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Femtosecond optical reflectivity measurements of lattice-mediated spin repulsions
in photoexcited LaCoOj thin films
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We present results on the temperature dependence of ultrafast electron and lattice dynamics, measured with
pump-probe transient reflectivity experiments, of an epitaxially grown LaCoOs; thin film under tensile strain.
Probing spin-polarized transitions into the antibonding e, band provides a measure of the low-spin fraction,
both as a function of temperature and time after photoexcitation. It is observed that femtosecond laser pulses
destabilize the constant low-spin fraction (~63%—-64%) in equilibrium into a thermally activated state, driven
by a subpicosecond change in spin gap A. From the time evolution of the low-spin fraction, it is possible to
disentangle the thermal and lattice contributions to the spin state. A lattice mediated spin repulsion, identified
as the governing factor determining the equilibrium spin state in thin-film LaCoOs, is observed. These results
suggests that time-resolved spectroscopy is a sensitive probe of the spin state in LaCoO; thin films, with the
potential to bring forward quantitative insight into the complicated interplay between structure and spin state in

LaCoOs.
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I. INTRODUCTION

The transition-metal perovskite LaCoQOj3 has attracted con-
siderable attention as a consequence of its puzzling spin-state
transitions [1-3]. In the ground state, LaCoQOj is a diamagnetic
insulator with rhombohedral space group R3c and low-spin
(LS) d-orbital occupancy tggeg. With increasing temperature
the spin state gradually transforms towards a paramagnetic
state, which has been discussed to be of either intermediate spin
(IS) 3,e (S = 1) or high-spin (HS) #3,¢} (S = 2) character.

The driving mechanism behind the spin-state transition has
been attributed to the sensitive interplay between the crystal
field splitting Acp, the intraionic exchange energy Ay, and
the e, bandwidth W, via the spin-gap A = Acp — W/2 — Ay
found to be ~200 K (17 meV) in magnitude. A allows a
thermally depopulated low-spin fraction according to Fermi
statistics [4,5];

1
1+ Zexp(—A/T)

nis(T) = (1
where Z = (2S5 + 1)n is the combined spin and orbital
degeneracy of the excited state.

It was realized early on by Goodenough [2,3] that the ionic
size difference between the small LS and large HS Co®* ions
can stabilize a 1:1 LS-HS ratio in a checkerboard pattern,
where cooperative lattice effects act as a spin repulsion (SR)
that prohibits further HS occupation. However, the observed
nrs exhibit neither the simple activation according to Eq. (1)
nor the 1:1 LS-HS ratio at elevated temperatures. Instead,
lattice interactions have been discussed as affecting ng, for
example, in terms of an effective temperature-dependent spin
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gap [6] or “negative cooperativity” [7]; where A increases
with the number of HS sites, nyg, through an energy of mixing
between LS and HS sites.

Recently, a ferromagnetic (FM) state with HS character
even at low temperature was observed in epitaxially grown
LaCoOs; thin films [8-15]. The HS character is closely
connected to substrate induced strain; polycrystalline thin
films grown on Si substrates do not exhibit an FM HS ground
state [8,11]. Moreover, x-ray absorption spectroscopy (XAS)
complemented by atomic multiplet calculations indicates that
epitaxial thin-film LaCoO3; grown on SrTiO3 (STO) have a
constant LS fraction np g = 0.64 in the temperature range 10—
300 K [15,16], in contrast to bulk LaCoOs as discussed above.
The first experimental observations of a low-temperature HS
state in strained LaCoQj thin films were discussed in terms of
an increase in orbital overlap as the epitaxial strain increases
the Co—O-Co angles [8,9,15]. Calculations [17] and a recent
XAS study [18] instead emphasize the structural deformations
as the driving mechanism behind the substrate-dependent HS
fraction.

Lattice interactions are thus expected to be an important
factor in the realized spin states, both in thin-film and bulk
LaCo0s. In this paper, we investigate the lattice contributions
to nps in thin film LaCoO; using femtosecond transient reflec-
tivity measurements. Time-resolved pump-probe spectroscopy
provides a powerful technique for directly investigating the
electron, lattice, and spin dynamics on a subpicosecond time
scale and has previously been used to temporally disentangle
the origins of many unique properties of transition metal
oxides [19-21]. Here, we show that n;g can be measured
by probing magneto-optical transitions in thin-film LaCoOs.
It is observed that the underlying nyg follows the purely
thermal activation [Eq. (1)], while the time evolution of nyg
reveals a lattice mediated spin repulsion, as first proposed
by Goodenough [2]. We argue that the SR is responsible for
the deviations from a thermal spin population, both in the
equilibrium and photoexcited states.
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II. EXPERIMENTAL

The LaCoOj; thin film with thickness of 100 nm was
epitaxially and coherently grown on a STO substrate by pulsed
laser deposition. The in-plane lattice parameter of the LaCoQOs3
film is identical with the substrate one, thus the LaCoO; film
is fully strained and exhibits a FM state below 85 K. Above
85 K, the ferromagnetic order disappears and a paramagnetic
state is instead observed up to at least 300 K. Details about
the growth, structural, and magnetic characterization can be
found elsewhere [11].

Time-resolved reflectivity measurements were performed
at near normal incidence with a Ti:sapphire mode-locked
amplifier with a 1-kHz repetition rate and 150-fs pulse
duration. The p-polarized pump beam was set to 777 nm (1.6
eV), while the probe beam, obtained from the s-polarized
second harmonic signal from a B-BBO crystal, was fixed
at the second harmonic wavelength 388 nm (3.2 eV). The
pump and probe wavelengths were chosen to match the
broad magneto-optical transitions centered at 1.5 and 3.1 eV,
respectively [22]. The beam diameters at the sample surface
were adjusted to 135 and 160 pum for the probe and pump,
respectively, giving a constant pump fluence <1 mJ/cm?,
resulting in ~0.03 absorbed photons/Co site and a probe/pump
fluence ratio of less than 1,/100.

III. RESULTS

Figure 1(a) shows the first 4 ps of the transient reflectivity
normalized to the peak value at 300 K, d Ry, in the temperature
interval 10-300 K. The initial rise of d Ry centered around 0 ps
delay arises from the instantaneous hole-carrier excitation.
After the initial photoexcitation, a fast decay from the
thermalization of excited carriers is observed on the 100-fs
time scale [23,24]. The amplitude of this decay is relatively
weak at 300 K and increases rapidly below 100 K, see the
time-temperature 2D plot in Fig. 1(b).

As the minimum in d Ry is reached, a second process takes
over, see Fig. 1(c) where delays up to 20 ps are shown. This
process is due to a combination of the nonthermal lattice
relaxation (LR) previously seen in cobaltite systems [25]
and the usual coherent acoustical phonons (CAPs) from its
wavefront [26], propagating through the sample at the speed
of sound. Notice also the lack of significant changes in the
dynamics between 10-100 K, where mainly a translational
offset due to increased strength of the subpicosecond decay is
observed with decreasing temperature.

After 17 ps, the LR and CAPs reach the substrate as
indicated by discontinuity at the broken line in Fig. 1(d) where
d Ry up to 200 ps is shown. The persistent oscillations show
that the CAPs continue into the bulk of STO with a frequency
of 113 GHz as inferred from the power spectrum in the inset.
We obtain a speed of sound Crco = 5.9 and Cspo = 9.0 km/s,
respectively.

The probe pulse at 3.2 eV is in resonance with the spin-
polarized and formally dipole-forbidden #,, — ¢ transition
centered at 3.1 eV, from O 2p derived to Co d derived
bands [22]. However, Co-O hybridization effects make this
transition dipole-allowed [22], and the observed features in
d Ry are thus sensitive to the density of empty e, states and,
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FIG. 1. (Color online) Transient reflectivity of a LaCoO; thin
film under tensile strain in the temperature range 10-300 K. Each
transient is normalized to the 300 K peak value at O ps. (a) shows
transients at 300, 200, 100, and 10 K. The broken line is the pump
pulse autocorrelation and indicates the achievable time resolution.
For clarity, each transient has been offset along the y axis, with
the respective zero-level indicated by the leftmost solid line. In (b),
transients for all measured temperatures are collected in a 2D plot
with dR/R given by the color bar. (c) Transient reflectivity in the
0-20 ps range. (d) dR/R at 300 K for 0-200 ps. From the constant
magnitude of d Ry after 20 ps, we conclude that the photoinduced
change in the spin state is long lived, returning to equilibrium as the
holes and carriers recombine.

consequently, to n g, which in its purest form follows the
thermally activated behavior in Eq. (1).

To visualize the time and temperature evolution of
nis(T,7), we make vertical cuts in Fig. 1(b) at different
delays 7. The cut taken at 7 = 500 fs [see the red circles in
Fig. 2(a)] is fitted well to Eq. (1), both with a HS S = 2 model
where A =200+ 10 K and Z = 5 (solid line) and with an
IS S = 1 model, where A =175+ 8 K and Z = 3 (broken
line), and it is from these fits that the numerical nys(7,7)
values are extracted. Based on previous experimental [15,16]
and computational [14] works, we adopt the HS interpretation
in the following discussions. The excellent fit of Eq. (1)
to the data is the first verification that d Ry indeed contain
information about npg. At larger t, the thermal evolution of
nys begins to deviate from the thermally activated state. Here, a
rapid increase of ny g towards the equilibrium low-spin fraction
neq = nis(T,00) is observed for T > 100 K, while below 100
K, we observe an npg independent on t, see Fig. 2(a). The
static np.g below 100 K can also be observed directly in the
experimental d Ry data as the previously mentioned invariant
shape below 100 K seen in Fig. 1(c).

The increase in npg as a function of delay at 300 K is
highlighted in Fig. 2(b) where ny g is plotted as a function of t,
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FIG. 2. (Color online) (a) The temperature and time-dependent
low-spin fraction nys(7,t), extracted from the measured dR/R as
explained in the text, for six different time delays. Bulk data from
Ref. [6] are shown with the black squares and error bars together with
the calculated ny g from Ref. [30] (dotted line). (b) A vertical cut at
300 K, showing the complete time evolution of n;5(300 K,7) (red
squares) after subtraction of oscillations from CAPs. An exponential
(solid line) provides a good fit to the initial increase of n;s(300 K, 7).
In the inset, the electron-lattice equilibrium LS fraction obtained from
the exponential fit is shown for all temperatures. The HS model gives
an average of 62.5%, in agreement with the previously estimated
neq = 0.63-0.64 (shaded areas) [15,16].

after the removal of an oscillatory component from the LR and
CAPs [26]. nis increases rapidly between 0.5 and 8 ps before
a slow decrease sets in. The rapid increase can be described
with a simple exponential that asymptotically reaches the
equilibrium value n g = 0.64 with time constant 7., = 2.8 ps,
typical for electron-lattice (e-1) relaxations [23,24,27-29]. The
decrease in npg after 8 ps is attributed to the LR process
discussed above [25].

In the inset of Fig. 2(b), the asymptotic ny s, with error bars
indicating a 95% confidence interval, obtained in this way is
plotted for all temperatures. Above 90 K, nyg varies between
60% and 64% and these variations can at least partly be as-
signed to uncertainties arising from the exponential fitting and
removal of the oscillatory CAP signal. The fact that we obtain a
constant neq with the same value as reported elsewhere [15,16]
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provides a nontrivial consistency check of our results and
interpretation of the pump-probe signal. However, it should
be noted that it is in general not possible to extract nys(7,7t)
from d RN(T,T) without additional constraints. In particular,
we expect it to be difficult to extend the methodology used
here to interpret analogous experiments performed on bulk
LaCo0O3. For thin-film LaCoO3, the possibility to extract the
absolute ns(7',7) hinges on the fact that n¢q has been reported
to be constant in the 10-300-K temperature range [15,16],
although we stress that the actual numerical value of n.q was
not used as input in obtaining nys(7,7).

IV. DISCUSSION

Our observations can be explained as follows. The pho-
toexcitation with 1.6-eV photons is in resonance with the
magneto-optical transition at 1.5 eV and excites electrons
into the Co derived e; band [22,25], creating hole-carrier
pairs with a quasistable concentration during the remainder of
our measurements [24]. The observed effect is a pump pulse
intensity dependent increase of A, leading to a ferromagnet to
diamagnet collapse of the equilibrium nyg into a distribution
following a purely thermal activation [red circles in Fig. 2(a)].
As this process occurs on a subpicosecond time scale, we
assign this increase of A to an electronic process where the
creation of holes decreases the orbital overlap and O 2p-Co
3d bandwidth.

Below 100 K, npg follows an essentially static thermal
occupation that relaxes back to neq as the equilibrium A is
recovered on the hole-carrier recombination time scale. Above
100 K, nrs increases towards neq on the e-I relaxation time
scale and we interpret this as a lattice mediated SR, through
cooperative oxygen displacements to accommodate the large
HS Co** ions. From the abrupt crossover from thermally
excited to SR saturated nyg at 100 K, we deduce that the
effective strength of the SR is zero above a critical ny g, below
which the SR becomes strong enough to completely negate
further thermal LS depopulation in the temperature range
investigated here. This argument is summarized in Fig. 3.

After e-1 relaxation but before carrier-hole recombination,
the observed spin states are remarkably similar to the idealized
model describing bulk LaCoO3 proposed by Goodenough,
which incorporates a thermally activated npg until the SR
stabilizes a checkerboard npg = 0.5 arrangement [2,3,30].
The discrepancy between the predicted nps = 0.5 and the
observed ni s = 0.64 implies that it is necessary to take
into account collective electron-lattice interactions beyond the
nearest-neighbor approximation to fully understand the SR
and we expect these interactions to be sensitive to the detailed
crystal structure and thus strain.

Indeed, a clear dependence of the SR on the strain state
is observed in Fig. 2(b) from the decrease Anyg in nig
above 8 ps due to the increased strain from the LR, which
temporarily decreases the lattice interactions by acting as
negative pressure [25]. From a comparison between the 0.5-
and 20-ps LS distributions below 100 K in Fig. 2(a), it can be
seen that A is not affected by the LR, i.e., the SR is decoupled
from the spin gap magnitude.

The equilibrium thin-film state can now be understood
as having a suppressed A due to strain induced lattice
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FIG. 3. Schematic over the effect of photoexcitation on ns. The
upper left panel shows the relative energies [31] in a hypothetical
equilibrium state where A = 0, including the crystal-field splitting
Acr, the intra-atomic exchange energy Ay and the p-d bandwidth
W. The resulting ni g, shown in the lower left panel (shaded area),
is constant and constrained by the SR (solid line) as opposed to the
Fermi distribution ny (broken line). The experimentally observed
neq = 0.64 above 10 K is consistent with A < 20 K. Photoexcitation
(upper right panel) decrease W to give anincreased A. In this case, n.g
follows the Fermi distribution n z until the low-spin fraction given by
the SR is reached (lower right panel). For clarity, both the magnitude
and change in W is greatly exaggerated.

deformations, whereby the SR determines nys down to at
least 10 K. This constrains A to < 20 K. Because the SR
is very sensitive to the structural properties of the thin film,
different n; g and consequently magnetization strengths are
observed on different substrates [8,11]. Further, the constant
SR observed in the thin film could be explained by a quenching
of the anomalous lattice expansion that couples to the spin
state in bulk LaCoO; [32,33] by epitaxial adhesion to the
substrate. This explanation of the variations in magnetization
on different substrates in terms of the SR is in accord with
the recent XAFS study by Sterbinsky et al. [18] where it was
argued that structural distortions are the important parameters
for stabilizing the HS phase rather than the strength of the
orbital hybridization.

PHYSICAL REVIEW B 89, 035129 (2014)

Our conclusions supplement previous interpretations of the
spin-state evolution in bulk LaCoOs, where a temperature
dependent spin gap A(T), influenced by lattice relaxations,
was used to explain the deviations from a thermally excited
spin fraction [6,7]. While temperature induced variations of
the lattice parameters are expected to affect A via the p-d
bandwidth and Co—O bond length [31], we here demonstrate
the decoupling of A(T') and the significant contribution to ng
from the SR. As shown in the strain-induced low-spin decrease
Angg [see Fig. 2(b)], the SR strength should also be expected
to vary with strain and temperature. This suggests that ny g in
bulk LaCoOj3 [shown in Fig. 2(a), squares with error bars [6]
and dotted line [30]] is determined by a temperature dependent
interplay between A and the SR.

V. SUMMARY AND CONCLUSIONS

In summary, we have presented time-resolved pump-
probe measurements on LaCoO3, where irradiation with a
femtosecond 1.6-eV laser pulse causes an increase in A, which
initiates a ferromagnet to diamagnet transition occurring at
the subpicosecond time scale. Probing the magneto-optical
transition at 3.2 eV, we are able to disentangle the thermal
from the lattice contributions to ny s and measure the ultrafast
spin-state evolution.

‘We observe a lattice mediated spin repulsion and argue that
this effect determines the value of the npg and, consequently,
the ferromagnetic moment, in tensile strained LaCoOs3 thin
films. Even though lattice interactions have been widely
suggested as affecting nys in LaCoO; [2,3,6,30,32], to our
best knowledge, this is the first time these effects have been
observed directly. Further time-resolved studies are needed to
provide a clear understanding of the spin repulsion mechanism,
which could assist in unraveling the spin-state transition in
LaCoOs;.
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