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Abstract

The desire for multifunctional devices has driven significant research toward exploring multifer-
roics, where the coupling between electric, magnetic, optical, and structural orders parameters can
provide new functionality. While BiFeOs is a well studied multiferroic, recent research has shown
that the addition of BaTiO3 can improve the material properties. In this study, we perform time
resolved differential reflectivity measurements of (1 —z)BaTiO3 — () BiFeOs, with x = 0.725 epi-
taxial films grown on a Lanthanum Strontium Manganite (LSMO) layer with a Strontium Titanate
(STO) substrate, and BaTiO3-BiFeOg nano-rods grown on Pt/Si. Our time resolved measurements
can be used to probe dynamical properties on picosecond time scales. Information obtained is vital
towards the design and understanding of high speed devices that incorporate multiferroic materials.
We find that the contribution to the transient reflectivity response of a BaTiO3-BiFeOgs film due
to carrier dynamics can be quantitatively explained by the diffusion of the photoexcited carriers
away from the surface and that the ambipolar diffusion constant is below 1-2 ¢m?/s. At low tem-
perature and for thicker films, in addition to a response from carrier dynamics, we also observed
oscillations in the transient reflectivity with periods of 30-37 ps. We attribute these oscillations
to propagating coherent acoustic phonons in the films. In the BaTiO3-BiFeO3 nano-rods samples
only, we observed an additional oscillation with frequency in the range of 8 GHz. This is close to a
theoretically predicted magnon frequency, but the strength of this oscillation only had a very weak
magnetic field dependence. Another explanation for this feature could be multiple reflections of

the acoustic phonons at the Pt interfaces (due to the large acoustic impedance mismatch).

* Corresponding author: khoda@vt.edu, 1 Authors with equal contributions.
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I. Introduction

The desire to create monolithic multifunctional devices has driven significant research
toward exploring multiferroics, where the coupling between electric, magnetic, optical, and

5

structural order parameters' ™, can provide new functionality. Multifunctionality in a single

material allows for the development of novel devices such as: low energy and high speed com-

8

puter memory elements®7, high efficiency photoelectric devices®, conversion of photons from

optical to THz*'° frequencies, and new electronic architectures''. Multiferroics have poten-

2,3,12-16 14,17
b

tials for many applications , such as ultrafast non-volatile ferroelectric memory
spintronic devices', and energy harvesting.'®1¥ Furthermore, strained multiferroic materials
and their heterostructures have also the potential for phononic device applications in which

photons and phonons can couple strongly.202

Among the various multiferroics, bismuth ferrite (BiFeOs) is one of the most studied
lead-free material systems. However, it suffers from decreased ferroelectric polarizability
which results from large leakage currents mainly due to the presence of multivalent Fe ions
and oxygen vacancies.'>'® We have shown earlier? that the addition of BaTiO3 to BiFeOs
reduces the conductivity of the mixture which decreases the leakage current, potentially
allowing for a better multiferroic material. A similar observation was reported by Park
et. al®”. In both studies, a wide range of material compositions were synthesized. This
solid solution approach has the advantage of enhancing the magneto-electric (ME) proper-
ties. In our previous study?, (1-r)BaTiOs-(z)BiFeO3 admixtures with = between 0.725 and
0.750, were demonstrated to have a larger ME coupling compared to BiFeOs due to active
spin modulation of the Fe-O-Fe bond.??” We also recently reported room temperature fer-
romagnetic resonance in 80 nm thick BaTiO3-BiFeO3 grown on 100 nm thick lanthanum
strontium manganite (LSMO), where this hybrid heterostructure was found to show small
Gilbert damping of 0.004.2% This fact offers opportunities for employing this material system
for a spin transfer where potentially a spin current can be generated without the existence
of charge current in the BaTiO3-BiFeOj3 layer.?8

In this paper, we use time resolved pump-probe differential reflectivity measurements
(TRDR) to study our (1-z)BaTiO3-(z)BiFeO3 admixtures. We studied several different (1-
x)BaTiO;-(x)BiFeOs, x = 0.725 films as well as nano-rods. Our studies provide information

primarily on generation and propagation of acoustic coherent phonons (CPs) (sound veloci-
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ties and indices of refraction) and to a lesser extent on the dynamics of photo-excited carriers
(diffusion constants). For carrier dynamics, pump-probe studies of the transient reflectivity
allow probing the time scales for carrier diffusion, inter-band scattering, carrier trapping,
and band to band recombination of the photoexcited electrons and holes.?? Compared to
our previous studies on (1-z)BaTiOs-(x)BiFeO3 poly-crystalline structures reported in3%3!,
these new films studied here, have the advantage of lower disorders and a well-defined layered
structure. In addition to the films, we also examined BaTiOs3-BiFeOs nano-rods, in which

the smaller substrate clamping effect is expected to lead to stronger mechanical coupling

and thereby to higher piezoelectricity and magnetostriction than in the films.!

BiFeOj3 is G-type antiferromagnetic (AFM), where within the (111) plane, the magnetic
spins are ferromagnetically aligned, while between the adjacent (111) planes, they are anti-
ferromagnetically aligned. The Dzyaloshinskii-Moriya interaction produces a weak canting
moment, thereby leading to weak in-plane FM.3? In bulk (as opposed to the films) this orien-
tation is modulated to a spiral spin structure, whose AFM vector has a wavelength of 62-64
nm, resulting in local weak AFM in BiFeO3.333* Several investigations have shown that an

inherent net magnetization can be achieved if one can suppress the spiral spin structure®?37.

This spiral structure is believed to be suppressed in nanostructures, such as nanoparticles,
nanotubes, and nano-wires. This is our motivation for studying the nano-rods. Recent
approaches show enhanced magnetization correlated with the decreasing of the nano-rod
diameter below the wavelength of the spiral order.?* Reducing the dimensionality from the
films to nano-rods (quasi-1 dimensional) was expected to enhance the possibility of detecting
coherent magnons in the nano-rods.?® For antiferromagnet or ferromagnet magnons, one
would expect an increase in frequency with applied magnetic field which motivated us to
probe the magnetic field dependence of the time resolved dynamics in our studies. We
also note that multiferroics networks of BiFeOs nano-rods® displayed enhanced magnetism
compared to the bulk BiFeOs, arrays of BiFeOs; quantum dots” exhibited bipolar resistive
switching, and composite rod-bulk structures? demonstrated enhanced ferroelectricity. This

also is a motivation for studying the nano-rods.

4
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II. Sample Preparation and Characterization

A. BaTiO3-BiFeO3 Films

The characteristics and geometry of the samples investigated in this paper are summa-
rized in Table I and we provide a brief introduction to the growth procedures. The lattice
mismatch of the BaTiO3-BiFeO3 with respect to the strontium titanate, SrTiO3 (STO) sub-
strate and LSMO film is small which allows it to be epitaxially grown on both materials.
Hetero-epitaxial BaTiO3-BiFeO3;/LSMO thin films were grown on (001) oriented STO sub-
strates by off-axis RF magnetron sputtering. Prior to the film deposition, the surface of the
STO substrates was treated by buffered oxide etchant (BOE) and subsequently annealed at
900°C under an O atmosphere to make a Ti-terminated surface. First, the LSMO thin film
was deposited on the Ti-terminated STO substrate at 600 °C under 5 mTorr of pressure
with 8:2 O2:Ar gas ratio and 4.93 W/cm? of RF power. The BaTiO3-BiFeOs thin film was
grown on the epitaxial LSMO thin films at 400 °C using an in-situ deposition under the

same RF power and pressure with 1:9 O2:Ar gas ratio.

Cross-sectional scanning electron microscopy (SEM) image for one of the samples (Sam-
ple 4), shows the BaTiO3-BiFeO3;/LSMO thin film grown on the STO (Fig. 1(a)). The
ferromagnetic (FM) and FE characteristics of this sample are presented in Fig. 1(b). The
temperature dependent magnetization of the BaTiO3-BiFeO3/LSMO at 0.5 Tesla, indicates
that the film has non-zero magnetization at room temperature. The inset in Fig. 1(b) shows
the FE polarization-electric field (P-E) curve of the BaTiO3-BiFeOy film. It shows the typi-
cal and unambiguous FE characteristics. The crystal structures of the epitaxial LSMO film
and hetero-epitaxial BaTiO3-BiFeO3/LSMO thin films grown on (001) oriented STO sub-
strates were confirmed through X-ray diffraction (XRD) analysis. The films were found to
be epitaxially grown along the c-axis of the STO substrate without any secondary phases,
as illustrated in Fig. 1(c). The peak splitting corresponding to (001) and (002) planes,
indicates that the film is grown with the rhombohedral phase as reported in reference 2.
Our previous X-ray diffraction of the BaTiO3-BiFeOj3 poly-crystalline film also showed that

the film was in a pure perovskite phase and no pyrochlore phase was observed.3!

Figure 1(d) shows phi-scan XRD patterns of BaTiO3-BiFeO3/LSMO epitaxial films. Az-
imuthal phi-scans of BaTiO3-BiFeO3 and LSMO films show in-plane epitaxy with a cube-
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on-cube epitaxial relation. The (1 — z)BaT'iO3 — (x)BiFeOs,x = 0.725 used in this work,
is a solid solution with the rhombohedral phase which has lattice parameter of a=3.982 A,
rhombohedral distortion angle of 89.99° and unit cell volume of 63.31 A? in its bulk form.

TABLE I. Samples studied in this work. Note: The labels BTO-BFO refer to BaTiO3-BiFeOgs. *In

the case of the nano-rods, the LSMO layer refers to nano-sphere arrays.

Sample Thickness Thickness STO Structure
BTO-BFO LSMO Orientation

(nm) (nm)
1 100 (001) LSMO/STO
2 80 100 (001)  BTO-BFO/LSMO/STO
3 80 40 (001)  BTO-BFO/LSMO/STO
4 660 100 (001)  BTO-BFO/LSMO/STO
5 (nano-rods)* 500 BTO-BFO/LSMO/Pt/Si

B. BaTiO3-BiFeO3; nano-rods

As shown in Fig. 2(a), 0.275BaTi03-0.725BiFeO3 nano-rods were grown on 20 nm size
LSMO seeds. These nano-sphere seeds were patterned on top of Pt coated Si (100) substrate
through polymer nano-template method followed by RF sputtering, at 400°C. The spherical
LSMO seeds drive vertical growth of the BaTiO3-BiFeO3 nano-rods due to the minimization
of overall surface energy. The nano-rod arrays were synthesized with ~200 nm diameter
and ~500 nm height, as shown in the side view image in Fig. 2(b). This method for
growing BaTiO3-BiFeO3 nano-rods is similar to the techniques employed for synthesizing
PbZro52Ti0.4,03 (PZT) nano-rods and the details can be found in Ref. [1].

Through SEM measurements, we found that the BaTiO3-BiFeO3 nano-rods (Fig. 2(b))
exhibit close-packed structure! and have a nearly homogeneous diameter and height (these
closed-packed microstructures are homogeneous up to 3-inch wafer scale). From XRD mea-
surements, the nano-rod arrays were found to be single perovskite phase without any sec-
ondary phases such as pyrochlore phase (A3B207), as shown in Fig. 2(d). The XRD pattern

also indicates that the nano-rods are poly-crystalline. However, based on previous results on
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FIG. 1. (a) SEM image of the layer structure of the BaTiO3-BiFeOs film investigated in this
study (sample 4). (b) The magnetization as a function of temperature at 0.5 Tesla, and the inset
shows FE loop at RT demonstrating the multiferroic nature. (c) The XRD of sample 4 shows a
single phase for the BaTiO3-BiFeOs film. (d) Here we present, (101) Phi-scan XRD patterns of
BaTiO3-BiFeO3/LSMO epitaxial layers grown on (100) STO substrate (sample 4). The films are
grown through (001) direction and the phi scan was performed with (101) space to evaluate the
epitaxial quality. Note: The labels BTO-BFO refer to BaTiO3-BiFeOs.

PbZrg 52 Tip.4s03 using the same growth procedure!, we expect that a single nano-rod, is a
single crystal but each nano-rod has different crystal orientation, which imparts the overall
poly-crystalline nature.

The difference in the thermal expansion coefficient between the thin film and substrate
usually can create internal stress when they are synthesized at high temperature and then
cooled down to room temperature. This thermal stress results in the preferred orientation

of the thin films because the thin film is strongly clamped on the substrate during the
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FIG. 2. (a) Schematic of the nano-rods growth on spherical LSMO seed particles. The seeds
were arranged using polymer nano-sphere coating followed by LSMO deposition. (b) A side view
SEM image of the nano-rods on 100 nm Pt film. The red region refers to the LSMO spherical
seed particles. (c) Atomic Force Microscopy images of BaTiO3-BiFeOs nanorod arrays grown
on Pt-coated Si substrate displaying topography, FE, and FM domains. (d) XRD patterns of
BaTiO3-BiFeOg nano-rod arrays. Note: The labels BTO-BFO refer to BaTiO3-BiFeOsg.

cooling process. The nano-rods show randomly oriented XRD peaks like bulk materials.
This indicates that thermal stress is not induced into the sample during the cooling process
and the nano-rods overcome the substrate clamping effect. This is significant because the
substrate clamping effect in thin films significantly hinders the mechanical coupling of the

ferroic orders, such as piezoelectricity in the FE materials, and magnetostriction in the FM
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materials. This effect occurs because the film is chemically bonded on the rigid substrate,
which limits the mechanical movement of the thin film, under external excitation such as

applied electric or magnetic field.

III. Results and Discussion

Time-resolved differential reflectivity spectroscopy was performed on the epitaxial BiFeO3
films and nanorods discussed above. Our results show a decay in AR/R with time which we
attribute to the dynamics of the photoexcited carriers.™3 In our signals, we observe clear
oscillations and “bumps” and we associate them to the generation of coherent longitudinal
acoustic (LA) phonons near the surface of the sample and their subsequent propagation into

the sample and other layers.**

We previously3%:3!

performed time-resolved measurements on polycrystalline BaTiOs-
BiFeO3; where the second harmonic generation nano-imaging revealed disordered but dis-
tinct ferroelectric domains. In a two color pump/probe scheme (400/800 nm), we observed
transient reflectivity responses and described the dynamics using a double exponential func-
tion, representing fast (2-7 ps) and slow (a few hundred ps) components.> We attributed
the relaxation process to phonon-mediated as well as the diffusion of the photoexcited car-
riers. We also attribute an oscillation in AR/R (in GHz range) to the transverse acoustic
phonons.! Furthermore, we observed a small magnetic field dependence in the amplitude
of the transient reflectivity.3! The electronic energy relaxation of polycrystalline BiFeOs,
deposited on STO and ytrrium stabilized ZrO2 (YSZ) substrates, were also studied using a
two color pump/probe spectroscopy (400/800 nm).** In their work, the hot electrons were
identified to decay with two different characteristic time scales. The fast process was at-

tributed to scattering of electrons with lattice-vibration modes, and the slow one to the

spin-lattice thermalization.

In this study, we improved the quality of our samples by making films, which had
smoother, well-defined layers which allow us to better interpret the optical data. We per-
formed pump-probe reflectivity measurements and our laser source was a Coherent amplified
Ti:sapphire oscillator with a repetition rate of 1 kHz, a wavelength of 800 nm, and a pulse
duration of 100 fs with ~ 1 W output power. We used 90% of the output power for the pump
path and the pump pulses were delayed respect to probe using a tunable delay line. The
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pump pulses were frequency doubled to 400 nm via a 0.5 mm thick BBO crystal generating
pulses with a maximum power of 2 mW . The probe beam of 800 nm, had a spot size of
150 — 200 pm with the pump being slightly larger (~ 250-300 pm). For the range of the
pump powers used in this work (0.5-2 mW), we can estimate the pump fluence to vary from
~ 0.7 to 4 mJ/ecm?. For the probe pulses, the power was fixed at (~ 10 yW ), corresponding
to a fluence of ~ 30 uJ/cm?. Both beams were focused on the samples using lenses. At
room temperature, in order to increase the signal to noise ratio, the modulation frequency
of the laser (1 KHz) was used to trigger the Lock-in amplifier and at 100 K we modulated
the pump pulses using a chopper at 211 Hz.

A. Carrier Relaxation Dynamics in BaTiO3-BiFeO3; Films

Figure 3(a) presents examples of the observed TRDR in our two color pump/probe scheme
at RT, for sample 2 at different pump powers. For comparison in Fig. 3(b), the TRDR on
an LSMO film (sample 1) shows no response (or at least a much weaker one) from just this

layer.

Sample 1
LSMO, RT
400 nm pump
800 nm probe

—&— Pump 0.5 mW
—&— Pump 0.7 mW
—&— Pump 0.9 mW
—6— Pump 1.0 mW

BTO-BFO % 80 nm

LSMO 100 nm

Sample 2, RT
Pump 400 nm
Probe 800 nm

AR/R (%)
=)

AR/R (0.5 % Per Div.)

-30 -20 -10 0 10 20 30
Time Delay (ps)

TReriing)

Il Il Il Il Il
0 10 20 30 40 50 60
Time Delay (ps)

FIG. 3. (a) TRDR of 80-nm thick BaTiO3-BiFeO3 (sample 2), measured at room temperature
with the pump wavelength at 400 nm and probe at 800 nm, for different pump powers. The traces
are offset for clarity and we refer to TRDR as the change in the transient reflectivity at positive
time delay respect to the negative time delay. (b) TRDR on an LSMO (sample 1) film showing no
detectable pump-induced response. Note: The labels BTO-BFO refer to BaTiO3-BiFeOs.

The observed decay in the differential reflectivity can be attributed to the dynamics of

10
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the photoexcited carriers near the surface.?? The short absorption depth of the 400 nm pump
pulse leads to a nonuniform photoexcited carrier density. The carrier contribution to the
differential reflectivity?® is proportional to the change in the surface carrier density in a given
band, divided by the effective mass of the given band, and summed over all bands and is

given by:

AR AN;
- (2)

Note that a differential reflectivity measurement provides different information than a
differential transmission measurement. In a differential transmission experiment, one mea-
sures the total number of carriers throughout the entire sample, at a specific energy state in
a given band, that block the absorption of the probe pulse. In contrast, in the differential
reflectivity, one only measures the carriers near the surface. In addition, the differential
reflectivity depends only on the band in which the carrier is residing and is not sensitive to
the specific energy state. For instance, phonon scattering from a given energy state would
produce a change in the differential transmission signal, but would not produce a change in
the differential reflectivity unless the carrier scattered into a different band with a different

effective mass.

Changes in the differential reflectivity due to the carrier dynamics can occur for a variety
of reasons.?® These include: 1) scattering of carriers at the surface to different bands with
different masses; 2) recombination of photoexcited carriers (either through surface defects
or band to band transitions); and 3) diffusion of carriers away from the surface. In addition,
we note that the carriers can also influence the band gap renormalization which can affect

the differential reflectivity signal. We do not consider band gap renormalization here.

The absorption depth of the 400-nm light in BiFeOgs is 32 nm, whereas BaTiOj is
transparent?® at this wavelength. The absorption depth of the solid solution is therefore
estimated to be in the range of 35-45 nm, much shorter than even our thinnest film. We
therefore believe that the observed reflectivity responses are dominated by carrier diffusion
away from the surface. We express the initial (t=0) depth distribution (z) of the photoex-
cited carriers in the sample by N(z,t = 0) = Noe~** where N is the initial surface carrier

density and « is the absorption coefficient. Then the carrier distribution at t>0, z>0 can

11
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be described by:

N (z=0,t) = N,e* Pt [erfc (j—g_iﬂ . (2)

Here D is the diffusion constant, and erfc is the complementary error function. Note that
1/a?D has units of time and defines the time scale for the diffusion from the surface.? For
small ¢t < 1/(a?D) it decays as

N(0,t) ~ Ny (1 - %a\/ﬁt) : (3)

This tells us that Ny does not decay exponentially with a single time constant. (See
appendix B of Ref. [29] ). Instead, the decay of Ny can be conveniently expressed with a
time-dependent instantaneous decay rate (t), which is defined by:

d

%N(O’t) = —y(t)N(0,1). (4)

We can rewrite equation 4 as:

1 dN(0t)  dln (N(0,1)
V(t):_N(o,t) a dt ' (5)

For small ¢, for a diffusive process, by using Eq. 5 and 3, this rate is given by: ~(t) =
4/ %. Note, that this varies rapidly at short times and in fact, at ¢ = 0 is infinite.

Sample 2, RT (c)
@) Experiment (b) e’_‘Pt- . s expt.
- Pump 400/ Probe 800 —diffusion model ® —— diffusion model
> —_ =
a Pump 0.9 mW 2 g
= H >
& s £
* 2 «
N & =
e @ [
'3 b4 ©
4 < 521,
< -
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time Delay (ps) Time Delay (ps) Time Delay (ps)

FIG. 4. (a) The experimental differential reflectivity (AR/R) of sample 2 at room temperature
at pump power of 0.9 mW. Experimental reflectivity trace scales (red) compared with calculated
No(t) (black) from the diffusion model, assuming 1/a?D = 10 ps, plotted in the linear (b) and the

natural log scale (c).

The model to describe surface carrier density No(t) can reasonably reproduce the exper-

imental data in Fig. 4. In doing so, we find that we get reasonable agreement if we set

12
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our diffusion time scale, 1/a?D = 10 ps. This would give a diffusion constant 1-2 cm?/s,
more than an order of magnitude less than the ambipolar diffusion coefficient for 400 nm
photo-excitation in GaAs*” which was estimated to be between 15 and 75 cm?/s and seems
plausible, given the disorder in the solid solution. In actuality, the diffusion coefficient could
be even smaller than this since other processes can contribute to the decay of the signal as

discussed above.

The relaxation mechanisms in our samples are different than those found in several recent

l38

studies in similar systems. In a study by Doig et. al*® a two-color time-resolved pump /probe

reflectivity (400/800 nm) of rhombohedral-like-BFO film on LaAlOj; also showed non-
exponential decay, where the initial relaxation was attributed to the phonon emission and
the slower recovery to the incoherent acoustic emission, spin lattice coupling or radiative

1.4 also probed the reflectivity dynamic of BiFeOs thin films in

recombination. Chen et. a
a two-color pump/probe where the observed excitation was triggered by transferring the
electrons from 2p valence band of O to p conduction band of Bi. In this study, the number
of the excited electrons generated by this non-thermal process was related to the amplitude
of AR/R. The cooling process was related to relaxation of high-energy electrons accumu-
lated in the p conduction band of Bi, through the emission of longitudinal-optical (LO)
phonons within several picoseconds. The ultrafast photo-induced absorption spectroscopy,
in a single crystal of BiFeOg3 using sub-100-fs optical pulses in the near-infrared and ultra-
violet ranges, was reported by Matsubara et. al*? In their study, It was concluded that
the dominant transient absorption originated from the two-photon absorption process and

collective electron-electron in addition to electron-phonon scattering, were the dominating

relaxation mechanism.

B. Coherent Phonons in BaTiO3-BiFeO3 Film at Low Temperature

In this section, we investigate the oscillations in the TRDR of the BaTiO3-BiFeOs films at
low temperature which are associated with generation and propagation of coherent acoustic
phonons. An example for sample 3 is shown in Fig. 5(a) for external fields up to 10 Tesla
at 100 K. The pump was 400 nm (with the power of ~ 2 mW) and the probe, 800 nm. We
note that there is an additional feature at 16-18 ps, which manifests itself as a "bump” in

the decay signal, and is not sensitive to the magnetic field. We associate this feature with

13
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the propagation of a coherent acoustic phonon generated at the surface (due to the short
absorption depth (30-45 nm) of the 400 nm pump pulse) reaching the interface between the
BaTiO3-BiFeO3 and the LSMO. The time it takes to reach to the interface is ¢t = L/vy,
where L is the film thickness and v, is the sound velocity of the solid solution.

While it is difficult to know the exact magnitude of acoustic sound velocity in the BaTiO3-
BiFeOs films, we do know that the Longitudinal Acoustic (LA) sound velocity is between 4.9
and 5.6 nm/ps in BaTiO3 and is estimated to be in the range of 4.6-5.2 nm/ps in BiFeQ3.18
Therefore, in our samples, it is not unreasonable to estimate that the sound velocity is in
the range of 4.5-5 nm/ps. If the sample thickness is 80 nm, then the coherent phonon
generated at the surface that should reach the BaTiO3-BiFeO3/LSMO interface in about
16-18 ps which is consistent with the experimental data.

In 80 nm thick film sample, we do not see the usual periodic modulation of the transient
reflectivity due to coherent acoustic phonons, in contrast to the previous studies30:38:4448:49,
This is because the film thickness of 80 nm is too small. The acoustic pulse, generated at
the surface, is already into the LSMO layer before a single oscillation can occur.

With an 800 nm for probe pulses, using the speed of sound (vs) to be 4.5 nm/ps and
an index of refraction of 2.5 (between BiFeO3 and BaTiO3 for 800 nm), we would predict
T = Aprove/(2vsn) = 36 ps. Considering this fact, the strain pulse has left the BaTiO;-
BiFeOs in 16 ps, before even half a cycle of oscillation for the CP; therefore we do not see
any oscillations and the carrier relaxation is the dominant feature. We also note that the
application of external magnetic field modified the reflectivity traces only modestly for the
80-nm thick sample.

As shown in Fig. 6, among the films studied here, only the 660 nm BaTiO3-BiFeO3 film
(and also the nanorods) showed a clear sinusoidal modulation in the transient reflectivity
characteristic of coherent acoustic phonons (and also known as Brillouin oscillations). These
types of oscillations have been observed in many systems including GaP layers grown on
Si(001)%°. All the data at 100 K was collected with a 400 nm pump at 2 mW power incident
on the sample and 800 nm probe at less than 10 uW power. This result implies the 800
nm probe pulse can penetrate deep into the sample and detect the CPs as propagating
strain pulses in the structure. Lowering temperature to reduce the damping of the phonon

51,52

modes was also key to observing the CPs. . In this sample, we see a distinct bump in

the signal at around 150 ps and the time is again consistent with the sound velocity in the

14

Page 14 of 28



Page 15 of 28

Journal of Materials Chemistry C

Sample 3, Temp 100 K
Pump 400/ Probe 800 nm,
pump 2 mW,

probe <10 pW

Strain pulses
arrive at the interface

!

- — RT, B=0
— 100 K, B=0

AR/R

Time Delay (ps)

AR/R (1% Per Div.)

Applied Magnetic Fields:
- 0T - 2T
-0 6T 10T

] ] ] ]
0 20 40 60 80 100
Time Delay (ps)

FIG. 5. TRDR for Sample 3 at 100 K for different external magnetic fields. The strain pulses
arrive at the interface at ~ 20 ps and CP oscillations are not observed in this sample likely due to
the response being dominated by carrier relaxation in the region < 20 ps where we would expect to
observe them. The inset compares the reflectivity response of Sample 3 at room temperature (RT)
and 100 K, both without applying an external magnetic field (B=0). At 100 K, the carrier-induced

change in the refractive index could be responsible for the change in the sign of AR/R.*3

BaTiO3-BiFeOyj in the range of 4.5-5.0 nm/ps. The bump arises when the acoustic phonon
generated at the surface reaches the interface with the LSMO layer. We should note that
the reflection of the strain pulses at the interface is negligible since the acoustic impedances

between the BaTiO3-BiFeO3; and LSMO are similar.

The period of the Brillouin oscillation (for normal incidence) is given by T" = A,.0e/ (2051),
where A\, ope is the wavelength of the probe light, v, the sound velocity and n, the refractive
index. If we take the value of n=2.5, in between BaTiO3 and BiFeOg, this agrees well with
the experimentally observed period. We note that we saw no such oscillation for the thinner
BaTiO3-BiFeOs film in Fig. 5, because the film thickness is too small. The acoustic pulse

reaches the LSMO layer before oscillations can occur. As described earlier, the cycle of
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the Brillouin oscillation, 36 ps, implies that the acoustic pulse would leave the 80-nm thick
BaTiO3-BiFeOs film before half a cycle of the sinusoidal oscillation, making it difficult to

be observed as a distinct oscillation.

The frequency of the observed Brillouin oscillation (27 GHz) in our BaTiO3-BiFeOj is
comparable with the thin films of BiFeO3; on LaAlO3 substrate studied by Doig et. al3® but
lower compared to the LA frequencies (ranging from 34-38 GHz) of BiFeOj single crystals
studied by Ruello et. al*® and Lejman et. al*® where the same pump/probe wavelengths

(400/800 nm) as our experimental schemes were used.

C. Coherent Dynamics in BaTiO3-BiFeO3; Nano-rods

By lowering the temperature to 100 K, using the same experimental conditions for the
films, we observed complex dynamics, including CPs propagation along the long axis of the
rods. In Fig. 7(a) we present the TRDR of BaTiO3-BiFeO3 nano-rods taken at magnetic
fields from 0—10 T. The pump pulse was fixed at 400 nm with 2 mW of power and the
probe at 800 nm with the power ~ 10 uW. Similar to our results for the 660 nm thick
BaTiO3-BiFeOs film, we observe a sudden change in AR/R (a bump) at ~ 120 ps time
delay, when coherent longitudinal acoustic phonons generated at the surface of the BaTiO3-
BiFeOs nano-rods reached the interface between the BaTiOs-BiFeO3; and the Pt. The time
delay of the bump ~ 120 ps (the time that the acoustic pulse entering the Pt layer) is again
consistent with the propagation of a coherent acoustic phonon with a longitudinal sound
velocity of 4.5-5.0 nm/ps. Focusing on Fig. 7(a), we observe two oscillation frequencies in
the TRDR; the higher frequency oscillation (33 GHz), occurs only before the longitudinal
acoustic mode encounters the interface and arises from the CP propagating in BiFeO4.384449
The lower frequency (8.1 GHz) in Fig. 7(b), is very close to that of a theoretically predicted
magnon frequency expected for 800 nm probe in BiFeOs®®, where de Sousa et. al® by
solving the Landau-Lifshitz equations, mapped the low frequency magneto-static spin wave
dispersion for a BiFeOg film.

If this coherent oscillation is caused by the magnons, then it does not significantly increase
in strength with magnetic fields.>* In addition, this mode can not be seen until after the
coherent phonon travels from the surface, to reach the interface. Matching all traces at the

negative time delay in Fig. 7(c), we can see only a small variation in the observed TRDR
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FIG. 6. Transient reflectivity for sample 4 at 100 K for different external magnetic field. We were
able to detect CPs, corresponding to an LA phonon frequency of ~ 27 GHz. We observed no
magnetic field dependence in the CP oscillations and the reproducibility of the observation at zero
field, was confirmed by a post ramp trace, at the end. The feature at 170 ps represents the time for
the strain pulses to reach to the interface. The inset shows the dynamics for the first 140 ps at zero

magnetic field and the fit to the CP oscillations is to guide the eye. Note: The labels BTO-BFO

refer to BaTiO3-BiFeO3 and the arrow shows the time that strain pulses arrive at the interface.

as a function of magnetic field, for the first 50 ps of the dynamics.

Talbayev et. al showed the sensitivity of the rocking magnon mode frequency to external
magnetic fields in BagSry.4ZnsFe;o0g (BSZFO)®; on the other hand, in an earlier study
on BiFeOs3 by Doig et al.?®, no shift in the frequency of the magnon mode was observed
by applying small magnetic fields (0.5 T) to unpin the AFM spin cycloid.*® The static ME
coupling in BFO is weak as the FE and AFM orders originate from different ions and the
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FIG. 7. a) The magnetic field dependence of TRDR and CPs in nano-rods (sample 5) at 100
K showing nearly periodic modulations at two different frequencies, 33 and 8.1 GHz. This lower
frequency mode (8.1 GHz) is very close to the theoretically predicted magnon frequency.?® Panels
a-c) show the same traces with different x ranges and y offsets. In panel (c) matching the traces at
the negative delays and focusing on the first 50 ps, a weak magnetic field dependence was noted.
The fits to the CP oscillations are shifted for clarity and are the guides to the eye. Note: The
labels BTO-BFO refer to BaTiO3-BiFeO3 and the arrow shows the time that strain pulses arrive

at the interface.

presence of spin cycloid does not allow for a linear ME effect but the presence of a strong
magnetic field (20 T, expected in case of BiFeOs) can suppress the cycloid, to establish a
linear ME effect.®®

For a magnon in a simple AFM or FM an increase in frequency with applied magnetic field
would be expected®. For example, in BSZFO at 0.1 T a distinct oscillatory response appears
and further increase of the field leads to an increase in the oscillation period. At 1.2 T, in the
collinear ferromagnetic phase, the oscillatory response changes and almost disappear at 2.5
T.% This fact demonstrates that magnon frequency can be sensitive to both the intensity of

the external field and the fine details of the magnetization in the sample. In the case of our
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newly developed nano-rods, more extensive studies are required to probe the interaction of
the external magnetic fields and optically generated coherent oscillations.

We note that there is an interesting effect that might lead to a second possible origin of
the slower oscillation. It could be related to the propagation of the strain pulses into the 100
nm thick Pt below the nano-rods, as shown in Fig. 2(b). The propagation of the CP deep
into the Pt layer can not be detected by the optical probe pulse since the probe pulse can
not penetrate into the Pt owing to its large extinction coefficient at 800 nm (4.148) which is
equivalent to an absorption depth of 15 nm, similar to most metals. However, the differential
reflectivity would be sensitive to the strain pulse at the interface. One possible explanation
could be that the strain pulse in the 100 nm Pt layer is undergoing multiple reflections
off of the Si substrate and coming back to the BaTiO3-BiFeO3/LSMO/Pt interface. This
fact could result in a quasi-periodic modulation at the interface and lead to the observed
oscillations in the differential reflectivity. It is also possible, that one is seeing reflections
between the BTO/BFO -Pt layer and the surface or some combination of the two.

Why then did not we see reflections of the strain pulses in the previous samples? We
note that for the previous samples, the BaTiO3-BiFeO3 was on LMSO and then on STO.
The acoustic impedance Z = pvy (here p is the density and v, is the sound velocity) for
the layers is almost equal and hence, there is little acoustic reflection from the interfaces.
For BaTiO3-BiFeO3 we estimate an acoustic impedance Z = 38 (in units of g/cm® nm/ps)
based on densities of BiFeO3 , p = 9.15 g/cm?® and BaTiO3 , p = 6.02 g/cm?, taking a
weighted average (0.75 to 0.25), using a sound velocity 4.5 nm/ps. For LSMO, the acoustic
impedance is Z=42 (using p = 6.5 g/cm? and a sound velocity 6.5 nm/ps.) For STO, we
find Z = 40 (using p = 5.11 g/cm?® and V, = 7.8 nm/ps. Since the acoustic impedances are
nearly equal, we find little reflection at the interfaces, (less than 1%).

However, for the nano-rod samples, which are on a Pt layer, the density of Pt is much
larger than Si (and also the BaTiO3-BiFeOj3 density) and leads to a large acoustic mismatch
at the interface. For instance, for the longitudinal modes, the acoustic impedance for Pt is

85 g/cm? — sec x 10° compared to that for Si which is 20 g/cm? — sec x 10°. As a result, the

Zpt—Zsi

2
ol s about 0.4. It is possible

reflectivity at the Si-Pt interface represented as: R =

that one is getting multiple reflections in the Pt layer at the two interfaces (or possible
from the first interface and the surface). If this were the case, one would get pulses at a

frequency given by: f = vp;/200 nm. Since the initial strain generated by the photoexcited
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carriers at the surface is fairly wide (two times the 30-45 nm absorption depth, which is
significant compared to the width of the Pt layer, the "echo” pulses will be fairly broad.
For a longitudinal sound mode in Pt (with velocity 3.96 nm/ps) this would correspond to
a come-back time of 51 ps corresponding to a frequency of 19.8 GHz. This seems a bit
too slow to explain the features. However, it is interesting to note that for the Transverse
Acoustic (TA) mode in Pt, this would correspond to a return time of 120 ps corresponding
to a frequency of 8.35 GHz, very close to the observed frequency in this work. In a single
crystal of BiFeOj3 for one of the grain sizes, Lejman et. al reported a TA frequency of ~ 10

GHz.*8

How would one generate the TA mode in the Pt system? We conjecture that since the
nano-rods do not cover the entire Pt interface, when the LA modes in the nano-rods reach
at the interface, they can excite TA modes through the non-uniform longitudinal strain at
the surface which gives rise to a shear strain. That is, there is a net shear strain at the
interface which could be responsible for generating the TA modes. While both the magnon
and reflecting TA phonon mode in Pt are intriguing explanations for the observation of
the 8.1 GHz feature, it is clear that additional studies will be needed to more accurately

elucidate and verify the origin of this feature.

IV. Conclusions

We have studied the dynamical properties of a variety of BaTiO3-BiFeOj films and nano-
rods using ultrafast TRDR spectroscopy. Adding BaTiO3 to BiFeOgs can reduce the conduc-
tivity of the mixture and improve the multiferroic behavior. This is an interesting lead-free
system and our ultrafast optical measurements of these less explored systems provided in-
sight into some of the dynamical properties of these systems.? Our results can provide insight

to employ these complex materials for applications such as optical switching in multiferroics.

Our main results are the detection of coherent acoustic phonons in the samples (both
films and nanorods) at lower (100 K) temperatures. The coherent phonons are generated
near the surface and are the consequence of the short absorption length of the photoexcited
carriers for the 400 nm pump pulse. In thin samples, we do not see the usual oscillations
in the differential reflectivity of the coherent phonons because the films are too thin. The

acoustic strain pulse has traveled through the entire BaTiO3-BiFeOs film and into the LSMO
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layer before any oscillations can occur. Instead, in these thin film samples, we distinctly see
a sudden change in the differential reflectivity (a bump) when the strain pulse enters into
the LSMO layer. From the thickness of the BaTiO3-BiFeOj3 films, we can estimate the speed
of sound in the film. We find a speed of sound (depending on the film) in the range of 4.5
- 5.0 nm/ps, which is comparable to sound speeds in BiFeO3 and slightly below the sound
speeds in BaTiOs3.

In thicker films, we saw the usual coherent phonon oscillations from the acoustic strain
pulse propagating in the BaTiO3-BiFeO3 layer and then a similar bump in the differential
reflectivity when the strain pulse entered the LSMO layer. From the period of the initial
oscillation and using the sound velocity determined by the arrival of the strain pulse at the
LSMO layer, we estimate the index of refraction of our BaTiO3 to BiFeO3 to be 2.5.

In the nanorod samples, we observed coherent phonon oscillations similar to the BaTiO3-
BiFeO; films at the earliest times. In addition, we saw oscillations (with a different period)
at time scales longer than the time it takes for the acoustic strain pulse to reach the Pt layer.
This is somewhat perplexing since the optical probe pulse can not penetrate too far into the
Pt layer before it is attenuated. We postulated that the oscillations could be related to a
coherent magnon or possibly from multiple reflections with the Pt layer since Pt has a much
greater acoustic impedance than the other materials leading to reflections of the acoustic
pulse at the Pt interfaces. Further study will be needed to determine the origin of these
oscillations.

In addition to the coherent phonon oscillations and effects, the overall background of the
differential reflectivity changed with time. We attributed this change to the dynamics of the
photoexcited carriers. The decay signal could be quantitatively explained by the diffusion of
the photoexcited carriers away from the surface and that the ambipolar diffusion constant
was less than 1-2 ¢cm?/s.

While CPs are typically used to provide detailed spectroscopy information and charac-
terize surfaces and buried interfaces,? it has recently been demonstrated that dynamical
strains in Surface Acoustic Wave (SAW) devices can interact with spins in silicon carbide.5”
This suggests that our approach of employing ultrafast optical generation of the strain, of-
fers a potentially better means of generating the dynamic strain that can bypass the need
to fabricate a SAW device and allow for higher frequencies and faster manipulation. For

future applications, the ability to generate strain via ultrafast optics offers the intriguing
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possibility of dynamically manipulating the strain, opening the possibility of creating a new
class of devices. In this fashion, the strain is manipulated in time and one can generate and
control the photo-generated CPs to ultimately control electric, magnetic and strain fields

5861 Furthermore, a material system where the

which can lead to revolutionary new devices.
ME coupling can be enhanced, could be a powerful method for tuning coherent modes such

as magnons.
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