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We demonstrate a new approach for directly tracking antiferromagnetic (AFM) spin dynamics by
measuring ultrafast changes in a magnon resonance. We test this idea on the multiferroic HoMnO3
by optically photoexciting electrons, after which changes in the spin order are probed with a THz
pulse tuned to a magnon resonance. This reveals a photoinduced change in the magnon line shape
that builds up over 5-12 picoseconds, which we show to be the spin-lattice thermalization time,
indicating that electrons heat the spins via phonons. We compare our results to previous studies
of spin-lattice thermalization in ferromagnetic (FM) manganites, giving insight into fundamental
differences between the two systems. Our work sheds light on the microscopic mechanism governing
spin-phonon interactions in AFMs and demonstrates a powerful approach for directly monitoring

ultrafast spin dynamics.

PACS numbers: 78.47.jh,75.50.Ee,75.85.4+t

Ultrashort terahertz (THz) pulses are a powerful tool
for probing or controlling material properties on a fem-
tosecond time scale [1, 2]. Low energy resonances lying
within the ~0.3-3 THz bandwidth of typical THz pulses,
such as phonons or spin waves (magnons), give access to
specific material properties. For example, intense THz
pulses have been used to control magnetism in antifer-
romagnets (AFM) by resonantly exciting magnons [3—
5]. Low energy resonances also offer a promising route
for directly monitoring the ultrafast evolution of specific
material properties. This approach is especially use-
ful for studying strongly correlated electron materials,
such as multiferroics, which have coexisting and cou-
pled order parameters (e.g., magnetism and ferroelec-
tricity). Magnon resonances provide a unique way to
directly probe spin order and its dynamics, particularly
AFM spin order; this is more challenging than detect-
ing ferromagnetic (FM) spin order, yet potentially very
useful, since most multiferroic materials are AFM. This
could also enable faster control and monitoring of spins,
since spin dynamics are typically faster in AFMs than in
FMs [6].

Most previous time-resolved experiments on multifer-
roics involved photoexciting electrons with optical pulses
and probing the resulting changes in the optical reflectiv-
ity [7-12]. Although transient optical reflectivity probes
the temporal evolution of the photoexcited electron dis-
tribution, the measured time constants can still be sen-
sitive to changes in magnetic order, since electronic and
spin order are coupled. However, this is an indirect probe
of magnetic order that can be difficult to interpret, since
the non-equilibrium electrons also couple to other degrees
of freedom (e.g., phonons and other electrons). Time-
resolved optical Kerr and Faraday rotation measurements
more directly probe FM order [6], and can be sensitive

to the appearance of a net magnetization in optically ex-
cited AFM systems [13]. Second-order magneto-optical
effects, such as magnetic linear birefringence and linear
dichroism, are also sensitive to AFM order [14, 15] but
the magnetic effects must be distinguished from other
sources of birefringence or dichroism. Optical second har-
monic generation (SHG) is another probe of AFM spin
order [16, 17]; however, when applied to multiferroics it
must be separated from the larger ferroelectric SHG sig-
nal. Finally, ultrafast AFM spin dynamics have been
measured by resonant femtosecond x-ray diffraction us-
ing large scale free electron lasers or synchrotrons [4, 18—
20]. These examples show that it is still not straightfor-
ward to directly probe spin dynamics in AFMs, which
has limited the understanding of the governing mecha-
nisms. For example, even thermal processes involving
spins, although relatively well understood in FMs, show
very different trends in AFM compounds that have not
been extensively studied (compare, e.g. [9, 11, 19] to

21)).

Here we directly monitor ultrafast AFM spin dynam-
ics in antiferromagnetic HoMnOg after optical excitation
by tracking changes in a magnon mode with a resonant
THz pulse. Our measurements reveal a photoinduced
change in the magnon line shape (amplitude, frequency
and line width) occurring within ~5-12 picoseconds (ps).
Comparison of the line shape changes with simulations
shows that the observed dynamics correspond to heating
of the spin system through spin-phonon thermalization,
as opposed to a direct transfer of energy from electrons
to spins. To learn more about the microscopic origin of
this heating, we compare our results, as well as measure-
ments in similar AFM manganites [7, 9, 19], to previous
observations in FM manganites [22]. While the micro-
scopic mechanism governing spin-lattice thermalization



in FM systems originates from spin-orbit coupling [23],
our study reveals very different trends in AFM systems,
for which the underlying mechanism is not yet known.
This sheds light on fundamental differences in spin-lattice
interactions between FM and AFM systems, which may
stem from the fact that a direct modulation of the ex-
change interaction by lattice vibrations can heat spins in
an AFM, unlike in FMs [23]. Our measurements there-
fore give new insight into spin-lattice thermalization in
AFMs, and most importantly, demonstrate a powerful
experimental approach for directly monitoring specific
properties, such as AFM order, in complex materials on
an ultrafast timescale.

HoMnOs3 consists of hexagonal layers of Mn3" ions
at the centers of corner-sharing bipyramids of oxygen,
with Ho?* ions located between these layers [24]. Be-
low 875 K, Ho-O displacements result in a ferroelectric
polarization along the c-axis. Below the Neél tempera-
ture, Ty ~78 K, the Mn3* spins antiferromagnetically
align in the ab-plane with 120° angles between them. At
Tspr = 42 K there is a spin reorientation transition, where
the Mn3T spins all rotate by 90° in the ab plane [16].
Magnetic order in HoMnOg leads to three different AFM
¢ = 0 magnon modes emerging below Ty [25, 26]. One
of these involves precession of all of the spins about the
c-axis [25]. The other two modes are degenerate and in-
volve out-of-plane precessions of two of the spins about
their equilibrium positions, as illustrated in the inset of
Fig. 1(a).

The HoMnOj3 single crystal used in our experiments
was grown in an optical floating zone furnace [27], with
dimensions of 3x3x0.6 mm and the c-axis perpendicular
to the polished surfaces. A more detailed description of
our experimental setup is given in the Supplemental Ma-
terial at [URL will be inserted by publisher]). Fig. 1(a)
shows the THz transmission, Tg, as a function of tem-
perature, T, defined in the figure caption. At 7=6 K an
absorption peak centered around 1.25 THz is seen, cor-
responding to the magnetic dipole-active doubly degen-
erate magnon mode discussed above. As in similar com-
pounds, the magnon peak broadens and shifts to lower
frequencies as the temperature increases, since the sub-
lattice magnetization decreases [25, 26, 28, 29].

We photoexcited the HoMnOj3 crystal using 800 nm
(1.55 eV) pulses with fluences of F=1-10 mJ/cm?
(2.5 mJ/cm? corresponds to ~ 4 x 10%° carriers/cm?
at 10 K). Although the pump penetration depth is
about 1000 times smaller than the THz probe pene-
tration depth, our optical-pump, THz-probe (OPTP)
signal comes only from the 200 nm thick pumped re-
gion. Comparison of our time scales to expected dif-
fusion times (>20 nanoseconds) as well as all-optical
pump-probe measurements on our crystal and optical-
pump, x-ray diffraction probe measurements on a sim-
ilar system [19], where the penetration depths match,
confirm this (see the Supplemental Material at [URL

will be inserted by publisher] for more details). Absorp-
tion of our pump pulses excites on-site Mn d — d transi-
tions [24, 30]. Fig. 1(b) shows the THz electric (E) field
transmitted through the crystal (blue) at 10 K without
photoexcitation as a function of the electro-optic sam-
pling gate delay ¢. The long-lasting oscillations after the
first few cycles originate from the magnon absorption at
1.25 THz, as seen by comparison with the input THz
pulse shown in the inset. The photoinduced changes
in the transmitted THz E-field at a pump-probe delay
of 7 =100 ps are shown in green, and in Fig. 1(c), we
computed the photoinduced transmission change versus
frequency (ATg(v)) (defined in the caption) from the
curves in (b). Comparing this to the static transmis-
sion Tr(v) from (a) reveals the most important feature
of our data: the photoinduced changes occur primarily at
the magnon resonance. This is in stark contrast to most
OPTP measurements, where free carrier dynamics domi-
nate the photoinduced transmission changes, and demon-
strates that in this material, THz pulses can be used to
directly probe AFM spin dynamics. In particular, our
measurements directly track the transfer of energy from
the photoexcited electrons to this magnon mode, which
we detect as changes in the line shape (i.e., amplitude,
linewidth, and peak position).

To investigate this in more detail, we show the photoin-
duced transmission change versus frequency and pump-
probe delay 7 at 10 K, ATg(v), as defined above
(Fig. 2(a)). This image shows the onset of the photoin-
duced magnon change along the pump-probe delay (7)
axis. The spectral shape changes in the optical-pump,
THz-probe (OPTP) signal with 7 are very small, so that
the time constant 7, characterizing this process is ap-
proximately independent of the frequency or gate delay.
Therefore, to determine its temperature dependence, we
fixed the gate delay t at a value which maximized the
signal (¢t = 4 ps for T <30 K and ¢t=300 fs for higher
temperatures, since the oscillations were more rapidly
damped), and varied only 7. The resulting ATg(7) traces
are shown in Fig. 3(a); we note that after ~50 ps, no sig-
nificant changes were observed out to a delay of 500 ps.
Fig. 3(b) shows the amplitude of the OPTP signals ver-
sus temperature at 7 = 100 ps, revealing that it decreases
with increasing 7' and is no longer detectable by T, fur-
ther supporting the magnetic origin of the OPTP sig-
nal. We then extracted the time constant, 7,, shown in
Fig. 3(c), through a single exponential curve fit, revealing
that it varies from ~5-12 ps. Additional measurements
of the fluence and temperature dependence of ATr(v) at
a fixed delay of 7 = 100 ps are shown in Fig. 4(a)-(b).

We also note that our OPTP data exhibited an addi-
tional fast (<500 fs), spectrally broad feature, not only
at the magnon resonance, but also spectrally overlap-
ping with the transmitted THz pulse. This feature did
not change significantly with 7" and thus is unlikely to
be magnetic in origin (see the Supplemental Material at



[URL will be inserted by publisher]). This fast feature
is not seen in Fig. 3(a) because the larger magnon re-
sponse dominates at the gate and pump-probe delays
chosen here, and also because the time step in these
measurements was 1.3 ps. Comparison to optical pump-
probe measurements made on our HoMnOg crystals (see
the Supplemental Material at [URL will be inserted by
publisher]) and previous ultrafast measurements on man-
ganites [12, 21] and other AFM systems [14] allows us to
attribute this fast process to electron-phonon thermaliza-
tion.

The fact that phonon heating occurs before the ob-
served ~5-12 ps changes at the magnon resonance sug-
gests that the latter process could be due to spin-lattice
thermalization. If this is the case, the lattice tempera-
ture after gaining energy from the photoexcited electrons
should match the final spin temperature, which we can
estimate from our OPTP data. First, from the lattice
specific heat [31] and the pump fluence of 2.5 mJ/cm?,
we estimate the lattice heating (AT') to be 18 K for an
initial sample temperature of 10 K (see the right axis
of Fig. 3(b)). To compare this to the spin temperature,
we performed simulations of the photoinduced changes
in the magnon line shape versus delay (Fig. 2(b)). This
was done by first interpolating the data in Fig. 1(a) to
get Tr(v,T), and then calculating ATgr(v,7) from this
matrix for an exponential rise in the spin temperature
from 10 K to 28 K, using the 12 ps time constant from
Fig. 3(c). The good agreement between the simulation
and measurements indicates that after the relaxation pro-
cess shown in Fig. 3, the spins are at approximately the
same temperature as the lattice.

Additional simulations (Fig. 4(c)-(d)) further demon-
strate that the measured temperature and fluence depen-
dence of the photoinduced changes in the magnon line
shape are fully consistent with changes in the static trans-
mission versus temperature. Fig. 4(c) comes from vary-
ing Tinitiqr from 10 K to 40 K, given by the green curve in
Fig. 2(b). To simulate increasing the fluence (Fig. 4(d)),
we took differences in the measured static transmission
spectra starting at Tjpiria = 10 K and increasing T'finai
from 20 to 50 K in steps of 10 K. The small discrepancies,
especially at higher fluences, likely originate from our es-
timate of the spin and lattice temperatures from the heat
capacity and fluence. In general, the magnon line width,
frequency and amplitude all change with temperature in
HoMnO3 (Fig. 1(a)). While the photoinduced line shape
changes are still clearly observable in Figs. 2 and 4(a)-
(b), we note that these are quite small. For example,
over the 18 K of heating that we observe in our OPTP
measurements in Fig.2, the magnon frequency changes
only by about 30 GHz, close to the limit of our spectral
resolution.

To understand the temperature dependence of the
spin-lattice thermalization time 7. (Fig. 3(c)), we be-
gin by noting that a similar trend has been observed

in several other AFM manganite compounds [7, 9, 19];
however, to the best of our knowledge, the reason for
this behavior has not been definitively established. As
a starting point, we consider the temperature depen-
dence of spin-lattice relaxation in FM manganites, such
as Lag 7Cag3MnQOj3, which is well described by a two-
temperature model [21]. Note that in this model, we
only consider spins and phonons, since the electrons
transfer energy to phonons on a much faster time scale
than spin-lattice relaxation (as discussed above). Us-
ing this formalism, the spin-lattice thermalization time
is given by 75, = CsC,/(g(Cs + Cp)), where C; is the
spin specific heat, C), is the lattice specific heat, and g is
the spin-phonon coupling constant. Because C, > Cj,
this becomes 75, ~ C,/g. In ferromagnets, the tem-
perature dependence of 7, follows that of Cy(T) very
closely, so that g is deduced to be approximately tem-
perature independent. In contrast, our measurements
on HoMnOg, as well as other ultrafast optical measure-
ments on AFMs [7, 9, 19], show that the spin-phonon
thermalization time does not simply follow the spin spe-
cific heat, but also decreases monotonously with increas-
ing temperature. We find that our data still fits to
Top(T) = Cs/g(T), if temperature dependence is incor-
porated into g. Fitting our data to a polynomial of the
form T@ reveals that Q = -0.5, as shown in Fig. 3(c).
Taking C, o T2, which is valid at the lower tempera-
tures considered here [26], we find g(T') = T—2.

The above comparison suggests that there are funda-
mental differences in the microscopic mechanisms govern-
ing spin-lattice relaxation in FM and AFM manganites.
In FMs, hot phonons transfer energy to spins via spin-
orbit coupling, as pointed out by Elliot and Yafet [23].
While this still occurs in AFMs, there is an additional
term in the Hamiltonian that can moderate spin-lattice
coupling, where lattice vibrations directly modulate the
interatomic separation r, which can in turn modulate the
exchange coupling J(r). The total spin is conserved for
this Hamiltonian, so such an interaction can never heat
the spins in a FM, which requires reducing the total spin.
This is however quite different in AFMs, since both the
ground and high temperature excited states have zero
spin. Therefore, spin conservation does not prevent lat-
tice vibrations from heating the spins. Consequently, we
suggest modeling spin-lattice relaxation in AFMs using a
Hamiltonian which includes both this type of interaction,
as in ref. [32], as well as spin-orbit coupling. Finally, we
also point out that AFM compounds are typically insu-
lators, while FMs are usually conductors, which proba-
bly also influences the observed differences in spin-lattice
thermalization. We will address these issues further in a
future publication, and have included more details in the
Supplemental Material ([URL will be inserted by pub-
lisher]).

In conclusion, we demonstrated a powerful, table-top
approach for directly probing ultrafast spin dynamics in



AFMs, using a THz pulse resonant to a magnon absorp-
tion. This enables us to directly track the temporal evo-
lution of the magnon line shape after photoexcitation in
AFMs. To test this idea, we measured ultrafast pho-
toinduced changes of the magnon line shape in the AFM
multiferroic HoMnO3. These changes were shown to be
fully consistent with spin heating through thermalization
with hot phonons on a ~5-12 ps timescale. We find that
the temperature dependence of spin-lattice relaxation in
AFM HoMnOs is quite different from that previously
observed in FM manganites, likely due to fundamental
differences in the allowed pathways for energy transfer
from phonons to spins. This provides new insight into
spin-lattice thermalization in AFMs that should apply to
many other systems. Even more generally, our measure-
ments demonstrate a new way to track the dynamics of
material properties by directly probing low energy exci-
tations, such as magnons, electromagnons, and phonons,
and thus offer a powerful approach for understanding the
couplings between different degrees of freedom in com-
plex materials.
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Figures

FIG. 1: (Color online) (a) THz transmission spectrum, de-
fined as TR(V) = |E7Lopump(7/)/Eincident(V)|7 where Enopump
is the static THz spectrum transmitted through the HoMnO3s
crystal, and FEincident is the THz spectrum before the crys-
tal. The THz magnetic field is perpendicular to the ¢ axis
of the crystal. The magnon mode that we excite is illus-
trated at the bottom left. (b) Enopump(t) at 10 K, and the
differential transmitted field (Epumped(t) — Enopump(t)) for
F=2.5 mJ/cm? and 7 =100 ps (green). The inset shows the
incident THz pulse. (c) The differential transmission spec-
trum (green), ATR(V) = |Epumped(l/)/Eincident(V)| - TR(”)v
calculated from (b), and the 10 K static transmission spec-
trum from (a) (blue) for comparison.

FIG. 2: (Color online) (a) The photoinduced transmission
change ATgr(v,7) versus frequency and pump-probe delay.
(b) A simulation of the data in (a), calculated from the static
THz transmission spectra in Fig. 1(a).

FIG. 3: (Color online) (a) Normalized optical-pump, THz-
probe signals from HoMnOs at different temperatures and
fluences. The dashed black lines are fits to the 2.5 mJ/cm?
curves. (b) The amplitude of the signal versus temperature
for F=2.5 mJ/cm?, taken at the maximum of the OPTP sig-
nals. The green line shows the expected lattice heating on
the right y-axis, calculated using a fluence of 2.5 mJ/Cm2 and
the steady-state specific heat data from [31]. (c¢) The rise
time of the pump-probe signals taken from the fits shown in
(a), including a few additional temperature points. The blue
dashed line is a fit to constant x T?, where Q = -0.5.

FIG. 4: (Color online) Measured photoinduced THz trans-
mission change (defined in the caption of Fig. 1) at 7=100 ps
for different (a) sample temperatures with a pump fluence of
2.5 mJ/cm? and (b) for different pump fluences at 10 K. (c)
Simulations of heating with a fluence of 2.5 mJ/cm? for dif-
ferent initial temperatures for comparison with (a). In these
simulations, the final temperature, which varies with initial
temperature, was taken from the green curve in Fig. 3(b). (d)
Simulations using Tinitia;=10 K and different final tempera-
tures for comparison with (b). The simulations were done
by taking the difference of the equilibrium transmitted E-
fields with no optical-pump at different temperatures from
Fig. 1(a). The spectra were all normalized to the value of the
transmission change at the highest fluence for (a) and (c), and
to the 10 K transmission change for (b) and (d).
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