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In quantum materials, degeneracies and frustrated interactions can have a profound impact on the 

emergence of long-range order, often driving strong fluctuations that suppress functionally relevant 

electronic or magnetic phases. Engineering the atomic structure in the bulk or at heterointerfaces 

has been an important research strategy to lift these degeneracies, but these equilibrium methods 

are limited by thermodynamic, elastic, and chemical constraints. Here, we show that all-optical, 

mode-selective manipulation of the crystal lattice can be used to enhance and stabilize high-

temperature ferromagnetism in YTiO3, a material that exhibits only partial orbital polarization, an 

unsaturated low-temperature magnetic moment, and a suppressed Curie temperature, Tc = 27 K. 

The enhancement is largest when exciting a 9 THz oxygen rotation mode, for which complete 

magnetic saturation is achieved at low temperatures and transient ferromagnetism is realized up to 

Tneq
 > 80 K, nearly three times the thermodynamic transition temperature. First-principles and 

model calculations of the nonlinear phonon-orbital-spin coupling reveal that these effects originate 

from dynamical changes to the orbital polarization and the makeup of the lowest quasi-degenerate 

Ti t2g levels. Notably, light-induced high temperature ferromagnetism in YTiO3 is found to be 

metastable over many nanoseconds, underscoring the ability to dynamically engineer practically 

useful non-equilibrium functionalities. 

 



The macroscopic properties of quantum materials are determined by a delicate tension between 

microscopic elements, the most relevant being the crystal structure, the magnetic state of the 

constituent electrons, and the orbitals that they occupy. Degeneracy and its lifting play a particularly 

fundamental role. For instance, Jahn-Teller distortions lift orbital degeneracies in certain correlated 

insulators and lead to the stabilization of long-ranged spin and orbital [1, 2]. In cases where 

degeneracies are not effectively lifted, long-range electronic order is often depressed, and precursor 

fluctuations are observed far above the thermodynamic transition temperature [3, 4]. In particular, 

recent work has highlighted the key role of the orbital configuration in determining the stability of 

superconducting, magnetic, and other electronically ordered phases of correlated materials [5-9]. 

One of the best examples of this behavior is found in the family of Mott insulating rare-earth 

titanates (RTiO3) [10]. The low-energy physics of this system is dictated by a single Ti electron 

occupying a manifold of d orbitals with t2g symmetry, namely the dxz, dyz, and dxy orbitals (Fig. 1a). 

Within the Goodenough-Kanamori-Anderson picture, the superexchange process is expected to 

favor antiferromagnetic (AF) or ferromagnetic (FM) spin interactions for electrons hopping between 

the same or orthogonal orbitals, respectively, leading to a strong dependence on the details of the 

bonding and crystal field environment at each Ti site. The ideal cubic perovskite structure with 

degenerate t2g levels would create a highly frustrated ground state with large composite spin-orbital 

fluctuations [11, 12]. In reality, Jahn-Teller and GdFeO3-type orthorhombic structural distortions lift 

the t2g degeneracy in the titanates, pushing the system towards a static orbital ordering pattern and 

tipping the balance in favor of a particular magnetic state [13-18].  

Due to this intricate balance of interactions, magnetism in the titanates is highly susceptible to small 

changes in crystal structure. For example, upon decreasing the rare-earth ion size from R = La to R = 

Y (which increases the magnitude of structural distortions), one observes a crossover from an AF to 

an FM ordered phase at low temperatures [19]. Moreover, numerous experimental studies show 



evidence for magnetic instabilities over a wide temperature range, which may be tied to fluctuations 

of the lattice and/or orbitals [20-24].  

In ferromagnetic YTiO3 (Tc ≈ 27K), such fluctuations manifest in several ways. On the one hand, the 

magnetic moment at low temperatures is found to saturate well below the ideal spin-½ limit, even 

for T << Tc (Fig. 1b) [25]. On the other hand, magnetic contributions to the specific heat and thermal 

expansion are observed up to more than 3 × Tc [26]. In addition, anomalous phonon-frequency 

shifts attributable to spin correlations have been detected at similarly high temperatures [27].  

The presence of these experimental signatures suggests that under equilibrium conditions, long-

range ferromagnetic ordering in YTiO3 may be stifled by competing interactions or dynamical 

fluctuations. Such effects effectively limit the utility of this and related correlated quantum materials 

for building novel technologies. Thus, a question of key importance is whether, and by what means, 

it is possible to harness their harmful fluctuations to attain enhanced functional properties. 

 

 

Figure 1. Fluctuating spin-orbital order in YTiO3. (a) Crystal structure along with the associated low-temperature 
ferromagnetic and orbital ordering pattern. The orthorhombic structure determines the crystal field splitting and orbital 
mixing of the Ti t2g levels on each Ti site (b) Magnetization as a function of magnetic field measured at T << Tc, which saturates 
at high fields to ~0.8 μB/Ti – well below the theoretical limit. Fluctuations of the lattice and orbitals weaken ferromagnetic 
order through competing antiferromagnetic interactions, manifesting as a diminished magnetic moment and reduced critical 
temperature. (c) Magnetization as a function of temperature. Spin correlations extend well above Tc = 27 K. The inset 
schematically shows the fluctuating orbital and spin configurations within the shaded region above Tc. 

 



In this paper, we take advantage of the strong spin-lattice coupling of YTiO3 to address this problem, 

demonstrating the ability to enhance ferromagnetism with light. In particular, we resonantly excite 

vibrational modes of the lattice using intense terahertz frequency optical pulses. Deformations of 

the crystal structure not found in equilibrium become possible through the light-matter interaction, 

which can be engineered by selectively exciting specific phonons [28-30]. Previously, this technique 

has proven to be an effective tool to alter both local electronic states and their interactions in 

correlated materials [31-35], and we exploit it here to control orbital/magnetic order in YTiO3 

through the lattice [36, 37]. 

We restrict ourselves to b-axis modes with B2u symmetry (see Fig. 2a), which were estimated to have 

the strongest spin coupling from linear infrared spectroscopy. The coupling strength varies both in 

sign and magnitude across the 9 B2u modes (see Supplementary Material). For our experimental 

study, we focused on the modes with center frequencies near 4, 9, and 17 THz, which are relatively 

well separated from other modes, have comparable oscillator strengths, and are predicted to display 

significantly different responses [38]. The atomic motions associated with these modes are shown in 

Fig. 2b. 



 

 

Figure 2. Phonon-selective control of ferromagnetism in YTiO3. (a) Infrared optical spectrum of b-axis vibrational modes 
(black). The three phonons pumped in this experiment are shaded in red (4 THz), blue (9 THz), and yellow (17 THz). (b) The 
eigendisplacements corresponding to the pumped vibrational modes in (a): the low-frequency mode primarily involves anti-
polar motions of the Y ions, while the two higher frequency modes mainly consist of displacements of the apical and equatorial 
oxygens, respectively, within the TiO6 octahedral cage. (c) Depiction of the experimental set up for the time-resolved MOKE 
measurements. (d) Pump-induced changes of the MOKE angle (𝜑𝜑𝑀𝑀 =  𝜑𝜑(+𝐻𝐻)−𝜑𝜑(−𝐻𝐻)

2
)  for the three different phonon 

excitations. The black dotted line shows the pump pulse envelope.   

 

The excitation pulses were generated using a recently developed terahertz source based on chirped 

pulse difference-frequency generation in an organic crystal, producing narrow bandwidth and high 

intensity pulses over the entire frequency range where phonon resonances are found, spanning far 

to mid-infrared wavelengths [39]. The pulse durations range from ~150 fs for the highest frequency 

excitation to ~350 fs for the lowest, and the pump fluence was kept at 5 mJ/cm2 (corresponding to 

peak electric fields of ~2-4 MV/cm) for all measurements, unless otherwise noted [40]. For these 

field strengths, we estimate the oscillatory displacements for these modes to range between 5 and 

10 pm, far above the rms thermal fluctuations of the equilibrium state (see Supplementary 

Material). 

To determine the changes to the magnetic state of YTiO3 induced by phonon excitation, we carried 

out time-resolved magneto-optic Kerr effect (MOKE) measurements. A schematic of the 



experimental pump-probe setup is shown in Fig. 2c. The terahertz excitation pulses were focused at 

normal incidence to the (001) surface of a YTiO3 single crystal, propagating parallel to the 

ferromagnetic c axis, and linearly polarized along the b axis to excite the relevant B2u modes. The 

MOKE signal was determined from the polarization rotation of a time-delayed probe pulse reflected 

from the sample as a function of external magnetic field (H ‖ c). In this geometry, the MOKE angle, 

φM (the component of the polarization rotation antisymmetric with respect H), is proportional to the 

c-axis magnetization.  

Figure 2d shows the pump-induced change in the MOKE angle, ΔφM, as a function of time for each of 

the three excitation frequencies, taken at T = 5 K with H = ±2 T. The signal was calibrated such that 

positive ΔφM signifies an increase in the already existing ferromagnetic magnetization in equilibrium, 

while negative ΔφM signifies a reduction. For all cases, we observed that the pump initiated a gradual 

change in the magnetization that plateaued at a maximum value on a time scale of roughly 50 ps, 

after which it remained stable with no measurable decay through the duration of our measurement 

window (200 ps). We estimate from fitting data taken with longer time windows that the lifetime of 

this saturated state is at least several nanoseconds (see Supplementary Material). 

Notably, the sign and strength of the effect was found to differ significantly depending on the 

phonon being pumped. For the 4 THz pump, ΔφM was negative and relatively small (plateauing at -

0.04 mrad), indicating that ferromagnetic order was weakened by the phonon excitation. On the 

other hand, the positive signal for the 9 and 17 THz modes implies that driving these phonons 

enhanced the ferromagnetism of YTiO3. In addition, the 9 THz phonon was three times as effective in 

producing a change in magnetization as the other phonons. These results point to the existence of a 

long-lasting non-equilibrium state whose magnetic properties are highly sensitive to the structural 

distortions induced by the resonant THz drive. 

The magnetic field dependence of the time-resolved MOKE signal provides further insight into this 

phenomenon, as illustrated in a series of measurements examining the case of 9 THz phonon 



excitation. The time evolution of ΔφM is similar for all magnetic field strengths, but the maximum 

value attained at long time delays varies strongly (Fig. 3a). We can extract the M-H behavior in the 

plateau region (t >100 ps) by converting ΔφM into a magnetization using the calibration procedure 

outlined in the Supplementary Material. Figure 3b shows that, compared to equilibrium YTiO3, the 

saturation magnetization at high magnetic fields (> ~0.2 T) is roughly 20% greater in the non-

equilibrium state, nearly reaching 1 μB/Ti. Overall, the light-driven M-H dependence resembles that 

of ideal ferromagnetic YTiO3 absent competing interactions, hinting at the possibility that the 

phonon-mediated enhancement stems from a reduction in the fluctuations purported to suppress 

the ferromagnetic order in equilibrium. 

 

Figure 3. Characterization of the 9 THz pumped non-equilibrium state. (a) Time-resolved MOKE signal for different magnetic 
fields at T = 5 K. (b) Extracted sat non-equilibrium magnetization (at t > 100 ps) (blue circles), compared to the equilibrium 
magnetization (gray solid line). The light-enhanced magnetic state saturates to nearly the ideal spin-½ limit, suggesting a 
suppression of spin fluctuations (inset). (c) Temperature dependence of the non-equilibrium magnetization (blue circles). The 
light-induced effect extends up to at least 80 K, well above the equilibrium case (gray solid line). (d) Saturated pump-induced 
MOKE signal as a function of magnetic field at T = 60 K. The field dependence follows that of equilibrium YTiO3 below Tc, 
indicating the stabilization of a high-temperature ferromagnetic state. 

 



Having observed the enhancement in ferromagnetism well below the equilibrium Curie 

temperature, we investigated how this dynamical effect evolves as a function of temperature (Fig. 

3c). Unlike for the unperturbed system, where the magnetization drops to zero at Tc, we found that 

pumping YTiO3 at 9 THz induced a magnetization up to temperatures in excess of 80 K – nearly three 

times Tc – matching the temperature scale associated with anomalous magnetic correlations found 

in equilibrium YTiO3 (illustrated as orange region in Fig. 1c) [26]. The magnetic field dependence of 

the pump-induced signal above Tc reveals a nonlinear M-H characteristic reminiscent to that at low 

temperatures, but with a weaker spin stiffness (Fig. 3d). Hence, the phonon excitation appears to 

create a transient, non-equilibrium ferromagnetic state above Tc that persists to an effective onset 

temperature much higher than in equilibrium.  

As might be expected from the low temperature behavior, the non-equilibrium onset temperature 

Tneq depends on the phonon being pumped (Fig. 4a). The 17 THz phonon, which also showed an 

enhancement at low temperatures, produced a Tneq larger than Tc (but smaller than for 9 THz), while 

the 4 THz phonon, for which the low temperature magnetic state was diminished, led to a state with 

Tneq slightly less than Tc. The shift in the magnetic onset temperature relative to Tc roughly scales 

with the change in magnetization found at T<<Tc (see Fig. 2d). 



 

Figure 4. Possible origin of phonon-driven enhancement of ferromagnetism. (a) Temperature dependence of non-
equilibrium magnetization for each pump excitation frequency (colored circles). (b) Illustration of the equilibrium orbital 

ground state |𝐺𝐺𝐺𝐺⟩ and the changes (|𝐺𝐺𝐺𝐺⟩pumped − |𝐺𝐺𝐺𝐺⟩𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒.) induced by driving the 4 THz and 9 THz phonons. The 
structural and orbital changes push the system farther or closer to the phase boundary, respectively, thereby suppressing or 
enhancing detrimental spin fluctuations. (c) The energy gap Δ between |𝐺𝐺𝐺𝐺⟩ and first excited orbital state |𝐸𝐸𝐺𝐺⟩ for each of 
the three excited phonons. The experimental mode displacements are on the order of 1 √𝑢𝑢Å in magnitude.  (d) Magnetic 

phase diagram for varying |𝐺𝐺𝐺𝐺⟩ of the Ti1 site, where  |𝐺𝐺𝐺𝐺⟩ = 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 𝑐𝑐𝑐𝑐𝑠𝑠 𝜙𝜙 |𝑦𝑦𝑦𝑦⟩ + 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙 |𝑥𝑥𝑦𝑦⟩ + 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃 |𝑥𝑥𝑦𝑦⟩. The 
calculated equilibrium Case is shown as a grey dot and the corresponding to the distorted structures upon phonon 

excitation are shown as colored circles. Jc is the average out-of-plane exchange energy. 

 

Based on the stark differences in the pump-induced response when driving different vibrational 

modes, the associated structural distortions must be important contributors to the observed 

dynamical behavior. The most direct mechanism by which driven phonons can influence magnetism 

is through modifications to the exchange interaction (J) caused by the associated atomic motions. 

We used density functional theory (DFT) to calculate the direct spin-phonon coupling strength for 

each mode, 𝜆𝜆𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠−𝑠𝑠ℎ = 1
2
𝜕𝜕2𝐽𝐽
𝜕𝜕2𝑄𝑄

, where Q is the phonon amplitude (see Supplementary Material). 

While the relative values for λspin-ph correlate with the relative signs and magnitudes of the pump-

induced effects, the absolute values predict the opposite behavior from what is measured in our 

experiments. Hence, we rule out a direct spin-phonon coupling mechanism of the form described 



above and instead consider the fact that the rare-earth titanates exhibit strong spin-orbital-lattice 

coupling. To model the relevant physics, we developed a Kugel-Khomskii type Hamiltonian (based on 

Refs. [12, 14, 41]) that takes into account the interaction between these three degrees of freedom 

within the Ti t2g manifold of YTiO3 (see Supplementary Material). With input from DFT, this model 

allows us to independently explore the magnetic and orbital landscapes associated with the driven 

lattice vibrations in a realistic setting.  

From these calculations, we ascertain two major contributing factors: the composition of the orbital 

ground state and the orbital gap (Figs. 4b,c). The orbital ground state of the system (i.e. the most 

occupied t2g orbital admixture) is influenced by the crystal field splitting as well as the intra-site 

hybridization between orbitals, both of which depend heavily on displacements of the Y and O ions. 

As discussed in the introduction, the orbital composition dictates the allowed superexchange 

pathways and, hence, the relative energies of the various types of magnetic order (the two lowest 

energy being FM and A-type AF). In Fig. 4b, we construct a magnetic phase diagram as a function of 

the orbital state of the Ti1 site, written in terms of two orbital angles: 𝜓𝜓𝐺𝐺𝐺𝐺(𝜃𝜃,𝜙𝜙) = sin𝜃𝜃 cos𝜙𝜙 |𝑦𝑦𝑦𝑦⟩ +

sin𝜃𝜃 sin𝜙𝜙 |𝑥𝑥𝑦𝑦⟩ + cos𝜃𝜃 |𝑥𝑥𝑦𝑦⟩. In equilibrium, the orbital ground state lies close to the phase 

boundary between FM and A-type AF order, contributing to the magnetic fluctuations that suppress 

FM order in YTiO3. The distorted structures arising from phonon excitation push the orbital ground 

state either closer to or farther from the phase boundary for the 4 THz mode and 9/17 THz modes, 

respectively, in agreement with the experimental observations (Fig. 4b). Correspondingly, we find 

that the orbital energy gap is modulated by the phonons in such a way as to increase or reduce the 

degree of orbital polarization, respectively, and as a result control the relative importance of the FM 

favoring superexchange pathways (Fig. 4c). Crucially, these effects are both quadratic in the 

amplitude of the optically driven phonons and convert oscillatory atomic displacements with zero 

net distortion into an average rectified change of the orbital properties.  



Thus, the picture of the non-equilibrium state that emerges is one in which driven lattice distortions 

nonlinearly alter the orbital ground state and orbital polarization, which in turn modifies 

ferromagnetism in YTiO3 by amplifying or eliminating phase competition/fluctuations. Although we 

find excellent qualitative agreement between our theory and experiment, given the apparent 

importance of fluctuations in the explanation of photo-induced magnetism, extending our model 

beyond mean field could serve to provide a more quantitatively accurate depiction of the 

experimental situation. What remains to be understood are the dynamics of the non-equilibrium 

state and its metastability. Plausibly, the photo-induced ferromagnetic state exhibits domain 

structure and large spatial fluctuations, especially at high temperatures. The buildup of long-ranged 

spatial correlations over the probed region may limit the time scale associated with the light-driven 

magnetic order [42]. Alternatively, the transfer of angular momentum between the lattice and the 

spin system often acts as a bottleneck for ultrafast magnetic processes, especially in insulators like 

YTiO3 [43]. In either case, the existence of many competing ordered phases in YTiO3 can provide local 

free energy minima that trap the driven system into a long-lasting non-equilibrium state [44, 45]. We 

also note that, as has been previously posited [36, 37], our results point to the possibility of realizing 

a metastable, non-equilibrium A-type AF phase under an appropriate phonon drive, which has no 

counterpart in the equilibrium RTiO3 phase diagram. 

The experiments reported here demonstrate the power of resonant lattice excitation to control 

electronically ordered phases, by exploiting their strong coupling to crystal structure [31-35, 46]. This 

result is relevant not just to magnetism in titanates, but to the wide group of quantum materials 

which display unwanted degeneracies and fluctuating orders. For example, many Cu- and Fe-based 

superconductors show signatures of remnant correlations at high temperatures indicating that an 

electronically ordered phase is suppressed in equilibrium, which may be tied to superconductivity 

[47-50]. The non-equilibrium pathway we demonstrate to enhance an underlying order allows 

otherwise latent quantum phases to emerge at higher temperatures, bringing their unique 

functionalities into a technologically useful regime. Finally, the experiments reported here represent 



a rare case of light-driven symmetry breaking and can be viewed in the same broad class of 

discoveries as optically enhanced ferroelectricity, superconductivity or charge orders [51-53].  
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