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erovskite oxide Lay,Sry;MnO; (LSMO) [Figure 1] is a
strongly correlated half-metal exhibiting colossal mag-

. 1-3 .
netoresistance, a Curie temperature above room

temperature (T, & 370 K),* magnetic properties that depends
on oxygen vacancy, film thickness, strain, etc.”~’ Consequently
this material has been proposed for applications in magnetic
tunnel junctions and solid oxide fuel cells.”~'" Moreover, this
strongly correlated system has distinct physical properties that
can be tuned by changing the growth conditions, such as
thickness, substrate, doping level, oxygen defect concentration,
>1L12 The tunability of physical

properties enables one to change the band structure, the

and deposition conditions.

dopant level and occupancy, resulting in a material that has the
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potential for light harvesting, magneto-optic, and optoelec-
tronic devices.'”"*

Previous studies on bulk LSMO films have identified
electron—phonon relaxation (z < 1 ps) and phonon-assisted
spin—lattice relaxation (z ~ 10 ps) through the low-
temperature-dependent transient-optical response.>”"” How-
ever, there is limited information about this response in thin
films near room temperature, which will be relevant for many
future device applications and where differences in ultrafast
dynamics due to surface and interface effects are expected. For
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Figure 1. Crystal structure of LSMO.

example, by decreasing the film thickness, the surface to bulk
ratio increases and the surface electrons dominate the features
from the bulk electrons. Subsequently, additional energy states
(midgap surface states or Tamm levels) emerge between the
valence band and the conduction band extrema, providing
extra relaxation channels."® A thorough study of the surface
states is critical for a device application point of view because
recombination due to these states drastically affects the
efficiency of optoelectronic devices.'”*° Moreover, surface
effects can oxidize the sample and form defects that can reduce
the longevity of the device.”"*”

In the present work, we perform a thickness dependence
study of the photocarrier and associated spin dynamics in
LSMO thin films, determined by TR measurements with
subpicosecond time resolution at room temperature. Variation
of the thickness provides insight into changes in the physical
properties from LSMO bulk crystals, with a particular focus on
effects arising from the additional surface states. For
comparison, first-principles calculations and TR experiments
on the thicker LSMO films (bulk) reveal large spin-polarity in
the optical transitions, occurring through O(2p) — Mn(3d)
transition. While our results on the bulk LSMO films are

. . . 15—17 I .
consistent with previous reports, excitation-density

dependent TR on thinner LSMO films (d < 20 nm) reveals
a faster relaxation mechanism (7 ~ 10 ps), which is attributed
to the surface recombination. DFT calculations also indicate a
significant enhancement in the surface density of states (DOS)
with decreasing film thickness, yielding an additional surface
relaxation mechanism in ultrathin films.

RESULTS AND DISCUSSION

Figure 2a shows the effect of different excitation fluences, and
consequently an increasing number of free carriers, on the free
carrier dynamics of 43.1 nm LSMO on top of the STO
substrate. The dynamics start with a negative rise in the TR
signal as the electrons excite to higher energy states, followed
by a decaying signal. This transient can be analyzed
phenomenologically by fitting a product of a multiexponential
decay and a Gaussian error function to the data, as follows:**

AR w1 t —t
— = —A|1l + erf] — || X exp] —
R 22’ {T] P

i=1 r T, (1)

Here, n, 7,, A, and 7,4 are the number of decay components, rise
time constant, amplitude, and decay time constant of each
component, respectively. Care was taken to minimize the
number of decays while getting an acceptable fit, to avoid
overfitting,

For the 43.1 nm film, the fitting results show one negative
rise and three decay components for all the excitation fluences
(fit parameters are listed in the Supporting Information Table
1). Because the pump photon energy is higher than the energy
needed for some optical transitions in half-conducting
LSMO"** [Figure 3e] and lower than the optical bandgap of
the substrate (STO), the pump pulse will excite the electron—
hole pairs above the bandgap of the film but not of the
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Figure 2. (a) TR measurements for 43.1 nm LSMO thin film on STO substrate with different excitation fluences. (b) TR measurements
zoomed in to the first 3 ps to show the ultrafast decay due to the electron—phonon interaction. (c) Decay time constants for different decay

components as a function of excitation fluence. 7;/, increases with pump fluence, while 7,_, 7

», Tp-w and 7, are almost independent of the

excitation fluence. (d) The absolute value of AR/R, and background plateau as a function of excitation fluence. While both background and
the peak increase by the fluence, the large difference between the background and peak shows the hindrance in the signal acquisition. The
background is due to coherent effect from scattered pump pulses and/or a very slow relaxation mechanism which takes longer than 12.5 ns

when the next pulse excites the electrons again.
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substrate. The possible excitations shown in Figure 3e result in
an absorption decrease due to Pauli blockings as the
conduction states fill up, causing the refractive index to
decrease, based on Kramers—Kronig integrals. The decrease in
the refractive index will result in a negative AR/R, signal at t =
0."*%° This process happens in a subpicosecond scale**™** and
corresponds to a fitted rise time (z,) of ~0.3 ps, which is
independent of the excitation fluence.

Figure 2c¢ provides more insight into the fit results of TR
measurements for 43.1 nm LSMO film. After the negative rise,
the electrons (which are now in the conduction band) will
couple with the phonons and relax back to the bottom of the
conduction band in a subpicosecond time scale.”” The ultrafast
decay time constant (7,_,) of ~0.2 ps is also independent of
pump fluence and is consistent with electron—phonon
relaxation in LSMO and other similar systems.'>'®*®*” The
medium time constant (TP_S) which is on the order of tens of
picoseconds and has previously been proven to be due to
phonon-assisted spin—lattice relaxation,">'***** is almost
independent of the excitation fluence. The slow time constant
(/,), which is on the order of nanoseconds and is beyond the
measurement range of the setup, indicates an increase with
increasing the laser fluence. The relaxation phenomena in this
time scale could either be due to heat diffusion or slow
radiative recombination.”” In the first case, there will be a large
positive offset at long time delays (compared to the
background signal) in the AR/R, si%nal because all the
absorbed energy will heat up the lattice.'®>” However, for the
latter case, only the extra energy after releasing energy (as large
as the bandgap) radiatively, will transfer to the lattice as
heating, and this will cause a negative or a small positive offset
in the accessible time scale.”” As one can see in the case of our
study, the offset at long time delays is negative, which indicates
radiative recombination. On the other hand, the large
background shown in Figure 2d, which means the electrons
cannot release all their energy before the next pulse excites
them again (12.5 ns), indicates a slow thermal diffusion in the
sample. The data presented here is consistent with the data
presented in ref 16 at low temperatures.

As Bennett et al.”® explained, due to the large effective hole
masses, which leads to higher electronic DOS, the band filling
effect in p-doped systems is not strong, resulting in smaller AR
peaks. Parlato et al.'® mentioned that at temperatures above
130 K, the signal-to-noise ratio of the LSMO thin film TR
signal significantly decreases and to get a less noisy signal one
should increase the excitation intensity. However, higher
excitation intensity results in sample heating and destruction.
As the reference indicated,'® a large positive plateau in the
signal, which is due to the heated or destroyed sample, alters
the material’s carrier dynamics. This hindrance was overcome
by averaging high numbers of scans to reduce the noise
statistically. This method enabled us to extract the dynamics
even in the presence of considerable noise. The minimum
considered number of scans to perform this analysis was 25 for
the thickest film and for the highest excitation intensity, while
it was S0 for thin samples. The signal-to-noise ratio presented
here is comparable to the one reported in ref 16 at low
temperature. The background magnitude increases linearly
with the pump fluence. The peak magnitude in the signal also
monotonically increases with the pump fluence. However, this
increase is not as strong as the increase in the background due
to the excitation fluence. This difference in the slopes makes
the signal for lower pump fluences less noisy [Figure 2d].
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The half-metallicity of the films results in having a much
stronger transient signal for one spin channel and a very weak
transient signal for the other spin channel, at zero Kelvin. It is
expected that by increasing the temperature, the half-
metallicity of the system decreases. Performing spin dynamic
measurements using a similar pump—probe setup with
circularly polarized light proves the significant half-metallicity
of the system if electrons are excited only for one spin
component. Figure 3a represents spin dynamic measurements
for different excitation powers. As expected for half-metallic
thin films at room temperature, the excitation is stronger for
one of the spin components (in this case pumpcp —
probegcp) compare to the other one (pump;cp — probe;cp).
The inset of Figure 3a indicates the time-resolved degree of
—L , for different
+1
excitation powers. Because spins of the electrons are polarized
by the exciting light, a more intense pump beam can polarize
more spins. Hence, as expected, by increasing the excitation
power, the degree of spin polarization increases.”’ Because for
this component we observe the same dynamics as the carrier
dynamics from the linear polarization configuration, one can
relate all the dynamics in LSMO half-metallic thin films to the
spin systems.’ > As can be seen in Figure 5b and Supporting
Information, Figure 3, the contribution of the electron—
phonon interactions in LSMO free carrier dynamics is the
strongest contribution. These elastic scatterings play an
important role in spin relaxation in higher temperatures.”*
Figure 3a shows stronger subpicosecond recombination for
higher excitation powers. This subpicosecond recombination
has been attributed to electron—phonon interactions in Figure
2 of the main text and Figure 3 of the Supporting Information,
indicating that by increasing the temperature (excitation
intensity), the intensity of spin relaxation due to electron—
phonon interactions increases. Moreover, the inset of Figure 3a
indicates a sharp drop in the degree of spin polarization in the
same time regime as the electron—phonon interactions. Hence
this subpicosecond drop in the spin polarization is attributed
to the electron—phonon interactions.

Figure 3b shows the distribution of the net spin-moments
(i.e., majority—minority spins) in the bulk LSMO crystal. An
ample portion of the net spin-moment is concentrated at Mn
sites. The PBEsol+U predicted magnetic moment is 3.5 pig per
Mn atom, which is in good a%reement with the experimental
value of 3.7 + 0.1 p, per Mn.”® Oxygen atoms also acquire a
small but nonzero magnetic moment, as shown in Figure 3b,
due to the strong hybridization of O-2p orbitals with Mn-3d
states as well as due to the double exchange mechanism. The
absolute value of the average magnetic moment per oxygen
atom is ~0.03 yy, which is consistent with previous reports.’”
Figure 3d,e represents the orbital projected electronic band
structure of LSMO for minority and majority spin-channels,
calculated along the high symmetry directions of the BZ shown
in Figure 3c. The projection of minority spins on the electronic
bands reveals the insulating feature for the minority spin-
channel with an energy gap of ~2.85 eV, whereas metallic
features can be observed for the majority spin-channel. The
shaded area in Figure 3d,e depicts the energy window of 1.53
+ 0.01 eV below the Fermi level, marking the region from
where the pump pulse (810 nm) used in our TR measure-
ments could potentially excite the charge carriers to the
unoccupied states. For the minority spin-channel, the possible
transitions could occur only from the occupied O (2p) states

I
spin polarization, calculated from P = 1R
R
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Figure 3. (a) Spin dynamic measurements for different excitation powers at room temperature. The inset indicates an increase in the degree
of spin polarization by increasing the excitation intensity. (b) Crystal structure of LSMO projected with the net spin-moment (= majority —
minority spins) at an isosurface value of 0.01. (c) BZ of LSMO obtained using AFLOW software.>® Orbitals projected electronic band
structure for (d) minority spin-channel and (e) majority spin-channel. The shaded areas depict the energy window of 1.53 + 0.01 eV, which
is the range of the excitation energy of the used laser pump pulse. (f) Orbitals projected DOS for bulk LSMO. Yellow/green color highlights
the total DOS for majority/minority spin-channels. (g) An isosurface representation of the normalized square of the optical dipole transition

matrix element in the irreducible BZ for majority spin states.

to the empty Mn (3d) states. However, these transitions
cannot occur in our experiments because the used photon
energy is smaller than the optical bandgap of the minority spin
channel.

For the majority spin-channel, there are several occupied
states available for the pump excitation [Figure 3e]. These
occupied majority spin-states are mainly composed of O (2p)
and Mn (t,,) states. The atomic orbitals resolved DOS plot
[Figure 3f] for the majority channel clearly indicate that
occupied Mn (dxy, ¥z, ) and O (2p) states constitute valence
bands below the energy bandgap region, whereas Mn
(d> yz,dzz) orbitals together with O (2p) orbitals form the
valence and conduction band states dispersed near the Fermi
level. In the shaded energy window, O (2p) orbitals highly
overlap with Mn (e,) states. Therefore, maximum optical
transitions from occupied to empty states are expected to
occur among the O (2p) and Mn (e,) states. No optical
transition is expected to occur from the Mn (tzg) states by
means of the laser pump used in this study.

To determine the magnitude of the optical transitions at
different points of the BZ, we analyze the dipole transition
matrix elements (M) calculated using the method described in
the ref 38. Because the majority spin-states near Fermi-level are
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highly intermixed, we evaluate the average M for different
possible interband optical transitions between two states (one
occupied and one unoccupied) corresponding to AE = 1.53 +
0.01 eV, where AE is the difference in the energy of the final
unoccupied and initial occupied state. This energy is equivalent
to the excitation energy of the laser pump. An isosurface

representation of the normalized M*for majority spin-channels
is shown in Figure 3g. As expected from the electronic band
structure calculations and observed in our TR measurements
for different polarizations of the laser beam, we notice a strong
optical excitation for the majority spin-channel. The major
optical transitions occur near the high-symmetry points and
along the high-symmetry lines of the BZ.

Figure 4 shows the TR measurements results after
normalizing the background on LSMO samples with different
thicknesses. While films with thickness above ~20 nm have the
same type of dynamics, thinner films show an extra relaxation
mechanism emerging as the LSMO film becomes thinner (fit
parameters are given in the Supporting Information, Tables 2
and 3). TR measurements were performed on LSMO thin
films of various thicknesses, with the excitation and probe
fluence of 191 and 3 uJ/cm?, respectively. For 43.1 and 20.3
nm thin films, the fit was converged with three decay

DOI: 10.1021/acsnano.8b09595
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Figure 4. TR measurements for LSMO thin films with different thicknesses. For thinner films, an extra relaxation mechanism was observed.
For the 14.1 nm film, all four dynamics were observed, however, thinner films lose all their energy after hundreds of picoseconds and no loss
of energy due to heat diffusion or radiative recombination was observed.

components in ranges of subpicosecond, tens, and thousands
of picoseconds. However, for films thinner than 11.2 nm, the
range of the three decay components, which gave the best fit
results, were subpicosecond, a few, and hundreds of pico-
seconds. For 14.1 nm LSMO thin film three decay components
model failed to fit the data. Adding an extra decay component
solved this problem and resulted in four decay components in
the range of subpicosecond (7,_,), a few (z,), tens (z,_,) and
thousands of picoseconds (7). Having an extra mechanism
emerging as the surface electrons start to dominate the bulk
electrons, to study the emergence of the additional
phenomena, a different version of the fit, with four decay
components, was performed for all the data to be thorough
regardless of signs of overfitting (i.e. very small amplitudes, the
same decay time constant, efc). As a result of overfitting for
some of the films, larger error bars have appeared [Figure
Sab], and the fit with the optimum number of decay
components with acceptable error bars are presented in the
Supporting Information (Figure 4).

As the result of fitting with four decay components, Figure
Sa,b show the decay time constant and amplitude of each
decay component. While 7, 7., and 7, are almost
independent of the film thickness, 7, and 7/, increase with
the film thickness. The amplitude plot [Figure Sb] shows the
electrons lose most of their energy via interaction with
phonons, because the magnitude of the amplitudes for the
electron—phonon decay components (red) are almost an order
of magnitude higher than the other components. The other
three decay components almost have the same contribution to
the electrons’ energy relaxation. By decreasing the film
thickness, the quantum confinement becomes a matter of
great importance. The general increase in the electron—
phonon relaxation amplitude with thickness shows that the
bandgap decreases with thickness and the interaction with
phonons become less effective in larger bandgaps (thinner
films), which is consistent with quantum size effect for strongly
correlated LSMO half-metal system.*”*® Figure 5a indicates a
separate mechanism (7,) as the film thickness decreases,
however, this mechanism becomes indistinguishable from the
phonon-assisted spin—lattice recombination as the film
thickness reaches its bulk value. We attribute this separate
mechanism to surface recombination because it happens when
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the surface to bulk ratio increases. Moreover, as discussed in
the ref 18, because the lattice mismatch between the substrate
and the film is small,"' unwarranted interface traps are
negligible. The decrease of the surface recombination time
constant (7,) by decreasing the thickness indicates the path
length for an electron to reach the surface to recombine with
the surface states reduces, resulting in a faster recombination
time constant in thinner films. Figure Sb shows the strong
effect of surface recombination in thinner films (less than ~20
nm thick), and in these films, electrons lose most of their
energy without any radiative or thermal recombination. On the
other hand, as the thickness increases, because the bulk carrier
density dominates the surface carrier density, the surface
recombination appears to be negligible with respect to the
other decay components. In the thicker films (above ~20 nm
thick), strong radiative or thermal recombination are
responsible for the energy loss in the electrons.

Figure Sc represents the calculated surface DOS for 4 and 8
unit cells LSMO thin films mounted on a S unit cells STO
substrate. In the same figure, we also present the DOS for bulk
LSMO for comparison. We notice an increase in the DOS near
the Fermi level as the thickness decreases, thus indicating a
higher density of surface states in thinner films. Figure Sd
shows the integrated DOS in the energy window of [—0.25,
0.25] eV, further suggesting a systematic increase in the surface
DOS in thinner films close to the Fermi energy. Having a
higher density of surface states results in higher transition
probability through surface states and consequently a higher
amplitude for the surface recombination in thinner films, which
is consistent with the fit results in Figure Sb. Moreover, the

averaged electric potential (?) along the vertical direction
4

rapidly increases with decreasing thickness of deposited LSMO
films, as reported by Trappen et al. in a recent work."" This
causes an increase in the electric field along a direction
perpendicular to the LSMO surface, leading to more energy
band bending near the surface**’ and consequently a faster
surface recombination of charges in thinner films, which is
consistent with the fitting results presented in Figure Sa.
Figure 6 shows TR measurements for different excitation
fluences for 4.4 nm LSMO thin film with the focus on the
surface recombination. The inset of Figure 6 indicates the
dependence of the decay lifetime of the surface relaxation
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mechanism with pump fluence for the 4.4 nm LSMO thin film.
There is a linear decrease in the decay lifetime with increasing
excitation fluence. This decrease can be qualitatively under-
stood by utilizing the relations among excitation power,
temperature, and the kinetic energy of charge carriers.
According to Lin,** the maximum pulsed laser temperature
varies almost quadratically with the laser power (P), i.e. T o P2
The kinetic energy of carriers of effective mass m and velocity v
can be expressed as

lmv2 = ékBT x P?
2 2 @)
where, kp is the Boltzmann constant. From the above
expression, one notices that v is linearly proportional to the
laser power P. Therefore, the higher the laser power, the higher
the surface recombination velocity and thus shorter time (t ~
1/v) for recombination.'® This decrease in the surface
recombination time constant is consistent with the surface
recombination velocity because by increasing the thin film
temperature (due to the laser power increase), surface
recombination velocity increases. Consequently electrons on
the surface recombine faster,'® suggesting ultrathin LSMO
films as a suitable material for the future ultrafast
optoelectronic and magneto-optic devices.

CONCLUSION

Surface recombination at room temperature in complex oxide
LSMO ultrathin films which can significantly affect device
applications has been studied in this work. The TR
measurement at room temperature for films above ~20 nm
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Figure 6. TR signal excitation fluence dependence for 4.4 nm
LSMO thin film shows that the surface recombination decay time
constant decreases with laser fluence.

thick, is consistent with results already published in the
literature at lower temperatures. These measurements indicate
three relaxation mechanisms. (i) Electron—phonon recombi-
nation (r < 1 ps), (ii) phonon-assisted spin—lattice
recombination (z ~ 100 ps), and (iii) thermal diffusion/
radiative recombination (7 > 1 ns). Circular TR measurements
indicate that due to LSMO’s half-metallic behavior, the
dominant carrier dynamics come from the conducting spin
majority channel, while almost no response is observed from
the insulating spin minority channel. DFT calculations enabled
us to determine the possible transitions and their probabilities
responsible for the recombination, indicating major optical

DOI: 10.1021/acsnano.8b09595
ACS Nano 2019, 13, 3457—3465



ACS Nano

transitions occurring in the majority spin-channel and near the
high-symmetry points, S, T, I', and R, of the BZ. Reducing the
film thickness, enabled the study of the surface effect on
LSMO thin films as the surface contribution increases with
respect to the bulk contribution in thinner films. Consistent
with the experimental observation of surface recombination for
films thinner than ~20 nm, DFT calculations indicate an
increase in the density of the surface states in thinner films,
which consequently results in stronger surface recombination.
Reduction in the path length from the bulk to the surface and
increase in the energy band bending near the surface, result in
faster surface recombination in thinner films. Moreover, the
surface decay time constant monotonically decreases with
increasing excitation fluence, indicating higher carrier velocity
for higher excitation fluences.

METHOD AND EXPERIMENTAL

Sample Preparation. Perovskite oxide LSMO thin films were
fabricated with different thicknesses by pulsed laser deposition (PLD)
on (100) SrTiO; single crystal substrates. The target material is
ablated using a KrF laser at a wavelength of 248 nm with an energy
fluence of 300 mJ/pulse. Before growing the sample, the substrates
were annealed to form terraces to encourage layer-by-layer growth. All
of the samples were grown under the same optimized conditions of
750 °C and 100 mTorr oxygen pressure, optimized by in situ
reflection high energy electron diffraction (RHEED). After growth,
the samples were postannealed in oxygen at 250 mTorr to minimize
the presence of oxygen vacancies. The quality of the thin films was
checked with X-ray diffraction (XRD), vibrating sample magneto-
metry (VSM), and atomic force microscopy (AFM). Materials
characterization results for one of the films as an example are
shown in the Supporting Information (Figures 1 and 2), and more
information can be found in ref 45. The films thicknesses were
confirmed by X-ray reflectivity (XRR) to be 4.4, 11.2, 14.1, 20.3, and
43.1 nm.

Optical Measurements. Figure 7 provides a simplified schematic
diagram of the TR geometries used in this paper for both circular and
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Figure 7. Schematic diagram of the measurements.

linear polarization configurations. TR was performed with a
degenerate pump—probe setup using a Spectra-Physics Tsunami
Ti:sapphire laser source at 810 nm (photon energy of 1.53 ev) with a
repetition rate of 80 MHz and nominal pulse duration of 100 fs. The
pump pulse was normal to the sample, while the probe had an
incident angle of 15°. Pump pulses were modulated by a mechanical

chopper at a reference frequency of 3 kHz and were focused to a —

[4
spot diameter of 50 um, twice the size of the probe spot diameter. A
range of pump excitation densities with fluences of 32—191 uJ/cm?
were used in the experiments, meanwhile, the fluence of the probe
pulse was kept constant at 3 yJ/cm?® Detection of the optical signal
was recorded in a lock-in amplifier locked to the reference frequency.
Transients were measured by varying a mechanical delay stage that
has a range of 1.8 ns with a precision of 66 fs. For linear-polarized
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configuration, the pump and probe pulses were cross linearly
polarized to minimize pump scatter and coherent effects caused by
the direct interference of the two pulses at zero delay time.

A circular pump—probe experiment has been performed to study
the spin polarization of the system and spin dependent dynamics. For
circular measurements, additional zero-order achromatic quartz-MgF,
quarter waveplates with a performing wavelength range of 700—1000
nm were introduced to perform co- and cross-circular measurements.
After reflection, a quarter waveplate was used to change the
polarization of the circularly polarized probe to linearly polarized
light, which passes through a linear analyzer and reaches the detector.
In this setup, a right (left) circular polarized pump beam, RCP (LCP),
changes the J-state of the electrons by —# (+#) and the circularly
polarized probe beam traces the m; states.”>*® Because bulk LSMO is
a half-metallic ferromagnet with more than 90% spin polarization,
almost no minority charge carriers are at the Fermi level at absolute
Zero temperature.46

DFT Calculations. To understand the origin and nature of the
optical transitions in bulk LSMO, we performed first-principles DFT
+U calculations using VASP code (version 5.3.3).3%47%% The
generalized gradient approximation (GGA) for solids as parametrized
by Perdew—Becke—Ernzerhof (PBEsol) was used for the exchange-
correlation (XC) functional*” The projected augmented wave
(PAW) method*>*" with a kinetic energy cutoff of 600 eV for the
plane wave basis set was employed. We considered 11 valence
electrons of La (5s*5p°5d'6s%, version 06Sep2000), 10 valence
electrons of Sr (4s*4p®3s%, version 07Sep2000), 13 valence electrons
of Mn (3p°4s?3d°, version 02Aug2007), 12 valence electrons of Ti
(3s23p®3d%4s%, version 26Sep2005), and 6 valence electrons of O
(2s2p", version 08Apr2002) in the PAW pseudopotentials. La/Sr
concentration ratio of 0.70/0.30 was simulated using the virtual
crystal approximation (VCA).>> A 9 X 9 X 6 Monkhorst—Pack k-
point mesh® was used for the structural optimization, and a 18 X 18
X 12 Monkhorst—Pack k-point mesh was used to calculate the optical
transition matrix elements.*® To correctly evaluate the strong-
correlation effects in LSMO, we employed rotationally invariant
DFT+U method®* with U = 2.7 eV and ] = 1.0 eV, after testing
various other combinations of U and ] values. Our calculations suggest
that the aforementioned U and ] values correctly predict the half-
metallicity and the ferromagnetic (FM) ground state of bulk LSMO.
Previous studies have also used this combination of U and ] values to
correctly reproduce the experimental observations.*”>> The PBEsol
+U predicted Mn—O bond length is 1.95 A, which is in excellent
agreement with the reported experimental value of 1.95 A.°**” The
optimized lattice parameters for bulk unit cell are a = 5.445 A, b =
5461 A, and ¢ = 7.675 A, which are consistent with the reported
values in literature.”® Having the electronic band structure and optical
transition probabilities for different spin channels obtained using DFT
calculations, one can relate the results of the TR measurements
(electrons relaxation mechanisms) to specific optical transitions for
different spin channels and points in the Brillouin zone (BZ).

To study the thickness dependence of surface states in LSMO thin
films mounted on STO substrate, we prepared two slabs consisting of
five cubic layers of STO and added four and eight layers of LSMO on
top of the STO substrate. We added an extra layer of oxygen atoms to
complete the Mn—O octahedral at the LSMO surface. A vacuum of
thickness 16 A was added perpendicular to the LSMO surface to
avoid any interaction in the periodic geometries. During the structural
optimization, the lowest STO layer was frozen to simulate the bulk
substrate behavior, whereas all other atoms were allowed to freely
relax until the net residual force on each atom was less than 0.001 eV/
A. An 8 X 8 X 1 Monkhorst—Pack k-mesh was used to sample the
reciprocal space of LSMO/STO slabs.
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