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The technological demand to push the gigahertz (10” hertz) switch-
ing speed limit of today’s magnetic memory and logic devices into
the terahertz (10"* hertz) regime underlies the entire field of spin-
electronics and integrated multi-functional devices. This challenge
is met by all-optical magnetic switching based on coherent spin
manipulation'. By analogy to femtosecond chemistry and photo-
synthetic dynamics’>—in which photoproducts of chemical and
biochemical reactions can be influenced by creating suitable super-
positions of molecular states—femtosecond-laser-excited coher-
ence between electronic states can switch magnetic order by
‘suddenly’ breaking the delicate balance between competing phases
of correlated materials: for example, manganites exhibiting colossal
magneto-resistance suitable for applications**. Here we show
femtosecond (10~ '° seconds) photo-induced switching from anti-
ferromagnetic to ferromagnetic ordering in Pr,,Cay3MnO;, by
observing the establishment (within about 120 femtoseconds) of a
huge temperature-dependent magnetization with photo-excitation
threshold behaviour absent in the optical reflectivity. The develop-
ment of ferromagnetic correlations during the femtosecond laser
pulse reveals an initial quantum coherent regime of magnetism,
distinguished from the picosecond (10~ "% seconds) lattice-heating
regime characterized by phase separation without threshold beha-
viour>®. Qur simulations reproduce the nonlinear femtosecond
spin generation and underpin fast quantum spin-flip fluctuations
correlated with coherent superpositions of electronic states to
initiate local ferromagnetic correlations. These results merge two
fields, femtosecond magnetism in metals and band insulators"”,
and non-equilibrium phase transitions of strongly correlated elec-
trons'*"", in which local interactions exceeding the kinetic energy
produce a complex balance of competing orders.

There is growing evidence that femtosecond transient polarization
of condensed matter systems during a laser pulse can be used to
manipulate spin or change magnetic order"”>'**°. Non-adiabatic
coherent photo-excitation during very early times can be used to con-
trol subsequent slower dynamics driven by the free energy or excited
potential surface*’. In strongly correlated materials, such as colossal
magneto-resistive (CMR) manganite and high-T, copper oxide sys-
tems, prior ultrafast spectroscopy experiments mostly concentrated
on laser-induced melting of electronic charge order and orbital order
(CO/00), and on structural phase transformations'>". Thus far
experiments directly probing magnetism only showed picosecond
and nanosecond spin generation, much slower than the femtosecond
excitation pulse, without threshold dependence on laser intensity>**>**,
At such ‘long timescales’, lattice heating and phase separation dyna-
mics dominate, as seen, for example, in some CMR manganites™ (see
also ref. 24, where it is shown that laser heating of materials with
high temperature ferromagnetic orders can induce magnetization).
Transient magnetism there was mostly indirectly inferred by trans-
ferring static pictures and quasi-equilibrium theories to the ultrafast
regime.

Here we excite the antiferromagnetic (AFM) CO/OO ground state of
CMR manganites shown in Fig. 1a, which consists of one-dimensional
zig-zag chains with alternating manganese Mn**/Mn>" atoms (charge
order) and ferromagnetically-aligned spins. This particular antiferro-
magnetic structure is called CE-type AFM**. Neighbouring chains are
AFM-ordered, which restricts inter-chain electron hopping because of
the large magnetic energy penalty (Hund’s rule). The Mn** atom
tyeorbitals’ are occupied by three electrons forming local § = 3/2 spins,
Si.Inthe Mn®" atoms, an additional electron of spin s; populatesa Mn e,
orbital**. The resulting Jahn-Teller distortion of MnOg octahedra lifts
the ¢, orbital degeneracy on the Mn® " atoms, which are then populated
by alternating ds,2 _ 2 / dsy> _ > orbitals (orbital order)**. The measured
phase diagram of our Pr,, ;Ca; ;MnO; manganite, Fig. 1b, results from
the competition between these AFM CO/OO insulating and ferromag-
netic metallic phases. The ground state is however always insulating
under weak magnetic fields (B << 0.5 T in our experiment), for all rele-
vant temperatures. It exhibits CO/OO below ~200K and CE-type
AFM below the Néel temperature, Ty = 140K (shaded area). Thus,
heating of our system cannot induce ferromagnetism, unlike those
systems with high-temperature ferromagnetic orders™.

This Letter reports a femtosecond AFM to ferromagnetic phase
transition in Pry,Cay3MnO;. In particular, we observe a threshold
excitation fluence for inducing a huge magnetization during coherent
nonlinear optical excitation of the CE-type AFM CO/OO ground state
by a 82-fs laser pulse. To see this, we performed two-colour—near-
infrared pump (1.55eV), ultraviolet probe (3.1 eV)—femtosecond-
resolved magnetic circular dichroism (MCD) and magneto-optical
Kerr rotation (MOKE) measurements. This geometry allows us to
observe, at 3.1 eV, genuine femtosecond spin dynamics of the t,, elec-
tron magnetization component S, perpendicular to the sample surface,
induced by the pump (see Methods). We measure femtosecond
changes in the complex magneto-optical angle @ = 0y + i, where
the imaginary part 17, (MCD) and real part 0, (MOKE) correspond to
absorption difference and phase shift, respectively, between right- and
left-circularly polarized light, induced by S,(#).

Typical temporal profiles of the pump-induced ellipticity change,
Any, during the first 5 ps are shown in Fig. 1¢, at 30 K and for two pump
fluences. An;>0 indicates photo-induced magnetization from the
AFM ground state. At low pump fluence, 0.64mJcm ™ > (red filled
circles), we only observe a gradual, picosecond magnetization rise.
An increase of pump fluence to 5.8 mJ cm? (open circles) reveals a
remarkable femtosecond regime of spin photogeneration: a huge
quasi-instantaneous jump in magnetization, three orders of mag-
nitude larger than in magnetic semiconductors®***, now precedes pico-
second spin dynamics. Deconvolution of the A#y and probe pulse
temporal profiles give a fast magnetization rise time of ~120fs
(Fig. 1c, inset). The clear discontinuity of An, (dashed line, Fig. 1c)
marks two different temporal regimes of transient magnetism.
Figure 2a shows the detailed pump-fluence dependence of An:
it reveals a photo-excitation threshold, Iy, =~ 2.5m] cm” 2, for the
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Figure 1| A quantum many-body scheme for femtosecond switching of
magnetism and ultrafast photo-induced spin dynamics in Pr,;Cag 3;MnO3.
a, Schematics of ultrafast excitations of the CE-type AFM/CO/OO order, whose
spin, charge, and orbital lattice pattern, shown in the left panel, consists of one-
dimensional AFM-coupled zig-zag chains. For classical spins (right top panel),
electron conduction and optical transitions are restricted within the same one-
dimensional ferromagnetic chain because ] = S — 1/2 total spin configurations
are suppressed by Hund’s rule (white arrow, classical spin hopping). Quantum
spin-flip fluctuations (right bottom), however, allow e, electrons to hop on sites
with opposite local #,4 spin, by forming non-equilibrium total spin eigenstates
(see equation (1)) as illustrated (red arrow, quantum spin hopping). b, The
equilibrium phase diagram of our Pr,;Cay3MnO; sample as a function of
temperature and magnetic field (sweeping up). The red dots show the measured

emergence of femtosecond magnetization. In contrast, the charge
dynamics, measured by the pump-induced reflectivity change AR/R
(Fig. 2b), exhibits no threshold, which rules out melting of the CO/
OO as the main origin of Iy,. The critical fluence dependence exclusively
for the femtosecond spin dynamics represents a hallmark of non-
equilibrium magnetic phase transitions.

Further evidence for femtosecond change of magnetic ordering is
presented in Fig. 3a, which compares the MCD A, and MOKE A0 at
two pump fluences and demonstrates notable differences between fem-
tosecond and picosecond time intervals. Both MOKE and MCD dem-
onstrate the existence of a fluence threshold for observing a distinct
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boundary between the antiferromagnetic and ferromagnetic phases. Note that,
for sufficiently small magnetic fields, the antiferromagnetic insulating phase
persists at all temperatures. ¢, Ultrafast photo-induced ellipticity change A, for
magnetic field B= 0.5 T and temperature T'= 30 K for low (0.64 m] cm 2 red
dots) and high (5.8 mJ cm ™%, open circles) pump photo-excitation intensity.
The femtosecond magnetism (temporal regime (1)) is clearly distinguished
from the picosecond magnetism (temporal regime (2)) and only appears for
high intensity. Inset, the instrument response time (shaded) and the
convolution of the probe pulse with a double-exponential time-dependent
magnetization increase. We extract time constants 7, = 120 fs (fast
femtosecond magnetization) and 7, = 18,500 fs (slow picosecond
magnetization). Open circles, experimental results (Exp); solid curve, double-
exponential fit (Fit).

femtosecond pump-induced magnetization, with the same I;, in both
(Supplementary Information). Such coincidence corroborates our con-
clusions. In contrast, the picosecond components of An and A0y
exhibit different temporal profiles (for example, a damped oscillation
is absent in MOKE) without threshold, indicative of slow thermal non-
magnetic contributions®. In Fig. 3b, the femtosecond magnetization
vanishes when the magnetic field is reduced from 0.5T to 0T, again
pointing to the magnetic origin of the ‘discontinuity’ in A, and A0y
and, thereby, the fast spin generation during the excitation pulse.
Furthermore, the observed femtosecond spin photogeneration
depends sensitively on temperature and AFM order (Fig. 3c). At

Figure 2 | A three-dimensional view demonstrating the distinct

femtosecond spin and charge dynamics as well as photo-excitation threshold
behaviour. a, Time-resolved ellipticity change An, and b, differential optical
reflectivity AR/R as function of pump fluence. Measurements are taken under
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the same experimental conditions. A photo-excitation threshold

Iy, =~2.5mJcm 2 is seen for emergence of femtosecond magnetization (Ar),
whereas the charge dynamics exhibits no threshold. Magnetic field B=0.5T
and temperature T'= 30 K.
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Figure 3 | Evidence for genuine femtosecond switching of magnetic
ordering and its sensitive temperature dependence. a, Comparison between
ellipticity Ay (solid lines) and MOKE A0, (dashed lines) under pump
excitation fluences of 4.48 mJ cm ™2 (black) and 1.60 mJ cm ™2 (red).

b, Magnetic field dependence of the ultrafast photo-induced ellipticity change
during the first 5 ps (split axis) and for extended time intervals up to 60 ps

200K and 150K, that is, above the AFM phase transition, we observe
negligible femtosecond magnetization components for all fluences
used. The femtosecond magnetization appears at 50 K above thresh-
old, reaches its maximum around 30K, and then decreases again at
lower temperatures of 20 K and 10 K. We attribute this behaviour to
the competition between spin stiffness—describing the rigidity of the
AFM order—and thermal fluctuations, which display opposite tem-
perature dependence. We note that the measured temperature for
maximum femtosecond spin generation, 30K, corresponds to the
minimum critical B field required for driving an AFM to ferromagnetic
phase transition in Fig. 1b.

Figure 4a and b compares the pump-fluence dependence of A and
AR/R attwo fixed times for the data shown in Fig. 2a and b, At = 200 fs
and 6 ps: we make two observations. First, any threshold dependence
of photo-induced magnetization clearly smears out in the picosecond
Ay data (black open circles), which shows a linear power dependence,
and is absent in both picosecond (red open circles) and femtosecond
(filled red squares) AR/R. Thresholdless behaviours can be attributed
to phonon-assisted phase separation®’. However, the distinct non-
linear pump fluence and threshold dependence of the femtosecond
spin dynamics (Fig. 4a) reveal a new femtosecond magnetism non-
thermal temporal regime during coherent nonlinear photo-excitation,
well-distinguished from the picosecond thermal temporal regime.
Second, the femtosecond build-up of ferromagnetic correlations above
threshold Iy, coincides with a transition, at Iyy, from linear to non-
linear intensity dependence of AR/R (shaded area). Such coincidence
suggests that global electronic conducting paths emerging from photo-
induced interchain hopping are important for femtosecond (but not
picosecond) magnetism.

Can we attribute our observation of femtosecond magnetism to the
photodoping of the AFM ground state with electrons and holes? A
transition from AFM to ferromagnetic states with electron doping
was predicted for Hamiltonians without CO/OO?, but these states are
unstable to phase separation: ferromagnetic polarons, that is, an electron

(logarithmic scale). Black, B=0.5T; red, B=0T. T =30 K. ¢, Temperature
dependence of the photo-induced ellipticity for the first 4 ps under two pump
excitation fluences of 0.64 mJ cm ™ (red) and 5.80 mJ cm ™ 2 (black). Note the
non-monotonic dependence of the femtosecond photo-induced magnetization
on temperature: it peaks at around 30 K.

surrounded by a ferromagnetically aligned neighbouring spin ‘cluster’,
form locally inside the AFM matrix**. Above critical doping, polaron
percolation results in a global ferromagnetic ground state. At equilib-
rium, electron doping of the CE/CO/OO state (Fig. la, x = "2 + Ax)
gives an unconventional ferromagnetic metal (x <1/2), whereas the
system remains CE-AFM insulating with hole doping (x > 1/2). Such
electron-hole asymmetry, important for photodoping effects, arises
from competition between electron delocalization (by canting anti-
parallel t,, spins) and self-trapping (by Jahn-Teller distortions)”.
However, the latter lattice processes are slow (picosecond)*. During
femtosecond times shorter than the Jahn-Teller phonon period and
thermalization times, magnetization can only be induced by fast spin-
flip/canting non-equilibrium processes.

Below, we propose a non-equilibrium spin-exchange mechanism
that produces ferromagnetic correlations during the femtosecond laser
pulse. Classical spin scenarios>* neglect spin-flips, and so electron
hopping from atom to atom diminishes with increasing angle between
the local spins’. Consequently, interchain eg-electron hopping is sup-
pressed by AFM spin alignment, resulting in electronic confinement
within one-dimensional chains (Fig. 1a, white arrows). This, however,
suppresses any femtosecond spin dynamics, as the e, and t,, spins
remain parallel within the same chain®. We must thus turn to
quantum spin scenarios and, additionally, engage the transient coher-
ence, correlation and nonlinearity that dominate during the laser
coherent excitation, a new paradigm in ultrafast magnetism. Quan-
tum spin-flips (Fig. 1a, red arrows) allow for electron hopping to a site
with antiparallel local spin, as we can now populate the degenerate
non-equilibrium quantum states of photo-excited and local electron
spins shown schematically in Fig. la, which diagonalize the strong
Hund’s rule interaction:

1
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M) =\ 57 2541
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Figure 4 | Interchain femtosecond quantum spin-flip fluctuations establish
ferromagnetic correlations during the coherent laser photo-excitation.

a, Pump fluence dependence of photo-induced Angand b, AR/R, after two time
intervals, At = 200 fs (filled squares) and At = 6 ps (open circles), following
photo-excitation, at 30 K. These summarize the data presented in Fig. 2a and b.
The nonlinear fluence dependence with threshold Iy, marked by the vertical
dashed blue line is only seen for the femtosecond A#. Note the different
behaviour between the red shaded area (high intensity revealing femtosecond
magnetism) and the low intensity regime (only picosecond magnetism).
Although the photo-induced optical reflectivity change does not display any
threshold behaviour, the high intensity red shaded regime above Iy
demonstrates a saturation nonlinear behaviour, while for low intensities below
I we observe the linear dependence on photo-excitation intensity expected
from the usual perturbation expansion in terms of the optical field. ¢, Calculated
photo-induced total spin for three Rabi energy values similar to those in the
experiment, d = 70 meV (black), 0.3d (blue), 0.1d(red), and inter-atomic
coherence (inset) for d =70 meV. The laser pulse time-dependence is
superimposed (grey; E*(t)), demonstrating that ferromagnetic local
correlations transiently build-up from the AFM ground state (total spin zero)
during the photo-excitation, with nonlinear dependence on Rabi energy and
hence intensity. The time-dependence of the interatomic coherence describes
‘photo-induced bond” order, which implies strong transient coupling between
neighbouring atoms during the lifetime of the non-thermal populations, that is,
before the establishment of a quasi-equilibrium hot temperature. The damped
oscillations in the photo-induced spin, with period determined by the Jahn-
Teller energy, reflect deviations from adiabaticity.

where [iSS,) are the Mn*" £,,-spin eigenstates. The eigenvalues of the
totalspinJ; =s; + S;areJ=S+ 1/2and M= —],---]. cjm adds a spin-
o electron in orbital o at site i. The quantum-coherent superposition
given in equation (1), suppressed in the classical spin limit S— o, allows
for ultrafast quantum spin dynamics, driven by the off-diagonal Hund’s
rule magnetic interaction JS;" -s;" .

In the insulating AFM state, we expect localized photo-excitations®.
We thus describe the spin, charge and orbital populations at the ith
atom by the diagonal density matrix elements p/(m) = {|iSm)iSm|)
(Mn*") and py(aM) = (|iaM){iaM[) (Mn>*). The 3.1-eV magneto-
optical signal probes the t,, spin® S, (i)=Y S cos 0,, p;(m)+
> am S cos Oy p;(aM), where cos 0,,=m/S and cos 0y = M/].
The 1.55-eV femtosecond pump field, tuned across the Jahn-Teller
insulator gap, drives coherent electron hopping between neighbouring
atoms i and j with different Jahn-Teller distortions. Such quantum
kinetics is hidden in static measurements”, and the equations of
motion couple p;(m) and p,(«M) to the off-diagonal density matrix
<él, (M) eyq (iM )> describing time-dependent electron-hole super-
positions of electronic quantum states given by equation (1) in two
different atoms i and j (bond orders). The composite fermions created
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o
by éla(iM)=|iocM)<iS,M —5’ treat the strong correlation (see

Supplementary Information)™.

The solution of our density matrix equations for a two-site inter-
chain cluster with ground state M = S+ 1/2 (Jahn-Teller-distorted
site i) and m= —S§ (empty site j) numerically demonstrates the
development of ferromagnetic correlations with femtosecond time-
dependence and nonlinear dependence on photo-excitation similar
to Fig. 1c, the key features of the femtosecond quantum spin regime.
The calculated photo-induced spin AS,(ij) = AS,(i)+ AS.(j) is shown
in Fig. 4c for three Rabi energies, together with the laser pulse (here the
Rabi energy is d = eEa, where E is the optical field, e is the electron
charge, and a is the lattice spacing). The decrease in Rabi energy, from
d=70meV (black) to 0.1d (red trace), diminishes the femtosecond
spin dynamics as the perturbative regime is recovered for small d.
Ferromagnetic correlation, AS,(ij) > 0, develops during laser excita-
tion, driven by nonlinear photo-excited interatomic coherences
Y| é:,a(jM’ )éus(iM) ) (see inset, Fig. 4c for d =70 meV) and elec-
tron-hole asymmetry. This spin correlation is enhanced by fast virtual
electron hopping due to non-thermal/coherent nonlinear population
changes and photo-induced bonding. The hole, created at Mn>™ site i
populated by parallel e, and t,, spins, leaves the t,, spin unchanged.
The electron is created at the neighbouring Mn*" site j populated by ta
spin S, = S (intrachain excitation) or S, = —S (interchain excitation).
It populates a Mn®* quantum state of the form given by equation (1)
with M =S, + ¢/2 after interacting with the local spin. Interchain
electron-hole excitations increase the S, = — S spin via spin-flip (equa-
tion (1)), thus inducing ferromagnetic correlations between AFM-
aligned chains. Intrachain excitations move the S+ 1/2 total spin
along the chain and thus only affect AR/R and the charge distribution.
The collective behaviour of these photo-induced ferromagnetic ‘defects’
is affected by a small magnetic field, which creates a preferred direc-
tion through spin canting®, resulting in non-zero collective spin and
enhanced interchain hopping. Such a B-field can also facilitate percola-
tion of the photo-induced magnetic clusters, establishing macroscopic
ferromagnetic order above a critical I, as the local ferromagnetic cluster
size grows nonlinearly. Our predicted femtosecond quantum spin
canting/flip also gives rise to interchain conductive paths, which may
explain Iy, in the femtosecond-resolved AR/R (Fig. 4b).

METHODS SUMMARY

Sample growth and characterization. Single crystals of Pr,;Cay;MnO; were
grown by the floating-zone method in flowing oxygen with a growth rate of 3 mm
h™". X-ray powder diffraction on pulverized single crystals confirmed the single
phase. The phase diagram in Fig. 1b was constructed by measuring the temper-
ature- and field-dependence of magnetic susceptibility and electrical resistivity of
our samples. Strong magnetic fields melt the AFM/CO/OO insulator ground state
and induce a transition to a ferromagnetic metallic state, for example, at a critical
magnetic field of B=5T at T~ 75K. This cannot be accessed by heating the
sample. For our ultrafast measurements, we placed the sample in a weak magnetic
field of no more than 0.5 T, pointing perpendicular to the sample surface.
Ultrafast magneto-optical spectroscopy. A Ti:sapphire amplifier with centre
wavelength of 800 nm (1.55eV), pulse duration of 82fs at the sample position,
and 1 kHz repetition rate was separated into pump and probe beams. The probe
was frequency-doubled to 400 nm (3.1 eV). This photon energy produces a large
magneto-optical activity due to optical transitions between oxygen 2p and Mn t,,
states™, and thereby mostly measures dynamics of t,,local spins. The probe beam
was kept nearly perpendicular to the sample surface (polar MOKE geometry) (~7°
from the normal). To a first approximation, the magneto-optical signal is propor-
tional to k-S, where k is the vector of the probe light. Thus, the signal measured
reflects the out-of-plane magnetization component S, of £,4 local spins. Our pump
beam is linearly polarized, with a tunable excitation fluence of up to ~6 mJcm ™2
There is no obvious pump polarization dependence. This two-colour pump-probe
geometry was shown to maximize the magneto-optical response while minimizing
the contamination of magneto-optical signals during femtosecond timescales, for
example, by dichroic bleaching, spectral weight transfer associated with the elec-
tronic phase transitions, and so on. More information on data analysis and theor-
etical modelling that solves the time-dependent equations of motion using the
Runge-Kutta routines is given in Supplementary Information.
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