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In spintronic materials1, control2,3,4,5,6 and transport7,8 of magnetic order require a fundamental
understanding of the way spins interact with the surrounding crystal lattice. However, direct
measurement and analysis even of basic collective processes such as spin-phonon
equilibration have remained challenging9. Here, we reveal the flow of energy and angular
momentum in the model insulating ferrimagnet10 yttrium iron garnet, following resonant lattice
excitation. Remarkably, on a time scale as fast as 1 ps, spins and phonons reach quasiequilibrium in terms of energy through phonon-induced modulation of the exchange
interaction. This mechanism leads to identical demagnetization of the ferrimagnet’s two spin
sublattices. The resulting spin pressure is released by angular-momentum equilibration on a
much slower, 100 ns time scale. Our results indicate that the spin Seebeck effect7 and efficient
spin control by phonons can be extended to antiferromagnets and into the terahertz frequency
range.

Figure 1 | Ultrafast probing of spin-phonon coupling. a, Experimental principle. A THz pump pulse
resonantly and exclusively excites optical phonons of a ferrimagnet. The impact on the sample
magnetization is monitored by the Faraday rotation  of a subsequent femtosecond probe pulse. By
using an electric insulator, the electron orbital degrees of freedom remain unexcited (see red crosses).
b, Part of the unit cell of ferrimagnetic YIG. Magnetic Fe3+ ions at tetrahedral d-sites and octahedral asites comprise, respectively, the majority and minority spin sublattice of the ferrimagnet. The pump
pulse resonantly excites a TO() optical phonon associated with a Fe-O stretch vibration at the
tetrahedral d-site.
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Figure 2 | Ultrafast phonon-induced dynamics of magnetic order. a, Infrared absorptance of the
BiGa:YIG film (black solid line) as well as pump intensity spectra, resonant (red) and non-resonant
(blue) with the TO() phonon absorption band. Open circles show the pump-induced Faraday signal
10 ps after sample excitation as a function of the pump pulse center frequency. b, Pump-induced
change Δ in Faraday rotation for resonant and off-resonant pumping on ultrafast and c, microsecond
time scales normalized to the equilibrium Faraday signal
= (−2 ps). The incident fluence is
10 mJ cm-2. Dashed lines in b and c are single-exponential fits with time constants of 1.6 ps and
90 ns, respectively. The inset of panel c displays the ultrafast Faraday signal Δ (10 ps) as a function
of the incident pump-pulse fluence. Data are taken at a temperature of 296 K.
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Figure 3 | Two regimes of spin-lattice equilibration. a, Equilibrium Faraday rotation
= (−2 ps)
vs ambient temperature
along with a fit to an analytical function (thin solid line). b, Pump-induced
change Δ at = 10 ps (red symbols) and 1 µs (blue) after pump arrival. The black curve is the
Faraday-rotation change expected from the temperature increase Δ induced by the pump pulse.
( ) is taken from panel a (thin solid line), and Δ = 0.39 K is calculated from the absorbed pump
energy and the heat capacity of the excited volume. The broken red line is the modeled Faraday
signal Δ expected from heating of the spin system under the constraint of constant total
magnetization (also see Fig. 4c).

Figure 4 | Mechanism of spin-lattice equilibration in YIG. a, Schematic of ultrafast spin-phonon
coupling. Thermal motion of the O2- ion modulates the superexchange coupling
of the adjacent aFe3+ and d-Fe3+ ionic spins, thereby enabling transfer of spin angular momentum between a- and dspin sublattices. b, Evolution of a- and d-spin sublattice magnetizations as obtained by atomistic spindynamics simulations. From 0 to 0.5 ps, thermal modulation of the exchange constant
is switched
on. c, Calculated change in sublattice magnetization
and
per increase of temperature ,
without and with the constraint of spin-angular-momentum conservation. d, Schematic of spin-phonon
equilibration in YIG. (1) Pump-excited TO() phonons (2) increase the population of other lattice
modes. The increased thermal modulation Δ
of ad-exchange leads to (3a) transfer of angular
momentum between a- and d-spin sublattices accompanied by (3b) energy transfer from the phonon
to the spin system on a 1 ps time scale. The constrained state with Δ + Δ
= 0 decays by
(4) transfer of angular momentum and energy between phonons and spins on a 100 ns scale. This
process is mediated by spin-orbit and/or spin-spin magnetic-dipole coupling.

In solids, vibrations of the crystal lattice have a massive impact on the orbital dynamics of the
electrons (Fig. 1a). They strongly modify properties such as electrical conductivity and may even
cause insulator-to-metal transitions11. Likewise, the interplay between phonons and electron spins
(Fig. 1a) is relevant for equally drastic phenomena including colossal magnetoresistance12, ultrafast
magnetization control2,3,4,5,6 and the spin Seebeck effect7. Recently, ultrafast optical techniques have
provided new insights into the ultrafast coherent coupling of individual phonon and spin
modes13,14,15,16,17,18.
Despite this progress, the microscopic origins of spin-phonon interaction remain an intriguing
problem. Even the spin-lattice equilibration, arguably the conceptually simplest collective process, is
far from being understood. This notion is highlighted in the ferrimagnet yttrium iron garnet Y3Fe5O12
(YIG) which is ubiquitous in the field of magnonics8. Estimates of the time constant of equilibration
extend over 6 orders of magnitude from ~1 µs (Ref. 19) to ~250 ps (Refs. 20 and 21) and down to
~1 ps (Ref. 22).
Experiment. To directly probe spin-lattice coupling across multiple time scales, we developed the
terahertz (THz)-pump magnetooptical-probe scheme shown in Fig. 1a. An incident, intense, ultrashort
THz pump pulse23 (photon energy ~0.1 eV) selectively excites the crystal lattice by resonantly driving
infrared-active transverse-optical (TO) phonons. The impact on the sample’s magnetic order is
monitored from ~10 fs up to 1 ms by measuring the magnetooptical Faraday rotation of a timedelayed probe pulse (see Fig. 1a, Methods and Fig. S1a).
As samples, we chose model systems for spin-wave dynamics in insulators7,8,10,24,25: pure YIG and
bismuth/gallium-substituted YIG (BiGa:YIG), which exhibits an enhanced magnetooptical response26
(see Methods and Fig. S1b). In these ferrimagnets, magnetic Fe3+ ions at a- and d-sites in the unit cell
(Fig. 1b) comprise two inequivalent, ferromagnetic sublattices with magnetization
and
,
respectively, which couple antiferromagnetically. The 2:3 ratio of a- to d-sites results in a nonzero net
magnetization below the Curie temperature TC. The Faraday rotation of the probe pulse is determined
by26
=

+

(1)

where
and
are the sublattice magnetooptical constants (see Methods). Importantly, the sizeable
electronic band gap (2.85 eV for YIG) implies that the electron orbital degrees of freedom remain in
their ground state, thereby significantly reducing the complexity of the pump-induced processes.
Figure 2a displays the absorptance spectrum of a 15 µm thick BiGa:YIG film from 10 to 45 THz
where absorption is solely due to infrared-active phonons27. Our ab initio calculations show that the
pump pulse centered around 21 THz (red spectrum in Fig. 2a) predominantly excites long-wavelength
TO() lattice normal modes characterized by an asymmetric Fe-O stretch vibration (see Fig. 1b,
Methods and Fig. S4).
Results. Figure 2b shows the relative pump-induced change Δ / = ( )/ − 1 in the Faraday
rotation as a function of the delay t since excitation where
= (−2 ps) refers to the static case.
When pumping off the TO() phonon resonances (blue pump spectrum in Fig. 2a), a relatively small
signal is found (blue curve in Fig. 2b). In marked contrast, we witness a response more than one order
of magnitude stronger for resonant phonon excitation (red curve in Fig. 2b): an ultrafast singleexponential drop of the Faraday signal with a time constant as short as 1.6 ps. On much longer time
scales, an additional reduction of
with a time constant of 90 ns is found (Fig. 2c). Recovery back to
the initial state occurs over about 1 ms (Fig. S2d). Since the pump-probe signal grows linearly with the
pump fluence (inset of Fig. 2c), excitation is dominated by one-photon absorption, whereas strongfield effects such as field or impact ionization are negligible28. This notion is further supported by Fig.
2a which demonstrates that the sample absorptance and transient Faraday rotation are found to depend
on the pump frequency in a very similar way.
We emphasize that almost identical dynamics are observed when a pure YIG sample instead of the
BiGa:YIG film is used (see Fig. S2b-d). Additional control experiments confirm that, as soon as the
pump pulse (duration of approximately 200 fs) has left the sample, the transient Faraday signal Δ ( )
reliably reflects spin dynamics with time-independent coefficients
and
in Eq. (1) (see Methods
and Fig. S3).

In essence, our results of Fig. 2 show that resonant phonon excitation is a new pathway to ultrafast
control over magnetic order, which only involves the crystal lattice and electron spins, yet no electron
orbital degrees of freedom (Fig. 1a). The picosecond spin dynamics observed here (Fig. 2b) is
unexpected because it is five orders of magnitude faster than the spin coherence lifetime (>0.1 µs) of
YIG, which is known to be one of the longest amongst magnetically ordered materials8,9.
To characterize the transient states established at ~10 ps and ~1 µs (Figs. 2b,c), we increase the
sample temperature from 300 K to 420 K and measure the equilibrium Faraday rotation
as well
as its pump-induced change Δ at ultrashort ( = 10 ps, Fig. 2b) and long delays ( = 1 μs, Fig. 2c)
after phonon excitation. The resulting
versus
has the typical shape9 of a ferrimagnet’s static
magnetization curve (Fig. 3a) whose slope
/
steepens with rising until the transition into the
paramagnetic phase occurs at the Curie temperature
= 398 K of BiGa:YIG. In contrast, the pumpinduced Faraday signal at = 1 μs (Fig. 3b) increases with and reaches a maximum right below TC,
reminiscent of the derivative of the static curve (Fig. 3a). Indeed, we find that Δ (1 μs) versus
closely follows (
/
)Δ (Fig. 3b). Here, Δ = 0.39 K is the increase in equilibrium temperature
as calculated from the energy density deposited by the 1 µJ pump pulse (see Methods). The good
agreement of both curves shows that ~1 µs after pumping, the BiGa:YIG film is in thermodynamic
equilibrium characterized by temperature + Δ .
Remarkably, Fig. 3b reveals that the magnetic signal changes at 1 µs are systematically larger than at
10 ps up to
= 380 K, in agreement with Figs. 2b,c. This trend is enhanced right before the Curie
point (380 K < < 400 K) where most of the signal changes occur on the slower time scale. The
different temperature dependence of Δ (10 ps) and Δ (1 μs) indicates that at = 10 ps, the spin
system is in a state that is significantly different from the equilibrium state found at = 1 μs.
Model. To understand the microscopic mechanism driving the picosecond-scale change in magnetic
order, we note that solids exhibit only three fundamental spin couplings. They can be understood as
effective magnetic fields exerting torques on spins, and we discuss all of them in the following. First,
spin-orbit coupling (SOC) is generally accepted to dominate the ultrafast demagnetization of laserexcited ferromagnetic metals29. In our experiment, however, we find identical dynamics for pure YIG
and BiGa:YIG (see Figs. S2b-d) although the Bi-substituted Y3+ ions are known to increase SOC as
manifested by the magnetooptical effects which are enhanced by more than one order of magnitude26.
Therefore, SOC plays a negligible role in the ultrafast spin dynamics seen in Fig. 2b. The same
conclusion can be drawn for the second type of coupling, spin-spin magnetic-dipole interaction, which
has a comparable strength to SOC in YIG9.
We finally consider the isotropic exchange interaction, which is the strongest spin coupling in most
magnets2. In YIG, it is responsible for the ferrimagnetic order and the high magnon frequencies
extending up to 20 THz at room temperature9,30. Therefore, it may well account for the picosecond
spin dynamics observed here (Fig. 2b). Importantly, since the exchange interaction conserves the total
spin angular momentum, the magnetization changes of a- and d-sublattice cancel each other. Despite
Δ +Δ
= 0, the resulting change in Faraday rotation is nonzero because the magnetooptical
constants
and
of YIG differ significantly26 (see equation (1)).
We suggest the following scenario of exchange-mediated spin-phonon coupling: the resonantly
excited TO() phonons decay within <400 fs (Ref. 27) into other modes, thereby heating up the crystal
lattice. Consequently, the O2- ions, which are the lightest, will undergo additional random deflection
Δ ( ). This perturbation modulates the superexchange of adjacent a-Fe3+ and d-Fe3+ spins (Fig. 4a)
and the associated coupling constant by10, 31
Δ

( )=

Δ ( ).

(2)

To put this model to test, we calculate the rate of change of
and
with atomistic spin-dynamics
simulations based on ~106 coupled spin equations of motion30 (see Methods). We include timedependent exchange parameters (equation (2)) where Δ ( ) is assumed to be random with a variance
given by the pump-induced temperature increase of the ionic lattice.
Discussion. Simulation results are shown in Fig. 4b. At times < 0, the magnetizations of both
sublattices fluctuate around their constant mean. However, when fluctuations Δ ( ) of the exchange

parameter are switched on,
decreases linearly with time, until Δ ( ) is switched off. We find
precisely the opposite behavior for Δ . Figure 4b demonstrates that thermal modulation of
induces demagnetization of the two spin sublattices by the same amount and, thus, transfers energy
into the spin system.
The slope of the simulated Δ ( )/
(Fig. 4b) can be directly compared to the initial slope of the
pump-probe signal Δ ( )/ (Fig. 2b). Agreement of experiment and theory is obtained for
/
32
∼ 10
Å (see Methods). This value compares favorably to previous calculations of exchange
constants of Fe. Therefore, phonon-modulated exchange coupling successfully explains the ultrafast
loss of magnetic order on a 1 ps scale.
As the ultrafast spin dynamics (Fig. 2b) solely arises from exchange interactions, the system is under
the constraint of constant total magnetization
+
= ( ) + ( ) at least until ∼ 10 ns
(Fig. 2c). Assuming the whole system is characterized by a single temperature + Δ for > 10 ps,
the constrained spin state can be fully described by equilibrium statistical physics. In this formalism,
the constant total magnetization is reinforced by a virtual homogenous magnetic field (see Methods).
Using a mean-field approximation, we obtain the heat-induced change in sublattice magnetizations vs
(Fig. 4c). Interestingly, the
/
of minority spin sublattice a (green line in Fig. 4c) follows
closely its unconstrained counterpart, whereas the majority-spin sublattice d can only demagnetize as
much as the minority-spin sublattice a, Δ
= −Δ . Accordingly, the Faraday signal Δ = ( −
)Δ
(dashed line in Fig. 3b) is systematically smaller for constrained than for unconstrained
heating, in line with our observation.
We summarize that our dynamic and equilibrium calculations are fully consistent with the time scale,
fluence dependence and temperature dependence found in the experiment. This agreement leads to the
following picture of the flow of energy and angular momentum of phonon-pumped YIG (Fig. 4d):
(1) the pump pulse excites zone-center TO() phonons which (2) decay within the pump duration,
thereby increasing the crystal-lattice temperature. The additional thermal modulation of ad-exchange
leads to (3a) transfer of angular momentum between a- and d-spin sublattices and implies (3b) energy
transfer from the phonon to the spin system on a 1 ps time scale. The spin pressure of this constrained
state is released by (4) transfer of angular momentum between phonons and spins on a 100 ns scale
through spin-orbit and spin-spin magnetic-dipole interactions24 which do not conserve
+ .
In conclusion, our results reveal that the speed of spin-phonon relaxation in ferrimagnetic insulators
depends on the observable one refers to. While energy transfer is dominated by exchange interaction
and proceeds on picosecond time scales, angular-momentum equilibration is significantly slower and
can easily extend into the nanosecond range. On the intermediate time scale, the spin system is locked
in a novel thermal state with elevated temperature yet unchanged net magnetization. This state could
be considered as a realization of the recently introduced magnon populations with nonzero chemical
potential21.
In terms of applications, our work suggests that ultrafast switching of antiferromagnetic order2, where
spin angular momentum is inherently conserved, can be triggered by phonon excitation. Finally, the
ultrafast spin-lattice coupling of YIG implies that the magnon temperature follows the phonon
temperature with a delay on the order of only 1 ps, thereby shifting the cutoff frequency of the bulk
spin Seebeck effect7 to the THz range.
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