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I. SUPPLEMENTARY FIGURES
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FIG. 1: Material-dependent orbital energies and eigenstate composition. a, Orbital-resolved energy levels for the four MXenes relative to the Fermi energy. b, Corresponding eigenenergy spectra obtained from the correlated spin–orbital Hamiltonians. c, Orbital weights of the eigenstates, revealing material-dependent redistribution and mixing of orbital character across the spectrum.
[image: ]
FIG. 2: Orbital dynamics, spectroscopic signature, and thermal activation of hidden inter-orbital pathways in Mo₂TiC₂O₂. (a) Time-dependent orbital populations. (b) Normalized cumulative orbital energy flow at different temperatures. (c) Normalized hidden-pathway spectral response as a function of transition energy. (d) Comparison between total and hidden pathway contributions to the normalized microscopic current. (e) Time evolution of the hidden-pathway fraction at different temperatures. (f) Temperature dependence of hidden-pathway activation for the leading inter-orbital channels.
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FIG. 3: Material-dependent topology of inter-orbital energy-transfer pathways. Dynamical flux networks for Ti₃C₂O₂, Ti₃C₂F₂, Ti₃C₂(OH)₂, and Mo₂TiC₂O₂. Edge thickness and colour encode the normalized pathway strength , revealing substantial material-dependent reorganization of the dominant inter-orbital transfer network.
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FIG. 4: Hiddenness–energy phase space of inter-orbital relaxation pathways. Normalized energy-flow  weight is plotted against spectroscopic visibility , revealing pathways with substantial dynamical energy transfer but weak optical visibility. Dashed lines indicate the adopted thresholds separating the observable, weakly hidden, and strongly hidden sectors of the relaxation network.
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FIG. 5: Hidden-pathway matrices across the MXene family. Normalized hidden-pathway weights are mapped between the five orbital sectors Ti₃C₂O₂, Ti₃C₂F₂, Ti₃C₂(OH)₂, and Mo₂TiC₂O₂, revealing pronounced material-dependent reorganization of hidden inter-orbital relaxation channels.
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FIG. 6: Dominant hidden inter-orbital pathways in each MXene. The six highest-ranked hidden pathways are shown for Ti₃C₂O₂, Ti₃C₂F₂, Ti₃C₂(OH)₂, and Mo₂TiC₂O₂, highlighting pronounced material-dependent differences in pathway hierarchy and dominant hidden relaxation channels.
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FIG. 7: Coherence-to-flow transfer along a representative hidden pathway. Time evolution of the orbital coherence magnitude  and the corresponding normalized energy-transfer flux for the  pathway, revealing their distinct temporal profiles and the nontrivial relation between coherence evolution and inter-orbital energy flow.
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FIG. 8: Temperature dependence of the hidden-to-visible energy-flow ratio. Time-resolved hidden-to-visible energy-flow ratios, at four temperatures, revealing pronounced temporal modulation and a systematic enhancement of hidden pathway contributions with increasing temperature.
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FIG. 9:  Pump-to-relaxation pathway crossover. Time-resolved normalized amplitudes of representative inter-orbital pathways, revealing pronounced crossover and competition between dominant relaxation channels during ultrafast dynamics.
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FIG. 10: Quantum-coherence coupling to hidden pathways. Time-resolved coherence–pathway couplings reveal strongly pathway-dependent quantum-coherence dynamics within the hidden relaxation network.

II. SUPPLEMENTARY NOTES
[bookmark: GrindEQpgref6a89d47a3]2.1  Validity of the Born–Markov–Redfield Description
The Born approximation requires the electron–phonon interaction to remain perturbative such that the bath is only weakly modified by the electronic subsystem. The Markov approximation additionally requires the bath memory to decay on a timescale much shorter than the characteristic electronic relaxation time, 
		(1)
 where  is the characteristic decay time of the bath correlation function and  denotes the electronic relaxation timescale. The validity of the Redfield treatment is therefore assessed by comparing the characteristic electron–phonon scattering rates with the inverse bath-memory timescale. The parameter regime considered here remains within the perturbative Born–Markov regime. Strongly non-Markovian dynamics, polaron formation, or ultra-strong electron–phonon coupling would require alternative approaches such as hierarchical equations of motion, polaron-transformed master equations, or nonequilibrium Green’s function techniques and are not considered here.
[bookmark: GrindEQpgref6a89d47a4]2.2  Eigenstate and Orbital Representations
A central feature of the present framework is the distinction between the electronic eigenbasis and the localized orbital basis. If 
		(2)
 where , the density matrix in the localized orbital basis is 
		(3)
 The orbital population is consequently 
		(4)

This expression shows explicitly that an orbital population need not be determined solely by eigenstate populations. In general, 
		(5)
where the first term represents the contribution of eigenstate populations and the second contains coherence contributions. This decomposition is essential for identifying relaxation pathways that are invisible in a description based solely on energy-resolved populations. The eigenstate coherence is defined as 
		(6)
 with characteristic phase frequency 
		(7)
For a pair of states whose coherence can be described by a well-defined single-exponential decay, the conventional relation 
		(8)
may be used, where  is the population-relaxation time and  is the pure-dephasing time. In the full Redfield treatment, however, coherence decay is obtained directly from the Liouvillian eigenmodes rather than imposed through this phenomenological relation.
[bookmark: GrindEQpgref6a89d47a5]2.3  Weak-Coupling Interpretation and Fermi’s Golden Rule 
In the weak electron–phonon coupling limit, the Redfield transition rates reduce to the familiar Fermi–Golden–Rule form. For a transition  with electronic energy difference 
		(9)
 the phonon frequency required for an energy-conserving transition is 
		(10)
For downward transitions satisfying , phonon emission gives 
		(11)
whereas upward transitions involve phonon absorption, 
		(12)
These expressions make explicit that efficient relaxation requires two simultaneous conditions: a finite electron–phonon matrix element and available phonon spectral weight at the required transition frequency. They are used only as an interpretive weak-coupling limit. All nonequilibrium density-matrix dynamics reported in the main text are obtained from the full Redfield equation.
[bookmark: GrindEQpgref6a89d47a6]2.4  Orbital-Resolved Pathway Flux 
To quantify the cumulative importance of individual orbital-transfer channels, we define a directional orbital flux 
		(13)
The quantity  has the meaning of the cumulative directional transfer associated with the channel . It should not be interpreted as a net flux unless the reverse process is explicitly subtracted. Accordingly, when bidirectional transfer is relevant, the corresponding net orbital flux is 
		(14)
The directional flux is used to quantify pathway importance, whereas the net flux quantifies the net population displacement between two orbitals. In the present work, the primary pathway analysis uses  because the objective is to identify directed microscopic channels contributing to nonequilibrium relaxation. The instantaneous rates entering the flux analysis are obtained from the microscopic channel decomposition of the electron–phonon coupling. In the weak-coupling interpretation they reduce to the Golden–Rule rates given above, while the time-dependent populations entering the flux are always obtained from the full Redfield evolution. Thus, the pathway metric remains anchored to the microscopic Hamiltonian rather than to an empirical fitting model. The integrated orbital fluxes are used to construct the relaxation network. Each localized orbital defines a node, while a directed edge  is assigned a weight proportional to . The resulting network provides a compact representation of the orbital connectivity actually explored during nonequilibrium relaxation.
[bookmark: GrindEQpgref6a89d47a7]2.5  Redfield-Resolved Orbital Pathways and Nonlinear Optical Response
To establish a direct connection between the microscopic quantum kinetics and experimentally accessible observables, the electronic interaction with the optical field is described within the electric-dipole approximation, 
		(15)
where  is the incident electric field and 
		(16)
is the electronic dipole operator. The matrix element  determines the optical accessibility of the electronic transition . The nonlinear optical response is propagated using the same reduced electronic dynamics that govern nonequilibrium relaxation. In Liouville space, the dipole superoperator is defined as 
		(17)
where  denotes an arbitrary electronic density operator. The corresponding propagator is 
		(18)
where  contains both the coherent electronic evolution and the dissipative Redfield contribution. The calculated nonlinear response retains the population relaxation, coherence transfer, and dephasing generated by the microscopic electron–phonon interaction without introducing independent phenomenological relaxation parameters. Within third-order response theory, the total signal is decomposed into the conventional Liouville-space pathways, 
		(19)
 where Ground-State Bleaching (GSB), Stimulated Emission (SE), and Excited-State Absorption (ESA) describe ground-state depletion, excited-state population evolution, and transitions from initially excited states into higher-lying manifolds, respectively. The two-dimensional electronic spectrum is obtained through the double Fourier transformation 
		(20)
 where  and  are the excitation and detection frequencies, respectively, and  is the population waiting time. Diagonal features primarily identify optically accessible transition energies, whereas off-diagonal cross peaks provide signatures of electronic coupling, coherence transfer, and population exchange between distinct electronic states. The precise absorptive, rephasing, nonrephasing, or heterodyne-detected signal convention is determined by the experimental pulse sequence and phase-cycling scheme. The microscopic origin of the relaxation pathways is extracted directly from the Redfield tensor. For an orbital population , the dissipative contribution to its evolution can be written as: 
		(21)
The first term describes population-to-population transfer, whereas the second represents coherence-mediated contributions to the population dynamics. This decomposition therefore provides a direct quantum-kinetic criterion for distinguishing conventional population-driven relaxation from pathways in which electronic coherences contribute to population redistribution. For a directed population-transfer pathway , the instantaneous Redfield-resolved population flux is defined as 
		(22)
and its cumulative contribution over the simulated relaxation interval is 
		(23)
Here,  is chosen sufficiently long to encompass the relevant nonequilibrium relaxation dynamics. Because both the Redfield tensor and the density matrix are obtained from the microscopic electron–phonon Hamiltonian,  is a derived dynamical quantity rather than an independently fitted transition rate. The cumulative coherence-mediated contribution to the population of orbital  is quantified by 
		(24)
This quantity separates the contribution of electronic coherences from direct population transfer and therefore provides a microscopic measure of coherence-assisted relaxation pathways that would remain unresolved in a description based solely on energy-resolved populations. The persistence of an orbital coherence is characterized by the Coherence Survival Factor, 
		(25)
where  denotes the reference time at which the corresponding coherence is initialized or first becomes appreciably nonzero. The metric is evaluated only for coherences whose reference magnitude exceeds the numerical threshold adopted in the calculation. The experimental accessibility of a microscopic pathway is quantified by the Hidden Pathway Visibility, 
		(26)
where  and  denote the integrated cross-peak and corresponding parent diagonal-peak intensities, respectively, and  is a small numerical regularization parameter. Thus,  characterizes relative spectroscopic prominence rather than an absolute microscopic transition probability. To combine microscopic dynamical importance with spectroscopic accessibility, the Redfield-resolved flux and pathway visibility are normalized according to 
		(27)
		(28)
 The resulting dimensionless hidden-pathway topology matrix is defined as 
		(29)
 A large  therefore identifies a pathway that is simultaneously important in the microscopic Redfield dynamics and appreciably accessible in the multidimensional spectrum. Conversely, a pathway may possess a substantial microscopic flux but weak spectroscopic visibility, or a prominent spectral signature but weak underlying population transfer. The matrix  is a derived post-processing representation of the quantum kinetics and does not constitute an additional Hamiltonian or phenomenological interaction. Because  represents a directed relaxation network and is generally non-symmetric, its dominant collective structures are obtained from 
		(30)
 where  and  are the eigenvalues and right eigenvectors of the topology matrix. The eigenvectors identify correlated combinations of orbital pathways, whereas the corresponding eigenvalues quantify their relative weight within the constructed dynamical–spectroscopic network. These eigenvalues are not interpreted as energies or intrinsic relaxation rates. Instead, the leading eigenmodes identify the dominant interconnected structures emerging from the microscopic relaxation dynamics.
[bookmark: GrindEQpgref6a89d47a8]2.6  Redfield-Resolved Orbital Pathways and Nonlinear Optical Response
The nonlinear optical response is evaluated directly from the reduced electronic density matrix propagated according to the Redfield master equation. The electronic dipole operator is written as 
		(31)
where 
		(32)
is the transition-dipole matrix element between electronic states  and . It determines the optical accessibility of the corresponding electronic transition. For an arbitrary electronic operator , the dipole interaction is represented in Liouville space by the dipole superoperator 
		(33)
The electronic propagator is generated by the Redfield Liouvillian, 
		(34)
where  contains both the coherent electronic evolution and the dissipative contribution determined by the electron–phonon interaction. Consequently, population relaxation, coherence transfer, and dephasing entering the nonlinear optical response are obtained from the same microscopic quantum kinetics used for the carrier dynamics. Within third-order perturbation theory, the nonlinear response is decomposed into the standard Liouville-space pathways, 
		(35)
where GSB denotes ground-state bleaching, SE stimulated emission, and ESA excited-state absorption. These pathways describe ground-state depletion, evolution of the excited-state manifold, and transitions from initially excited states into higher-lying manifolds, respectively. The two-dimensional spectrum is obtained from the coherence-time and detection-time Fourier transformation, 
		(36)
where  and  are the excitation and detection frequencies, respectively, and  is the population waiting time. Diagonal features primarily identify optically accessible transition energies, whereas off-diagonal cross peaks provide signatures of electronic coupling, coherence transfer, and population exchange. The precise absorptive, rephasing, nonrephasing, or heterodyne-detected signal convention is determined by the corresponding pulse sequence and phase-cycling procedure.
[bookmark: GrindEQpgref6a89d47a9]2.7  Redfield-Resolved Population and Coherence Pathways
The microscopic origin of orbital-selective relaxation is extracted directly from the Redfield equation. For an orbital population , its dissipative contribution can be separated as 
		(37)
 The first term represents population-to-population transfer, whereas the second term describes the contribution of electronic coherences to the population dynamics. This decomposition provides a direct quantum-kinetic distinction between conventional population-driven relaxation and coherence-assisted population redistribution. For a directed population pathway , the instantaneous Redfield-resolved population-transfer flux is defined as 
		(38)
and its cumulative contribution over the simulated time interval  is 
		(39)
Thus,  is obtained directly from the Redfield tensor and the nonequilibrium density matrix and does not introduce an independently fitted transition rate. Its sign retains the direction of the corresponding Redfield contribution; when only pathway magnitude is required, the absolute value is used explicitly. The cumulative coherence-mediated contribution to the population of orbital  is defined as 
		(40)
This quantity measures the net population contribution generated by off-diagonal density-matrix elements through the Redfield tensor and therefore provides a microscopic criterion for identifying coherence-assisted relaxation channels.
[bookmark: GrindEQpgref6a89d47a10]2.8  Orbital Selectivity and Coherence Metrics
The orbital selectivity index is defined as 
		(41)
where the denominator is restricted to the electronic manifold included in the pathway analysis. Hence, 
		(42)
within the selected manifold. The survival of an electronic coherence between states  and  is quantified by 
		(43)
 where  denotes the reference time at which the corresponding coherence is initialized or first becomes appreciably nonzero. The metric is evaluated only when  exceeds the numerical threshold adopted in the calculation.
[bookmark: GrindEQpgref6a89d47a11]2.9  Quantification of Spectroscopic Pathway Visibility
The relative spectroscopic visibility of an orbital pathway is quantified by 
		(44)
 where  and  denote the integrated cross-peak and corresponding parent diagonal-peak intensities, respectively. The same integration windows and normalization procedure are used for all pathways. The parameter  is introduced only as a numerical regularization when the reference diagonal signal approaches zero. HPV measures relative spectroscopic prominence rather than an absolute microscopic transfer probability. Cross-peak amplitudes depend on transition dipoles, pulse spectra, pathway interference, population amplitudes, dephasing, and the selected integration window. Therefore, HPV is interpreted exclusively as a measure of experimental accessibility.
[bookmark: GrindEQpgref6a89d47a12]2.10  Redfield-Based Hidden-Pathway Topology
To combine microscopic pathway importance with spectroscopic accessibility, the Redfield-resolved population flux is first normalized according to 
		(45)
and the spectroscopic visibility is normalized as 
		(46)
The hidden-pathway topology matrix is then defined by 
		(47)
Thus, a large value of  identifies a pathway that is both dynamically important in the microscopic Redfield evolution and appreciably accessible in the calculated spectrum. Conversely, a pathway with substantial microscopic transfer but weak spectroscopic visibility, or strong spectral prominence but weak microscopic population transfer, receives a correspondingly smaller topology weight. The matrix  is a derived post-processing representation of the quantum kinetics and does not constitute an additional Hamiltonian, interaction term, or phenomenological relaxation model. It is introduced solely to provide a dimensionless representation in which microscopic dynamical importance and experimental accessibility can be compared on the same scale.
[bookmark: GrindEQpgref6a89d47a13]2.11  Eigenmode Analysis of the Pathway Network
The collective structure of the hidden-pathway network is obtained from the eigenvalue problem:
		(48)
 where  and  are the eigenvalues and right eigenvectors of the topology matrix. The eigenvectors identify correlated combinations of directed orbital pathways, whereas the corresponding eigenvalues quantify their relative weight within the constructed dynamical–spectroscopic network. The eigenvalues of  are not interpreted as energies or intrinsic relaxation rates. Instead, the leading eigenmodes identify the dominant interconnected structures emerging from the microscopic Redfield dynamics and their spectroscopic accessibility. For visualization,  may be represented as a directed weighted graph in which the orbital states form the nodes and  defines the weight of the directed edge . Together, this formulation establishes a direct chain from first-principles electronic structure and electron–phonon coupling to Redfield-resolved population transfer, coherence-mediated relaxation, and multidimensional spectroscopic signatures. The resulting pathway analysis therefore identifies orbital-selective relaxation channels without introducing independent phenomenological rates and provides a microscopic route for resolving pathways that remain hidden when carrier relaxation is described solely in terms of energy-resolved populations or effective temperatures.
[bookmark: GrindEQpgref6a89d47a14]3  Material Systems and Model Parameters
The present study considers four representative MXene systems, Ti₃C₂O₂, Ti₃C₂F₂, Ti₃C₂(OH)₂, and Mo₂TiC₂O₂, selected to span distinct electronic structures, surface terminations, and spin–orbit coupling strengths. The numerical parameters used in the effective Hamiltonian, electron–phonon bath, and optical excitation are taken from previously reported experimental and theoretical studies and are used here as material-specific parameters of the effective model. No additional first-principles or Wannier parameterization is introduced in the present work. The four systems therefore provide a controlled model set for examining how surface termination and transition-metal substitution modify electronic structure, spin–orbit coupling, decoherence, and Redfield-resolved relaxation pathways. The structural parameters used for the four materials are summarized in Table 1, while the corresponding electronic parameters are listed in Table 2.
Table  1: Structural parameters of the investigated MXenes. 
	  Parameter 
	 TiCO 
	 TiCF 
	 TiC(OH) 
	 MoTiCO 

	 Lattice constant  (Å) 
	 3.04 
	 3.08 
	 3.07 
	 3.02 

	Layer thickness (nm) 
	 0.98 
	 1.03 
	 1.05 
	 1.08 

	Symmetry 
	 Pm1 
	 Pm1 
	 Pm1 
	 Pm1 

	Formula units/cell 
	 1 
	 1 
	 1 
	 1 


 
Table  2: Electronic parameters used in the simulations. 
	  Parameter 
	 TiCO 
	 TiCF 
	 TiC(OH) 
	 MoTiCO 

	 Band gap (eV) 
	 0.24 
	 0.05 
	 0.02 
	 Metallic 

	Fermi energy (eV) 
	 0.12 
	 0.08 
	 0.05 
	 0.00 

	Carrier density (cm) 
	  
	  
	  
	  

	Effective mass () 
	 1.15 
	 1.08 
	 1.05 
	 0.92 

	DOS() 
	 2.8 
	 3.4 
	 3.9 
	 5.8 



Table  3: Crystal-field energies of the five transition-metal  orbitals (eV). 
	  Orbital 
	 TiCO 
	 TiCF 
	 TiC(OH) 
	 MoTiCO 

	  
	 0.00 
	 0.00 
	 0.00 
	 0.00 

	 
	 0.09 
	 0.07 
	 0.06 
	 0.14 

	 
	 0.09 
	 0.07 
	 0.06 
	 0.14 

	 
	 0.26 
	 0.22 
	 0.20 
	 0.36 

	 
	 0.42 
	 0.35 
	 0.32 
	 0.54 


Table  4: Effective nearest-neighbor tight-binding hopping parameters (eV) used in the simulations.
	  Parameter 
	 TiCO 
	 TiCF 
	 TiC(OH) 
	 MoTiCO 

	 
	 0.22 
	 0.25 
	 0.28 
	 0.34 

	 
	 0.15 
	 0.18 
	 0.19 
	 0.26 

	 
	 0.09 
	 0.11 
	 0.13 
	 0.18 

	 
	 0.05 
	 0.07 
	 0.08 
	 0.13 

	 
	 0.03 
	 0.04 
	 0.05 
	 0.09 



Table  5: Kanamori interaction parameters used in the effective multi-orbital Hamiltonian. 
	  Parameter 
	 TiCO 
	 TiCF 
	 TiC(OH) 
	 MoTiCO 

	  (eV) 
	 2.8 
	 2.5 
	 2.3 
	 3.4 

	 (eV) 
	 2.2 
	 1.9 
	 1.8 
	 2.7 

	 (eV) 
	 0.30 
	 0.28 
	 0.25 
	 0.40 

	Pair hopping (eV) 
	 0.30 
	 0.28 
	 0.25 
	 0.40 



Table  6: Spin–orbit coupling strengths used in the simulations. 
	  MXene 
	  (eV) 

	 TiCO 
	 0.025 

	TiCF 
	 0.020 

	TiC(OH) 
	 0.018 

	MoTiCO 
	 0.095 



Table  7: Effective electronic classification of the investigated MXenes within the parameter set used in the present model. 
	  Material 
	 Electronic Character 

	 TiCO 
	 Weakly semiconducting 

	TiCF 
	 Nearly metallic 

	TiC(OH) 
	 Highly conductive 

	MoTiCO 
	 Strong-SOC metallic 
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