. Here the 
particular difficulty lies in the calculation of the low-lying acoustic and optic modes along the 
c-direction (TA) and the negative, almost quadratic dispersion of the transverse acoustic 
modes along (m) and polarized perpendicular to the plane. The LDA leads to an accurate 
description of the static lattice properties (experimental values are given in parentheses): 
a = 2.443 (2.46) A, c/a = 1.367 (1.35-1.3651, B = 2.88 (2.86-3.19) MbarE161. The calculated 
phonon dispersion relations are in very good agreement with the neutron scattering data for 
the low-energy modes [20,21], with the more recent reflection electron energy loss 
spectroscopy (REELS) data[22,23] along the i% line, and with the infrared and Raman 
modes at  the r-point [24]. The main limitation of the present approach is the too pronounced 
softening of the long-wavelength TA phonons along m and the eventually too stiff 
long-wavelength TA phonons along %. This can only be corrected by using very large 
supercells. However, we should keep in mind that the error in the eigenfrequencies is 
Aw S 20-30 em-'. 

In principle the REELS data measure surface phonon modes. However, in the case of 
graphite they show very good agreement with the bulk data available in the lower region of 
the spectra. The point of view that for graphite the weak interlayer coupling leads to very 
small differences between bulk and surface modes is also supported by the model calculations 
of Alldredge et aL[25]. Our results show significant differences to earlier model calcula- 
tions [24], especially around the K-point where the accidental degeneracies arising from the 
inherent symmetries of the models are lifted. This suggests that the quantum- 
mechanical forces obtained from our ab initio calculation are more complex than the model 
assumptions. An experimental test of this prediction would be of highest interest. 

In summary, we have shown that accurate and efficient ab initio calculations of the 
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Magnetic structure

§ How and how fast can we rearrange spins?
§ Small perturbations:  magnon/spinon frequencies

§ 0 - 70 THz (14 fs)

CuO

732 A.T. Boothroyd et al. / Physica B 234-236 (1997) 731-733 

300 , , , 

200 

o 
0.5 1 1.5 2 2.5 3 3.5 4 

> 
ID 
E 

E 
v 

$ 
-o- 

v 
t J) 

5.0 

4.0 

3.0 

2.0 

1.0 

I 0.0 
0.5 

' ' , 

; '~'"--iL__x~,._ E, = 400 meV 

: ' - " . ~ . i , ~ . ~ =  50 eV 

E~ = 105  meb 

I I I I I 

1 1.5 2 2.5 3 3.5 4 

( ; ,  o, 
Fig. 1. (a) The dispersion of magnetic excitations for a l-D, 

1 S = 7, antiferromagnet. The horizontal axis refers to the (~, 0, ~) 
reciprocal space direction in CuO, and an exchange energy 
~J = 147 meV has been used. (b) Time-of-flight neutron spectra 
measured on HET with incident energies 105, 250 and 400 meV. 
The corresponding scan trajectories projected onto the ((, 0, ~) 
direction are shown in (a). The 250 and 400 meV data have been 
displaced vertically by 2.5 and 3.5 units, respectively. The full 
lines are calculated from the Miiller ansatz for the spinon model 
scattering function, and include smoothed backgrounds shown 
by the broken lines. Excess scattering peaks, especially prevalent 
in the 105 meV data, are from optic phonons. 

In the ISIS experiment we extended the data to 
higher energies. The sample was aligned with the 
((, 0, () reciprocal space direction parallel to the 
incident beam, and the intensities measured in the 
low-angle (3-7 ° ) detector banks surrounding the 
undeflected beam were summed. Because the scat- 
tering angles are small, the direction of the scatter- 
ing vector Q is almost parallel to ((, 0, ~) for all 
energies, and so a time-of-flight scan is approxi- 
mately a longitudinal scan along the 1-D 
C u - O - C u  chain. 

Three spectra are shown in Fig. l(b). As expected, 
an increase in scattering is observed whenever the 
scans intersect the shaded continuum, and the 
spectra show distinctive features of the spinon 
model. For example, the peak at ( =  1.8 in the 
250meV scan, and the scattering between 

= 2.3-2.7 in the 400 meV scan are more pro- 
nounced than expected from spin wave theory. 

In Fig. l(b) we compare the data with simula- 
tions from the Miiller ansatz (MA) [3], which is 
a close approximation to the spinon scattering 
function. Good agreement with all the spectra is 
found with the exchange ~J = 147meV [5]. 
The scattering near ( = 2.2 in the 250 meV scan is 
particularly sensitive to r~J. Although the MA re- 
produces most of the features well, it tends to 
overestimate the scattering near ( = 1.5. We believe 
this is because the time-of flight scan is not truly 
parallel to [(, 0, (], and the effect of inter-chain 
coupling modulates the intensity in certain ortho- 
gonal directions. 

We conclude that the excitations along the 
C u - O - C u  chains in CuO can be described by 
a conventional 3-D spin wave model at low ener- 
gies ( < 80 meV), but exhibit the characteristics ex- 
pected of a l-D, S = ½, Heisenberg chain above 
80 meV. 
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Control:  thermodynamics vs. dynamics

§ Can access by 
changing state 
variables (P,T,V)

§ Have to wait for 
ergodicity

§ Can use partial 
thermalization of 
subsystems
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Control:  thermodynamics vs. dynamics

§ Dynamics:  coherent 
control over specific 
coordinates

§ Nearly reversible

§ No need for ergodicity

Friday, November 16, 12



Friday, November 16, 2012 SwissFEL Pump Laser Workshop

Control:  thermodynamics vs. dynamics

§ Requires specific 
stimulus (pump)

§ Not as much wasted 
energy

§ Does not change 
entropy much

§ General pump, must 
just give energy

§ Not very flexible
§ Easier to increase 

entropy than to 
decrease
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Example:  CuO

§ Temperature-induced magnetic phase transition
§ Long-range reordering of spins on Cu
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Example:  CuO
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Pump-probe experiment

§ Near-IR pulse can rapidly “heat” via above bandgap 
excitation

§ Resonant x-ray diffraction as a probe of the magnetic 
ordering wave-vector
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Phase transition

incommensurate

Before excitation

incommensuratecommensurate

§ Optical excitation pushes spins into ICM phase

[ Johnson et al, PRL 108, 037203 (2012) ] 

Friday, November 16, 12



Friday, November 16, 2012 SwissFEL Pump Laser Workshop

Phase transition
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§ “Delay” between disorder and onset of phase transition 
§ Minimum value of ~ 400 fs
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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.
The authors are grateful to N. Kida, Y. Tokura,

N. Furukawa, R. Shimano, and I. Kezmarki for discussions.
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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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Pump wishes

§ In optical and near-IR range, very short pulses (~ 10 fs)
§ electronic heating
§ impulsive Raman excitations

§ mid-/far-infrared (5-300 microns), highly tunable, multiple-
cycle CEP stable pulses
§ phase stability relevant for time resolution
§ resonant excitation
§ bandwidth material dependent (1% to 30%)

5.2 Materials for Terahertz Optics 167
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Fig. 5.6. Dispersion and absorption spectra of sapphire, quartz, and fused silica in
the spectral range 0.2-2 THz. (Data from Ref. [23])
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range 1-6 THz. (Data from Ref. [121])

Absorption of crystalline sapphire, crystalline quartz, and fused silica is
substantially higher than that of silicon in the THz region, but their high
transmittance in the visible range is a useful property for some applications.
The dispersion and absorption spectra for the dielectrics in the spectral range
0.2-2 THz are shown in Fig. 5.6. Sapphire and quartz are birefringent, thus
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Pump wishes

§ Critical parameters:
§ Synchronization/time arrival

§ < 10 fs (FWHM)
§ Fluence/field strengths

§ For THz “few cycle,” > 5 MV/cm
§ 20 mJ/cm2 for higher frequencies

§ Flexible focusing, steering options (collinear, non-
collinear, tilting)

§ Stability
§ Noise of FEL makes long integration needed for 

small signals
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