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Abstract. We report a detailed comparison of ultrafast carrier dynamics in single
crystals and thin films of multiferroic BiFeO; (BFO). Using degenerate femtosecond
optical pump-probe spectroscopy, we find that the observed dynamics are qualitatively
similar in both samples. After photoexcitation, electrons relax to the conduction band
minimum through electron-phonon coupling, with subsequent carrier relaxation
proceeding via various recombination pathways that extend to a nanosecond timescale.
Subtle differences observed in our measurements indicate that BFO films have a higher
band gap than single crystals. Overall, our results demonstrate that carrier relaxation in
BFO is analogous to that in bulk semiconductors.

1 Introduction

Bismuth ferrite (BFO) is one of the most actively studied multiferroic materials due to its room
temperature coexistence of ferroelectricity (FE) (T~1100 K) and antiferromagnetism (AFM)
(Tn~640 K). Much research has focused on enhancing their weak mutual coupling, particularly by
using growth techniques that vary the structure or strain in BFO films [1-3]. This could allow control
of magnetism with electric fields or vice versa, which would lead to a variety of potential
applications.

Despite the intense research on this material, relatively few studies of its ultrafast dynamics have
been done to date [4-7]. Previously, we have studied carrier relaxation and recombination in BFO
single crystals up to 800 K by using ultrafast optical (UOS) and photoluminescence (PL)
spectroscopies [5]. Here, we extend these studies to compare carrier dynamics in bulk and thin film
BFO, revealing that the dynamics are quite similar throughout the measured temperature range, with
subtle differences that can be linked to the higher band gap of BFO films.

2 Experimental setup and samples

We use degenerate ultraviolet (UV) pump-probe spectroscopy with photon energies (£;) tunable
from 3.12-3.23 eV, generated from second harmonic generation in BBO crystals. The details of the
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pump-probe and PL setups can be found in ref. [5]. A BFO (001),, bulk single crystal (SC) with 220
pm thickness was grown by Bi,O; flux. The 50 nm BFO thin film (TF) was deposited on a SrTiO;
(001) substrate through laser molecular beam epitaxy, using a XeCl excimer laser with a wavelength
of 308 nm and an energy density of 3 J/cm® on the target surface.

3 Experimental results and discussion
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Fig. 1. Degenerate temperature-dependent pump-probe experiments at 3.14 eV on the (a) SC and (b) TF
samples. The insets display the early time dynamics.

Figures 1(a) and 1(b) display the temperature dependence of the carrier dynamics from the SC
and TF, respectively, following 3.14 eV excitation (above the E,~2.7 ¢V band gap) with an absorbed
pump fluence of ~36 pJ/cm’. The observed dynamics are qualitatively similar in both samples.
Immediately following photoexcitation, the normalized photoinduced change in reflectivity
(AR/R<0) drops due to the photoinduced increase in carrier density (AN) that bleaches the absorption
through state filling. The subsequent positive reflectivity change (AR/R>0) results from an increase
in lattice temperature (ATy) given by the excess photon energy (AE) above E,, as the photoexcited
electrons lose their energy to phonons while relaxing to the conduction band minimum [5]. The
overall sign of AR/R at early times is thus determined by the competition between AN and AT, [5].

Each trace is best fitted by three time constants with magnitudes of ~1 picosecond (ps) (fast),
~10-50 ps (intermediate), and ~1-3 nanoeconds (ns) (slow) at all measured temperatures. The fast
time constant is due to electron-phonon coupling, as discussed above, and has no significant
temperature dependence up to 800 K in both samples [5]. The intermediate time constant, previously
attributed to radiative recombination, and the slow time constant, attributed to both heat diffusion
and recombination [5], are also similar in both samples from 300-800 K. The primary differences in
carrier dynamics between the two samples are the temperature and time delay at which the zero
crossings in the AR/R signals (ZC) (insets of Fig. 1) and the oscillations observed in AR/R for the
film. The latter is due to a propagating strain wave (acoustic phonon) created when the photoexcited
carriers transfer their energy to the lattice, as observed in many other studies of similar materials [7].

More insight into the difference between the ZC for the bulk and film samples can be obtained by
considering that the dynamics in the film have the same dependence on E,;, at room temperature as
that in the bulk (not shown here) [5]. However, the E};, required to observe the ZC in the film is
higher than in the bulk. Therefore, when we slightly increase Ey,to 3.22 eV, the overall AR/R signal
after ~1 ps shifts and crosses zero at a lower temperature (Tre~400 K vs. ~700 K for 3.14 eV)
(Figure 2(a)). This is an indication that Tge is insensitive to the AFM transition at Ty and the sign of
AR/R strongly depends on the magnitude of AE [5].

Since £, of the pump is close to £, and the reflectivity above E, is very sensitive to AT [5], any
changes in the band structure would change AE and in turn the sign of AR/R, due to the competition
between AN and ATy. Figure 2(b) shows time-integrated PL measurements on both samples. While
direct band-to-band recombination is observed in the SC (sharp peak in Figure 2(b)), it disappears in
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the TF, which emits a much broader PL spectrum that is centered at lower energies. This is likely
due to defect state emission, although the nature of the broad emission in both samples is not
definitively known [5].
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Fig. 2. (a) Degenerate 3.22 eV pump-probe measurements on the TF, with an inset displaying the early time
dynamics. (b) PL spectrum measured after 3.06 eV excitation at room temperature in both samples.

The fact that £}, required to observe the ZC is higher in the film than in the bulk suggests that the
TF has a higher band gap than the SC. This can explain the disappearance of the sharp peak in the
PL spectrum for the film, since the absorption at a given Ej;, is lower in the film and the excitation
volume is also smaller than in the bulk. This hypothesis of a higher band gap is supported by
previous work on different film structures [6].

Finally, it is worth emphasizing that the intermediate time constant is not due to spin-lattice
relaxation [5], as Figures 1(b) and 2(a) clearly show a monotonic decrease in this time constant
across Ty. As previously mentioned, we attribute this time constant to radiative recombination, but
its detailed nature is still unclear due to the different possible recombination pathways in both
samples.

In conclusion, we have studied ultrafast carrier dynamics in BFO single crystals and thin films.
The observed dynamics are qualitatively similar for both samples, with the primary difference (the
ZC) mainly originating from differences in their electronic structure. Our fluence (~0.024-0.5
mlJ/em?), energy (including ~3.15 €V pump and 1.55 eV probe) and temperature (10 K —800 K)
dependent measurements (not all shown here) consistently support this, revealing a ~1 ps electron-
phonon coupling time and recombination on nanosecond time scales, with no evidence of a spin-
lattice contribution. Overall, our results suggest that carrier relaxation in BFO, despite the presence
of FE and AFM order, is largely analogous to that in a bulk semiconductor.
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