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ABSTRACT

We investigated the time evolution of the density of giant spin polarons in a magnetic semiconductor. Spin polarons (SPs) were photoexcited
and observed using time-resolved Faraday rotation. We find the existence of two types of SPs, a short-lived spin polaron with a lifetime of
around 7y = 0.5 ns and a long-lived spin polaron with a lifetime of 7;; = 0.45 + 0.03 ps, at T = 5 K. The stark difference of three order of
magnitude between these lifetimes suggests that in the long lived SP the electron-hole pair is relaxed and its recombination is forbidden.
The short-lived SP is probably associated with SP recombination before such relaxation has occured. An extraordinary finding is that the
magnitude of 7y, as well as its decrease with increasing temperature, reproduces exactly the characteristic time for SP growth. This suggests
that the thermal fluctuations, responsible for SP magnetic moment growth, are also responsible for increasing the recombination probability

of SPs.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000820

I. INTRODUCTION

Controlling the magnetic state of matter by light has emerged
as one of the most promising concepts in novel magnetic devices."”
Compared to traditional control through the application of a mag-
netic field, magneto-optic processes occur on shorter timescales,
creating a straightforward mechanism for faster magnetic control.
In this work, we will discuss the time-resolved dynamics involved
in the photoexcitation of spin polarons (SPs), a recently discov-
ered, energy-efficient method for optically inducing magnetization
in magnetic semiconductors.” °

We will discuss EuSe, in which SPs are formed due to a large
increase in direct exchange interaction between a (photo)excited
electron and surrounding lattice spins, compared to an electron
in the ground state. This leads to spherical regions of enhanced
ferromagnetic interaction centered around the excited electrons,
which is sufficiently strong to overcome otherwise antiferro-,
ferri- or paramagnetic ordering, or enhance already existing
ferromagnetism.

The magnetic moment of such SPs can reach very large sizes,
up to 6000 Bohr magnetons in EuSe” and 20 000 Bohr magnetons in
EuS.” However, the exact nature of the SP state is not well-described

and in this work we further investigate the SP state by investigat-
ing the formation and decay dynamics of SPs using time-resolved
Faraday rotation measurements.

Il. METHODS

We used two-color pump-probe spectroscopy to measure the
photoinduced time-resolved Faraday rotation (TRFR) in EuSe. Light
pulses with energy of 3.1 eV, which is above the 2.0 eV bandgap
of EuSe,”” were used as pump pulses to photoexcite SPs. A probe
pulse with energy of 1.5 eV, within the EuSe bandgap, was then used
to obtain the magnetization through Faraday rotation,” where the
rotation angle was measured using an autobalanced photodetector.'
Repeating the measurement and varying the time in-between pump
and probe pulse then allows us to probe the magnetic state at dif-
ferent instants after excitation, with a resolution of around 100 fs,
which is the pulse duration at the sample. Furthermore, the pump
beam was modulated by an optical chopper, and the probe signal
was passed through a lock-in amplifier referenced at the chopper fre-
quency to extract only the photoinduced magnetization associated
with SPs. All measurements were performed above the Néel temper-
ature in the paramagnetic (PM) phase of EuSe. In this phase, the SPs
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will initially be oriented randomly, and a magnetic field was applied
in the Faraday geometry to align the SPs and obtain a macroscopic
magnetization. Throughout this work, we used very low fluence
excitations of 1 pJ/cm?, several orders of magnitude less than what is
common for other ultrafast magneto-optic techniques.”'' ™" Exper-
imental conditions were equivalent to those in Ref. 6, which we refer
to for additional details.

Figure 1 shows a delay scan of the photoinduced magnetiza-
tion AM, where a magnetic field of 60 mT was used to align the
SPs. As discussed into detail in Ref. 6, this single curve comprises
the evolution of the SP magnetic moment, the SP density and the
spin temperature. To measure the evolution of these parameters
individually, instead of measuring a delay scan at a fixed field, we
perform a magnetic field scan at various fixed delays. An example
of such a scan, at t = 0.9 ns, is shown in Figure 2, and from this
scan we can individually extract the SP magnetic moment and SP
density as follows. We consider that the SPs are free to point in any
direction, and as such their magnetization as a function of magnetic
field is described by the paramagnetic Brillouin function, which due
to the large SP magnetic moment is very well approximated by a
Langevin function. In addition, a linear term is added due to heat-
ing, as described in Ref. 15. The photoinduced magnetization as a
function of magnetic field is therefore written as

B
AM = P‘pol"pozL(‘IZL) + constant x B, (1)
B

where 1, and ny,; are the respective SP magnetic moment and den-
sity at the specified time delay, L(x) = coth(x) — 1/x is the Langevin
function, B is the internal magnetic field, kg is Boltzmann’s con-
stant and T the temperature. A fit of Eq. 1 to the magnetic field
scan is indicated by the solid line in Figure 2, whose fit parameters
give us p,, and n,, separately. Repeating this measurement for var-
ious delays therefore allows us to independently track u,,, and 7,
as function of time, uncovering the dynamics behind the delay scan
from Figure 1.
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FIG. 1. Photoinduced magnetization due to SPs as a function of time, measured
at a temperature of 5 K and applied magnetic field of 60 mT.
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FIG. 2. Photoinduced magnetization due to SPs as a function of magnetic field,
where the time delay was fixed at 0.9 ns, measured at a temperature of 5 K.

Ill. RESULTS AND DISCUSSION

We will mainly consider the temporal evolution of the SP den-
8ity, #1p01, Which mirrors the excited carrier density. In Figure 3, we
show Mpor @S @ function of time, extracted as described in Section I1I.
As expected, we see an immediate rise in density upon absorption
of the pump pulse at ¢ = 0, which is due to the virtually instant
excitation of carriers. After, we observe a decay to a constant level,
indicated by the dashed line in Figure 3, at about a tenth of the ini-
tial density. We associate this constant level with earlier reported
long-lived SPs in EuSe and other compounds of the europium
chalcogenides.”” However, a short-lived state as indicated by the
fast decay has not been observed before, which we associate with
short-lived SPs. By subtracting the constant level from the data and
plotting the remaining density on a logarithmic scale, as shown in
the inset of Figure 3, we obtain that the decay of these short-lived
SPs is mono-exponential with a lifetime of around 0.5 ns.
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FIG. 3. The evolution of the polaron density (connected red dots) over time, after
excitation at t = 0, measured at T = 5 K. The dashed line indicates the density of
long-lived SPs, which appears constant on the timescale considered here. In the
inset the density of short-lived SPs (red dots) is plotted on a log scale as a function
of time, which is obtained by subtracting the long-lived density from the data in
the main graph. The solid line in the inset indicates the fitted exponential decay of
short-lived SPs.
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To assure ourselves that the constant level is indeed associated
with the long-lived SPs observed before, we will compare its life-
time to the earlier mentioned results, which is obtained as follows.
First, we consider that, as we decrease the time between pulses, we
should eventually observe a non-zero SP density before t = 0, since
insufficient time will have passed for all SPs to decay. Indeed, this
is observed in Figure 4, where the (normalized) photoinduced mag-
netization is plotted for various pulse repetition rates, showing that
as time between pulses decreases, i.e., the repetition rate increases,
the photoinduced magnetization before arrival of the pump pulse
increases. Then, if we assume mono-exponential decay, we can use
the ratio between the final level n 7 and initial level n; to determine
the lifetime of long-lived SPs through

T’lf 1
— =ex , (2)
P (ﬁepfll)

where fr is the pulse repetition rate and 7y is the lifetime of long-
lived SPs. In the inset of Figure 4 we plot this ratio for various repe-
tition rates, and fitting Eq. 2 yields a lifetime of 7;; = 0.45 + 0.03 ps,
in approximate agreement with the lifetime of 1.5 us as reported
in Ref. 5 for slightly different experimental parameters, therefore
indicating that the constant level is indeed related to long-lived SPs.

Altogether, we find the existence of short-lived SPs in addition
to long-lived SPs, whose lifetime difference spans three orders of
magnitudes. To explain this large discrepancy, we will first consider
the short-lived SP, whose lifetime is about half a nanosecond. We
use that the order of magnitude of the lifetime of a dipole-allowed,
spin-allowed transition is given by'®

h

T~ ——)
o’ hv

3)
where a = 1/137 is the fine structure constant, 4 is Planck’s constant
and hv is the energy of a photon emitted by the transition. Using
hv =2 eV, equal to the EuSe bandgap, then yields 7 ~ 1 ns, in good
correspondence with the lifetime of the short-lived SP, indicating
that this transition is indeed dipole- and spin-allowed. On the other
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FIG. 4. The normalized photoinduced magnetization as a function of time, for var-
ious repetition rates, as indicated by the colored labels. For increasing repetition
rate, the residual SP density increases. Inset: the ratio between final and initial
density as a function of repetition rate (red dots), where the solid line indicates a
fit of Eq. 2.
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FIG. 5. The decay time of short-lived SPs () and growth time of the SP magnetic
moment (T4) as a function of temperature. The data for T4 is reproduced from
Ref. 6.

hand, we know that the long-lived SP in the europium chalcogenides
is of excitonic nature,'”'* where electron-hole recombination is for-
bidden. We deduce that most SPs recombine before entering this
long-lived excitonic state, leading to the existence of short-lived SPs
which recombine freely as observed in Figure 3. While we leave
the specific origin of the long-lived SP state open for discussion,
a possible origin for this large difference in lifetime may be found
in the dipole matrix elements,'” where a rearrangement of the six
remaining valence electrons of the Eu’* ion prohibits the excited
electron-hole pair to recombine.

We further investigate the recombination of short-lived SPs
by measuring their decay time, 7 as a function of temperature, as
shown by the red dots in Figure 5. We find a remarkably exact coin-
cidence of the recombination time of short-lived SPs with the growth
time of the SP magnetic moment, as taken from Ref. 6 and indi-
cated by the blue dots in Figure 5. Since growth is determined by
thermal fluctuations,® Figure 5 suggests that fluctuations also favor
recombination, possibly shaking the photoexcited state and adding
wavefunction components that increase the recombination rate.

IV. CONCLUSION

In summary, we observed short-lived SPs in EuSe, in addition
to the earlier reported long-lived SPs. We find that the difference
in lifetime between the short- and long-lived SPs spans three orders
of magnitude. We propose that the short-lived SP decays through a
dipole- and spin-allowed transition, before entering the long-lived,
excitonic SP state where recombination is forbidden. A comparison
of the decay time of short-lived SPs to the growth time of the SP mag-
netic moment shows that they follow each other exactly, suggesting
thermal fluctuations play a key role not only in SP growth, but also
in recombination of short-lived SPs.
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