Potential avenues for THz-induced control
of order parameters in solids
Steve Johnson
ETH Zurich

Solid state physics: why ultrafast?

Phase-change RAM

§ Solid state memories: speed as key performance criterion
§ Switching time scales ~ ns
§ What are fundamental limits on a microscopic scale?
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Ferroelectric memory

§ Information encoded by
electrical polarization,
induced by structure
change
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Ferroelectric memory

-

+

§ Switching via domain nucleation
and growth under applied field,
takes ~ 50 ns in real devices
§ Contrast with vibrational periods
of ~ 1 ps = 0.001 ns
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Ferroelectric memory
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§ Switching via domain nucleation
and growth under applied field,
takes ~ 50 ns in real devices
§ Contrast with vibrational periods
of ~ 1 ps = 0.001 ns
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Ferroelectric memory

-

+

§ Alternative path: can we
homogeneously switch the entire
domain at once?
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Direct control over ferroic OP

§ Quasi-resonant driving of an IR active vibration in a
double-well potential
§ Requires phase-controlled driving field, also damping
§ This is “direct” control
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“Direct” control example 1:
Ferroelectric polarizaiton switching

Monday, October 3, 2016

THz Workshop

Soft mode ferroelectric
2

F (x) = ax + bx
P /x
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4

Tc

T

b > 0, a = 0
b > 0, a > 0

b > 0, a < 0
For a < 0, how fast can we change domains?
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Soft mode ferroelectric
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Int. J. Mol. Sci. 2012, 13

14358
Sn2P2S6: soft mode ferroelectric

Figure 1. The crystal structure of Sn2 P2 S6 ferroelectric phase [20]. The tin atoms positions
in the paraelectric phase [14] are shown in red. The shape of the Brillouin zone with denoted
symmetrical points illustrates the primitive monoclinic lattice.

Soft mode frequency

[Glukhov et al. Int. J. Mol. Sci. 2012, 13, 14356]

[Vysochanskii et al. Fiz. Tv. Tela 20, 90 (1978)]

Sn2 P2 S6 crystals are ferroelectric semiconductors with promising photorefractive [21],
photovoltaic [22], electrooptic [23] and piezoelectric [24] characteristics. Their ferroelectric properties
are effectively influenced by the state of the electronic subsystem [25]. The influence of the sulfur and
tin vacancies on semiconductive and optic properties of Sn2 P2 S6 crystals has recently been studied [26].
These data motivate the electronic structure investigation for Sn2 P2 S6 crystals in the paraelectric and
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THz generation

OH1
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Sn2P2S6: soft mode ferroelectric

§ Optical detection of mode
§ ISRS: limited by damage to sample
§ THz (resonant): no damage, limited only by source
(~150 kV/cm at present, optical rectification in OH1)
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Sn2P2S6: x-ray diffraction
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§ Electron beam slicing at Swiss Light Source
§ ~ 120 fs duration x-ray pulses
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Sn2P2S6: x-ray diffraction

normal incidence
THz
§ 9° grazing
al structure
of Sn2x-rays,
P2 S6 including
the ferroelectric
soft mode eigenv
§ Requires < 10 µm x-ray focus
heme of the Terahertz pump / x-ray probe measurements geometry
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well. In Figure 2(b) the electric field of the driving THz
2pulse
2 has
6 been reversed by rotating the OH1 crystal by
180 degrees, resulting in a sign change of the transient
di↵raction intensity.

Sn P S : x-ray diffraction
(332) peak

Int. J. Mol. Sci. 2012, 13

14358

Figure 1. The crystal structure of Sn2 P2 S6 ferroelectric phase [20]. The tin atoms positions
in the paraelectric phase [14] are shown in red. The shape of the Brillouin zone with denoted
symmetrical points illustrates the primitive monoclinic lattice.

The left side o
tion in a harm
lar frequency !
the equation d
to the applied
plied by a sca
the incident fie
transmission co
ple. Given the
refraction ñ(!)
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Sn2 P2 S6 crystals are ferroelectric semiconductors FIG.
with promising
photorefractive
[21],
di↵raction
of the (332) reflection at room temperaphotovoltaic [22], electrooptic [23] and piezoelectric [24] characteristics.
Theirintensity
ferroelectric properties
are effectively influenced by the state of the electronic subsystem
[25].(full
The influence
the sulfur
and a damped harmonic oscillator model
ture.
line) ofFit
using
tin vacancies on semiconductive and optic properties of Sn2 P2 S6 crystals has recently been studied [26].
described in the text. (dashed line) EO measurement of the
These data motivate the electronic structure investigation for Sn2 P2 S6 crystals in the paraelectric and
THz pump pulse. The sign of the electric field is reversed bethe ferroelectric phases.
tween
theTheory
two(DFT)
measurements
a) (' = 0 ) and b) (' = 180 ).
The first-principles calculations in LDA approach of Density
Functional
for Sn2 P2 S6
ferroelectric phase were carried out by several groups [27–29]. Grigas et al. [19,30] calculated the
electronic
structure
of3,both
paraelectric and ferroelectric phases of Sn2 P2 S6 using the clusterTHz
approach.
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§ See ~2 pm Sn motion (7.5% of full transition)
[S. Gruebel, arXiv:1602.05435]
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Sn2P2S6: x-ray diffraction
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8 atoms positions
Figure 1. The crystal structure of Sn2 P2 S6 ferroelectric phase [20]. The
tin
8x10
in the paraelectric phase [14] are shown in red. The shape of the Brillouin zone with denoted
6x108
symmetrical points illustrates the primitive monoclinic lattice.
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§ Simulated dynamics in anharmonic potential suggest flip at
for ~ 6 MV/cm, single cycle pulses

Sn2 P2 S6 crystals are ferroelectric semiconductors with promising photorefractive [21],
photovoltaic [22], electrooptic [23] and piezoelectric [24] characteristics. Their ferroelectric properties
are effectively influenced by the state of the electronic subsystem [25]. The influence of the sulfur and
tin vacancies on semiconductive and optic properties of Sn2 P2 S6 crystals has recently been studied [26].
These data motivate the electronic structure investigation for Sn2 P2 S6 crystals in the paraelectric and
the ferroelectric phases.
The first-principles calculations in LDA approach of Density Functional Theory (DFT) for Sn2 P2 S6
ferroelectric phase were carried out by several groups [27–29]. Grigas et al. [19,30] calculated the
electronic
structure
of3,both
paraelectric and ferroelectric phases of Sn2 P2 S6 using the clusterTHz
approach.
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[S. Gruebel, arXiv:1602.05435]

“Direct” control example 2:
Spin dynamics of a coherent
electromagnon
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incommensurate modulation (0,kb,0),
kb ≈  0.28

THz excitation: path to fast control of
TbMnO3 – spin-spiral MF
multiferroics?
excitations due to the
PHYSICAL REVIEW
PRL 105, 147202 (2010)
electromagnetic coupling:

41K

T

higher-harmonic,
ellipticity, phonons
0.7 THz

TbMnO3

spin-spiral
excitation,
1.8 THz

PM
P=0
Pc

0,kb,0),

Senff 2008

excitations due to the
electromagnetic coupling:
higher-harmonic,
ellipticity, phonons
0.7 THz

Pc

Senff 2008
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spin-spiral
excitation,
1.8 THz

[Mochizuki & Nagaosa, PRL 105, 147202 (2010)]

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
[Y. Takahashi et al., PRL 101, 187201 (2008)]
figures of the corresponding spatial configurations of Ci;j (colTHz Workshop
ored arrows).
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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
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Analyzing the motion
Rotation of spin planes
1.01
1.00
0.99
0.0 0.5 1.0
(ps)

{

[001]
[010]

[100]

4.2°±0.4°
4.2 ± 0.4 degree rotation
of spin planes
Switching at ~ 10 MV/cm
(extrapolation)

function
Odd data.
function
otion patternsEven
analyzed
to interpret the time-dependent
Schematics on the
e movements of spins, where black (color) arrows denote the direction of spins in
[T. Kubacka
et al.,assuming
Science the
343, 1333 (2014)]
ited) state. Plots on the right show calculated (0q0)
peak intensity
of 45 . (A) Antiphase oscillation within the spin-spiral plane, parameterized
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coordinate . (B) Coherent rotation of the THz
spin-spiral
plane about the
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Scaling this up?
§ Low-field experiments on ferroelectrics and
multiferroics with “single/few cycle” THz seem
both consistent with multi-MV/cm fields

§ Problem: High fields can lead to dielectric breakdown
§ Material dependent, but ~ 1 MV/cm is “danger zone”
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Outlook
§ Possible “way out”: work with modes that have
(initially) low damping
§ Spread interaction out over several vibrational
cycles
§ Requires generation of trains / tunable bandwidth /
chirping
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§ Sequence of 7 halfcycle pulses make
switching feasible
§ Also tricks with
polarization possible
§ Key: increase
spectral weight
overlap with modes
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from the peak positions at 13 K and 300 K. We evaluated
#ð!Þ from the spectrum at 300 K as the Gaussian function,
with the assumption that the inhomogeneous broadening is
dominant. The calculated absorption
week ending spectrum at 300 K is
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Absorption (cm )

We experimentally demonstrated 20 ladder climbing steps on the anharmonic intermolecular potential
in the amino-acid microcrystals with an intense monocycle terahertz pulse. Absorption
argininespectra show the
suppression of the peak and enhancement of the low-frequency absorption for the incident electric field
amplitude. These results are reproduced by simulations based on coherent transition processes between
quantum levels in the anharmonic potential. The appearance of such nonlinearity allows us to control
macroscopic motion via a phase-controlled terahertz pulse.
50

§ Amplitude-dependent vibrational
frequency
N
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large-amplitude motions via
Ultrashort optical pulse excitations for molecules and
ladder
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different incident electric fields of "

1.5

ν Im[ P / E ] (arb. units)
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E =h ¼ 0:02, 0.5, and

Ideal THz source characteristics
§ Center frequency tunable from 0.5-18 THz
§ Covers most strong vibrational lines,
(electro)magnons
§ Phase stability critical (better than 10%)
§ Bandwidth tunable from ~ 50% to ~5%
§ Idea is to match material
§ Ability to chirp frequency by up to 30%
§ Ladder climbing
§ Ability to shape polarization with time
interesting, maybe not essential
§ Peak fields not really the best quality factor,
rather pulse energy > 0.01-0.1 mJ (depends
strongly on spectral overlap with resonance)
Monday, October 3, 2016
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I0 and averaged over many pulses. An EO measurement
of the driving THz pulse arriving at time t0 was taken
prior to each di↵raction measurement and is shown as
well. In Figure 2(b) the electric field of the driving THz
pulse has been reversed
by rotating the OH1 crystal by
Int. J. Mol. Sci. 2012, 13
14358
180 degrees, resulting in a sign change of the transient
intensity.
Figure 1. The crystal structure of Sn2 P2 S6 ferroelectric phasedi↵raction
[20]. The tin atoms
positions

Summary

in the paraelectric phase [14] are shown in red. The shape of the Brillouin zone with denoted
symmetrical points illustrates the primitive monoclinic lattice.

§ THz can potentially drive OP
dynamics directly
§ Driving soft mode in
ferroelectric, consistent with
switching at ~ 0.8 MV/cm
§ Drive spin structure changes
with E-field, switching
expected at ~ 10 MV/cm
§ Main barrier is damage from
avalanche ionization
§ Tunable bandwidth/shaping as
solution?

Sn2 P2 S6 crystals are ferroelectric semiconductors with promising photorefractive [21],
photovoltaic [22], electrooptic [23] and piezoelectric [24] characteristics. Their ferroelectric properties
are effectively influenced by the state of the electronic subsystem [25]. The influence of the sulfur and
tin vacancies on semiconductive and optic properties of Sn2 P2 S6 crystals has recently been studied [26].
FIG. 2. (full circle) Time evolution of the normalized peak
These data motivate the electronic structure investigation for Sn2 P2 S6 crystals in the paraelectric and
di↵raction intensity of the (332) reflection at room temperathe ferroelectric phases.
ture. (full line) Fit using a damped harmonic oscillator model
The first-principles calculations in LDA approach of Density Functional Theory (DFT) for Sn2 P2 S6
described in the text. (dashed line) EO measurement of the
ferroelectric phase were carried out by several groups [27–29]. Grigas et al. [19,30] calculated the
THz pump pulse. The sign of the electric field is reversed beelectronic structure of both paraelectric and ferroelectric phases of Sn2 P2 S6 using the cluster approach.
tween the two measurements
a) (' = 0 ) and b) (' = 180 ).
THz
For the Sn2 P2 Se6 selenide analog, the electronic structure have been investigated [31] by first-principles

13 K
E
calculations only for the paraelectric phase. The electronic structure
1.01and phonon spectra pressure
X-ray
dependence for the acentric layered rhombohedral crystal SnP S were
theoretically
by need to consider the interaction
Toinvestigated
model the
data, we
the LDA approach [32]. For this compound, the tin cations are almost fully ionized (Sn chargeModel
state),
of the electric field of the THz pulses with the vibrational
2 6

4+

1.00

I(

)/I(0)

which excludes the possibility of stereochemical activity of their 5s2 electron lone pair. The electronic
modes that can potentially contribute to the di↵raction
structure of high-charged (P2 S6 )4− and (P2 Se6 )4− anion clusters was discussed in papers [29,31,32] at
The
analysis of Sn2 P2 S6 , Sn2 P2 Se6 and SnP2 S6 electron energy spectra.signal.
Analysis of
P2 S6absorption
cluster chemicalof the THz pulses inside the material
creates
an inhomogeneous
excitation profile along a
bounding was also done using the Hartree–Fock approach [33]. The anion arrangements have
been investigated experimentally and theoretically in different approximation for
the layeredperpendicular
crystals like M2 P2 S6to the surface. Consequently, the
direction
(M = Fe, Ni, Mn, . . . ) [34–38]. For the CuInP2 Se6 layered compound
with twodi↵raction
differently charged
measured
signal contains contributions from
cations, the SOJT effect was established as an origin of the ferroelectric
orderingwith
in Cu [39].
regions
varying excitation levels. To treat this efIn this paper, the first-principles calculations in LDA approach of DFT for electronic structure of
fect, we conceptually divide the sample into thin slices
Sn2 P2 S6 crystal in the paraelectric and the ferroelectric phases were used for analysis of chemical bond
parallel to the surface and consider the interaction of the
transformation at the spontaneous polarization appearance and for establishing the ferroelectric state

0.99

electric field with the vibrational modes in each slice.
Raman and neutron scattering together with submillimeter spectroscopy studies of Sn2 P2 S6 indicate that
the soft mode eigenvector and frequency change strongly
with temperature, especially near the phase transition
[15–17, 24]. Here we approximate the e↵ective soft mode
by a single Lorentz oscillator with an eigenvector given by
the displacement of the atoms in the unit cell relative to
their positions in the higher symmetry paraelectric phase.
This mostly corresponds to a displacement of Sn2+ ions
along [100].
The induced atomic displacement Q(z, t) along the soft
Fig. 3. Spin-motion patterns analyzed to interpret the time-dependent data. Schematics on the
mode
left illustrate the movements of spins, where black (color) arrows denote the direction of spins ineigenvector is then described by the equation of
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the ground (excited) state. Plots on the right show calculated (0q0) peak intensity assuming the
Workshop
azimuthal angle of 45 . (A) Antiphase oscillationTHz
within
the spin-spiral plane, parameterized
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