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S1. TIME-DOMAIN THERMOREFLECTANCE

In time-domain thermoreflectance (TDTR), 100 fs pulses emanate from an 80 MHz Ti:Sapphire

oscillator, centered at 800 nm (1.55 eV) with a bandwidth of∼11.5 nm. In our implementation, we

frequency-double the pump to 400 nm (3.1 eV) using a BiBO3 crystal to increase absorption in Au.

The probe is mechanically delayed in time to monitor the thermoreflectance at the sample surface.

The 1/e2 pump and probe radii are 8.0 and 4.5 µm, respectively, with the incident pump fluence

being 3.85 J m−2 for the Au/TiOx films and 2.42 J m−2 for the Au film. The cross-correlation of

the pump and probe pulses at the sample surface is ∼800 fs1 due to the dispersion induced from

various components in the TDTR optical path.

S2. VARYING AU THICKNESS IN AU/TIOx SYSTEMS

The in-phase reflectivity responses (Vin) of Au/TiOx systems with varying Au thicknesses are

presented in Fig. S1. In these specimens, a 5 nm TiOx layer was deposited in a moderately

high vacuum (< 1 × 10−6) Torr at 1.0 Å/s, which ensured at least some fraction of the layer

contained Ti0 according to the main manuscript and our previous study.2 The thickness of the

Au layer was confirmed via X-ray reflectivity. Specimens with an Au capping layer of < 102

nm reveal a significant rerise in the acquired magnitude following initial peak indicative of the

electron temperature. Those with very thin Au capping layers, 14 and 24 nm, reveal a sign change

at ∼2 ps where the signal goes negative before rerising again. We are unsure for the exact reasons

for this, but hypothesize that it is related to the convolution of the Au and Ti thermoreflectance

values at the probing wavelength. At the pump wavelength, a significant portion of optical energy

is directly coupled to electrons in the Ti based on the optical skin depth of Au, ∼16 nm.3 As the

electron and lattice contribution to thermoreflectance of TiOx is relatively unexplored, as well as

its temperature dependent indices of refraction, we expect the signal acquired by the probe to be

influenced by the Ti layer in some capacity. Nonetheless, we do not observe a sign change at

thicknesses ≥ 49 nm, suggesting that this thickness may be optimal for interpreting the data via

the TTM. For this reason, all specimens in the manuscript were coated with an Au layer of ∼50

nm.

The characteristic electron-phonon interaction length is mathematically defined as λep =√
κe/g, where κe and g are the electronic thermal conductivity and electron-phonon coupling
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FIG. S1. Ultrafast response in Au/TiOx systems with varying Au thicknesses, labeled.

factor, respectively. In bulk Au, λep ≈ 110 nm.4 Thus, performing these measurements with

varying Au thickness yields critical insight into the interaction length between these two carriers.

At an Au layer thickness of 166 nm, we observe a slight rerise in the signal, which is entirely

diminished at 188 nm. At an Au thickness of 102 nm, the magnitude of this rerise is larger than at

166 nm, and at 49 nm the rerise is larger yet. For this rerise to occur, optically excited electrons

in the Au layer must propagate through the Au layer without coupling with the lattice so that they

can ballistically traverse into the TiOx layer. Once there, energy is transmitted to the lattice due

to the ultrahigh g of the wetting layer, and the lattice temperature differential between the wetting

and Au layers results in diffusion of heat via the lattice to the Au film, causing an increase in our

acquired signal. If electrons are not able to reach the TiOx layer, then we would not expect a rerise

in the signal. If we account for both the 1/e absorption depth at the pump wavelength, δ ≈ 16 nm,3

as well as the characteristic electron-phonon interaction length, the length over which energy is

deposited into the Au layer will be δ + λe ≈ 126 nm.5 We find this value to be consistent with our

experimental data, as it is less than the Au thickness at which we observe a diminished rerise in

the signal, 166 nm, but larger than at 102 nm where the rerise is still present. Further experiments

with finer increments in Au thickness would help to identify λe definitively.
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S3. TWO-TEMPERATURE MODELING

To model the data acquired via TDTR, we first adjust the zero delay time of our TDTR data

to be at approximately halfway of the initial peak to account for the delayed onset of electron

thermalization. Spatial and temporal discretizations of 0.5 nm and 50 fs, respectively, are used in

simulating the energy deposition. The substrate is modeled to be 100 nm, with a 0.5 nm discretiza-

tion. The final discretized layer of the substrate is fixed to have an infinite heat capacity to emulate

a semi-infinite substrate. The electronic heat capacity of each layer is chosen to be proportional to

temperature via the electronic heat capacity coefficient γ, Ce = γTe, which is valid for the range

of electronic temperatures in this study. The electron-phonon coupling factor g is approximately

independent of lattice and electronic temperatures for low temperature perturbations,4 and is thus

chosen to be constant. Interfaces are modeled have thicknesses of 0.5 nm, where the phonon ther-

mal conductance is given an equivalent thermal conductivity for the discretized thickness, and the

electronic thermal conductance is the product of the average of the electronic temperatures on ei-

ther side of the interface and Γ (i.e., ΓTe,ave) to be in accordance with electron diffuse-mismatch

model.6 For systems with a wetting layer, we fix the Au/TiOx phonon conductance to 100 MW

m−2 K−1. Additionally, for 1 nm pure Ti, we use literature values7 for the electron and phonon

thermal conductivities, adjusted for size effects using kinetic theory. For 4 nm TiOx films, we

assume 1 W m−1 K−1 for both the phonon thermal conductivity for amorphous TiO2 films.8 For

the electron thermal conductivity in these films, 1 W m−1 K−1 is also assumed to account for any

Ti0 that may be present. See Table I of the manuscript for all inputs into the model.

In defining the electronic heat capacity, Ce = γTe, we choose to take γ for Ti from Lin et al.’s

work4 in describing those of our TiOx films. A more rigorous definition of γ, however, depends on

the electron density of states at the Fermi level, D(εF ), where εF is the Fermi energy. The electron

heat capacity can be shown to be directly proportional to D(εF ):9

Ce =
π2

3
k2BD(εF )Te = γTe. (S1)

Examining the electron density of states for TixOy from Fig. 4 of the main manuscript, there

are several key features to note. At εF for Ti, a large electron density exists, which ultimately

correlates to a large value of γ for Ti. In stoichiometric TiO2, the electron density is nearly 0.

However, in our TiOx systems in which x ≈ 2, the presence of unreacted Ti0, as confirmed via

XPS and our two-temperature modeling, must provide additional states at and near εF , thereby
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increasing γ. Thus, γ of pure Ti is chosen for TiOx films with x ≈ 2. With regards to the TiOx

layer with x = 2.62, we are unable to rigorously define γ due to the off-stoichiometry of the film. In

examining the electron density of states for Ti3O8 in Fig. 4 of the manuscript, the number of states

at εF is comparable to that of Au. This large number of states is the reason for the theoretically

efficient electron energy transmission, as described by Γ, at Au/Ti3O8 interfaces shown in Fig. 3

of the manuscript. Further, D(εF ) for Ti3O8, being comparable to that of Au, suggests that a value

of γ similar to that of Au would best describe γ for Ti3O8. However, as the stoichiometry of TiOx

for x = 2.62 is not exactly Ti3O8, we choose γ of pure Ti to describe our TiO2.62 layer to allow for

an intercomparison between all TiOx specimens.

Part of the analysis of the two-temperature model relies on the interpretation of the electronic

and phononic temperatures described by the TTM. In general, the reflectivity is exhibits contribu-

tions from the electronic and lattice subsystems:10

∆R = a∆Te + b∆Tl. (S2)

In this equation, ∆R is the change in reflectivity resulting from perturbations in the electronic

and lattice temperatures, ∆Te and ∆Tl, respectively. The factors a and b are scaling constants

that determine the contributions of each of these systems to ∆R. Because the signal acquired in

TDTR encompasses contributions from both of these systems, and that the electronic contribution

to thermoreflectivity becomes negligible ∼3 ps after excitation by the laser pulse near 800 nm for

fluences used in this work,11,12 we choose to interpret the lattice temperature acquired by the TTM

and compare it to our measured data 3 ps after excitation. This interpretation accounts for the

subsurface temperature profile and its influence on the thermoreflectivity,13 where the temperature

at each discrete point beneath the surface contributes to the reflectivity and approximately follows

the optical attenuation depth. The weighting function, dR/dT , with which we use to interpret this

subsurface temperature utilizes the index of refraction, n, of Au and its temperature dependence,

dn/dT , at our probing wavelength, 800 nm, using previously reported data.14 Because tempera-

ture dependent indices of refraction are not available for our TiOx films, nor would there be any

reasonable way of determining them without compromising their current stoichiometry, we utilize

those from Au in the determination of the weighting function in our analysis.

The dR/dT weighting function assuming the temperature dependent indices of refraction of

Au for both the Au and TiO1.90 layers is shown in Fig. S2(a) as the black solid line. The weight-

ing function exemplifies the insensitivity of the contribution from the underlying TiO1.90 layer, as
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FIG. S2. (a) dR/dT weighting function and (b) probe-averaged temperature response of the Au/4 nm

TiO1.90/Al2O3 system under the assumption that the temperature dependent indices of refraction of the

TiO1.90 layer are that of Au (black solid line) and Pt (dashed red line).

dR/dT is < 0.05 within this region. As an extreme example, we recalculate this weighting func-

tion under the assumption that the temperature dependent indices of refraction in the TiOx layer

are that of Pt.14 Shown as the dashed red line in Fig. S2(a), this results in a negligible change in

the dR/dT weighting function–the majority of the contribution to the probe reflectivity is mani-

fested in the Au capping layer. The probe-averaged temperature rise when utilizing both weighting

functions is shown in Fig. S2(b). While a distinction can be made between these responses, we

emphasize that we normalize and fit the model to our data beyond 3 ps, and that the rate at which

the temperatures rise for each response are similar. Fitting our data under the assumption that the

temperature coefficients of the TiO1.90 layer are that of Pt provides similar lower bounds to g and

Γ compared to when those of Au are used.

We note that for the time scales over which we determine the parameters of interest, we are

not particularly sensitive to the Au/Al2O3 and TiOx/Al2O3 phonon conductances in the Au/Al2O3

and Au/TiOx/Al2O3 systems, respectively, due to the fact that thermal diffusion into the substrate

typically occurs beyond ∼100 ps.15 For the electron-phonon coupling factor of Au, uncertainty

is determined by perturbing the pump and probe indices of refraction, the temperature dependent

index of refraction of the probe, as well as the fluence by 10% and taking the difference between

the newly acquired g and original g and calculating the quadrature. For g and Γ in systems with

the TiOx adhesion layer, we determine the bounds to these values when the sum of the square of

the difference between our data and the implemented TTM model (i.e.,
∑

(Td-Tm)2, where Td is
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the measured thermoreflectance data and Tm is the TTM model) is < .02 for the range over which

the data are fitted.

S4. THEORY AND SIMULATION DETAILS

A. Time-Domain Density Functional Theory (TDDFT)

In real-time TDDFT, the electron density, ρ(r, t), evolves in time and is obtained by summation

over densities of the occupied time-dependent single-electron Kohn Sham (KS) orbitals, Ψn(r, t):

ρ(r, t) =
Ne∑
n=1

|Ψn(r, t)|2 (S3)

where n = 1, 2, ..., Ne, and Ne is the total number of electrons. The equations of motions are

obtained using the time-dependent variational principle applied to the total Kohn-Sham energy.

Each evolving KS orbital satisfies the equation:

i~
∂

∂t
Ψn(r, t) = H[ρ(r, t)]Ψn(r, t) (S4)

where the Hamiltonian is a DFT functional that depends on the electron density, its gradient, etc.

The equations are coupled, because H[ρ(r, t)] depends on all KS orbitals. In order to solve the

time-dependent KS (TDKS) equations, Eq. S4, we expand the time-dependent KS orbitals in

the basis of adiabatic KS orbitals, Φk(r; R(t)), which are calculated by ground state DFT for the

current nuclear coordinates R,

Ψn(r, t) =
∑
k

Cn
k (t)Φk(r; R(t)). (S5)

Such expansion provides an efficient numerical way to solve the time-dependent KS equations,

because adiabatic KS orbitals are available from many highly optimized DFT codes, and because

the size of the expansion is small compared, for instance, to a grid representation in the position

or momentum space. By insertion of Eq. S5 into Eq. S4, one converts the time-dependent KS

equations into equations for the expansion coefficients:

i~
∂

∂t
cnj (t) =

∑
k

Cn
k (t)(εkδjk + djk) (S6)

where εk is energy of the adiabatic KS orbital k, and djk is the nonadiabatic coupling (NAC)

between adiabatic KS orbitals j and k. The NAC arises from atomic motions that change adiabatic
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orbitals along a nuclear trajectory. We calculate the NAC numerically as the overlap between

adiabatic orbitals j and k at sequential time steps:

djk = −i~〈Φj|∇RH|Φk〉
εj − εk

· dR
dt

= −i~ 〈Φj|∇R|Φk〉 ·
dR

dt
= −i~ 〈Φj|

∂

∂t
|Φk〉 . (S7)

The current version of the above scheme is implemented16,17 with the Quantum Espresso (QE)

package.18

B. Non-adiabatic Molecular Dynamics by Surface Hopping

Solution to the time-dependent Schrodinger equation, presently Eq. S4, provides input to sur-

face hopping (SH). SH is needed in order to obtain branching and thermodynamic equilibrium,

which are not trivial to achieve when the Schrodinger equation for electrons is coupled to a classi-

cal trajectory for atoms. In particular, a classical trajectory cannot branch, in contrast to quantum

mechanical wave-packets, and the unitary evolution provided by the Schrodinger equation cannot

reach thermodynamic equilibrium which requires coupling to a bath. Fewest switches SH (FSSH)

developed by Tully19 is a very popular and efficient SH strategy. The scheme minimizes the num-

ber of hops and defines the SH probability using population fluxes between quantum states. The

time-dependent probability of a hop from state j to state k within the time interval dt is given in

FSSH by:

dPjk =
−2Re(A∗

jkdjkṘ)

Ajj

dt

Ajk = cjc
∗
k.

(S8)

If the hopping probability dPjk is negative, it is set to zero: a hop from state j to state k is allowed

to take place only when the electronic occupation of state k increases and the occupation of state

j decreases. A random number distributed uniformly between 0 and 1 is sampled and compared

to the hopping probability in order to determine whether the system should remain in the current

state or should hop to a new state. When an electronic transition occurs, the original FSSH tech-

nique rescales the nuclear velocities along the NAC direction to conserve the total electron-nuclear

energy. If there is not enough nuclear kinetic associated with the NAC direction to account for the

increase in the electronic energy, the hop is rejected. The velocity rescaling and hop rejection rules

give detailed balance between transitions upward and downward in energy, mimicking Boltzmann
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FIG. S3. Geometries of (a) pure Au(111) slab, and Au(111) slab with absorbed (b) Ti, (c) Ti4O4, (d) Ti4O8

and (e) Ti3O8 layers at 0 K. The numbers on the left side of the structures indicate the distances between

the TiOx layer and the nearest Au layer.

statistics and leading to quantum-classical thermodynamic equilibrium at long times. Under the

classical path approximation, the velocity rescaling and hop rejection are replaced by multiplying

the probability to hop upward in energy with the Boltzmann factor, leading to significant compu-

tational savings.16,17

C. Simulation Details

The electronic structure calculations, geometry optimization and ground state molecular dy-

namics were carried out using the QE package. The electronic exchange and correlation interac-

tions were treated using the Perdew-Burke-Ernzerhof (PBE) DFT functional.20 The interactions of

valence electrons with ions were accounted for via the projector augmented wave (PAW) method.21

The van der Waals (vdW) interactions were included using the DFT-D3 approach. Pure DFT func-

tionals, such as PBE, often underestimate energy gaps due to the self-interaction error. To account

for this problem, the DFT+U approach was used, with U = 9.0 eV applied to the 3d electrons of the

Ti atoms, improving description of the TiOx electronic structure.22 A basis set energy cutoff of 40

Ry and a kinetic energy cutoff of 400 Ry for charge density were employed. The simulation cells

are shown in Fig. S3. The calculations were performed using a uniform 5 × 5 × 1 k-point grid.

Atomic positions were fully relaxed until the calculated Hellmann-Feynman forces were smaller

than 0.05 eV/Å. After the structure optimization, repeated velocity rescaling was used to heat the

systems to 300 K. Subsequently, 3 ps adiabatic MD trajectories were generated with a 1 fs atomic

time step and were used for the NAMD calculations. The first 500 structures were used as initial
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conditions to perform FSSH, with 1000 random number sequences for each structure, using the

PYXAID package.
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