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ABSTRACT
In doped manganite systems, strong electronic correlations result in rich phase diagrams where electron delocalization strongly affects the
magnetic order. Here, we employ a femtosecond all-optical pump-probe scheme to impulsively photodope the antiferromagnetic parent
manganite system CaMnO3 and unveil the formation dynamics of a long-range ferromagnetic state. We resonantly target intense charge
transfer electronic transitions in CaMnO3 to photodope the system and probe the subsequent dynamics of both charges and spins using
a unique combination of time-resolved terahertz spectroscopy and time-resolved magneto-optical Faraday measurements. We demon-
strate that photodoping promotes a long-lived population of delocalized electrons and induces a net magnetization, effectively promoting
ferromagnetism resulting from light-induced carrier-mediated short-range double-exchange interactions. The picosecond set time of the
magnetization, much longer than the electron timescale, and the presence of an excitation threshold are consistent with the formation of
ferromagnetic patches in an antiferromagnetic background.

© 2023 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/10.1063/5.0156400

INTRODUCTION

The strong coupling between charge, spin, and orbital order
in the perovskite manganites results in rich phase diagrams1 and
provides fertile ground for phase control experiments at thermo-
dynamic equilibrium through electric fields,2,3 strain effects,4 and
chemical doping.5 An emerging approach to control the material
phase out of equilibrium is photoexcitation using ultrashort pulses
of light. The seminal works of Refs. 6 and 7 demonstrated that
photoexcitation with ultrashort laser pulses can trigger an insulator-
to-metal transition in the charge-ordered state of antiferromagnetic
Pr0.7Ca0.3MnO3. Owing to the strong correlations, the light excita-
tion affects not only the charge degree of freedom but also orbitals
and spins, all on sub-picosecond timescales. Indeed, this discovery
inspired many studies on the effects of photodoping on the orbital
and magnetic order of correlated manganite systems on timescales
down to a picosecond.8–13 Manipulation of the magnetic order has

been extensively studied in manganite systems in which the ultrafast
emergence of a net magnetization or metallic state after photoexcita-
tion coincides with the melting of charge and orbital order present in
the system’s ground state.8–13 In a system where charge and orbital
order are absent in the ground state, the photo-excited electrons are
the only charge carriers experiencing the double-exchange interac-
tion in the photoinduced transient state. This allows one to decouple
and rule out some strong correlation effects as the driving force
for the emergence of net magnetization and to study the intrinsic
magnetic timescales.

Here, we investigate CaMnO3 [see Fig. 1(a)], the single-valence
(Mn4+, d3) end member of the La1−xCaxMnO3 series—the mixed-
valence oxides well known for their colossal magnetoresistance.14

With half-filled t2g orbitals and empty eg states, the insulating
behavior and antiferromagnetism (AFM) of CaMnO3 are the result
of strong on-site Coulomb repulsion. Minute electron doping in
CaMnO3 results in a transition to a metallic state accompanied by
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FIG. 1. Ultrafast photodoping of CaMnO3 thin films. (a) (top) Schematic phase diagram of electron-doped CaMnO3. Upon electron doping, the material becomes metallic
and weakly ferromagnetic (w-FM). (bottom) A tunable ultrashort pulse excites charge-transfer transitions between the oxygen and Mn-ions. (b) The single valence Mn4+ (d3)
spins in CaMnO3 are ordered antiferromagnetically in-plane. Upon chemical or ultrafast electron doping, a macroscopic net magnetic moment emerges in the z-direction. The
net magnetic moment is either the result of homogeneous spin canting or ferromagnetic droplets in a collinear AFM background (shown). (c) Schematic of the experiment:
The tunable ultrashort pulse (blue) excites an ultrathin CMO film on YAlO3 (001). The induced electron and magnetic dynamics are measured by THz pulses (gray, left) and
polarization rotation (θF) and transmission changes of the NIR probe pulse (red, right), respectively.

the emergence of ferromagnetic correlations and a net magnetiza-
tion M. The microscopic cause of ferromagnetism is the double-
exchange interaction between the mixed-valence manganese ions,
Mn3+ and Mn4+, which competes with the superexchange inter-
action and facilitates electron hopping.15 Yet, the emergence of
net magnetization can have different origins. Electron doping of
CaMnO3 with just a few percent of tetravalent Ce ions results in
metallicity and a progressive increase of the spin canting angle φ
to more than 10○,15,16 giving rise to a sizable net magnetization
along the crystallographic z-direction. In contrast, isolated ferro-
magnetic clusters embedded in an AFM matrix have been argued to
be responsible for the macroscopic net magnetic moment in triva-
lent La-doped CaMnO3

17,18 and Y-doped CaMnO3.19 These two
scenarios, (i) a homogeneously canted AFM state and (ii) phase seg-
regation into regions with collinear antiferromagnetic order and fer-
romagnetic clusters, are clearly distinct.20 The distinction raises the
intriguing question of the dominant mechanism enabling ultrafast
photo-induced dynamics: homogeneous spin canting or inhomoge-
neous phase segregation.

In this experiment, we target highly absorbing charge-transfer
transitions between the oxygen and manganese ions [see Fig. 1(b)]
in an epitaxial thin film of CaMnO3. We show that this photodop-
ing introduces delocalized electrons, leading to the emergence of
a nonthermal magnetization on picosecond timescales. We also
reveal the critical number of photons required to observe this col-
lective response. We discuss the possible contributions of both
homogeneous (i.e., coherent) and inhomogeneous (i.e., incoherent)
scenarios to the ultrafast magnetization and argue that the ultrafast

photodoping results in inhomogeneous phase-segregated magneti-
zation [see Fig. 1(b)].

EXPERIMENT

Compressively strained, 100 nm thick films of CaMnO3 (CMO)
were grown on a YAlO3 (YAO) substrate using pulsed laser
deposition (details in Ref. 21). Undoped bulk CMO adopts an
orthorhombic perovskite Pbmn crystal structure. The superex-
change interaction between neighboring Mn4+ ions gives rise to an
antiferromagnetic (AFM) ground state below the Néel temperature
TN of about 120 K. The fundamental absorption edge is indepen-
dent of the magnetic ordering and is located around an energy
of 1.3–1.5 eV.22 Microscopically, it corresponds to the onset of
the strongly absorbing charge-transfer transitions from the O-2p
orbitals to the empty Mn-eg states.23–25 The YAO substrate is a
wide bandgap insulator with negligible absorption below 5 eV,26

which ensures a negligible contribution to the measured transient
response.

Ultrashort (∼100 fs) pulses of light are used to resonantly excite
the charge-transfer transitions. The excitation pulses are generated
by using both the direct and frequency-doubled outputs of an opti-
cal parametric amplifier (OPA) operating in the infrared spectral
range. This enables a tunable excitation pulse in a large energy
range of 0.8–2.5 eV (wavelength λ = 500–1600 nm) across the
onset of the Mn–O charge-transfer transitions. We used terahertz
(THz) time domain spectroscopy [see Fig. 1(c) and supplementary
material, Fig. 1] to measure pump-induced changes in the material’s
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THz (meV) optical conductivity. To characterize the effect of the
photoexcitation on the magnetic order, we additionally measured
the pump-induced changes in the transmission and polarization
rotation θ of a co-propagating time-delayed, linearly polarized weak
probe pulse at 1.55 eV transmitted through the sample [see Fig. 1(c)].
The rotation of this near-infrared (NIR) light is related to the out-of-
plane magnetization M due to the magneto-optical Faraday effect,
such that θ∝M.

RESULTS AND DISCUSSION

Photodoping at an excitation energy of 1.94 eV has a pro-
nounced effect on the amplitude of a THz pulse transmitted through
the CaMnO3 film [see inset Fig. 2(a)]. Figure 2(a) shows the pump-
induced change in the peak value of the transmitted THz pulse
as a function of the pump-THz probe delay time. A reduction in
the field strength of almost 10% occurs within the first picosec-
ond, which then remains diminished for hundreds of picoseconds.
The reduction in the THz amplitude is likely due to increased
screening by photoexcited free carriers. The long-lived screening
signifies a metallic state persisting beyond carrier lifetimes, which
is not uncommon for photo-induced metallic states in mangan-
ites.8 To monitor changes to the magnetic state, we also tracked the
time-resolved rotation θ of the NIR-probe polarization plane that
appears in response to the photodoping [see Fig. 2(b)]. We observe

that there exist magnetic field-dependent and field-independent
components at all temperatures [see the supplementary material,
Fig. 3]. The field-dependent component changes upon switching the
magnetic field polarity [see inset Fig. 2(b)]. Throughout this study,
we perform the experiments at two fields of opposite polarity ±H
to eliminate non-magnetic contributions to the polarization rota-
tion and consider the difference θF = θ(+H)−θ(−H)

2 as a measure of
the Faraday rotation that emerges in response to the photo-induced
magnetization ΔM along the z-direction.

Our experiment shows that the growth of magnetization occurs
for a few picoseconds, after which the signal decays exponentially
over a timescale approaching nanoseconds. To describe its evolu-
tion, we analyze the data with the following double exponential
function:

θF(t) = A(1 − e−t/τ1) − B(1 − e−t/τ1)(1 − e−t/τ2). (1)

The first term describes the emergence of a net magnetic com-
ponent (ΔM) of amplitude A in the out-of-plane direction on a
timescale τ1 (see Fig. 2). The second term describes the partial decay
(amplitude B) of the signal on a timescale τ2.

Applying a bias magnetic field with a non-zero component in
the z-direction is essential because it predefines the direction of M
in the photoinduced magnetic state. Figure 3(a) shows the amplitude
of the long-lived component of the transient photoinduced polariza-
tion rotation θ at a delay time of 25 ps as a function of the applied

FIG. 2. Ultrafast carrier delocalization and magnetization in CaMnO3. (a) Time-resolved transient change in transmitted THz peak electric field after photodoping (1.94 eV).
Inset: Electro-optically detected terahertz transients before (equilibrium) and a few ps after photodoping (t > 0). (b) Faraday rotation θF probed by [001] polarized NIR pulses
after photodoping (1.94 eV). A solid line indicates the fit (see text). Inset: Transient polarization rotation θ for oppositely applied magnetic fields.
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FIG. 3. Characterizing the transient net magnetic moment. (a) Amplitude of the photoinduced polarization rotation at t = 25 ps as a function of the applied magnetic field
out-of-plane (T = 105 K). (b) and (c) Amplitude (b) emergence time τ1 and decay time τ2 (c) of the induced magnetic component as function of temperature, as extracted with
fits Eq. (1) to the time-resolved transient Faraday rotation θF (±H) for different temperatures [see the supplementary material, Fig. 3(a)] after excitation at a photon energy of
1.55 eV.

magnetic field. The data reveal a hysteresis loop and a magnetic
remanence in the photoinduced state, indicating that not only the
induced magnetic moment but also the equilibrium ground state are
susceptible to the magnetic field.

Fitting Eq. (1) to the experimental data (see the supplementary
material, Fig. 3), we observe a strong temperature-dependence of
the photoinduced magnetization ΔM [see Fig. 3(b)], with a peak
around 90 K and a full disappearance of the signal above 110 K.
The latter is close to the Néel temperature TN in the CaMnO3 thin
films,21 another confirmation of the magnetic nature of the mea-
sured signal. The non-monotonic temperature dependence can be
attributed to the competition between the decrease of both the coer-
cive field and the antiferromagnetic order parameter in the ground
state as temperature increases. At low temperatures, the out-of-plane
magnetic field used in our experiment (<0.1 T) is not sufficient to
overcome the coercive field (up to 1.5 T at low temperatures for
4% Ce-doped samples21) and bring the sample into a monodomain
state; it thus can only align the net magnetic moment in a part of
the domains. The coercive field gets smaller at high temperatures,
but simultaneously, the overall AFM order decreases. The latter
leads to a reduction of the transient net magnetization ΔM, which
is proportional to this AFM order parameter. Note that the lifetime
τ2 of the induced magnetic component also shows a pronounced
divergence upon approaching TN [see Fig. 3(c)], similar to the one
observed in photodoping experiments on the strongly correlated
antiferromagnetic oxide Sr2IrO4.27

To understand the microscopic mechanisms underlying these
dynamics, we analyze the time τ1 within which the photoinduced
magnetization ΔM grows following the excitation. Our experiments
show that this timescale is around 1.5 ps at low temperatures and
gradually increases to 3 ps close to the transition temperature [see
Fig. 3(c)]. We also note that this time does not depend on the density
of photogenerated electrons, as there is no dependence on the pump
fluence and pump photon energy (see the supplementary material,
Figs. 6 and 7). Interestingly, this time is significantly longer than the
pump-induced changes to the conductivity, occurring faster than
0.5 ps [see Fig. 2(a)], indicating a delayed magnetic response. This
observation indicates a clear distinction between the electronic and

magnetic responses of the material. At the same time, the magnetic
response time is still substantially faster than typical spin-lattice
relaxation times (∼100 ps), which determine the interaction with
the lattice—an angular momentum reservoir. We note that similar
decoupling has been reported earlier in thin films of the spin glass
Gd0.55Sr0.45MnO3.11

Measurements at different excitation fluences F reveal the pres-
ence of a critical (threshold) fluence Fth for the magnetic signal
to appear [Fig. 4(a)]. In contrast, there is no threshold present for
both the time-resolved THz [see Fig. 4(b)] and NIR-probe (see the
supplementary material, Fig. 5) transmission measurements, which
represent the pump-induced changes to the electronic system. This
indicates that while the number of photoexcited electrons is directly
proportional to the light intensity, a pronounced excitation thresh-
old of around 0.004 electrons per manganese ion (0.4% doping) is
required to induce a net magnetization.

FIG. 4. Photodoping selectivity and threshold. (a) Peak Faraday rotation for dif-
ferent fluences and different excitation photon energies with global linear fits, with
shared critical fluence Fth for all photon energies. Inset: The resulting susceptibil-
ity as a function of the excitation photon energy. (b) Transient (t = 10 ps) change
in the THz peak electric field transmitted by the CaMnO3 film after excitation at
1.94 eV.
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Before outlining this process, we try to understand the rela-
tion between photon energy and the induced magnetic moment by
scanning the photon energy across the edge of the charge-transfer
transitions. Measurements at different fluences enable the extrac-
tion of a photo-susceptibility [see Fig. 4(a)]—the ratio between the
induced magnetic component and the fluence used in the exper-
iments. In the inset of Fig. 4(a), we show this extracted quantity
for different photon excitation energies within the charge transfer
absorption line. The data show a rapid increase in susceptibility
around 1.5 eV, corresponding to the onset of the charge-transfer
bandgap in CaMnO3.24 The absence of a sizable signal at photon
energies below the material’s bandgap supports the proposed micro-
scopic origin of photoinduced magnetization. The decrease of the
signal at higher energies can be the result of a penetration depth mis-
match due to the difference in photon energy between the excitation
and probing light (1.55 eV) or might be caused by enhanced absorp-
tion resulting in a thermal quenching of the antiferromagnetic
spin order. The changes in the transient NIR transmission show a
similar onset close to 1.5 eV, which, in contrast, does not reduce as
strongly at higher photon energies (see the supplementary material,
Fig. 5), another example of the different electronic (transmission)
and magnetic responses to the photoexcitation.

The emergence of an equilibrium net magnetization in doped
CaMnO3, driven by the double-exchange interaction, can proceed
in two different ways: (i) in a “coherent” form, with electron-doping
leading to homogeneous canting of the antiferromagnetic sublattices
(as in Ce-doped CaMnO3), or (ii) in a phase separated form in which
ferromagnetic droplets appear in an antiferromagnetic background
(as in La-doped and Y-doped CaMnO3). In the first scenario, we
expect an instantaneous, coherent response after photodoping. In
contrast, our experiments indicate that the transient net magnetic
moment appears to arise on a relatively slow timescale, which sup-
ports the second scenario of ferromagnetic droplets. In addition, we
also observe an excitation threshold for the net magnetization to
appear, absent in the case of the electronic response (THz transmis-
sion measurements). As the applied magnetic field biases the direc-
tion of the emerging magnetic moment of the conducting droplets,
the lack of a net macroscopic magnetization below the threshold
indicates that for low excitation fluences, the droplets are below
a critical size and cannot develop a magnetic moment. The mere
presence of delocalized electrons is not sufficient, as a minimum
density and size of these droplets are required for them to interact
and form a macroscopic magnetization. The threshold also indi-
cates the presence of a metastable nonequilibrium state associated
with net magnetization and thus may support an inhomogeneous
scenario characterized by phase coexistence. Therefore, the observa-
tion of an excitation threshold supports the scenario of a transient
phase-separated state, where photoexcitation leads to patches of
the ferromagnetic phase emerging in the antiferromagnetic back-
ground. In this scenario, the minimum fluence corresponds to the
percolation threshold of ferromagnetic clusters required to estab-
lish long-range macroscopic magnetic order. As the change in THz
transmission at the threshold fluence amounts to roughly 40% of
the saturation value [see Fig. 4(b)], this could indicate a percolation
threshold for the magnetic order of 0.4. This is close to the required
site filling probability p = 0.31 in 3D cubic networks to establish
percolation.28

In this scenario, the delayed response of the magnetic dynamics
can be explained by the mutual alignment of spins between indi-
vidual droplets. The antiferromagnetic background arguably plays
a decisive role in this process, as the photoinduced magnetization
appears exclusively below TN. The alignment is likely to be medi-
ated by the emission of elementary spin-wave excitations—magnons
that can propagate and establish spin-spin correlations. Indeed, the
strong magneto-crystalline anisotropy inherent to CaMnO3 (and
other manganites) thin films21 causes the lowest frequency magnons
to have frequencies in the sub-THz frequency range, corresponding
to the observed timescales of several picoseconds.29

Finally, to improve our understanding of the transient dop-
ing, we compared the photo-induced magnetic component in the
CaMnO3 thin film with a lightly (1%) Ce-doped film. These films are
intrinsically electron-doped in equilibrium and have a larger cant-
ing of the magnetic sublattices, which might affect the light-induced
dynamics. While we observe a smaller induced magnetization at
all temperatures compared to the CaMnO3 film, the overall time-
evolution is very similar (see the supplementary material Fig. 8). This
implies that with the present excitation fluences, the slightly altered
ground state with a small net magnetic moment does not change the
dynamics substantially.

CONCLUSION

In summary, we have investigated the ultrafast response of
thin films of the antiferromagnetic manganite parent compound
CaMnO3 after photoexcitation of the charge-transfer transition
from oxygen to manganese ions. Using time-resolved THz trans-
mission measurements, we probe the presence of a long-lived state
with increased THz photoconductivity, indicating carrier delocal-
ization. Through time-resolved Faraday measurements, we observe
the emergence of a macroscopic net magnetic component in an
otherwise antiferromagnetic compound, the result of activating
carrier-mediated double-exchange between the manganese ions. In
the absence of any charge- and orbital-ordered electrons in the
ground state, the macroscopic ferromagnetic moment is formed in
around 2 ps, which we attribute to the typical interaction of the
constituting ferromagnetic clusters in the AFM background. The
macroscopic moment is characterized by a small excitation thresh-
old of ∼0.004 electrons per Mn-ion, which indicates a profound
difference with chemical electron doping. Our work contributes to
the understanding of ultrafast cooperative phenomena in complex
materials where a strong interplay of different degrees of freedom is
present. More specifically, we show that the antiferromagnetic man-
ganites demonstrate a remarkable susceptibility to photoexcitation,
with ultrafast responses and persistent changes in both magnetic and
electric properties. This makes the manganites excellent candidates
for ultrafast switching devices, and perhaps they will eventually find
application in ultrafast spintronic devices.30

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the experimental
(THz) setup and additional measurement data.
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