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We report local field strength enhancement of single-cycle terahertz (THz) pulses in an ultrafast

time-resolved x-ray diffraction experiment. We show that patterning the sample with gold micro-

structures increases the THz field without changing the THz pulse shape or drastically affecting

the quality of the x-ray diffraction pattern. We find a five-fold increase in THz-induced x-ray dif-

fraction intensity change in the presence of microstructures on a SrTiO3 thin-film sample.

Femtosecond x-ray sources provide unique insight into

the dynamics of matter on ultrafast timescales. In particular,

the combination of the high brightness and sub-100 femto-

second pulse duration of the Linac Coherent Light Source

(LCLS)1 with various ultrafast radiation sources (e.g., visi-

ble, ultraviolet, or terahertz (THz)) employed in a pump-

probe experiment has enabled exploration of dynamics in

atoms and molecules,2–4 semiconductors,5,6 and correlated

electron systems.7–11 The majority of pump-probe experi-

ments performed thus far have relied on intensity driven pro-

cesses8,12,13 where dynamics are induced by the impulsive

nature of the pump excitation. In contrast, excitation with

terahertz (THz) pulses provides access to new dynamics

driven by the field of the pump radiation.14–17 Single-cycle

THz pulses are intrinsically carrier-envelope-phase stable,

and so repeated excitation with this radiation in a pump-

probe experiment maintains not only the temporal intensity

profile but also the phase of the electric field, thereby

enabling a true field-driven excitation. Moreover, the pulse

duration of the THz is sufficiently long compared to the

probing x rays (1 ps compared to 30 fs), allowing x-ray inter-

rogation of the THz-induced dynamics without loss of tem-

poral resolution.

Current single-cycle THz radiation sources based on

Ti:Sapphire ultrafast lasers are limited to several MV/cm

peak electric field strength.18 While THz radiation couples

strongly to IR active phonon modes in ions with strong

dipole moments (e.g., SrTiO3,
19 BaTiO3

17), in order to

explore richer dynamics, for example, transient phases of

matter or anharmonic coupling, larger THz field strengths

are needed. Recently, the development of metamaterials has

significantly enhanced the local field of THz radiation.20–25

In order to make use of this enhanced field in a THz pump,

x-ray probe experiment, it is essential that the THz temporal

structure remains unchanged and that the metamaterial

design does not interfere with the x-ray measurement. One

solution for metamaterial design satisfying these criteria

incorporates patterning a large area of a thin-film sample

with metal stripes several micrometers in width and several

hundred nanometers thick and probing with an x-ray spot

size that is much larger than the stripe period. Note that this

approach was first discussed in Ref. 26. The x-ray diffraction

from the polycrystalline metal stripes scatters into powder

rings that need not overlap in reciprocal space with the sam-

ple scattering. Moreover, the thin metal stripes will transmit

partly the x rays but block the THz. Therefore, it is essential

to remove the sample below the metal stripes to ensure that

scattering from the sample comes only from regions excited

by the THz. We expect the scattering from the film to be

reduced by the fraction of sample removed to create the

metal stripes. It is helpful to use a thin film rather than a bulk

sample because in the thin-film case the x-ray penetration

depth is more closely matched to the depth of THz field

enhancement provided by the metal stripes. Additionally,

the broad diffraction peak from the thin film relaxes normali-

zation constraints and enhances the signal to noise ratio

compared to the bulk. Here, we describe in detail the

enhancement provided by the metamaterial structure to the

THz local field and subsequent transient x-ray scattering sig-

nal, revealing THz driven ionic motion in SrTiO3.

Our samples consisted of 100 nm thick films of SrTiO3

(STO) grown by pulsed laser deposition on a (001) (La0.3Sr0.7)

(Al0.65Ta0.35)O3 (LSAT) substrate. Under these growth condi-

tions, STO is slightly strained (3.867 Å in-plane matched to

bulk LSAT and 3.925 Å out-of-plane, compared to 3.905 Å for

bulk STO), leading to a hardening of the soft mode phonon.27

Thus, the bandwidth of the incident THz radiation (DC up to

2.5 THz) was below the lowest zone-center optical phonon fre-

quency at 100K.27 We expect even stronger coupling of the

THz to the sample when there is significant overlap between

the sample optical phonon and THz spectra due to resonant

absorption effects.

On one STO film, a metal resonator structure was depos-

ited to locally enhance the THz field strength. The resonator

structure consisted of a 1.5� 1.5mm2 array of 8.5 lm wide

Au stripes with a gap spacing of 1.5 lm, set at 45� from the

[100] direction of the STO (001). The Au resonator struc-

tures were fabricated using a self-alignment, single step

e-beam lithography process. The STO/LSAT (001) was first

spin-coated with a �200 nm methyl methacrylate (MMA)
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resist layer, a 1.5 nm Cr adhesion layer followed by a

�600 nm hydrogen silsesquioxane (HSQ) resist layer. The

negative of the resonator structure was then transferred to

the HSQ resist layer using an e-beam writer. Upon develop-

ment, SiOx lines rest on the continuous MMA resist layer.

The MMA areas not protected by the SiOx were then

removed with O-plasma, leaving a SiOx mask layer for the

subsequent etching of the exposed STO areas using Ar ion

beam etching for a total of 140 nm as measured using a pro-

filometer on a shadow-masked area of the sample with no

SiOx mask layer. A 3 nm Cr/115 nm Au film was then depos-

ited by thermal evaporation and a subsequent ultra-sound

assisted lift-off in acetone removed the Au/SiOx parts of the

sample. We show in Fig. 1(a) a cartoon of the sample cross-

section and in Fig. 1(b) an overhead cartoon with the size of

the x-ray spot for comparison.

We collected time-resolved x-ray diffraction measure-

ments on the STO film under excitation below resonance with

single-cycle THz fields at 100K. By varying the time delay

between the THz waveform and the interrogating x-ray

pulses, we recorded the transient change in diffraction inten-

sity of the STO film induced by the THz radiation. The THz

radiation was generated via optical rectification utilizing the

tilted-pulse front technique in LiNbO3
28,29 pumped by an

800 nm laser (20 mJ, 100 fs, 120Hz). In Fig. 3(a), we show

electro-optic sampling (EOS) measurements of the THz wave-

form incident on the sample (black trace) measured with a

fraction of the 800 nm light used for generating the THz. The

maximum field strength of the incident THz waveform was

9006 50 kV/cm (measured via the electro-optic modulation

of GaP at the sample position). We performed COMSOL
VR

simulations to calculate the strength of the THz field in the

STO with and without the metamaterial structure incorporat-

ing the STO dispersion at 100K obtained from ellipsometry27

and the measured EOS in free space (Fig. 3(a)). In Fig. 2(a),

we show a cross-section simulation of the spatial dependence

of the field enhancement across the metal gap at a fixed fre-

quency of 1 THz. Using the measured EOS trace as an input

to our simulation, we present the calculated time domain field

with (red) and without (black) the metamaterial structure in

Fig. 2(b). We estimate a peak field enhancement of 5.3 in the

presence of the metamaterial antennas.

X-ray pulses were generated at the LCLS and the experi-

ment was performed at the XPP end station30 in the mono-

chromatic mode. The x-ray photon energy was 8 keV with a

�1 eV bandwidth after the monochromator. The x-ray pulses

were 30 fs in duration at a repetition rate of 120Hz. The dif-

fraction measurements were collected with an x-ray pixel

array detector (CS-PAD 140k detector31). For all measure-

ments, we oriented the sample to the top of the respective

Bragg peak and integrated over a 2D slice of reciprocal

space corresponding to the scattering peak. For every diffrac-

tion geometry, the THz radiation was incident collinearly

with the x rays and was p-polarized. The x-ray spot size was

200 lm covering about 20 gaps of the structured film.

Because of diffraction constraints, the incident angle of the x

rays (and so the THz) for each crystal reflection was distinct.

Specifically, the incidence angle referenced to the sample

normal for the (2�23), (�223), and (004) reflections was 8�,
79�, and 38�, respectively. However, because of the large

dielectric constant of LSAT27 in the THz regime, we

expected that the THz electric field would lie primarily in

the plane of the STO film along ½1�10] independent of inci-
dent angle because of refraction. Temperature regulation at

100K was provided by a nitrogen cryostream (Oxford

Instruments Cryojet 5). The sample temperature thus has a

lower bound of 100K but could be at most 10K higher.

In Fig. 3(a), we present the transient change in diffracted

intensity for a bare STO film (no metamaterial structure) for

three crystal reflections: (2�23), (�223), and (004). The THz

free-space EO sampling data are overlaid for comparison

(black). We subtract the average scattering signal before the

THz arrives (It<0) from the intensity at time t (It) and nor-

malize by It<0. The fractional intensity change shows anti-

symmetric behavior for the (2�23) and (�223) peaks, while

there is little time-resolved change in the (004) peak inten-

sity. The ions of the STO film follow the THz electric field

and modulate the structure factor, hence all atomic motion

will be along the direction of the THz field polarization,

namely, in-plane along ½1�10], with no atomic motion along

the cross-plane [001] direction. As the THz radiation wave-

length is roughly a factor of �106 larger than the STO unit

cell, adjacent cells will see essentially the same field and so

we expect no short-time changes in unit cell volume. In other

words, we expect to couple only to volume-preserving, zone-

center optical phonon modes in the STO. Note that the (004)

structure factor is sensitive only to deviations along the

FIG. 1. (a) Schematic cross-section of the sample. (b) Schematic surface of

the sample. The gold stripes are oriented parallel to [110]. The dashed circle

represents the x-ray spot on the sample at normal incidence. The THz elec-

tric field is polarized along the ½1�10] direction.

FIG. 2. (a) Cross-section view of the sample geometry overlaid with the

THz enhancement inside the STO for a fixed frequency (1 THz). (b)

Calculated waveform of THz radiation in the STO with (red) and without

(black) metamaterial structures incorporating STO dispersion and measured

free-space EOS.
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cross-plane direction (parallel to [001]), and thus no transient

signal from structure factor modulations for this peak is

expected. However, there is significant in-plane momentum

transfer for both the (2�23) and (�223) peaks, and thus we

expect to see transient changes in the scattered intensity

resulting from a modulation of the structure factor due to

ionic motion. Moreover, the in-plane momentum transfers of

the (2�23) and (�223) reflections are opposite in sign.

Therefore, depending on the sign of the THz polarization,

the electric field is parallel to either the (2�23) or the (�223) in-
plane momentum transfer and antiparallel to the other. For

small ionic motions, this difference results in an increase in

scattering signal for one peak and a decrease in the other,

precisely what we measure in Fig. 3(a). This result confirms

that the transient signal in the diffracted intensity is depen-

dent on the field of the driving THz, not its intensity, because

only a field-driven process would yield opposite behavior for

the two reflections.

In Fig. 3(b), we show similar measurements for the sam-

ple with the metamaterial structure. Here, we see that while

the (�223) reflection shows a peak change in scattering inten-

sity of approximately 1%, comparable to the signal from the

bare sample in Fig. 3(a), the (2�23) reflection reveals a five

times larger change. The THz pulse was at a much more

grazing angle (11� from the surface) for the (�223) reflection
compared to the near-normal (82� from surface) geometry

for the (2�23) peak. Due to the relatively large dielectric con-

stant of the substrate, this had little effect in the bare film. In

contrast, the effect on the field enhancement is drastic

because the effective microstructure spacing is modified. At

near grazing, the microstructure array is stretched in space,

and any field enhancement is strongly diminished. However,

for the near-normal geometry, the microstructure can func-

tion as designed. Hence, we expect to see a large enhance-

ment for the (2�23) reflection but relatively little change

compared to the bare sample for the (�223) reflection. This is
what we indeed observe in Fig. 3(b). We also conclude

that the process of applying the microstructures did not sub-

stantially alter the STO phonon coupling to the THz via a

change in strain because the signal in the (�223) reflection

remained unchanged, and the coupling is independent of

x-ray reflection.

In addition, we show the (004) reflection with the meta-

material present in Fig. 3(b). Here, we see little change at

early times but a slow decrease in signal on the few picosec-

ond timescale, after the THz pulse has largely departed, com-

pared to no clear change for the same peak without the

metamaterial (Fig. 3(a)). We attribute this to heating in the

film caused by absorption of field-enhanced THz fields lead-

ing to a decrease in peak intensity via the Debye-Waller

factor32 as well as possibly strain shifting the Bragg condi-

tion. This slow decrease is also seen in the background of

the field-enhanced (2�23) reflection, which has a similar

magnitude momentum transfer (hence similar Debye-Waller

factor) to (004) and a significant cross-plane component sen-

sitive to longitudinal strain.

Note that the error bars for the metamaterial sample are

in general larger than for the bare sample because the dif-

fraction peak intensities are reduced. For example, the bare

(2�23) static reflection intensity was roughly twenty times

stronger than the same reflection for the metamaterial sam-

ple. This is a larger difference than simple geometric argu-

ments would suggest (we removed 85% of the sample to

make the metamaterial covering), suggestive that there may

be additional factors diminishing the metamaterial scattering

intensity such as shadowing. However, the decrease in scat-

tering strength did not substantially inhibit our ability to

measure the enhancement of the transient signal induced by

enhanced THz fields.

To further explore the effect of the microstructure field

enhancement, we attenuated the incident THz field and mea-

sured the diffraction signal of the (2�23) peak as a function

of incident THz power with the metamaterial in place. In

Fig. 4, we present the transient change in diffraction intensity

for three THz field strengths. The values in the legend are

estimated from free-space electro-optic sampling taken at

the sample position and do not take into account the field

enhancement effect. There is a monotonic increase in the

maximum change in scattering intensity as a function of

applied THz field. We show this change as a function of THz

field strength, along with a linear fit constrained to pass

through the origin, in the inset to Fig. 4. This fit follows the

data within the error bars but does not exclude the possibility

of a nonlinear response. There are two factors at work that

may affect the linearity of the peak change in scattering.

First, the change in structure factor (and so scattered intensity)

for small ionic motion is linear but has a non-negligible qua-

dratic contribution for larger structural deviations. Second,

the ionic potential of STO is known to have nonzero quartic

contribution33,34 and so for large enough driving fields the

ionic motion will no longer be linear in the field.

FIG. 3. Time-resolved Bragg peak intensity change for the (004), (�223), and
(2�23) diffraction peaks (red triangles, purple squares, and blue dots, respec-

tively) at 100K and 900 kV/cm for the bare sample (a) and the sample with

metamaterial (b). Note all error bars in (a) and those on the red triangles in

(b) are smaller than the symbol size. Traces are offset from zero for clarity.

The EOS THz trace in free space is overlaid in (a).
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In summary, we have shown the viability of local THz

field enhancement utilizing gold microstructures for time-

domain x-ray diffraction experiments. Through measure-

ments of several diffraction peaks, we were able to confirm

the field-driven nature of the THz excitation. Moreover, we

measured up to a factor of five increase in transient scatter-

ing signal (related to peak THz field) in the presence of the

microstructures compared to bare samples. Last, we con-

firmed that our system remained in a linear regime, sugges-

tive that the THz waveform did not undergo extensive

temporal shaping from the microstructure beyond amplitude

scaling and phase shift (see Fig. 2(b)). This method is

widely applicable to THz pump/x-ray probe experiments at

x-ray free electron lasers and synchrotron sources and there-

fore should find broad use in structural studies of THz

dynamics.
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