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Supplementary Note 1. Microscopic picture of the quadrupolar order in CasRuQO4

Here we elaborate on the previously reported mechanism underlying quadrupolar ordering and related physics in
CagRuOy4. We start with constructing the low-energy electronic structure of CagRuQOy4 based on the relevant energy
scales (Fig. S1). The dominant cubic field 10Dq ~ 3 eV splits the higher-energy e, manifold from the t5, manifold.
The effective orbital angular momentum of the sixfold degenerate ¢y, manifold, which includes d,., dy., and d,
orbitals, can be mapped directly to the L = 1 p-orbital, dubbed the T-P equivalence fleﬁ‘(th) = —f,(p) [1].

Hund’s coupling and spin-orbit coupling (SOC) then jointly determine the effective total angular momentum con-
figuration of electrons in the ¢y, manifold. Since the intra-atomic Hund’s coupling Jyg ~ 0.4 €V is much smaller than
10Dgq, the four d-electrons will only occupy the to, manifold and favor a state with total spin S = 1. The moderate
SOC X ~ 0.05 — 0.13 eV endows the ground state with a total angular momentum J = L £ S, with its constituents
S and L in (anti)parallel fashion for the less (more) than half-filled ¢5, manifold according to Hund’s rules [2]. Since
four electrons occupy the sixfold degenerate ¢y, manifold, the ground state is a J = L — S = 0 singlet, witha J =1
triplet and a J = 2 quintet at higher energies separated by A and 3\ from the ground state, respectively. This ground
state is ostensibly nonmagnetic, but a Van-Vleck excitonic magnetism involving a virtual transition from J = 0 to
J = 1 can be facilitated when the SOC gap A\ between the two levels is comparable to the inter-atomic magnetic
exchange interaction k [3]. This excitonic magnetic order hosts unique Goldstone and Higgs magnon modes, which
have been experimentally confirmed by inelastic neutron scattering measurements [4].
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Fig. S1. Schematic of the energy levels for 4d* multi-orbital Mott insulator CasRuOy4. Cubic field 10Dq splits the d-shell into
eg and t2g manifolds. The four electrons within the t2z manifold, which are represented by the four red circles, favor a ground
state with a total angular momentum J = 0 and two excited states with J =1 and J = 2 in the presence of SOC. The excited
states will be further split by tetragonal/JT distortion. When the gap between the J = 0 and J = 1,m; = £1 manifolds is
comparable to magnetic exchange interaction x, an excitonic condensation occurs, as shown by the blue dashed circle.

However, previous X-ray/optical/electron spectroscopy studies commonly find that k£ ~ 0.01 — 0.05 eV, which is
slightly smaller than A [4-9]. This energy mismatch can be reconciled by a moderate Jahn Teller (JT)-type tetragonal
splitting in the tgg manifold. JT effect, arising from the coupling between orbital and lattice degrees of freedom, drives
a structural phase transition concomitant with the orbital ordering and thus removes the orbital degeneracy. Again,
we consider the case with four electrons in the ¢y, manifold. When A = 0, two electrons with anti-parallel spins will
occupy the d,, orbital and the other two electrons with parallel spins will occupy d, , . orbitals. Consequently, the
octahedron will exhibit a compression along the z-axis. In the presence of a moderate SOC, as is the case for CasRuQOy,
JT effect still exhibits a finite effect [10]. The J = 1 manifold will split into a doublet with m; = +1 and a singlet with
m; = 0, and the J = 2 manifold will split into a singlet with m; = 0 and two doublets with m; = £1 and m; = £2,
respectively (Fig. S1). The tetragonal splitting thus reduces the SOC gap between the J =0 and J = 1,m; = £1
manifolds. When the gap is comparable to k, an excitonic condensation occurs through virtual excitation from the
J =0 to the J = 1,m; = %1 state. Simultaneously, the lattice is compressed along the z-axis, inheriting from the
J = 1,m; = 1 manifold. However, in the quasi-2D J = 0 system, owing to XY-type fluctuations, the magnetic
ordering is suppressed to a temperature Ty — below the quadruopolar ordering temperature Too (see the last section
of Ref. [11]). This gives rise to an intermediate time-reversal symmetric state with pseudospin quadrupolar order,



accompanied by the tetragonal compression [12, 13]. This JT-driven intermediate state, dubbed a spin-nematic, was
previously interpreted as a d,, ferro-orbital-ordered phase [14]. Also note that the magnetic transition does not
necessarily accompany any rotation symmetry breaking. In addition, note that SOC cannot be too strong, or else the
JT distortion will be fully suppressed and the excitonic magnetism will be quenched. See Note 8 and Ref.[10] for a
more detailed discussion.

The specific case for CagRuO, is a bit more subtle. The octahedron exhibits tetragonality instead of cubicity
even above Tgo, so only a subtle lattice change accompanies the quadrupolar ordering without explicit symmetry
breaking. Although challenging to detect using X-ray diffraction [15], this subtle change manifests as a quadrupolar-
order-coupled phonon phase flip as captured by a recent coherent phonon spectroscopy study [16]. Our experiments
further employ this coupled phonon to drive and detect a light-induced quadrupolar order transition.



Supplementary Note 2. Fitting of transient reflectivity traces
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Fig. S2. a,b, Probe-energy-resolved transient reflectivity spectra before and after subtraction of the exponential background
acquired with a pump fluence of 15 mJ/ cm? at 80 K. The dashed lines denote the probe energies that are used to measure
the curves as shown in c-f. c¢,d, Pump fluence-dependent reflectivity transients before and after subtraction of the double-
exponential decaying background with a probe photon energy of 1.77 eV acquired at 80 K. e,f, Same as ¢,d but with a probe
of 0.83 eV. The dashed lines represent fitting of background.

Here we summarize how we fit and subtract the background terms in reflectivity transients. A full probe-energy-
dependent transient reflectivity spectrum at a pump fluence F' = 15 mJ/cm? is shown in Fig. S2a. Two characteristic
sets of fluence-dependent reflectivity transients probed at 1.77 eV and 0.83 eV are shown in Figs. S2c and e. There is
a clear beat pattern that signifies the presence of multiple coherent phonons as well as a background that arises from
charge excitation and relaxation. The background can be fit by a double-exponential decay or an exponential increase
followed by an exponential decay plus a constant. We can in principle fit these time traces with a combination of
damped oscillatory terms to characterize the phonons and exponential terms representing the background, which is
convolved with a Guassian to account for the instrumental response function:
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where g(o,t) = exp(—%) is a Gaussian kernel that captures the instrumental temporal resolution o = 0.1 ps,

A; denotes the amplitude of the decay background, t; represents the corresponding decay (rise) time, C is a constant
background that we observed within our time window, which may represent a slow heat diffusion process, and Bj, 7;,
vj, and ¢; are the amplitude, lifetime, frequency, and phase of the j-th phonon, respectively.

Since the coexistence of multiple phonons is hard to disentangle and thus fit in the time domain, we first ignore the

damped oscillations and fit only the exponential background with g(o,t) * [>2,_; 5 A; exp(—%) + C] (dashed lines in

Figs. S2c and e). We then subtract this background term from the time domain traces and isolate the oscillatory
components (Figs. S2d and f). This background-subtracted response is then converted into the frequency domain
by a fast Fourier transform (FFT). Since distinct phonons emerge as discrete peaks in the frequency domain, by
performing a multi-Lorentzian fit to the FFT spectra we can obtain their B;, 7;, and v; as a function of pump fluence,
temperature, and probe-energy.

Note that the signs of A; and C' are dependent on the probe energy, and their amplitudes increase with pump
fluence. In general, we see the following dependence. A more comprehensive discussion can be found elsewhere [17]:

Probe energy (eV)| A1 | As | C
1.2-22 <0j<0|<0
08-1.1 <0[<0{>0
0.55 - 0.7 <0|>0/>0




Supplementary Note 3. 2.5 THz hump in FFT spectra
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Fig. S3. a, FFT spectra of QOCP acquired from simulation and experiment with probe energies at 0.69 eV (yellow) and 0.92
eV (orange), which are located at the rising edge of the a-peak at 80 K. b, FFT spectra of QOCP acquired from simulation
and experiment with a probe energy of 1.55 eV, which is located at the rising edge of the S-peak, at various temperatures. All
the experimental data were taken at a pump fluence of 15 mJ/Cm2, The simulated FFT spectra are calculated by changing g

in a form of /1 —T/Tqo. The normalized values of g at each temperature are denoted. Both experimental and simulation
curves are scaled and offset vertically for better comparison.

In both our experimental results and numerical simulations (Notes 6 & 9), there exists a hump at the low-frequency
shoulder of the QOCP peak. According to previous Raman spectroscopy results [18], all the A, modes have been
identified and are located above 3.7 THz. Since our reflectivity measurements are mostly sensitive to A, phonons
according to symmetry, we can rule out the possibility that this hump is a phonon. Also, this hump exists even above
Tn but disappears at Tqo, indicating that it is not a magnon but should be related to QO.

We postulate that the hump feature may arise from the anharmonicity of the potential energy surface (PES) as
the state is transiently switched from one minimum to the other. When the PES is perfectly harmonic, the state
will oscillate at a single frequency determined by the constant curvature. However, as SOC reduces the curvature of
the barrier partitioning different local minima, the system will exhibit an oscillation with a lower energy component
emerging when it is transiently switched between the minima. We would thus expect the emergence of low frequency
humps in both Qge and Qg at T < Tqo (note that for simplicity we drop the letter “E” in all the formulas in
the main text, whereas in the supplementary information we keep “E” for clarity. See a more detailed discussion
in Note 8). Measurements acquired with probe energies located at the rising edges of the dg, — d. Jyz (a-peak)
and dy./y. — dy./y. (B-peak) transitions and at different temperatures across Tqo show good agreement with the
simulations (Fig. S3), supporting this hypothesis.



Supplementary Note 4. Fluence dependence of phonon frequencies
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Fig. S4. Fluence dependence of QOCP and ISRS phonon frequencies obtained from experimental data and numerical simula-
tions. The experimental data are acquired with 1.55 eV probe at 80 K. The simulation results are shifted vertically to match the
experimental frequencies of different modes. The error bars are obtained from the standard deviation of the multi-Lorentzian
fitting to the experimental FFT spectra.

While the amplitudes of both the QOCP and the QO-uncoupled phonons demonstrate a strong dependence on
fluence, their frequencies show negligible change as the fluence is varied. A typical dataset is shown in Fig. S4a,
which was captured at a probe energy of 1.55 eV. This behavior contrasts sharply with the equilibrium temperature
dependence of the phonons, where changes larger than 0.5 THz can be resolved between 80 K and 300 K [16].
Importantly, there is no anomaly of QOCP frequency at F. = 15 mJ/cm?. This fluence independence is further
corroborated by our numerical simulations of the QOCP and the QO-uncoupled phonons (see Note 9 for further
details and the simulation results in Fig. S4a). Note, since the latter are generated by the impulsively stimulated
Raman scattering (ISRS) mechanism, we refer to them as ISRS phonons.

In Fig. S4b, we find that the frequencies of the Q gy and Qg components of the 3.7 THz QOCP (see Note 9 for
further details) show a similar lack of fluence dependence with no drastic change at F.. Note that a subtle softening
of the 7.5 THz phonon with pump fluence may originate from carrier-excitation-induced lattice softening and phonon
anharmonicity [19-21], which are ignored in our microscopic model.



Supplementary Note 5. Static and transient optical conductivity spectra
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Fig. S5. a, Static optical conductivity and reflectivity spectra at 20 K. The 0.3 eV pump energy is marked by a vertical green
line, while the probe energy range is shaded gray. b, Static optical conductivity as a function of temperature. c, Transient
optical conductivity as a function of pump fluence measured at t =0

We digitized the static optical conductivity of CagRuO,4 from Ref.[16]. The equilibrium optical conductivity unam-
biguously shows that our pump energy is well below the low temperature Mott gap and far from any phonon resonances,
which exist at energies lower than the 0.1 eV lower limit of the spectrum (Fig. S5a). The optical conductivity exhibits
little change with temperature until the temperature reaches room temperature, where the first absorption peak as
well as the bandgap region gains significant spectral weight, because the insulator-to-metal transition temperature
is approached (Fig. S5b). We then obtained the transient optical conductivity spectra by Kramers-Kronig analysis
of our transient reflectivity spectra at various probe energies and fluences [17]. The light-induced change of spectral
weight at the highest fluence is at least one order of magnitude smaller than the corresponding change between the
static optical conductivity at 80 K and 300 K, which is still 50 K lower than the insulator-to-metal transition tem-
perature (Figs. S5b and c) [22]. This demonstrates that an insulator-to-metal transition is not transiently induced
upon driving the material, and the PES of the system is only weakly perturbed.



Supplementary Note 6. Temperature-dependent datasets
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Fig. S6. a, Temperature dependent FFT spectra for 1.55 eV probe and 0.3 eV pump at 15 mJ/ch. Curves are offset vertically
for clarity. b, Fluence dependence of FFT spectra at three characteristic temperatures as denoted in panel a. The dashed
lines are Lorentzian fits and the thick colored lines are guides to the eye. ¢, Pump fluence dependence of the 5.7 THz phonon
amplitude at select temperatures acquired with a 1.55 eV probe. All data are normalized to the maximal measured value. d,
Temperature dependence of the 5.7 THz phonon amplitude measured at F = 15 mJ/ cm? with a 1.55 €V probe. All data are
normalized to the maximal measured value in ¢. The colored line is a guide to eye. e and f are the same as ¢ and d but for the
7.5 THz mode. The dashed lines denote Tqo. The error bars are obtained from the standard deviation of the multi-Lorentzian
fitting to the FF'T spectra.

The temperature dependence of the FFT spectra measured at 1.55 eV and pumped with a constant fluence of
15 mJ/cm? at 0.3 eV is shown in Fig. S6a. All the phonon peaks exhibit a dramatic softening and broadening as
temperature increases. The temperature dependence of the QOCP amplitude in Fig. 3b is obtained from these curves.

We conducted pump fluence dependence measurements at four characteristic temperatures: 80 K (below Ty ), 130
K and 220 K (above Ty but below To) and 280 K (above Tqo). The pump fluence dependence of the QOCP FFT
spectra measured at 130 K, 220 K, and 280 K are displayed in Figs. S6b, while the data measured at 80 K is shown
in Fig. 2d. The pump fluence dependence of the 3.7 THz mode amplitude in Fig. 3a is obtained from fits to these
curves.

As a comparison, we present the fluence dependence of the QO-uncoupled 5.7 THz and 7.5 THz modes at 80, 130,
220, and 280 K as well as the temperature dependence of these modes measured at F' = 15 mJ/cm? with a 1.55 eV
probe in Figs. S6c-f, similar to the presentation for the 3.7 THz QOCP in Fig. 3. As expected, the quasi-linear pump
fluence dependence persists at all the sampled temperatures for both modes, consistent with their QO-uncoupled
nature. Moreover, the pump fluence dependence of the 5.7 THz mode measured at various temperatures almost
follows a single line (Fig. S6c), supporting the temperature independence of the amplitude of the 5.7 THz mode
(Fig. S6d). In contrast, the slope of the pump fluence dependence of the 7.5 THz mode, which reflects the photo-
susceptibility at various temperatures, decreases with increasing temperature (Fig. S6e). This is also reflected in the
temperature dependence of the 7.5 THz mode, where its amplitude decreases with increasing temperature, without
any observable anomaly at Tqo (Fig. S6f), unlike the behavior observed for the 3.7 THz QOCP. These results provide
additional confirmation that the 5.7 THz and 7.5 THz modes are not QOCP.

The data obtained with 0.3 eV pump at F = 15 mJ/cm? and a probe resonant with the 3-transition does not
suggest a clear upturn of the phonon amplitude above Tho, but an upturn of phonon amplitude above To with
temperature was observed in Ref.[16]. We first acknowledge the difference in experimental conditions between our
work and Ref. [16]. The experiment in Ref.[16] used a pump with a photon energy (1.55 eV) above the bandgap
and a fluence range within the linear response regime (F' < 1 mJ/cm?). In contrast, our experiment employed a
pump with a photon energy (0.3 eV) below the gap, enabling the highest fluence up to F' > 25 mJ/cm? without
thermally damaging the sample. To this end, Ref.[16] mainly explores the ground state properties with a relatively
weak perturbation, while our work investigates the possible switch of QO in the strongly-driven out-of-equilibrium
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Fig. S7. a, Temperature dependent FFT spectra for 1.55 eV probe and 0.3 eV pump at 10 mJ/cm?. Curves are offset
vertically for clarity. b, Temperature dependent FFT spectra for 0.69 eV probe and 0.3 eV pump at 10 mJ /cm2. Curves
are offset vertically for clarity. ¢, Temperature dependence of the 3.7 THz phonon amplitude corrected for the pump-induced
temperature rise obtained under different conditions as labelled in the legend. The thick colored lines are guides to the eye.
The error bars are obtained from the standard deviation of the multi-Lorentzian fitting to the FFT spectra.
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Fig. S8. a, Temperature dependent FFT spectra for 1.55 eV probe and 1 eV pump at 3 mJ/ch. Curves are offset vertically
for clarity. b, Temperature dependent FFT spectra for 0.69 eV probe and 1 eV pump at 3 mJ/cm?. Curves are offset vertically
for clarity. ¢, Temperature dependence of the 3.7 THz phonon amplitude corrected for the pump-induced temperature rise
obtained under different conditions as labelled in the legend. The thick colored lines are guides to the eye. The error bars are
obtained from the standard deviation of the multi-Lorentzian fitting to the FFT spectra.

regime. Given the drastic difference in pump photon energy and fluence range, it expected that different results would
be observed in the two studies.

To investigate whether the pump energy, pump fluence range, or probe energy is the primary cause of this dis-
tinction, we performed a series of temperature dependent measurements with different experimental conditions. We
first repeat our temperature dependent measurements of the 3.7 THz mode at a lower pump fluence. We need to
emphasize that a pump fluence smaller than F,. cannot realize the ultrafast switch to a hidden QO and the measured
phonon amplitude cannot represent the maximal static JT distortion where the potential energy is minimized. Our
temperature dependence measurements in the main text were conducted with a pump fluence slightly larger than F,
at 80 K, ensuring that the dynamical transition occurs at all measured temperatures. Therefore, in the new experi-
ments we probe at 1.55 eV and pump with a moderately weak pump fluence of 10 mJ/cm?, which is larger than F, at
T > 150 K and close to (albeit smaller than) F, at T' < 150 K (Fig. S7a). We find that the phonon amplitude shows
a similar temperature dependence as that measured with a pump fluence of 15 mJ/cm? (Fig. S7c), suggesting that
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the pump fluence may not play a dominant role in determining the temperature dependence of the QOCP amplitude
and confirming that as long as the pump fluence is close to F, our results shown in the main text should qualitatively
hold.

We then measured the temperature dependence of the QOCP with a probe energy at 0.69 eV, resonant with the
rising edge of the a-peak, in addition to our current temperature dependence measured with a probe energy at 1.55 eV,
resonant with the S-peak (Fig. S7b). The phonon amplitude in general shows a similar temperature dependence as
that measured with a probe energy of 1.55 eV, albeit with a lower signal-to-noise ratio (Fig. S7c¢). This is expected in
our microscopic model, because probe energy resonant with the a- and S-peaks is sensitive to @y and Q., respectively.
Since both of them exhibit an upturn at Tqo, their temperature dependence should be qualitatively similar.

Finally, we measured the temperature dependence of the QOCP with an above-gap pump at a photon energy
of 1 eV and F = 3 mJ/cm?, which is nearly resonant with the a-peak, and probed with energies resonant with
both a- and B-peaks. Interestingly, we observe a more evident upturn of phonon amplitude above Tqo with 1 eV
pump compared to the 0.3 eV pump, resembling the results reported in Ref.[16] (Fig. S8). This may indicate that
the pump photon energy plays a more important role in generating the different temperature dependence of QOCP
above Tgo. This may be understood because subgap pumping and above-gap pumping have different excitation
mechanisms. The phonon amplitude with a subgap pump (ISRS) is determined by dRe(e)/dE, where ¢ is the complex
dielectric constant and E is the photon energy, whereas the phonon amplitude with an above-gap pump (DECP)
is determined by Im(e)/wphonon, Which is related to the electronic absorption [23, 24]. These two tensors may have
different temperature dependence. A clearer answer to this question needs more comprehensive pump energy and
fluence dependent measurements, which are beyond the scope of the current work.
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Supplementary Note 7. Estimate of laser heating

There are two types of heating that can occur in an impulsively driven system. The first is instantaneous heating

induced by a single laser pulse, which can be estimated with the equation AT = “EZS)F [25], where p is the sample

density, F is the fluence (we use the critical fluence F. = 15 mJ/cm?), R is the reflectivity of the sample at 0.3 eV
[26], § is the optical penetration depth of pump at 0.3 eV [26], and C' is the heat capacity [27]. Using experimentally
measured values for each of these parameters at 80 K, we determined that the largest effective temperature increase
at 80 K is 5 K, which is negligable.

The second kind of heating, cumulative heating by the laser pulses, can cause a static temperature increase. Due to
the quasi-2D structure of CasRuQy, the in-plane thermal conductivity is several times higher than the out-of-plane
thermal conductivity [28]. Therefore, the temperature gradient induced by the laser will be mainly along the out-of-
plane direction. The temperature increase can be estimated to be AT = %, where P is the input power (1.5 mW at
F.), d is the thickness of the sample (~ 0.5 mm), A is the cross-section of the beam with a FWHM of 100 pm, and & is
the thermal conductivity along the c-axis (~ 1.8 W/(K-m)) [28]. Using these values, we obtain a steady temperature
increase of around 30 K. Accordingly, we shift the data points in Fig. 3b by 30 K and find that the QOCP amplitude
significantly increases at the reported Tqo.
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Supplementary Note 8. Details of the microscopic model for Ca;RuQOy4

To quantitatively capture the physics of CagRuQy4, we use the following microscopic single-ion model. Based on
discussions in Note 1, we consider the to; manifold of electrons with SOC, JT /tetragonal distortion, and multi-orbital
electronic interactions:

ﬁ:HU‘i’ﬁSOC‘i’ﬁJT‘i’ﬁL, (SZ)
with

Hyr = Z 9QE~Ty,

~y=0,¢
A 1
Hy = Z 3BQL,
Ve (83)
Hsoc = AL -§,

Hy = (U - 3JH)W

Ut

+ 5J\? — Ju(25% 4+ L*/2).

Here, X is the SOC constant, g is the JT coupling constant, B is the elastic lattice energy that determines the QOCP
frequency, Jy is the intra-atomic Hund’s exchange, and U is the Hubbard intra-orbital Coulomb interaction. The @’s
represent the two possible orthornormal eigenmodes of the octahedral complex with Fy; symmetry. L and S are the
total orbital and spin angular momentum operators, N is the total electron number operator, and 7 is the quadrupolar
operator. We can then perform exact diagonalization with electron filling number N = 4. The lowest eigenvalue will
capture the PES as a function of the two structural order parameters @ gy and Qg.. We now elaborate on each term
as follows.

Lattice-related terms

We first consider the lattice-related terms Hjyr + Hy,. Hereafter, we label the lattice irreproducible representation
with capital letters to distinguish them from the electronic channel. According to the selection rule: ty;®to, =
A1, DE;Dtog, the to, electrons can interact with the fully symmetric A;; mode, two tetragonal/orthorhombic
E; modes, and three trigonal ¢, modes. The spatial configurations of the six octahedral orthornormal eigen-
modes are shown in Fig. S9. We adopt a nomenclature more widely used in JT community which denotes
{dyz,dyz,doy, ds2 2, dy2_ 2} as {€,1,(, 0, €} for simplicity [29].

The general JT Hamiltonian can be written as [30]:

. 1 -
Hyr = Z Z Z k!gﬁj\AQ Ak {QA, ®Qp, ® - RQA, FnArTAN- (S4)

k nAX AlAgAk

Here A(A;) is Eg or tag, A is its component, n distinguishes the repeated representation, Qa» is the orthornormal
coordinate, {Qa,®Qp, ® -+ ®Q4, }ax is the symmetrized product of coordinates, g is the k-th order coupling pa-
rameter, and 75, are the matrices of Clebsch-Gordan coefficients, which can be considered as quadrupolar angular
momentum operators.

Only considering linear coupling terms, we can simplify the JT interaction as:

Hyr = Y geQeyey+ Y 9rQryPrs. (S5)
v=0,€ v=£1m.¢
We also include the elastic lattice term:
N 1 1
Hy, = Z EBEQ2E7 + Z iBTQ%fy- (S6)
v=0,¢ vy=£.1n.¢

Note that the Th, and E, eigenmodes in general have different microscopic parameters B and g.
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The quadrupolar tensors 7 can be written out as a linear superposition of quadratures of orbital angular momentum

operators depending on the specific symmetry of the coupled eigenmodes: 7,, = %(IA/MI:V + IA/,,IA/#) — @5#1,.
SApeAciﬁcaHy7 we haveA ﬁfe = T%A(2IA/§ — ﬁi — IA/fl),f'Ee = —?(ﬁi — ﬁ;),f'u = —%(ﬁyﬁz + i/zf/y), Try = —%(IA@I:Z +
L.L,),7r¢ = —%(LILy + LyLg).

a QA b QEG c QEE

o o

Fig. S9. Eigenmodes of the octahedron that can couple to tzg electrons. a. Qa, b. Qre, c¢. Qre, d. Qr¢, €. Qry, and f. Qr¢.
The red balls represent O atoms at the apices of the octahedra and the gray balls represent Ru atoms.

In CagRuOy, the to, distortion can be omitted because the coupling constant gr is typically at least several times
smaller than gg in transition metal oxides without static trigonal distortions [12, 13, 30, 31]. Since the octahedra in
CagRuQy are tetragonal without any trigonal distortions within the temperature range of our study, the leading-order
JT effect in CapRuOy is indeed the E,-distortions. Note that including to, distortions will only generate new energy
minima in the PES. As the nonlinear fluence dependence of the phonon amplitude arises from the transient switching
between different energy minima, including ts, distortions will not qualitatively change the main conclusion of this
paper. As shown in Fig. Slla, the value of both E, and ¢y, JT distortions shows a quantitatively similar dependence
on SOC, indicating that as long as A is not too large, the existence of multiple minima applies to both E, and ¢,
distorted cases, confirming the main conclusion of the paper. Note that for simplicity we drop the letter “E” in all
the formulas in the main text, whereas in the supplementary information we keep “E” for clarity.

After neglecting t9, distortions, we can plot the PES in the space formed by the two E, eigenmodes Qg¢ and
Qpe. Without the JT interaction (gg = 0), the PES is a paraboloid centered at (Qgo, Qrc) = (0,0) with zero lattice
distortion and zero orbital polarization. In the presence of a finite JT coupling, the PES is composed of three identical
paraboloids shifted away from the origin in three directions with angular separation of 120° (first panel of Fig. S10),

indicating a U(1)-to-Z3 symmetry breaking. The three equivalent minima at (—4%,0), (5%, %), (%7_%)
3]

correspond to an identical tetragonal compression © = \/Q%, + Q%, = e along z, y, and z-axis, respectively, and
the electronic wavefunctions show the d,,, d., and d,.-orbital character, respectively.

Adding a tetragonal splitting fITS = Alg will elevate the d,, and d,, minima and leave the d, minimum as the
global minimum, so that d,, QO is uniquely reached, which is indeed the case for CasRuO,4. We neglect this term in
our dynamical simulation but show later in Note 9 that including such a term will not qualitatively change our main
conclusion.

Spin-orbit coupling

Now, we include the SOC term Hsoc = AL - S. According to Ref.[10], whether JT competes or coexists with
SOC depends on the electron filling number. For the single-electron-occupied case tég, we can analytically solve
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A=0 2=0.08 1=0.25

Fig. S10. Calculated PES as a function of A for tgg case. The unit of the horizontal axes is gg/Bg and the unit of the vertical
axis is g%/Bg. The unit of X is g% /Bg.

H JT,E +]31L7E +HSOC and investigate the minimal JT distortion amplitude u* as a function of A. u* shows a decrease
with A and asymptotically approaches half of u*=% when A — oo (Fig. Slla) [10].

The evolution of the PES as a function of A for the t%g case, obtained by numerically solving ﬁsoc +H JT,E+ EIL,E,
is shown in Fig. S10. As X increases, the three minima corresponding to compression along x, y, and z-axes become
shallower and closer, similar to the t%g case. However, when ) is larger than a critical value \., the PES recovers
an isotropic parabolic geometry and the JT distortion vanishes, in contrast to the tég case where the JT distortion
is preserved even when A — oo. Therefore, although SOC and the JT effect compete for both the d' and d*
configurations, in the latter case SOC will fully suppress JT at A > A, (Fig. S11b).

Electronic interactions

We now consider the intra- and inter-orbital Coulomb interaction, spin exchange, and pair hopping within the to4
manifold. This can be captured by a Kanamori multi-orbital electronic interaction term [2]:

Hy :UZ firhig + U’ Z firhi, + (U — Ju) Z NioNir o
B i i<il,o

—Ju Y ehéel e+ Ju Y ehél eu e
i i

(S7)

With U’ = U — 2Jyg and rotational invariance, the Kanamori Hamiltonian takes a simplified form as shown before:

w + gN — Ju(28? + L?/2). (S8)

Note that in this form Hund’s first two rules (maximal S and then maximal L) are explicitly fulfilled. Since we are
dealing with the isolated ion case with a fixed number of electrons, we can safely set U = 0 [10].

We note that when ) is several times smaller than A., the JT distortion in the d* case simulated by the comprehensive
microscopic model is analogous to that of the d' case where Hy does not contribute (Fig. S11b). The PES of the

Hy = (U - 3Ju)
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Fig. S11. a, JT distortion amplitude of Ey and t2, distortions as a function of SOC in the d* electron configuration. b, E,
distortion amplitude as a function of SOC for d' and d* configurations. The orange bar denotes the value of A for CasRuQOy.
¢, PES of d* and d* cases. All the parameters are the same except for the electron filling number N.

d* and d* cases are also quantitatively similar (Fig. S1lc). Therefore, completely excluding Hy and treating the
problem as a single electron case can provide quantitatively similar results.
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Supplementary Note 9. Simulated equations of motion
Simulation assumptions and parameter assignment

We denote the PES of the microscopic model described in Section S8 as V(Qgg, Qr.). We assume an impulsive
excitation (see Supplementary Note 14 for more evidence). Since the pump photon energy is one order of magnitude
larger than the energy of any of the observed phonons, we average out the sinusoidal oscillatory part of the pump
but retain its Gaussian envelop with a time duration o of 0.1 ps and an amplitude proportional to the pump fluence

2
F(t) = AF exp [—%} . Here, A is a scaling factor determined by the electron-phonon coupling and the real part
of the dielectric constant at the pump energy [23]. Since Q. and Qgg are decomposed from the same phonon, we
assume they have equivalent A. We also include a phonon damping term with decay constant - in the equations of

motion of the Qgy and Qg modes:

?Qpoc(t) dQpose(t) — dV(Qge(t), Qre(t))
i T a T dQue)

Since the phonon frequency is solely determined by Bg, we set B = wg ~ (2m) X 4 THz. Based on previous

2
X-ray/optical/electron spectroscopy results [4-8], we set gg = 2Bg, A = 0.3% = 0.3E 7 g. Therefore, the form of
V(Qgg, QE.) is pinned down. The damping constant v is 0.4 THz based on our phonon spectroscopy measurement.
Therefore, the effective pump fluence AF' is the only tunable parameter. For the initial conditions, we set the

system to stay in the d,-dominated minimum with zero initial velocity: Qre(0) = Qpoleq = —u?, ng—f(t)h:O =0,

QEE(O) = QEeleq = 0, and dQs—:(t)h:O =0.

= F(t) (S9)

Simulation results
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Fig. S12. a, Temporal trajectory of the QO parameter in (QEg¢,QE.) plane upon pumping with ¥ > F. (red) and F < F.
(yellow) atop a false-color equilibrium PES map. b, Fluence dependence of the FFT spectra of the QOCP projected onto the
QEo and ¢ Qe axes. d, Fluence dependence of the amplitude and e, frequency of the QOCP projected onto the the Qgo and
QEe axes. The error bars are obtained from the standard deviation of the multi-Lorentzian fitting to the FFT spectra acquired
from the simulation.

The temporal evolution of the QO in the (Qgg,Q ) plane upon pumping with two characteristic fluences (F > F,
and F < F.) is shown in Fig. S12. For F > F,, the final state corresponds to a state with a different QO and
compression along a different axis, as evidenced in Fig. S12a. The FFT of projections onto the Qg and Q). coordinates
were then used to determine the coherent oscillation amplitudes (Figs. S12b and ¢). A fine sampling of fluence shows
that Qg exhibits a slight deviation from linear fluence scaling once F' > F, but QQg. deviates much more drastically
(Fig. S12d). Also note that although the QOCP amplitude shows an anomaly, its frequency is almost independent of
F, since B, which determines the frequency of QOCP, is not F-dependent in our model (Fig. S12e).

There is an aperiodic oscillation of the QOCP amplitude as a function of fluence when F' > F,. This nonmonotonic
behavior arises from switching between different minima as F' increases. F, thus corresponds to the fluence where the
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first reversal occurs F, ;—1. When F is slightly higher than F1, the system settles into the z/y-compressed minimum.
When F = F,,, the system will relax back to the original minimum. With even higher F, the system can switch
between different minima transiently before it settles into one minimum.

In order to understand why switching between minima generates an aperiodic oscillation as a function of fluence,
let us consider two fluences F} = F.y — 6 and Fy = F.1 + §, where § is a small positive value. As Fy > F}, the system
will roll over the barrier and move to the new minimum. Since the system now travels a longer distance on the PES,
damping will decrease the amplitude of the QOCP for the F5 case more than the F; case. As F' further increases,
the larger energy pumped into the system will compensate the damping loss and the phonon amplitude will slowly
increase until it reaches the boundary between the two minima again at F' = F.5. Then, the new reversal occurs
and the phonon amplitude will drop again. Therefore, the QOCP amplitude will show a sudden change at each F,;,
appearing as an oscillatory behavior as a function of F.

ISRS simulation

Conventional Raman active phonon modes can be coherently launched via the impulsive stimulated Raman scat-
tering (ISRS) or displacive excitation of coherent phonons (DECP) mechanisms. The relationship between these two
mechanisms has been extensively discussed elsewhere [23, 32-34]. In our subgap pump case, the ISRS mechanism
dominates, allowing us to simulate the dynamics of the QO-uncoupled coherent phonons using the following formula
[24]:

02X = —wp®X — 2ypn0i X + F (1), (S10)

where F'(t) = F exp —41';(—3)# with F' being the normalized fluence. We can conduct an FFT analysis of the temporal
evolution of the ISRS phonon and obtain its amplitude and frequency dependence as a function of pump fluence. As
shown in Fig. 1c, the amplitude of the ISRS-launched phonon scales linearly with the pump fluence, while its frequency
is a constant (Fig. S4a).

Including tetragonal splitting
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Fig. S13. a, Temporal trajectory in (Qge,Qrc) plane upon a pump with F > Fi (red) and F < F¢ (yellow) atop a false-color
equilibrium PES map in the presence of tetragonal splitting. b, Fluence dependence of the amplitude and c, frequency of the
QOCP projected onto the Qrg and Qg axes. The error bars are obtained from the standard deviation of the multi-Lorentzian
fitting to the FFT spectra acquired from the simulation.

We include the tetragonal splitting by adding a linear term kgQgg to tilt the PES so that the ground state of
compressed z-axis is uniquely favored. The specific value of the slope is chosen such that the energy difference between
the z-compressed global minimum and the z/y-compressed local minima is equal to the experimental tetragonal
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splitting value obtained by X-ray scattering at temperatures higher than Tqo [5, 6]. The other parameters are kept
unchanged. Accordingly, the PES will be tilted along the QQgg axis and the minima will be shifted. With this
assumption, our system is now described by a pseudo-JT effect due to the energetic non-degeneracy in the parent
phase [29]. However, this will not qualitatively affect the physics as explained below.

We show the dynamics of the system at two characteristic fluences above and below F,.. We find that, independent
of F, the state will always settle into the original global minimum after about 3 ps (Fig. S13a), even though the switch
between different QOs is transiently realized. Also note that F. in the presence of tetragonal splitting is larger than
that without tetragonal splitting because the d,. and d,, minima are elevated and thus harder to reach. However,
despite the discrepancy, the fluence dependences of the QOCP amplitude and frequency are qualitatively identical to
the case with tetragonal splitting ignored (Figs. S13b and c).

Temperature dependent simulation

We can simulate the temperature dependence of both the QOCP amplitude and F,. by assuming that g, which
determines the spacing and depth of different minima in the PES, has an order-parameter-like temperature dependence
with a mean-field critical exponent: (1 — T'/T Qo)%. The static JT distortion (@) is suppressed as temperature
increases and disappears at Tqo. Our simulation confirms that @)y exhibits a primary order-parameter-like onset at
Tqo, validating our assumption on g (Fig. 3b). Similarly, our simulation shows that F, exhibits an order-parameter-

like onset at Tqo (Fig. 3c), in agreement with the experimental data. These results also justify the use of F, as a
direct measure of QO.

Robustness of the results
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Fig. S14. Pump fluence dependence of the QOCP amplitude projected onto the Qg¢ coordinate as a function of a gr and b A.
2

We set Bg = wo = (27) X 4 THz, kg = 0, and vg = 0.4 THz. When changing gg, X is always set as 0.329% = 0.3E;7,r; When

changing A, gg is always set as 2Bg. Pump fluence dependence of the QOCP amplitude projected onto the QQgg coordinate

with different initial launching c signs and d directions. The first and second signs in panel ¢ indicate the signs of F(t) along

the Qo and Qg directions, respectively. The same parameters used in panels a and b are adopted in these simulations.

Since the phonon energy Bp and lifetime v are set by experiments, we examine the robustness of our model by
changing the values of gg and A\ within a reasonable range as well as under different pump configurations.
We first see that modulating gg is almost identical to rescaling the fluence-dependence curves (Fig. S14a). This is
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because increasing gg without modulating B and A makes the minima in the PES deeper and farther apart without
changing the shape of the local curvature in the minima. Therefore, the required fluence to overcome the barrier is
proportionally higher and the required phonon amplitude is proportionally larger, while the phonon frequency exhibits
little variation.

We also find that increasing A will slightly decrease the critical fluence (Fig. S14b). This result is intuitive because
increasing A will lower the potential barrier and the amplitude of lattice distortion. Therefore, the reversal will be
easier to realize. At the same time, we see a slight decrease of phonon frequency due to the A-induced softening of
the effective B especially around the boundary regions.

We tried to change the sign of F(¢) in Eq.S10. The sign of F(¢) along both Qge and Qg. axes cooperatively
determines the initial direction along which the system evolves upon impulsive excitation. F'(t) with the same sign
along both @ gy and Q g, axes (i.e. both are positive or both are negative) will drive the system from the z-compressed
state to the y-compressed state while F'(t) with opposite signs along Qe and Qg. axes will drive the system to the
x-compressed state. Our simulation shows that the general phonon dynamics are insensitive to the sign change (Fig.
Sldc).

We can also slightly change the initial launching direction of the QOCP in (Qgg,@£.) plane by assigning different
A values to the two coordinates. We can use an angle 0 to parametrize the deviation from our initial assumption
that Qg and Qg share the same A, i.e. § = 45° (Fig. S14d). The fluence dependence of the QOCP amplitude is
very similar despite the change of the initial launching condition. However, a change in F, can be observed because
the initial launching direction will determine the specific position where the system overcomes the barrier in the
(QEo, QEc) plane.

Based on these tests, we reach a conclusion that the nonlinear fluence dependence of the QOCP amplitude that
occurs upon QO switching is very robust against parameter changes in our model.
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Supplementary Note 10. Possible collective lattice distortion induced by QO switching
phase

Fig. S15. Illustration of the collective pseudospin and lattice configurations of the a, equilibrium quadrupolar ordered phase
(FQ phase) and b, hidden quadrupolar ordered phase (AFQ phase).

The equilibrium crystal structure of CagRuOy4 is composed of an in-plane corner-shared octahedral network. The
distortion of each individual octahedron upon QO switching is expected to generate a collective lattice change.
For T < Tqo, X-ray spectroscopy reported a “ferroquadrupolar” (FQ) order, where all octahedra favor the dg,-
dominated orbital occupation and experience a tetragonal compression along z-axis (Fig. S15a) [14]. When the QO
switch is induced by the driving pulse, however, each octahedron will evolve into either d,.- or d,,-dominated state
and each octahedron will become compressed along the y- or z-axis, respectively. Due to the in-plane isotropy of
each octahedron [15, 35], these two states will be reached with equal possibilities. Therefore, the octahedra may
form mesoscopic domains with either y- or z-compressed octahedra. Another possible scenario is that the lattice
will eventually evolve into a state with checkerboard “antiferroquadrupolar” (AFQ) order, i.e., the nearest-neighbor
octahedra host opposite lattice distortions and orbital occupations (Fig. S15b). This kind of QO has been observed
in manganites [36].

Previous X-ray diffraction results show that along with the Ru-O bond length change as temperature decreases, the
octahedron will tilt by an angle 6 along an in-plane axis bisecting the right angle between two adjacent Ru-O bonds
and rotate along z-axis by an angle ¢ [15, 35]. Therefore, it is also plausible that 6 and ¢ will change to accommodate
the bond length change accompanied by the QO switch (right panels of Figs. S15a and b). In Note 12, our density
functional theory calculations indeed reveal that the 3.7 THz QOCP involves a rotation and tilting of the octahedra
[16].
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Supplementary Note 11. Probe-energy-dependent datasets
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Fig. S16. a,d,g, Background-subtracted differential reflectivity transients at select probe energies with a pump fluence F' =15
mJ/cm?. The insets depict the FFT spectra of the corresponding transients and the dashed lines are multi-Lorentzian fits.
b,e,h, Fluence dependence of FFT spectra of the 3.7 THz QOCP probed at 1.77 eV, 0.92 eV, and 0.69 eV. Blue and red thick
lines are guides to the eye, echoing the fluence dependence of Qg and Qgg¢ modes, respectively. c,f,i, Fluence dependence
of FFT spectra of the 7.5 probed at 1.77 eV, 5.7 and 6.1 THz probed at 0.92 eV, and 9.0 and 9.7 THz probed at 0.92 eV
phonons, respectively. Green thick lines are guides to the eye, echoing the fluence dependence of ISRS phonons. Dashed lines
are (multi-)Lorentzian fits.

We scanned the probe energy from 0.56 eV to 2.06 eV, through both the d., — d./y. (a-peak) and ozfyz = Arzyyz
(B-peak) resonance peaks. We first comment on the probe energy dependence of different phonon amplitudes. For an
electronic resonance whose energy is strongly modulated by phonons, the strongest amplitude of the phonon oscillation
emerges where the first-derivative (slope) of the electronic resonance is the largest [37, 38]. By comparing the phonon
traces in Fig. S2b and the optical conductivity spectra in Fig. S5, it is apparent that the phonon amplitude is the
largest at the rising edge of the two peaks and vanishes when there is a peak or dip in the optical spectrum (i.e. at
1.1, 1.6, and 2.1 eV).

Since the phonons are faint at probe energies perfectly resonant with the dyy, — dy./y. and dy. p. — dy.)y.
transitions, we chose probe energies at 0.69 and 0.92 eV located at the rising edge of the a-peak, and probe energies
at 1.55 and 1.77 eV located at the rising edge of the S-peak to investigate the phonon dynamics (Fig. S16). We
can always unambiguously resolve the 3.7 THz QOCP regardless of the probe energies. The fluence-dependent FFT
spectra of the 3.7 THz phonon at different probe energies are shown in Figs. S14b,e,h and the data in Fig. 4d are
obtained from fits to these FFT spectra.

To comprehensively understand whether the phonon amplitude anomaly is unique to the 3.7 THz mode, we inves-
tigate the pump fluence dependence of every mode measured over a wide range of probe energies resonant with either
the dpy — dy./y. OF dyzyy. — dyzyy. transition (Fig. S17). This comprehensive plot allows for thorough examina-
tion and cross-checking of the fluence dependence of different modes at various probe energies. The 5.7 THz mode
observed at all the probe energies consistently shows a quasi-linear dependence on the pump fluence, highlighting its
QO-uncoupled nature. Although the 7.5 THz mode only shows at d,./,. — d,./,.-resonant probe energies, it also
shows clear linear dependence on pump fluence, in contrast to the 3.7 THz mode in the same probe energy range.
These observations demonstrate that both the 5.7 THz and 7.5 THz modes are not QOCPs.

The 6.1 THz, 9.0 THz, and 9.7 THz modes can only be resolved at probe energies resonant with the dy, — dy./y
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Fig. S17. Pump fluence dependence of the amplitude of various phonons probed at select energies. All the data are normalized
by the maximal 3.7 THz phonon amplitude measured at the corresponding probe energies. Thick lines are guides to the eye.
The amplitude of the 9 THz and 9.8 THz modes are shown together because they cannot be clearly distinguished at most probe
energies. The error bars are obtained from the standard deviation of the multi-Lorentzian fitting to the FFT spectra.

transition. They all exhibit quasi-linear fluence dependence within the fitting error bars. There might be a small
deviation from linearity at F > 22 mJ/cm?, but the raw FFT spectra in Fig. S16 still indicate an increase with
fluence without saturation. Therefore, the deviation may result from the imperfect Lorentzian fits. However, since
the 3.7 THz QOCP also does not exhibit clear deviation from linearity at these probe energies, it remains possible
that these modes are QOCP and they might exhibit nonlinear pump fluence dependence if they could be observed
with probe energies resonant with the d,.,. — d,./,. transition.

In summary, as we claimed in the main text, the amplitudes of all the other five modes continue to scale linearly up
to F' = 25 mJ/cm? at all the probe energies where they can be observed. This supports our main conclusion that the
3.7 THz mode is a QOCP, while the 5.7 THz and 7.5 THz modes are not. However, we cannot definitively determine
whether the 6.1 THz, 9.1 THz, and 9.7 THz modes are QOCPs, necessitating further research. Regardless, our key
finding remains robust, even if more than one mode is coupled to the QO.
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Supplementary Note 12. Density functional theory simulation results

a b c 1500
3.8 THz mode 5.5 THz mode
-t'd ] 2t A~ -
" oK » " 8t ~ §1ooo-
@ < o v
- ""».49;,0 3 O\ .
w2l » / 8% ~ T 500
@ ;'% o 5 o R PN E — Equilibrium
c o & — 3.8 THz mode
b — 5.5 THz mode
0 T T T
L a 0.5 1.0 15 2.0 2.5
d e f 15001 P
Q,, mode 0,. mode H
£ % AR - i
A =2 a 10003
§ q& p q Vq,’ ) "-c go_
O, o2 0; = T T s 2o o
A A &2 R B 500
v e 2 ~~  — Equilibrium
v —J ¥ —J ¥ 5‘ = Q:E mode
0 0, mode
0.5 1.0 15 2.0 2.5
Energy (eV)

Fig. S18. a, DFT-calculated eigenvectors of the 3.8 THz mode and b, the 5.5 THz mode. Grey atoms refer to Ru. Red atoms
refer to O. Blue atoms refer to Ca. The displacement vectors of each atom are denoted with arrows that are exaggerated by 10
times for clarity. ¢, Optical conductivity along the a-axis in the presence of a static lattice displacement along the eigenvectors
of the aforementioned two phonons. d, DFT-calculated eigenvectors of the tetragonal and e, the orthorhombic octahedral
distortions. The displacement vectors of each atom are denoted with arrows that are exaggerated by 10 times for clarity. f,
The optical conductivity along the a-axis in the presence of a static lattice displacement along the eigenvectors of the two
octahedral distortions. The first derivative of the optical spectra to show the peak position movement is shown in the inset.

We calculated the static optical conductivity spectrum using density functional theory (DFT). The real part of
the optical conductivity along the a-axis exhibits two peaks at around 1 and 2 eV, matching the experimentally
assigned dyy—d, /. and d,/,.—d,. . transition peaks (Fig. S18c). We then calculated the phonon modes and
found two A;, phonons at 3.8 and 5.5 THz, in close agreement with the two experimentally resolved modes at 3.7
and 5.7 THz. We then simulated the real-space eigenvectors of these two modes and calculated their induced optical
conductivity changes under the frozen phonon assumption (Figs. S18a-c). Assuming an oxygen atomic displacement
of approximately 0.01 A(to avoid nonlinearity) along the corresponding phonon eigenvectors, we found that the 3.8
THz mode induces a larger change in optical conductivity than the 5.5 THz mode within our probe energy range.
This result demonstrates a stronger coupling between the 3.8 THz mode and the d-d transition peaks and possibly
explains the direct coupling of the 3.8 THz mode to the QO.

We also calculated the optical conductivity change induced by the two kinds of octahedral eigen-distortions, namely
the tetragonal distortion Q gy and the orthorhombic distortion Qg (Figs. S18d-f). We find both modes with similar
amplitudes of oxygen atomic displacement can generate prominent changes in the two optical transition peaks. To
examine the peak position change induced by the two kinds of distortions more definitively, we calculated the first
derivative of the optical conductivity over the probe energy range. The two dips enclosed by the dashed rectangles
in the inset of Fig. S15f represent the position of the two transition peaks. Our results show that the gy mode
displaces the lower energy transition peak more than the QQg. mode, whereas the latter shifts the position of the
higher energy peak more. These observations match our expectation as discussed in the main text. Therefore, our
DFT results support our conjecture that scanning the probe energy from the d,y—d,.,,. to d;.;,.—d,;. ,. transition
peak enables a selective coupling to the Q gy and Qg component of the phonon, respectively.
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Supplementary Note 13. Relationship between the A, coherent phonons and octahedral
eigenmodes ()’s

The QO transition is driven by the 3.7 THz phonon mode, which can be mapped onto the two octahedral eigen-
deformations Qpg and Qg.. This mapping theoretically applies to all phonon eigenmodes. Considering a perfect
octahedron with Oy, point group symmetry, any inversion-symmetric distortion can be represented as a superposition
of eigen-distortions respecting Ay, Aoy, Ey, Thg or toy symmetries. Therefore, these eigenmodes form a complete
orthonormal basis for any type of distortion of an isolated octahedron. For the t;, manifold electrons, only six
different distortions respecting A1, Ey (Qro, Qre), and tog (Qry, Qre, Qr¢) symmetries are allowed to couple to
the electrons, whose spatial configurations are displayed in Fig. S9.

In other words, any to4-electron-coupled phonon eigenmodes, regardless of their symmetries with respect to the entire
lattice, is a superposition of the six octahedral eigenfunctions: @ = a4Qa+aeQErs+acQ e +ay,Qry+acQre +acQre,
where the aas represent the ratio of different components. Since @) 4 is fully symmetric and JT inactive, the leading-
order bilinear JT coupling term can be expressed as: gr(agQroTro + a¢cQEeTE:) + 97(0nQryTre + acQreTre +
acQr¢Tre), where gas are the JT coupling constants and Téas are the electronic QO parameters. In transition metal
oxides with only static E, (tetragonal, orthorhombic) distortions like CagRuQOy, the t9¢ terms can be omitted because
gr is significantly smaller than gg [30, 31]. Consequently, the coupling strength between the QO and any phonon
mode is determined by g(agQe7e + a.Q7e) (subscript AF4 is dropped for simplicity).

Having established the theoretical foundation, immediate questions are how the 3.7 THz QOCP is mapped to Qg
and Q. and why the other modes are not QOCP. To address these questions, we utilize two methods to demonstrate
how the 3.7 THz mode can be mapped onto Q9 and Q., i.e. obtain ag and a.. Furthermore, we apply the same analysis
to the 5.7 THz phonon as a comparison, which is an unambiguously QO-uncoupled mode due to its consistent linear
fluence dependence across the entire probe energy range.
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Fig. S19. a, Schematic of the tetragonal distortion in the lattice. Only one layer of Ru-O octahedra is shown for clarity. Black
arrows mark the desired displacement of the oxygen atoms, which are shared by two octahedra, in each individual octahedron.
b, Schematic of the eigenvector of the tetragonal distortion in the lattice as marked by the yellow arrows, which are the sum
of black arrows at each atomic position. ¢, Schematics showing the out-of-plane tilting of octahedra induced by the tetragonal
distortion from the top and side views. Dashed lines indicate the tilting axes. d-f, Same as a-c but for the orthorhombic
distortion.

First, we qualitatively analyzed the components of Yy and @, i.e. ap and a., by examining the amplitude and
direction of the phonon eigenvectors. CasRuQy, is composed of in-plane corner-shared octahedra. As the octahedra
undergo distortion, a collective tilting or rotation must follow to accommodate the bond length changes. By considering
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these geometric constraints, we imposed the required length change in the Ru-O bond of @y and Q). and simulated
the eigenvectors of @y and ). within the entire lattice after accommodating the bond length changes. Interestingly,
we find that the eigenvector of the tetragonal distortion @y mainly exhibits an out-of-plane component, indicating
a collective tilting of the octahedra along an in-plane axis (Figs. S19a-c). On the other hand, the eigenvector
of the orthorhombic distortion Q. mostly shows an in-plane component, suggesting a collective rotation of all the
octahedra along an out-of-plane axis through the center Ru atoms (Figs. S19d-f). As a result, analyzing the direction
of the eigenvectors allows us to roughly distinguish the components of @y and Q. for different phonons. Another
distinguishing feature between the two modes is the amplitude of displacement of the apical oxygens. The length of
the apical Ru-O bonds remains unchanged in the (). mode, so the apical oxygen atoms only displace slightly following
the rotation of the octahedron. However, the net displacement of the apical oxygen of the Q9 mode is significantly
larger, due to the combination of tilting of the octahedron and the required length change for Qy.

We now examine the eigenvectors of the 3.7 THz and 5.7 THz modes obtained from our DFT simulations (Figs.
S18a,b) using the aforementioned two criteria. We find that the eigenvectors of the 3.7 THz mode displays a notably
larger in-plane displacement of the planar oxygens and a larger displacement of the apical oxygens compared to the
5.7 THz mode. These two observations suggest a larger component of both @y and @), components in the 3.7 THz
mode compared to the QO-uncoupled 5.7 THz mode. Given the larger projection on Qy and @, the 3.7 THz mode
appears to be a more suitable candidate for QOCP than the 5.7 THz mode.

To more quantitatively obtain ay and a., we calculated the length change in the four planar Ru-O bonds and two
apical Ru-O bonds based on the DFT results. Theoretically, @y induces a length change with the same amplitude
(dp) and sign in the four planar Ru-O bonds, while @, results in a length change with the same amplitude (d.) and
opposite signs in the neighboring planar Ru-O bonds. Consequently, the net length change of two neighboring planar
Ru-O bonds should be dg + d. and dy — d. when both distortions are present. The apical Ru-O bond change, on the
other hand, predominantly originates from Qy. Since dy : d. = ag : a., analyzing the length change of different Ru-O
bonds provides a direct quantitative way to determine ag and a.. With identical Ca atom displacements for both
modes, we find that the neighboring planar Ru-O bond length change ratio is roughly 1:2.36 and 1.29 : 1.32 for the
3.7 THz and 5.7 THz modes, respectively. This indicates that ag : a. = 1.68 : 0.68 and 1.31 : 0.01 for the two modes,
respectively. In other words, the projection on Qg (ag) of the 3.7 THz mode is nearly 1.68/1.31 = 1.3 times higher
than that of the 5.7 THz mode. This is further corroborated by the length change in the apical Ru-O bond, with the
3.7 THz mode exhibiting nearly double the bond length change compared to the 5.7 THz mode. On the other hand,
the projection on Q. (a.) of the 5.7 THz mode is nearly zero. The negligible composition of @, in the 5.7 THz mode
explains the absence of phonon amplitude saturation (which is most apparent in @) in the 5.7 THz mode.

Based on the aforementioned qualitative and quantitative analysis, we have demonstrated that both ay and a. are
higher in the 3.7 THz mode. However, the formula g(apQg7y + a.Q.7c) indicates that the coupling strength to the QO
is also determined by g in addition to ag and a.. Interestingly, our DFT simulation (Fig. S18c) has shown that the
3.7 THz mode induces a larger change in optical conductivity than the 5.5 THz mode at the probe energies sensitive
to both @y and Q. modes. This result indicates a larger g of the 3.7 THz mode, further supporting that the 3.7 THz
mode is strongly coupled to the QO.

Again, we note that QQy and Q. are not actual phonon eigenmodes of CagRuQO,4 but two eigen-deformations of an
octahedron. For the QOCP, which can map onto Qg and @), they both have the same frequency at 3.7 THz. Similarly,
for the 5.7 THz QO-uncoupled mode, which can also map onto Q9 and ). but with smaller components, these two
modes will also have the same frequency at 5.7 THz. Therefore, they will always have the same frequency as the
phonon mode they derive from.
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Supplementary Note 14. Justification of the impulsive excitation of QOCP
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Fig. S20. a, Schematics of real and imaginary FFT spectra of damped cosinusoidal functions of different phases as denoted.
b, Complex FFT spectra measured with a pump fluence of 9 mJ/cm? and 1.77 €V and 0.92 €V probes. Thin lines indicate
the phonon positions. ¢, Fluence dependence of the amplitude of AR/R(t = 0), the 3.7 THz phonon, and the 5.7 THz phonon
measured at 1.77 eV probe. Gray lines are linear and quadratic fits. The error bars are obtained from the standard deviation
of fitting.

Impulsive stimulated Raman scattering (ISRS) occurs in the transparent regime, exciting coherent phonons with a
sinusoidal oscillation [23]. On the other hand, displacive excitation of coherent phonons (DECP) relies on real elec-
tronic excitations, which modifies the PES and dominates the absorbing regime, resulting in a cosinusoidal oscillation
of the phonons [32]. To ensure predominantly impulsive excitation, we choose a pump photon energy well below the
Mott gap and far away from phonon resonances to maximize (minimize) transmission (absorption coefficient). Our
selection is supported by previous optical spectroscopy measurements, demonstrating at least one order of magnitude
higher transmission and nearly 16 times smaller absorption coefficient at the pump energy (0.3 eV), as compared to
1.1 eV where the first absorption peak occurs [26, 39].

The assumption that the QOCP is impulsively excited is further justified by two observations. First, the phase
of the 3.7 THz mode is close to +7/2. We directly complex Fourier transform the background-subtracted transient
reflectivity traces at different probe energies. Assuming a damped cosinusoidal function Aexp(—t/7) cos(wt + ¢),
where A, 7, w, and ¢ are the amplitude, lifetime, frequency, and phase of the phonon, the phase ¢ can be directly
obtained by simultaneously comparing the real and imaginary part of the FFT spectra as shown by the schematics in
Fig. S20a. Our results show that the FFT spectra of QOCP better match the spectra of ¢ = +7/2 at probe energies
resonant with both a-peak (0.92 eV) and S-peak (1.77 €V), corroborating the ISRS mechanism (Fig. S20b).

Second, the linear pump fluence dependence of QOCP amplitude before saturation argues against the prediction
of the DECP mechanism but matches the prediction of the ISRS mechanism. The DECP mechanism predicts a
phonon amplitude proportional to carrier density n. In the above-gap pumping case, carriers are generated through
linear absorption and n is proportional to F'; in the subgap pumping case, carriers are nonlinearly generated through
either multi-photon absorption or quantum tunneling processes, which gives rise to a superlinear F-dependence of n.
Previous work on CasRuQ, already showed that subgap pumping leads to nonlinear carrier generation [17], manifested
through a superlinear fluence dependence of AR/R(t = 0), which is proportional to n (Fig. S20c). Therefore, if the
QOCP is launched displacively, its amplitude should scale superlinearly with F' like AR/R(t = 0). However, we
observed a linear fluence dependence of the QOCP before its amplitude saturates, thus refuting the DECP scenario.
On the other hand, the impulsively excited phonon is stimulated through a two-photon Raman scattering process,
whose amplitude is proportional to the square of the electric field strength E? (i.e. F), independent of the pump
photon energy. This is consistent with our observation. Consequently, the evidence once again supports the dominance
of the ISRS mechanism over DECP.

Nevertheless, it is important to acknowledge that despite the QOCP being predominantly impulsively excited, we
cannot completely exclude a small finite contribution of DECP. Importantly, however, even if the QOCP is displacively
excited, the switch of hidden QO would still occur and our main conclusions would remain unchanged. This is because
the QO switch is induced by the coherent phonon oscillation and is independent of the specific mechanism that drives
the phonon at t = 0.
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Supplementary Note 15. Temperature, probe energy, and fluence dependence of the
QOCP phase
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Fig. S21. a, Temperature dependence of the 3.7 THz phonon phase measured with a pump fluence of 15 mJ/cm? and probe
at 1.55 eV and 0.69 eV. The dashed line marks Tqo. b, Probe energy dependent background-subtracted reflectivity transient
spectrum measured with a pump fluence of 12 mJ /crn2 at 80 K. Dashed lines denote the positions of a- and [-peaks. Inset
shows if phonon modulates the position of the electronic resonance, the measured phase below and above the peak will be
opposite. ¢, Fluence dependence of the QOCP amplitude from the simulation. Gray shaded area marks the fluence range
where the final metastable state is a different QO, while white shaded area marks the fluence range where the final metastable
state is the initial QO. d, Fluence dependence of the 3.7 THz phonon phase measured at select probe energies at 80 K. The
error bars are obtained from the standard deviation of the multi-Lorentzian fitting to the FFT spectra.

First, we discuss the temperature dependence of the QOCP phase. As reported in Ref.[16], the m-phase flip stems
from a static antipolar distortion of the apical oxygen atoms developing around Tyo. Therefore, this phase flip should
also manifest in our experiment. As expected, our temperature-dependent 0.3 eV pump experiment shows a similar
w-phase flip around Tqo with probe energies resonant with either a- or S-peaks (Fig. S2la), in agreement with
Ref.[16].

We next comment on the probe energy dependence of the phonon phase. For an electronic resonance whose energy
is strongly modulated by phonons, the phonon oscillation reaches its peak amplitude where the first-derivative (slope)
of the electronic resonance is the largest [37, 38]. Moreover, the phonon oscillation should host opposite phases below
and above the peak position, due to the phonon modulation of the position of the electronic resonance (Fig. S21b
inset). By comparing the phonon time traces (Fig. S21b) and the optical conductivity spectra (Fig. S5a), it is
apparent that not only the phonon amplitude is large when the probe energy coincides with the rising edge of the two
peaks and vanishes when there is a peak or dip in the optical spectrum (i.e. at 1.1, 1.6, and 2.1 eV), but a 7-phase
difference between the phonon phase below and above the a-peak position can also be resolved. This phenomenon,
signifying the position of electronic resonances, has been observed elsewhere [38].

Moving on to the fluence dependence of the QOCP, we need to first emphasize that the phonon phase is ill-defined
for an anharmonic potential, especially in the vicinity of a photo-induced phase transition as in our case. There are
two factors preventing us from drawing a definitive conclusion from the experimental results. First, according to the
simulation, the phonon phase should deviate from 7/2 when the QO switch occurs. However, due to the dynamical
nature of the transition, the phase shift only occurs after the switch is completed, taking at least half of the phonon
period. Moreover, the initial direction of the phonon oscillation, unlike the cases of changing temperature or probe
energy, remains unchanged as the initial static condition is independent of pump fluence. In other words, the phonon
phase evolves as a function of time, making a strict definition of phonon phase challenging. Second, as discussed
in Note 9, the system may transiently traverse multiple PES minima when the pump fluence is high. Moreover, as
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shown by a more comprehensive dynamical simulation using our microscopic model, the final metastable state, which
is either the initial or a different QO, sensitively depends on the pump fluence (Fig. S21c white and gray regions).
Therefore, in the gray fluence range where the final state is a different QO, the phonon phase will deviate from the
low fluence regime where no transition occurs. However, in the white regions where the transition to a different order
is only transient and the system finally relaxes back into the original QO, the long-time phonon phase should still be
nearly identical to that of the low fluence regime. This complexity precludes obtaining a meaningful phonon phase.
Due to these difficulties and our limited fluence sampling, we refrain from drawing any quantitative conclusions from
our experimental data (Fig. S21d).
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Supplementary Note 16. Estimate of the light-induced atomic displacement

To estimate the atomic displacement induced by the impulsive stimulus, we use the following expression [23, 40, 41]:

3.8 x 107384, F 0¢;
Uyp, | ——————— S11
A \/ pva, Dle| Ow (S11)

where € = &1 + ieq is the complex dielectric constant (|e| ~ 7), v4, is the phonon frequency (3.7 THz), % (~5
eV™1), D= (%)% (~0.1eV™!) [26, 39], and p (2.69 amu/A?) is the density of mass, By, is the phonon amplitude
in transient reflectivity (~ 3 x 1072), and F is the fluence of the pump pulse (~ 15 mJ/cm?). This gives rise to an
atomic displacement of ~ 0.02 A, in qualitative agreement with the length difference between the planar and apical
Ru-O bonds ~ 0.03 A[15, 35] — according to our theory, as the quadrupolar order is switched from dg,-dominated to
dy/y.-dominated, the bond length between the planar and the apical Ru-O bonds should also undergo a switch. The
qualitative agreement between the estimated value and the real bond difference serves as evidence that the transient

QO transition is indeed achievable at the critical pump fluence employed in our study.
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Supplementary Note 17. Robustness of the QO switch against nonlinear doublon-holon
generation

To impulsively excite Raman active phonons with large amplitude while minimizing heating due to absorption,
we choose the pump photon energy well below the Mott gap and far away from phonon resonances. However,
previous work studying the electronic responses of the same material under identical conditions reveals that despite
the subgap pumping, doublon-holon pairs are still generated nonlinearly [17]. Carrier excitation may transiently
modulate the PES, leading to a displacive excitation of phonons. However, the QOCP is predominantly excited by
impulsive excitation based on two observations, which is justified in Note 14. One observation is that the phase
of the QOCP is close to +7/2, matching the expectation for an impulsively excited phonon and arguing against
the displacive excitation scenario. The second observation is that the QOCP amplitude scales linearly with fluence
before it saturates, which is inconsistent with a displacive excitation mechanism. This is because the amplitude of
phonons excited displacively scales linearly with carrier density, but the carrier density exhibits a superlinear fluence
dependence for subgap pumping either through multi-photon or quantum tunneling processes. Rather, our results
are consistent with the impulsive Raman scattering process (Fig. S20). Therefore, the nonlinear carrier generation
does not affect the predominantly impulsive excitation of QOCP and the QO switch. Moreover, we would like to note
that even if the excitation were displacive, the QO switch can still be induced by the coupled phonon excitation and
our main conclusion is still valid. This is because the QO switch is induced by the coherent phonon oscillation and is
independent of the specific mechanism that drives the phonon at ¢ = 0. Therefore, the nonlinear carrier generation
does not affect our main conclusion that a coherent phonon can induce a switch to a hidden quadrupolar-ordered
state.
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