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Coherent magnons and acoustic phonons were impulsively excited and probed in thin films of the
room temperature multiferroic Bi;_,_,Dy.La,FeO; using femtosecond laser pulses. The elastic moduli of
rhombohedral, tetragonal, and rare-earth doped BiFeO; were determined from acoustic-mode frequencies in
conjunction with spectroscopic ellipsometry. A weak ferromagnetic order, induced alternately by magnetization
in the growth direction or by tetragonality, created a magnon oscillation at 75 GHz, indicative of a Dzyaloshinskii-

Moriya interaction energy of 0.31 meV.
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I. INTRODUCTION

In magnetoelectric multiferroics, the magnetization and
electrical polarization are strongly coupled,'™ enabling
potential applications in magnetic data storage and spintronic
devices.’ In addition to their response to static stimuli, dynamic
magnetoelectric (ME) coupling under alternating fields is of
great interest® because Maxwell’s equations permit a linear
ME coupling if the electric and magnetic fields vary temporally
and spatially.” Recent demonstrations of novel dynamic ME
effects include the electric-field control of Raman-active
spin modes,® the time-resolved reflectivity of magnons in a
hexaferrite,’ and the discovery of electric-dipole-active spin
waves (electromagnons).'*!2

Bismuth ferrite (BFO) is one of the few room-temperature
multiferroics, and as such has been studied extensively.'* In
the bulk phase ferroelectricity arises from a rhombohedral
distortion to the perovskite structure (Fig. 1): the 65 lone pair
on Bi** creates a polarization along (111), with a concomitant
tilt of the oxygen octahedra. The G-type antiferromagnetic
(AFM) order on the 3d° Fe** sites is disrupted by a weak
ferromagnetic component. The Fe-O-Fe chain has no center
of symmetry, resulting in the canting of adjacent spins via
the Dzyaloshinskii-Moriya (DM) interaction.'®'* However,
in bulk crystals of BFO a long-range spin cycloid'® with a
wavelength of 64 nm averages the weak ferromagnetic moment
to zero.

In contrast to the strong magnetoelectric (ME) coupling
observed for multiferroics such as RMnO3, where polarization
stems directly from magnetic order,! static ME coupling
in BFO is weak. Ferroelectric and AFM orders originate
from different ions, and the spin cycloid prohibits the lin-
ear ME effect in bulk BFO.!> While the application of a
large magnetic field (20 T) can suppress the cycloid and
recover a linear ME effect,!® epitaxial strain? and chemical
doping'”!® have been explored as routes to obtain stronger
coupling at lower magnetic fields. The partial substitution
of Bi on the perovskite A—site with lanthanides has been
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explored as a route to enhance the remnant polarization,
saturation magnetization, and the coupling between the two
orders. Among the lanthanides, Dy** has a relatively high
magnetic moment (electron configuration [Xe]4 f°), yielding
a greater magnetization both in bulk and thin film." La3*
is nonmagnetic (electron configuration [Kr]4d'%5s%5p®) and
lowers the remnant polarization. '’

In this article a study of dynamic ME coupling in BFO thin
films is reported, in particular the influence of tetragonality and
of lanthanide substitution on the perovskite A—site. Impulsive
photoexcitation using femtosecond ultraviolet pulses creates a
coherent magnon oscillation that is tracked by a time-delayed
infrared probe. Strain pulses carried by longitudinal acoustic
phonons are utilized to obtain the films’ elastic moduli.

Section II outlines the various sample-characterization
techniques undertaken. In Sec. IT A the crystal structure of
the investigated films is reported, while in Sec. II B results
from spectroscopic ellipsometry and density functional theory
(DFT) are used to discuss the complex refractive index
and orbital hybridization. Section III outlines the principle
experimental technique of this study, pump-probe reflectivity,
and presents the experimental results for pristine samples.
Section IV provides a detailed discussion of the observed
acoustic phonon modes and discusses the elasticity tensor in
anisotropic BFO. The experimental investigation and possible
origin of the magnon mode are presented in Sec. V, before
concluding remarks are given in Sec. VL.

II. SAMPLE CHARACTERIZATION

A. Growth and x-ray diffraction

Thin films of rhombohedral-like BiFeO; (R-BFO),
tetragonal B1FeO; (T—BFO), Bio_7Dy0_3FeO3 (BDFO), and
Bip¢Lag.1Dyo3FeO3; (BLDFO) were grown on (001)-oriented
LaAlO; and MgO substrates by pulsed laser deposition.!'”:!8
The majority of the results presented herein were obtained
for films on LaAlOs: where important, the substrate used
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FIG. 1. (Color online) Crystal structure of BiFeO3 and coordinate
systems. (a) Relationship between pseudocubic perovskite structure
(thin lines) and rhombohedral unit cell (thick lines). Bismuth, iron,
and oxygen atoms are drawn in blue, orange, and red, while orange
arrows denote spins. The Cartesian axes x, y, z of the pseudocubic
structure and the unit vectors of the rhombohedral cell are also shown.
(b) The Cartesian axes x’, y’, z’ used to describe the properties of the
rhombohedral structure (blue circles, thick lines) are shown along
with the alternative trigonal cell (gray circles, thin lines).

is identified with the suffix “/L” or “/M” (e.g., BDFO/M).
Film thicknesses were in the range from 290 to 450 nm (from
ellipsometry, see below), with a surface roughness of less than
20 nm (from AFM). While monoclinic or tetragonal phases
are stabilized by compressive strain on LaAlOj3 for thicknesses
below 300 nm, thicker films exhibit strain relaxation towards
the bulk rhombohedral phase.”’

High-resolution w-26 x-ray diffraction scans and reciprocal
space maps were used to examine the crystal structure of our
films, using a four-circle x-ray diffractometer (PANalytical
X’pert Pro) with a Cu Ko source and a monochromator. In
Fig. 2(c) the pseudocubic (002) peak of the LaAlO3 substrate
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FIG. 2. (Color online) (a) Reciprocal space map (RSM) around
the (103),. substrate peak for R-like BDFO/L. (b) RSM around the
(103),. substrate peak for T-like BFO/L. (¢) w-20 x-ray diffraction
scans for (from top to bottom) T-like BiFeO; (300 nm), R-like
BiFeO; (300 nm), Biy 7Dy 3FeO3 (552 nm) and Bij ¢Lag ; Dy 3FeOs
(323 nm) on LaAlOs;, and Biy 7Dy, 3FeO3 (397 nm) on MgO.
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(space group R3m, a =3.789 A, o =90.12°) is visible at
26 = 48.0°. In contrast, the (002) cubic peak for MgO (space
group Fm3m, a = 4.212 A) is at 42.9°. The weaker peaks
around 20 = 46° originate from a rhombohedral-like phase in
the epitaxial films, while the peak at 26 = 38.5° indicates the
tetragonal-like phase.?’

Reciprocal space maps (RSMs) of diffraction peaks close to
the substrate’s pseudocubic directions were utilized to obtain
a component of the films’ periodicity in the plane, as shown by
the examples in Figs. 2(a) and 2(b) close to the (103), substrate
peak for LaAlOs. For a 552-nm-thick layer of BDFO/L the film
can be seen to be predominantly relaxed towards a bulk-like
phase, as the in-plane component g, of the scattering vector
does not match that of the substrate [Fig. 2(a)]. Conversely,
RSMs for the tetragonal-like (T-like) films indicated that no
in-plane relaxation occurred (g, the same for epitaxial film
and substrate), as shown in Fig. 2(b).

A rhombohedral cell (space group R3c) provided a good
fit for the BDFO and BLDFO films, where the observed
diffraction peaks lay close to the values for bulk BFO. Fits
were obtained by calculating 26 positions for various peaks
[e.g., (110), (220), (330), (431), (442) in the rhombohedral
setting] using the two free parameters (a and «) and finding
the best fit to experiment graphically via a contour plot of
the error. The unit-cell parameters thus obtained were slightly
smaller than bulk BFO,? which has a = 5.63 A, o = 59.4°
and are summarized in Table I. The tetragonal distortion
to the pseudocubic cell was small for the rare-earth-doped
films, at ¢/a < 1.01 for BDFO and BLDFO. Two different
undoped BFO films were explored: one with a weak tetragonal
distortion c¢/a = 1.03 that was primarily rhombohedral (R-
BFO, a =5.617 A, a = 58.7°), and a film with enhanced
tetragonality c/a = 1.23 (T-BFO, ¢ = 4.68 A, a = 3.789 A).

B. Ellipsometry and DFT

The complex refractive index 7 = n + i« of the films was
characterized using variable-angle spectroscopic ellipsometry.
The R-BFO and T-BFO films were found to have similar 7 to
those previously reported’! and were parameterized using a
series of Tauc-Lorentz oscillators. 7 is reported in Figs. 3(a)
and 3(c) for R-BFO and BDFO. Substitution with Dy was
found to reduce n in comparison to R-BFO and to decrease
the band gap slightly.

First-principles calculations of 7' were performed for our
experimental BFO cell dimensions using the LSDA 4 U
approach and the Kubo-Greenwood formalism.?>?* A good
match between simulation [dashed lines in Fig. 3(a)] and
experiment for BFO was obtained with a Hubbard U = 6 eV
for Fe 3d electrons. The site-resolved density of states
around the optical gap is shown in Fig. 3(b), where the
chemical potential is at zero energy. The highest valence
band is a mixture of O 2p states and the Bi 6s lone pair
responsible for ferroelectricity, while the lowest conduction
band is predominantly Fe 3d in character, with some Bi 6p
hybridization.

To attempt to model the optical properties of BDFO,
the experimental unit cell (a = 5.535 A, o =59.1°) was
doubled in one dimension. One of the four Bi atoms was
substituted by Dy to allow a simulation of Biy75Dyg.25FeOs,
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TABLE I. Summary of structural parameters and elastic moduli of BiFeOs. Here V|, denotes the volume per atom, the complex refractive
index is 7, and the acoustic phonon frequency is f. Subscripts R, T, and C refer to the thombohedral, tetragonal, and cubic unit vectors,

respectively.

Material Unit cell Vo (A%) 7 at 800 nm f (GHz)  Propagation Elastic Reference

(label) (400 nm) direction modulus (GPa)

BiFeO; on LaAlO; Rhombohedral, 12.16 2.80 4+ 0.02i 24 [001]¢ 100 This work

(R-BFO/L) a=5617A, a=587° (3.46 + 0.74i)

Big 7Dy 3FeOs Rhombohedral, 11.71 2.57 4+ 0.02i 34 [001]¢ 237 This work

(BDFO/L) a=55154, a =59.6° (2.8540.32i)

Big¢Lag. Dyo3FeOs Rhombohedral, 11.65 2.48 + 0.00i 32 [001]¢ 222 This work

(BLDFO/L) a=5493 A, o =59.7° (2.67 4+ 0.330)

Bulk BiFeO3; Rhombohedral, 12.46 2.8 36.0 [010]& 221 Ref. 27
a=563A,a=>594°

BiFeO; on SrTiO3 Rhombohedral, 12.46 2.8 34.2 [010]x 200 Ref. 29
a=563A,0=594°

BiFeO;, theory, Rhombohedral 12.46 [010]& 137 Ref. 35

U=0eV

BiFeO;, theory, Rhombohedral 12.16 [001]¢ 161 Ref. 35

U=0eV

BiFeO;, theory, Rhombohedral 11.7 [001]¢ 180 Ref. 35

U=0eV

BiFeO; on LaAlO; Tetragonal, c/a = 1.23 13.38 2.47 25 [001]7 127 This work

(T-BFO/L) c=4.658A,a=3.789A

BiFeO;, theory, Tetragonal, c/a = 1.28 13.38 [001]7 100 Ref. 36

U=4eV c=4786A,a=3739A

close to the experimental Dy doping level of 30%. For dys-
prosium, a twenty-electron valence orbital basis set was used
(5525p%4 £1965254d°), with U = 6 eV for the 4 f electrons.
While the simulated Dy magnetic moment in BDFO was
5.06up, in reasonable agreement with experiment (5.87up
for DyFeOs, Ref. 24), the optical properties are in much
poorer accord with experiment, as Fig. 3(c) indicates. This
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FIG. 3. (Color online) (a) Complex refractive index 7 = n + ik
of R-BFO from ellipsometry (thick green line: n, thin green line: «) is
in close agreement with first-principles calculation (dashed lines, see
text). (b) Atomic density of states (DOS) for R-BFO, from calculation.
Panels (c¢) and (d) show that n and « for BDFO (blue lines, from
ellipsometry) are suppressed in the range 05 eV in comparison with
R-BFO. The density of states for Dy has been scaled down by a factor
of two.

may be due in part to neglecting spin-orbit interactions in
the DFT calculations,’>>} which are particularly important
for Dy. The degree of convergence was also poorer than
for a BFO supercell without Dy, as reported previously.?
The simulated density of states for BDFO demonstrates a
hybridization between the Fe 3d and Dy 4 f orbitals, with a
Fe 3d band appearing within the band gap of BFO that lowers
the calculated band gap. Experimentally, this reduction is less
pronounced, as evidenced by Fig. 3(c).

III. TIME-RESOLVED REFLECTIVITY

The fundamental beam from a mode-locked Ti:sapphire
laser oscillator (4 MHz, 650 nJ, 50 fs) was doubled in fre-
quency to 400 nm (3.1 eV) to photoexcite the multiferroic films
at a fluence of 60 pJ/cm?. The transient optical reflectivity
subsequent to excitation was detected using a time-delayed
fraction of the fundamental beam (800 nm or 1.55 eV), which
was incident on the sample at close to normal incidence [i.e.,
along [001] in the pseudocubic representation, see Fig. 1]. The
absorption depth of the samples for the pump and probe are
4(400 nm) = 40-100 nm and §(800 nm) = 1.5 um.

The time-resolved reflectivity of the R-BiFeO;/LaAlO;
film is shown in Fig. 4(a), under photoexcitation at 3.1 eV.
The sharp rise at zero time corresponds to the rapid transfer of
electrons from the hybridized O 2 p/Bi 6s valence band to the
Fe 3d/Bi 6 p conduction band. A similar rapid rise and decay in
reflectivity has been reported in recent studies of bulk BFO?%?7
and thin films of BFO grown on SrTiO3?%?° and YSZ.2® The
nonexponential decay can be attributed to two timescales for
electronic relaxation, initially via optical phonon emission
as in III-V semiconductors.’® The slower recovery could
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FIG. 4. (Color online) (a) Time-resolved reflectivity of R-BFO
film on LaAlO;. Coherent oscillations in the reflectance are shown
in the (b) time and (c) frequency domains after subtraction of the
electronic response, for R-BFO (top, blue), BLDFO (middle, red),
and T-BFO (bottom, purple) films on LaAlO;. Spectra are shown
normalized to their maximum values. At early times (black) the
acoustic phonon pulse is within the film, while at later times (colored)
the acoustic pulse propagates through the substrate (Sec. IV). The
T-BFO films exhibit a strong oscillation at 75 GHz, attributed to a
magnon (Sec. V).

result from incoherent acoustic phonon emission, spin-lattice
coupling,?® or radiative recombination.?

A distinct oscillation can be seen superimposed on the
reflectivity transient in Fig. 4(a). The background quasistatic
component was removed numerically in order to examine
the oscillation, as shown in Fig. 4(b) for R-BFO (top),
BLDFO (middle), and T-BFO (bottom) in the time-domain.
The corresponding frequency-domain spectra (normalized) are
given in Fig. 4(c). While the R-BFO and BLDFO datasets
are dominated by low-frequency oscillations, the T-BFO
data exhibit a higher-frequency oscillation. The following
sections discuss the low-frequency modes, which originate
from acoustic phonons, and the high-frequency mode, which
can be assigned to a magnon.

Since the reflectivity of a sample at normal incidence is
R = | — 1)/(# + 1)|?, the photoinduced change AR will be
proportional to the change in the refractive index. Oscillations
in AR can therefore arise from periodic changes to the
refractive index, as created by acoustic phonon modes in
BFO?* and LuMnO;.*'"? Alternatively, since 7 = ,/en
(where € and p are the dielectric function and permeability,
respectively), magnon modes can modulate AR, as reported’
for the hexaferrite Bag 5Sr; sZn,Fe ,0,,. As discussed in detail
below, the two mechanisms can be distinguished by their
time dependence, the variation of the mode frequency with
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probe wavelength, and the influence of magnetic field and
temperature.

IV. ELASTIC MODULI AND ACOUSTIC PHONONS

A. Acoustic phonon contribution to reflectivity change

A strain pulse is created by the perturbation of the lattice
by photoexcitation, and propagates through the multiferroic
film. The oscillation arises from interference between the
fraction of the probe pulse specularly reflected from the
sample surface and the fraction reflected from the propagating
strain pulse.®®> This mechanism can also be described as
stimulated Brillouin scattering.** The strain pulse results in a
characteristic frequency f = 2nv/A for the oscillation in AR
(Ref. 33), where v is the longitudinal acoustic phonon speed
and the refractive index n is evaluated at the probe wavelength
A. As such, on entering the substrate f will change as a result
of a different n and v. For the R-BFO film this change in period
is evident at 80 ps in Fig. 4(b). The frequency-domain analysis
in Fig. 4(c) has been time windowed to take this into account,
with black lines showing early times, where the mode is in the
film, and colored lines corresponding to later times, when the
mode has propagated into the substrate. Time-domain fits (not
shown) were also utilized to determine oscillation frequencies,
particularly for early times.

B. Elastic properties of anisotropic BiFeO;

In anisotropic media Hooke’s law is written X;; = ¢; kX,
where the stress X;; and strain x;; are second-rank tensors
linked by the fourth-rank elastic modulus tensor c;jx;. Sym-
metry and energy arguments®>*’ permit the reduction of c¢;;
to a 6 x 6 matrix ¢, which can be linked to the acoustic wave
speed v;; and density p via ¢;; = ,ovizj (Voigt notation). The
elastic matrices are as follows for cubic (C), tetragonal (T),
and rhombohedral (R) phases:

cin c2 ¢ 0 0 O

¢ ¢ ez 00 0

c_lc2 ¢c2 e 0 0 O
=10 0 0 e 0 of D

0 0 0 0 C4a4 0

0 0 0 0 0 Ca4

¢y c2 ¢c3 0 0 0

cp e oc3 0 0 O

T c3 c3 ¢33 0 0 O
=0 0 0 e 0 0] )

0 0 0 0 Ca4 0

0 0 0 0 0 e

ci ¢ c3 cu O 0

c2 ¢ c3 —cis 0 0

R_|c3z a3 ez 0 0 0
¢ = cuy —ciu 0 cu O 0 > 3

0 0 0 0 Ca4 Cl4

0 0 0 0 cuu (ci1—c)/2

where the point groups 3m and 4mm were assumed for the
rhombohedral and tetragonal phases, respectively. Here, the
matrix subscripts are a shorthand notation for the tensor
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subscripts, definedas 1 = 11,2 =22,3 = 33,4 = 23,5 = 31,
and 6 = 12. A tetragonal distortion along [001] will alter
c33 without changing c¢;; = ¢z, and will tend to reduce the
elastic constant such that ¢, < ¢§. Similarly, a rhombohedral
expansion along [111] lowers the elastic constant in this
direction; c& < c§.

Assuming a pseudocubic [001]-oriented crystal, the almost-
collinear photoexcitation and probe beams of the experimental
geometry allow ¢§; = ¢, to be determined; namely, the
elastic modulus for stress and strain along the pseudocubic
[001] direction. For a tetragonal crystal the experiment probes
c1 along the direction of the tetragonal distortion (z axis). The
case of a thombohedral crystal is more complex: the elastic
matrix as written in Eq. (3) uses a Cartesian coordinate system
x', ¥, 7/ defined with 7" parallel to the [111] rhombohedral
direction, y’ parallel to a projection of a unit vector of
the rhombohedral cell into the plane normal to 7', and x’
completing the orthogonal set.®® These coordinate systems
are defined in Fig. 1, along with the alternative description of
the rhombohedral phase in the trigonal setting.

C. Results and discussion

In order to separate the acoustic phonon contributions from
the film and substrate AR datasets must be time windowed,
as discussed in Sec. IVA and illustrated in Fig. 4(b).
For R-BFO, the Fourier spectra of the time-windowed AR
oscillation in Fig. 4(c) reveal a frequency f = 24 GHz and
f =33.7+£0.5 GHz at early and late times, respectively.
The oscillation frequency in the LaAlOj; substrate yields
v = 6740 £ 100 ms~' using 7(800 nm) = 2.0, and thus ¢;; =
296 + 6 GPa, corresponding well with ¢y =290 GPa for
LA phonons propagating along [001] reported in Ref. 39.
An oscillation at the same frequency can be seen at late
times in all samples on LaAlOs, as the spectra in Fig. 4(c)
indicate. However, variations in the substrate’s acoustic mode
amplitude and/or frequency are discernible between different
LaAlO; substrates [Fig. 4(c)] and the same substrate for
varying magnetic field or temperature (Figs. 5 and 6). A
possible explanation is the existence of birefringent twin
domains*® in LaAlOs, which have an extent of 10-100 pm,
comparable to the size of the focused probe beam. Probing
multiple or different twin domains with varying orientation and
refractive index may alter the amplitude and/or frequency of
the substrate mode. Lower-frequency oscillations (<20 GHz)
discernible in these figures may indicate a contribution from
substrate TA phonon modes (with lower elastic constants) to
the time-resolved reflectivity,”’ or may be artifacts from the
finite length of the time-domain scans (around 300 ps).

The elastic moduli for the films were determined from the
acoustic-mode frequencies (>20 GHz) and are summarized in
Table I together with the structural parameters. The measured
elastic constants range from 100-237 GPa, and depend on
composition and crystal structure, as discussed below.

Time-resolved reflectivity has been used previously to
determine the elastic constants of bulk single-crystal BFO
and bulk-like BiFeO3 on SrTiO; along [101]-oriented crystals
(thombohedral [010] direction),?”* and these results are also
included in Table I. Conventional ultrasound measurements
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yielded 127 GPa for polycrystalline BFO,*! substantially lower
because of averaging over all crystallographic directions.

First-principles calculations of ¢® using DFT (within the
GGA 4 U approach, with various values of the Hubbard
constant U = 0-6 eV) have been reported in Ref. 35, while
Ref. 36 discussed similar calculations for ¢’. To compare
the theoretical values of ¢® with experiment a conversion
was made from the Cartesian coordinate system used in the
first-principles calculations,* which has 7z’ oriented along the
three-fold [111] axis, to the experimental geometry with z
along the pseudocubic [001] direction. This was achieved
using the transformation matrix & and the expression

c= of‘c’oc;l, 4)

which is derived in textbooks describing the elastic properties
of anisotropic media; e.g., Ref. 37. A similar transformation
was performed to allow the elastic constant in the [010]g
direction, as reported in Refs. 27 and 29, to be compared
with the values of ¢ derived from DFT. Since c¢® and ¢’
are sensitive functions of the unit-cell volume, with larger
cells exhibiting lower diagonal components c¢;; in the elastic
modulus tensor, the theoretical predictions at the same unit-cell
volume as experiment were adopted.

Several trends are apparent in the data reported in Table 1.
Within the rhombohedral phase smaller unit-cell volumes
correspond to higher elastic constants. In the experimental
tetragonal phase (c/a = 1.23) ¢33 = 160 GPa is reduced in
comparison to the majority of rhombohedral-phase results.
This is in reasonable accord with DFT calculations,*® which
predict ¢33 = 100 GPa for a larger ¢/a = 1.28.

V. MAGNON RESONANCE

In the pristine rhombohedral-phase samples (R-BFO,
BDFO, BLDFO) only acoustic modes (below 50 GHz) can be
observed, as evidenced by Fig. 4(b). In contrast, the tetragonal-
phase sample (T-BFO) exhibits an additional oscillation at
a higher frequency, 75 GHz. In this section this mode is
discussed in detail with respect to its structural, magnetic-field,
and temperature dependence. These findings allow the mode
to be identified as a magnon originating from the coherent
oscillation of weak ferromagnetic order in the multiferroic
film. Following the experimental results a discussion of the
origin of the magnon mode is given in Sec. V D.

A. Magnetic-field dependence

A static magnetic field B < 0.5 T was applied in the
growth direction. For both rhombohedral BDFO and BLDFO
a mode emerged upon magnetization similar to that observed
for pristine tetragonal BFO, as demonstrated for BLDFO in
Fig. 5. The onset of the magnon mode appears to correlate
with the field required to saturate the magnetization. For a
pristine sample of BDFO (i.e., one not previously exposed to
a magnetic field) the 75 GHz mode appeared at B 2 0.45 T,
while for BLDFO B 2 0.3 T was sufficient to produce this
mode. This is in agreement with the slightly lower saturation
field of BLDFO (~0.36 T) compared to BDFO (~0.64 T)."°
The mode can be identified as originating from a weak
permanent magnetic moment as after the removal of the
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FIG. 5. (Color online) Influence of a magnetic field upon AR
spectra for BLDFO (323 nm thick) on LaAlOs. Here the time-domain
data was over the range from 15-332 ps, during which the acoustic
pulse was in the film and then the substrate. For a pristine sample
(top blue line), not previously exposed to a magnetic field, only
acoustic phonon oscillations are evident. Under a magnetic field B =
0.3 T in the growth direction an additional oscillation at 75 GHz
can be witnessed (middle red line), which is assigned to a magnon
mode. After the removal of the magnetic field (bottom purple line)
the magnon resonance remains. The diagrams (right) indicate the
magnetic-domain structure at each stage.

magnetic field the mode remains present (bottom curve in
Fig. 5) and appears to persist indefinitely.

For a magnon in a simple antiferromagnet or ferromagnet
an increase in frequency with applied magnetic field would
be expected.*? No shift in the frequency of the magnon mode
was observed with magnetic field in the range examined (B <
0.5 T). This may be a consequence of the relatively weak
magnetic field applied in comparison with the large values
(20 T) required to suppress the spin cycloid of BFO.'® Coherent
magnons in the multiferroic Bag ¢St 4Zn,Fe 1,0y, also do not
change in frequency under similar applied fields.’

B. Temperature dependence

The temperature dependence of the 75 GHz magnon
mode was also examined. Figure 6 presents the time-resolved
reflectivity spectra for the T-BFO phase (where the 75 GHz
mode is intrinsic) for 20 °C, 200 °C, 320 °C and after being
returned to 20 °C. Both the amplitude and the frequency of the
magnon modes of simple ferromagnets and antiferromagnets
are highly temperature dependent, with the intensity of mode
being expected to drop to zero as the Néel temperature Ty is
approached. By 200 °C the magnitude of the 75 GHz mode
has reduced in comparison to that at 20 °C, while at 320 °C the
mode is no longer discernible. This latter temperature is 50°C
below the Ty = 643 K (370 °C) for bulk BiFeOs, indicating
that the magnon is linked to the AFM sublattice order, from
which the weak ferromagnetic component arises via the DM
interaction.
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FIG. 6. (Color online) AR spectra for T-BFO at sample temper-
atures (from top to bottom) of 20 °C (blue), 200 °C (red), 320 °C
(purple), and on subsequent cooling to 20 °C (black). The 75 GHz
mode disappears as the temperature approaches the Néel temperature
and reappears upon cooling. The time-domain data were windowed
from 90-340 ps (acoustic pulse in substrate).

C. Additional results

Additional factors point to a magnon, rather than an acoustic
phonon, as the origin of the 75 GHz mode observed in pristine
T-BFO and magnetized rhombohedral BDFO and BLDFO.
The mode is present through the time windows examined. This
persistence throughout the entire time window rules out an
acoustic mode: as discussed in Sec. IV, the acoustic oscillation
in the substrate is at f = 33.7 GHz.

As discussed in Sec. IV A, the observed frequency for a
phonon mode measured by time-resolved reflectivity would
be expected to display a 1/A dependence. The wavelength
dependence of the 75 GHz oscillation was therefore investi-
gated using spectrally narrowed probe beams around 810 and
785 nm. This difference would be expected to give a frequency
shift of ~3 GHz for a phonon mode at ~75 GHz. No shiftin the
high-frequency mode was observed, and the substrate acoustic
mode (at late times) was observed to shift as expected.

D. Magnon resonance: discussion

The coherent magnon mode was observed for both tetrag-
onal phase BFO and Dy-doped BFO and cannot therefore
arise from the precession of Dy moments. Rather, the Fe sites
provide the relevant magnetic sublattices. A possible micro-
scopic mechanism for the observed ultrafast stimulation of the
magnetic permeability u is as follows: UV photoexcitation
transfers an electron from an oxygen 2p orbital to an iron
3d state (Fig. 3), altering the electronic configuration from
high-spin 3d> (Fe’T) to the low-spin 3d® (Fe>*) state. This
impulsive change in u then alters the reflectivity.

Interestingly, while the magnon is present intrinsically in
the tetragonal-phase sample, magnetization was required to
create it in the rhombohedral-phase rare-earth-doped films.
This suggests that the break in symmetry along the growth
direction introduced by the tetragonal distortion produces an
effect similar to that of the application of a low magnetic field.
The magnon frequency is comparable for both T-BFO and
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rare-earth-doped R-BFO, which may be a result of the similar
in-plane lattice constants of all the samples investigated and
indicates a similar magnetic structure. A study of the magnetic
domains of the weak ferromagnetic moment (for instance using
magnetic force microscopy) is necessary to further investigate
whether the tetragonal distortion can result in a spontaneous
local moment. The size of the magnetic domains is also highly
relevant: to observe a coherent magnon signal the domain
size must be larger than the spot size of the infrared probe
(~10 pm).

In contrast to the single-magnon mode reported herein, a
sequence of magnon modes separated by 7.5 cm~! (225 GHz)
is seen in inelastic (Raman) scattering on bulk BFO.® No
magnons have been reported in bulk R-BFO and thin-film
R-BFO with time-resolved reflectivity spectroscopy.”’*’ Note
that a previous report*> of a magnon at 46 GHz in thin-film
BFO corresponds to the acoustic phonon mode of the SrTiO3
substrate.** In comparison with the magnon-induced AR
oscillations in a hexaferrite’ at 40 GHz (0.17 meV), the
magnons reported herein for T-BFO and BLDFO are long
lived (lifetime above 1 ns) and are observed above room
temperature.

In thin-film rhombohedral BFO the magnon response
was investigated theoretically by solving the Landau-Lifshitz
equations for two AFM sublattices coupled by the DM
interaction.* For thin-film BFO two modes at ~1.3 GHz
and 8 GHz were predicted, with the high-frequency mode
(where sublattices oscillate out of phase) corresponding to
the DM interaction strength D;; 4 While these modes are
below our experimental resolution, an enhanced DM inter-
action may increase the frequency of these magnon modes,
creating the 75 GHz magnon-induced AR oscillation. The
predicted anisotropy of the magnon dispersion may be used
to discriminate between the two predicted modes.* The
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low-frequency mode is more anisotropic, whereas no change in
the frequency of the magnon in T-BFO or BDFO was seen upon
rotating the sample about the surface normal. This suggests that
the magnon reported here corresponds to the more isotropic
out-of-phase mode,* and that the observed mode at 75 GHz
corresponds to a DM interaction strength D;; = 0.31 meV.
This is enhanced in comparison with the value of D;; =
0.16 meV recently reported for bulk rhombohedral BFO.*°

V1. CONCLUSION

In conclusion, the dynamics of coherent magnons and
acoustic phonons in multiferroic thin films of tetragonal
and rare-earth-doped BiFeO3; were investigated using time-
resolved reflectivity. Oscillations in the reflectivity were
attributed to dynamic modulations of the refractive index by
acoustic phonons and magnons. The creation of a magnon
mode after magnetization or using tetragonal BiFeO; provide
promising routes to create a magnetoelectric multiferroic
with a tailored magnonic response. The temperature and
magnetic-field dependence of the magnon resonance allowed
it to be assigned to a ferromagnetic moment linked to antifer-
romagnetic order by the Dzyaloshinskii-Moriya interaction. In
addition, the ultrafast photoacoustic technique utilized in this
work allows direct experimental access to the elastic moduli
of ferroic thin films, which can be hard to characterize using
traditional transducer-based methods.
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