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The coherent optical manipulation of solids is emerging as a promising way to engineer 

novel quantum states of matter1-5. The strong time periodic potential of intense laser light 

can be used to generate hybrid photon-electron states. Interaction of light with Bloch states 

leads to Floquet-Bloch states which are essential in realizing new photo-induced quantum 

phases6-8. Similarly, dressing of free electron states near the surface of a solid generates 

Volkov states which are used to study non-linear optics in atoms and semiconductors9. The 

interaction of these two dynamic states with each other remains an open experimental 

problem. Here we use Time and Angle Resolved Photoemission Spectroscopy (Tr-ARPES) 

to selectively study the transition between these two states on the surface of the topological 

insulator Bi2Se3. We find that the coupling between the two strongly depends on the 

electron momentum, providing a route to enhance or inhibit it. Moreover, by controlling 

the light polarization we can negate Volkov states in order to generate pure Floquet-Bloch 

states. This work establishes a systematic path for the coherent manipulation of solids via 

light-matter interaction.  

The manipulation of solids using ultrafast optical pulses has opened up a new paradigm in 

condensed matter physics by allowing the study of emergent physical properties that are 

otherwise inaccessible in equilibrium1,2,10. An important example are Floquet-Bloch states11 
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which emerge in solids due to a coherent interaction between Bloch states inside the solid and a 

periodic driving potential. This is a consequence of the Floquet theorem12 which states that a 

Hamiltonian periodic in time with period T has eigenstates that are evenly spaced by the drive 

energy (2ℏ/T). Floquet-Bloch states have generated a lot of interest recently both for realizing 

exotic states of matter such as a Floquet Chern insulator7 as well as understanding non-

equilibrium periodic thermodynamics13,14. Experimental observation of these states requires the 

measurement of the transient electronic band structure of a crystal as it is perturbed by light. As 

has recently been demonstrated15 in the topological insulator Bi2Se3, Time-and-Angle Resolved 

Photoemission spectroscopy (Tr-ARPES) is a key tool that can achieve this. Characteristic 

signatures of Floquet-Bloch states in the Tr-ARPES spectra include replicas of the original band 

structure that are separated by the driving photon energy15.  

In addition to Floquet-Bloch states, light can also generate other coherent phenomena in 

solids16-18. In particular, it can dress free electron states near the surface of a solid (Fig. 1a) since 

the surface can provide the momentum conservation necessary for a photon to interact with a 

free electron. This dressing was first observed in time resolved photoemission experiments17 and 

has subsequently been referred to as Laser Assisted Photoemission (LAPE). LAPE is typically 

understood19-21 by invoking the Volkov solution which is an exact solution of the time dependent 

Schrodinger equation for a free electron interacting with a plane electromagnetic wave22. LAPE 

bands can thus be thought of as Volkov states in vacuum that electrons can transition into from 

initial Bloch states inside the solid. In a Tr-ARPES experiment, the final state of photoemission 

is typically free electron-like and dressing of these final states generates Volkov states that, 

similar to Floquet-Bloch states, appear in the spectra as band replicas separated by the driving 
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photon energy. In this work we will refer to the dressing of initial states as Floquet-Bloch states 

and the dressing of the final states as Volkov states. 

Both these dressed states cause band replicas in the Tr-ARPES spectra which appear at the 

same energy and momentum regardless of whether they originate from Floquet-Bloch or Volkov 

states, making it difficult to distinguish them. Moreover, due to the coherent nature of both 

processes, electrons can scatter directly from Floquet-Bloch states into Volkov states23 (Fig. 1a). 

In order to study the various exotic affects predicted by Floquet theory on solid-state systems, it 

is important to experimentally characterize and separate out Floquet-Bloch and Volkov states in 

a controlled way. Furthermore, the interaction between Volkov and Floquet-Bloch states can 

provide novel insights in using semi-conductors for non-linear optics9. 

In this Letter, we use Tr-ARPES on Bi2Se3 with mid-IR excitation pulses to selectively study 

transitions between Floquet-Bloch and Volkov states. We find that interference between Floquet-

Bloch and Volkov states must be taken into account to explain the intensity and the angular 

dependence of the dressed states in the Tr-ARPES spectra. Moreover, by controlling the 

polarization of the dressing field we can enhance or inhibit this interference. We also find that 

the observed hybridization between different dressed sidebands is independent of Volkov states 

and thus is a key signature of Floquet-Bloch states emerging in a solid.  

Tr-ARPES measurements were performed using mid-Ir 160 meV pulses as the pump and 6.3 

eV pulses as the probe. A time-of-flight analyzer is used to simultaneously acquire the complete 

transient band structure of Bi2Se3 without rotating the sample or the detector24. The mid-IR pump 

beam was incident on the sample at an angle of ~45° and its polarization was set to either P or S 

with respect to the incident plane (Fig. 1b). P-polarized pump includes an out-of plane electric 
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field component whereas S-polarized pump is purely in plane. Figure 1c shows the Tr-ARPES 

spectra using P-polarized pump on Bi2Se3 at various delay times between the pump and probe. 

Replicas of the original Dirac cone appear when the pump and probe pulse overlap in time. 

These replicas are electron states dressed by the intense pump pulse. The intensity of these 

sidebands is maximized at t = 0 ps which refers to the maximum E-field of the pump beam 

coinciding with the maximum E-field of the probe. Once the dressing field of the pump pulse 

disappears (t > 500 fs), the sidebands disappear leaving a heated Dirac cone. The dynamics of 

this non-equilibrium heated distribution of electrons has been discussed in a number of Tr-

ARPES experiments25-28. Here we will focus on the Tr-ARPES spectra taken at t = 0 ps to 

ascertain the relative contribution of Floquet-Bloch and Volkov states. 

In order to disentangle the two, we study the Tr-ARPES spectra at t = 0 ps along various 

directions of the electron momentum. Figure 2a and 2b show the spectra along the kx and the ky 

directions respectively, taken with linear P-polarized pump with an in-plane electric field 

component along kx (Fig. 1b). Two observations are apparent: (1) avoided crossing gaps along ky 

(Fig. 2b, red arrows) but not along kx and (2) asymmetry in the intensity of Floquet sidebands 

about kx = 0. The first observation is consistent with Floquet-Bloch theory on Dirac systems29-32. 

Since the pump E-field is along the x-direction, the perturbing Hamiltonian commutes with the 

Dirac Hamiltonian corresponding to electrons with momentum along kx. This leads to a trivial 

crossing between sidebands along kx which thus remains gapless. However, along ky, the 

direction perpendicular to the E-field, avoided crossing gaps open up. The gap (2at the 

crossing between the zeroth and first order sideband is predicted32 to scale linearly with the 

electric field amplitude (E0) and thus 2 P , where P is the applied average pump power. By 

plotting the measured value of the gap as a function of the pump power on a log-log plot (Fig. 
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2c), we find that 2indeed scales as the square root of the pump power. This observation 

unequivocally establishes the transient generation of Floquet-Bloch states.  

The second observation of asymmetry in the intensity of the sidebands allows us to establish 

scattering between Floquet-Bloch and Volkov states. As seen in Fig. 2a, the first order sideband 

(n1) is not an exact replica of the original band (n0). Rather, the replication of the Dirac cone is 

asymmetric between the +kx and –kx directions. It is important to distinguish this from the 

asymmetry in the intensity of the Dirac cone that arises in the unperturbed ARPES spectra. Due 

to the coupling of the photo-emitting 6 eV probe beam to the spin texture of the Dirac cone, there 

is a natural asymmetry between the +kx and –kx direction since the incident plane of the photo-

emitting probe is along the kx direction. This matrix element (spin-probe) effect has been well 

understood in other ARPES measurements on similar systems24. Here, we will study the 

additional asymmetry that is present in the replica of the original Dirac cone. This asymmetry is 

more evident in constant energy cuts separated by the driving photon energy (Fig.3a, b). In order 

to minimize the effects of spin-texture as well as detector non-linearities, we divide these 

constant energy cuts (I1/I0) and plot the result in Fig.3c. If the n1 sideband were an exact replica 

of the n0 sideband, then I1/I0 would be constant as a function of the electron momentum. 

However, as can be seen in Fig.3c and in Fig.3d, I1/I0 is stronger along the –kx direction than 

along the +kx direction indicating that the dressed bands strongly depend on the direction of the 

electron momentum.  

To explain this, we model our Tr-ARPES spectra by including the effects of both Floquet-

Bloch and Volkov states. We start with the Dirac Hamiltonian describing the surface states of a 

topological insulator (supplementary). The mid-IR laser pump is introduced through the Peierl’s 
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substitution i.e. Aevkvkv fff


 , where A


 is the vector potential of the pump light and fv  is 

the Fermi-velocity. The dimensionless parameter  /Aev f  characterizes the strength of the 

Floquet interaction, where  is the frequency of the mid-IR laser pump. The resulting Tr-ARPES 

intensity can be obtained33 by using the non-equilibrium two time correlation function of the 

driven electrons (supplementary). Without including the effect of Volkov states (LAPE), this 

results in the following expression for the photo-emitted intensity for the case of electron 

momentum along the linearly polarized pump direction, (i.e. along kx): 

  
n

nnkvEnkvEx JEkI
xfxf

2

,, )(}{),(     eq.1 

Therefore, the n-th Floquet-Bloch sideband has an intensity ~ 2)(nJ and is symmetric for ±kx. 

The situation becomes different when the effect of Volkov states is included. The corresponding 

Hamiltonian is AveHLAPE


  0 , where 0v


 is the free photoelectron velocity. The dimensionless 

parameter  /0 Aev  characterizes the interaction strength between light and the final states of 

photoemission. The photo-emitted intensity (along kx) now becomes (supplementary): 

  

n

nnkvEnnkvEx JJEkI
xfxf

])()([),( 2

,

2

,     eq.2 

The dependence on both  and  is due to the interference between Floquet-Bloch and Volkov 

states. The observed n-th order sideband is now a combination of different Fourier pairs of 

Floquet-Bloch (nF) and Volkov (nV) modes such that nF + nV = n (Fig. 1a). In order to explain the 

data fully, we have also included the spin-probe effect that describes the coupling of the photo-

emitting probe to the spin texture of the Dirac cone (supplementary).  
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Figure 3e shows the results of this calculation for three different cases: (i)  

(Floquet only), (ii) (Volkov only) and (iii) (Floquet & 

Volkov). The non-zero values used for and agree quite well with the measured experimental 

parameters (vf, v0, A and ) of the setup (supplementary). In case i (red trace) electrons scatter 

from dressed states in the solid (Floquet-Bloch) into unperturbed free electron states. The two-

fold rotational symmetry is understood by noting that the electrons scatter preferentially when 

their momentum is along the direction of the light polarization (in this case along kx). Case ii 

(green trace) refers to the situation when only the final states are dressed (Volkov). Here it is 

important to note that in the photoemission process only the in-plane momentum is conserved 

whereas the electrons acquire a large out-of-plane momentum (kz) due to the excess photon 

energy. Since the pump pulse is P-polarized, the electric field in the z-direction strongly couples 

to free electron states with a large vz leading to a dressing of these final states that predominately 

depends on the out-of-plane momentum. The intensity of the sidebands is thus isotropic as a 

function of in-plane momentum (green trace). 

Case iii (blue trace) includes the dressing of both the initial and final states and, as can be seen, 

this trace closely matches the observed angular dependence in the intensity of the first order 

sideband (Fig. 3d). The calculation also captures the strong asymmetry in I1/I0 between +kx and –

kx, which would not be present for pure Floquet-Bloch (case i) or pure Volkov states (case ii). 

This result not only implies the presence of both Floquet-Bloch and Volkov states but also points 

to selective transitions between the two. For example, as the electron momentum is varied 

between –kx and +kx, there is an increase and then decrease in the scattering intensity as recorded 

by Tr-ARPES. As discussed above, eq. 2 implies that for electron momentum along the light 

polarization direction (i.e. along kx), the photo-emitted intensity can be written as 2)(  nJ
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for ±kx. Thus, by varying the electron momentum, we can control the scattering between Floquet-

Bloch and Volkov states. These selective transitions are a direct consequence of Volkov states 

being generated primarily due to the out-of-plane E-field for P-polarized pump. 

The aforementioned result suggests a way to reduce the effect of Volkov states: eliminating the 

out-of-plane electric field. This can be achieved by perturbing the system with S-polarized light 

instead. Figure 4a and 4b show the Tr-ARPES spectra at t = 0 along the kx and ky directions 

respectively, taken with S-polarized pump oriented along the ky direction. Similar to the P-

polarized pump, avoided crossing gaps are apparent (red arrows, Fig. 4a). However, the gaps are 

now observed along the kx direction but not along the ky direction. This is again consistent with 

Floquet-Bloch theory on Dirac electrons since the avoided crossing gaps are along the 

momentum direction (kx) perpendicular to the direction of the E-field (ky). We can also notice a 

significant decrease in the intensity of the sidebands despite using a similar intensity for the 

pump. We again take the ratio of the intensities of the first and zero order sidebands (I1/I0) and 

plot it as a function of the electron momentum direction (Fig. 4c). This ratio is almost 10 times 

less than what is observed for the P-polarized pump. We attribute this to a minimization of 

Volkov states which is confirmed by numerically calculating the sideband intensities case for the 

presence of Floquet-Bloch states only () using S-polarized pump. As can be seen 

(Fig. 4d), the calculation agrees quite well with the observed angular dependence of I1/I0. Thus, 

perturbing the system with S-polarized mid-IR pump results in the generation and observation of 

pure Floquet-Bloch states. Moreover, by controlling the light polarization, we can enhance or 

completely inhibit the transition between Floquet-Bloch and Volkov states.  

In conclusion, we have used Tr-ARPES to directly observe selective transitions between 

Floquet-Bloch and Volkov states. These transitions strongly dependent on the initial electron 
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momentum as well as the polarization of the perturbing light pulse. The effects of Volkov states 

can be negated by using S-polarized pump which results in pure Floquet-Bloch states. Our work 

forges a systematic path to manipulate electronic states in a solid in order to realize exotic light-

induced quantum states of matter in a variety of solid-state systems. 
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Figure 1. Dressed electron states in the Tr-ARPES spectra of a topological insulator and 

experimental geometry. (a) This schematic illustrates the various transitions in a Tr-ARPES 

experiment. In the unperturbed case or before time zero, electrons transition from bound states to 

free electron-like states. Dressing of the bound states results in Floquet states (nF) separated by 

the drive photon energy ℏω whereas dressing of the free electron-like states results in Volkov 

states (nV). If both the initial and final states are dressed (last panel), the nth order sideband in the 

Tr-ARPES spectra is given by all transitions such that n = nF + nV. (b) Experimental geometry of 

the Tr-ARPES setup. The pump light is incident onto the sample at an angle of ~45°. The pump 

is linearly polarized with P-polarization having an out-of-plane component and an in-plane 

component along the kx direction whereas S-polarization is purely in-plane along the ky 

direction. (c) Tr-ARPES (E-Ef vs ky) spectra on Bi2Se3 using P-polarized pump at various delay 

times between the pump and the probe. BCB refers to the bulk conduction band while SS refers 

to the topological surface state. The nth order sidebands are indicated in the spectra at t = 0. 
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Figure 2. Tr-ARPES spectra of Bi2Se3 at t = 0 for P-polarized pump. (a) Energy (E) relative to 

the Fermi level (Ef) vs momentum along the kx direction and (b) along the ky direction. Red 

arrows indicate the avoided crossing gaps. (c) Avoided crossing gap (2) as a function of 

incident pump power (P) on a log-log plot. The gap at each pump power is obtained by fitting 

the energy distribution curves (EDCs) in the ARPES spectra with a pair of Lorentzians 

(supplementary text). Error bars represent the 95% confidence interval (2 s.d.) in extracting the 

gap from the fitting parameters. Power laws ( ~ P) with  = 0.5 (orange trace) and  = 1 (blue 

trace) are plotted as well to determine the analytical behavior of 2 with P. 
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Figure 3. Asymmetry in the Tr-ARPES spectra. (a) Constant energy cut at E - Ef = -0.12 eV, i.e. 

along dashed line ‘Cut 1’ in Fig. 2a. The electric field ( E


) is along the kx direction (red arrow). 

I0 indicates the surface state contour for the zeroth order band i.e. the original Dirac cone. (b) 

Constant energy cut at E – Ef = 0.04 eV, i.e. along dashed line ‘Cut 2’ in Fig. 2a. The two 

constant energy cuts are separated in energy by the driving pump energy of 160 meV. I1 

indicates the surface state contour for the first order side band. (c) The constant energy cut in (b) 

is divided by the cut in (a) and the result is displayed as a color plot (d) Distribution of I1/I0 as a 

function of angle () measured from the +kx direction. The distribution is obtained by radially 

integrating the surface state contours in (a) and (b) over a ‘k’ space window of width ~ 0.013 A-1. 

(e) Calculated angular distribution of I1/I0 for P-polarized pump at different values of the LAPE 

parameter () and the Floquet parameter (). Red trace:  and  Green 

trace:and Blue trace: and  
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Figure 4. Tr-ARPES spectra at t = 0 for S-polarized pump. (a) Energy (E) relative to the Fermi 

level (Ef) vs momentum along the kx direction and (b) along the ky direction. Red arrows 

indicate the avoided crossing gaps. (c) Ratio of the first order side band intensity I1 to the zeroth 

order intensity I0 as a function of angle () measured from the +kx direction., for both P and S-

polarized pump. (d) I1/I0 for S-polarized pump (blue trace) along with the calculated angular 

distribution of I1/I0 for S-polarized pump using:  and (red trace). Green trace 

represents the calculated I1/I0 for the case of  and . These values correspond to 

Volkov states being generated by the in-plane electric field only (supplementary). Note: I1/I0 for 

the green trace has been multiplied by 20 for better visual representation on this axis scale. 

 

 

 

 

 

 



Supplementary information for: Selective scattering between Floquet-Bloch and
Volkov states in a topological insulator

Fahad Mahmood, Ching-Kit Chan, Zhanybek Alpichshev, Dillon Gardner, Young Lee, Patrick A. Lee, Nuh Gedik

I. THEORETICAL DETAILS

In this section, we provide details of calculations for the Tr-ARPES intensity from driven surface states of a
topological insulator. We consider the intrinsic Floquet states attributed by the drive, the spin-probe effect on the
photoemission matrix elements, and the influence of LAPE. These combined contributions lead to the theoretical
results presented in the main text.

The effective Hamiltonian describing the undriven surface states of a 3D topological insulator is given by:

H =
∑

k=kx,ky

(
c†k,↑ c†k,↓

)(
0 ~vf (−ikx − ky)

~vf (ikx − ky) 0

)(
ck,↑
ck,↓

)
, (1)

where c†k,σ creates a bare electron with momentum k and pseudospin σ. Diagonalizing the Hamiltonian would give

the canonical linear dispersion of surface states, i.e. ε±(~k) = ±~vf |~k|. The laser drive is introduced through the

Peierls’ substitution: vf~k → ~K(t) = vf (~k + e ~A(t)), with ~A(t) = A0g(t) (ax cos(ωt), ay sin(ωt)). A0 is the peak pump
field strength, g(t) describes the Gaussian pump envelope and 0 ≤ ax/y ≤ 1 characterize its polarizations. We use
β = evfA0/ω as the dimensionless Floquet parameter in the main text.

The general idea of Floquet-Volkov transition has been studied by Park [5]. Using a scattering approach, it was
estimated that the n-th Floquet sideband has an intensity (in our notation):

I(~k,E) ≈ Jn {|λβ (cos θa cos θ + i sin θa sin θ)− α|}2 (2)

as a function of the momentum angle θ = tan−1(ky/kx) and the polarization angle θa = tan−1(ay/ax). λ = ± denotes
the upper and lower bands, and α is a LAPE parameter to be defined later. However, we find that this formula does

not fit well with the data because of approximations made (specifically, the components of ~A(t) perpendicular to ~k are
neglected [5]), and more importantly, the missing of the spin-probe effect. Therefore, we introduce here an alternative
method, based on the non-equilibrium Green’s function [1], that naturally incorporates the Floquet, the LAPE and
the spin-probe effects and accurately describes our photoemission experiments.

A. Tr-ARPES dynamics

The pump-probe Tr-ARPES measures the photoelectron correlations [1]:

I(~k,E) =

∫ tf

ti

dt

∫ tf−t

0

dτs(t)s(t+ τ)
∑

σ1,σ2,σf

M∗k (σf , σ1)Mk(σf , σ2)2 Re
[
〈c†k,σ1

(t+ τ)ck,σ2
(t)〉e−iEτ/~

]
, (3)

caused by a probe field with a normalized Gaussian envelope s(t), an initial time ti and a final time tf . The expectation
value is taken with respect to the wavefunction of the driven system. This expression describes a virtual process where
an electron is photoexcited at time t and then returns at time t + τ . The matrix elements Mk(σ′, σ) correspond to
transitions from spin σ to σ′ and depend on the details of system-probe interactions. In the absence of spin-probe
coupling, we have Mk(σ′, σ) ∝ δσ,σ′ and the Tr-ARPES intensity becomes:

I0(~k,E) ∝
∫ tf

ti

dt

∫ tf−t

0

dτs(t)s(t+ τ)
∑
σ

2 Re
[
〈c†k,σ(t+ τ)ck,σ(t)〉e−iEτ/~

]
. (4)

In the equilibrium limit, and for a uniform probe, this expression reduces to: I0(~k,E) ∼ (tf −
ti)
∫∞

0
dτ
∑
σ 2 Re[〈c†k,σ(τ)ck,σ(0)〉e−iEτ/~], which is proportional to the standard lesser Green’s function [1].
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To calculate Eq. (4), we need the equation of motions for the two-time correlation functions. They are:

d

dτ
〈c†k,↑(t+ τ)ck,↑/↓(t)〉 = (−Kx(t+ τ)− iKy(t+ τ))〈c†k,↓(t+ τ)ck,↑/↓(t)〉,

d

dτ
〈c†k,↓(t+ τ)ck,↑/↓(t)〉 = (Kx(t+ τ)− iKy(t+ τ))〈c†k,↑(t+ τ)ck,↑/↓(t)〉. (5)

The initial condition at τ = 0 is determined by the equal-time correlations 〈c†k,σ(t)ck,σ′(t)〉. Generally speaking,

the initial condition 〈c†k,σ(t)ck,σ′(t)〉 depends on t due to the non-equilibrium nature of the problem.

However, in the main text, we are mostly interested in the cases of |~k| ≤ kF , where both the lower
and upper band of the undriven Dirac cone are filled so that no vertical transition is allowed by the

drive. In this regime, we have 〈c†k,σ(t)ck,σ′(t)〉 = 〈c†k,σ(0)ck,σ′(0)〉 = δσ,σ′ . On the other hand, for |~k| > kF ,

〈c†k,σ(t)ck,σ′(t)〉 becomes t-dependent and can be computed by solving its equation of motion using the
driven Hamiltonian.

Since the relaxation time scale is much longer than that of the drive in our experiment, dissipative
effects are negligible. However, when dissipation becomes important, we have to augment Eq. (5) with
relaxation terms based on the master equation formalism [2] or the kinetic approach [3].

B. Spin-probe effect

When the probe couples to the spin, one has to compute the matrix elements Mk(f, i) = 〈f |~Pk · ~Aprobe(t)|i〉 [4].

In accordance with our experimental setup, we consider a p-polarized probe such that ~Aprobe = (Ax, 0, Az). In

general, ~Pk is some generalized momentum and depends on the system details and spin-orbit couplings. However, by
considering the mirror reflection symmetry and the three-fold rotational symmetry [4], one can simplify the matrix
elements to (in the basis of spin up and down):

Mk = i

(
bkAz

akAx
2

−akAx2 bkAz

)
, (6)

where ak and bk are real coefficients. Using these matrix elements, Eq. (3) becomes:

I(~k,E) ∝ I0(~k,E) + cSP

∫ tf

ti

dt

∫ tf−t

0

dτs(t)s(t+ τ)2 Re
[
e−iEτ/~〈−ic†k,↑(t+ τ)ck,↓(t) + ic†k,↓(t+ τ)ck,↑(t)〉

]
, (7)

where the parameter cSP = [iakbkA
∗
zAx + c.c.]/[a2

k|Ax|2/2 + 2b2k|Az|2] characterizes the spin-probe effect. Note that
the spin-probe effect only couples to the Sy component in this setting of a p-polarized probe. Because of the spin-
momentum locking, we have Sy ∼ cos θ and thus the spin-probe effect is most prominent at θ = 0, π, i.e.
along the kx direction. For a probe with a general polarization, the Sx and Sz components can also be
involved (Sx couples to Ay,z and Sz couples to Ax,y).

We can extract the single coefficient cSP from the pre-time zero data. In the equilibrium limit, for a p-polarized
probe, we recover the static result: I − I0 ∝ cSPSy [4].

C. LAPE

The Laser-Assisted Photoemission Effect (LAPE) is caused by the interference between the pump and the pho-

toexcited electrons. The corresponding Hamiltonian is HLAPE = ~e~v0 · ~Apump(t), where ~v0 is the free photoelectron
velocity. Consequentially, the two-time correlation function in the Tr-ARPES intensity [Eq. (3)] picks up an additional
phase:

eiΘ(αk,t,τ) = e−i
∫ t+τ
t

dt′HLAPE(t′)/~

= exp{−i(αkx + αkz )[sinω(t+ τ)− sinωt] + iαky [cosω(t+ τ)− cosωt]}, (8)

where αki = ev0,iApump,i/ω. Note that the pump field can have a z-component contribution to the LAPE. In fact,
for the p-polarized pump experiment, we have αkz � αkx/ky , since the pump field has a larger z-component and
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|v0,z| ∼ vf � |v0,x/y|. Thus, we set αkz = α and αkx/ky = 0 in the main text. On the other hand, in the s-polarized
pump case, all αk are negligible.

Therefore, for a p-polarized probe, the Tr-ARPES intensity, including the spin-probe (cSP ) and the LAPE (αk)
effects, is given by:

I(~k,E) ∝
∫ tf

ti

dt

∫ tf−t

0

dτs(t)s(t+ τ)2 Re
{
e−iEτ/~eiΘ(αk,t,τ) [S0(t, τ) + cSPSy(t, τ)]

}
, (9)

where S0(t, τ) =
∑
σ〈c
†
k,σ(t + τ)ck,σ(t)〉 and Sy(t, τ) = 〈−ic†k,↑(t + τ)ck,↓(t) + ic†k,↓(t + τ)ck,↑(t)〉 can be obtained by

solving Eq. (5). The theoretical curves in Figure 3e and 4d in the main text are calculated from this expression.

D. Exactly solvable case: parity of Floquet-LAPE states

Analytical solutions are available for special cases where ~k ‖ ~A(t). Here we particularly study the situation of (1)
±kx for a p-polarized pump, and (2) ±ky for a s-polarized pump, in order to understand the parity of the Tr-ARPES
signals with and without the LAPE effect. We use uniform pump and probe to simplify the notations.

1. Without LAPE

For the case (1), the driven Hamiltonian H(t) = ~vf (kx + eA0 cosωt)σy. The two-time correlation functions can
be solved from Eq. (5) and we find:

S0(t, τ) = 2 cos {vfkxτ + β [sinω(t+ τ)− sinωt]}

=
∑
n1,n2

ei(vfkx+n1ω)τei(n1+n2)ωtJn1 (β) Jn2 (−β) + c.c.,

Sy(t, τ) = 2i sin {vfkxτ + β [sinω(t+ τ)− sinωt]}

=
∑
n1,n2

ei(vfkx+n1ω)τei(n1+n2)ωtJn1
(β) Jn2

(−β)− c.c., (10)

Using these expressions, we can perform the double-time integral in Eq. (9) for |kx| ≤ kF . The τ integral leads to
Tr-ARPES peaks, while the t integral averages over different Fourier modes, leaving only the n1 = −n2 components.
The Floquet result for a p-polarized pump is:

I(kx, E) ∝ T
∑
n

{
(1 + cSP )δE,~vfkx+n~ω + (1− cSP )δE,−~vfkx+n~ω

}
Jn (β)

2
, (11)

where T = tf − ti is the probe duration. The n-th intrinsic Floquet peak (when cSP = 0) has an intensity of Jn (β)
2

and is symmetric about ±kx. The spin-probe effect breaks this parity. Similarly, for the case (2) of a s-polarized
pump, we find

I(ky, E) ∝ T
∑
n

{
δE,~vfky+n~ω + δE,−~vfky+n~ω

}
Jn (β)

2
, (12)

where the spin-probe effect does not enter due to the absence of the Sy component along ky.

2. With LAPE

The situation becomes very different in the presence of the LAPE. We first consider the case (1) of ±kx for
p-polarization with a constant LAPE strength αkz = α. The LAPE effect gives rise to a phase [Eq. (8)]:

eiΘ(α,t,τ) = e−iα[sinω(t+τ)−sinωt]

=
∑
m1,m2

eim1ωτei(m1+m2)ωtJm1 (−α) Jm2 (α) . (13)
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Inserting Eqs. (10) and (13) into Eq. (9), the Tr-ARPES intensity for p-polarization becomes:

I(kx, E) ∝ T (1 + cSP )
[ ∑
n1,m1

δE,~vfkx+(n1+m1)~ω Jn1 (β) Jm1 (−α)
]2

+ T (1− cSP )
[ ∑
n1,m1

δE,−~vfkx−(n1−m1)~ω Jn1 (β) Jm1 (−α)
]2

∝ T
∑
n

[
(1 + cSP )δE,~vfkx+n~ω Jn (β − α)

2
+ (1− cSP )δE,−~vfkx+n~ω Jn (β + α)

2
]
. (14)

In comparison with Eq. (11), these equations demonstrate how the LAPE effect interferes with the intrinsic Floquet
peaks. For example, for the zeroth order peak at E = ~vfkx, we can have contributions from different Fourier pairs
of Floquet (n1) and LAPE (m1) modes that satisfy n1 +m1 = 0 as shown in the first line of equations.

We can extract the peak intensities for fixed E and kx. The result depends on the parity of kx. At the crossing
points, i.e. when 2vfkx/ω becomes an integer, we have

I(kx > 0, E = ~vf |kx|+ n~ω) ∝ (1 + cSP )Jn (β − α)
2

+ (1− cSP )Jn+2vf |kx|/ω (β + α)
2
,

I(kx < 0, E = ~vf |kx|+ n~ω) ∝ (1− cSP )Jn (β + α)
2

+ (1 + cSP )Jn+2vf |kx|/ω (β − α)
2
. (15)

The first and second terms in each equation describe the Floquet sideband contributions coming from the upper and
lower branches, respectively. In this case of a p-polarized pump, even in the absence of the spin-probe effect, these
two expressions are in general different and the ±kx signals are asymmetric in each Floquet band, in accordance with
the data presented in Figure 3 in the main text.

We can work out the case (2) of ±ky for a s-polarized pump in the same way. The resultant Tr-ARPES intensity
is:

I(ky, E) ∝ T
∑
n

[
δE,~vfky+n~ω Jn

(
β − αky

)2
+ δE,−~vfky+n~ω Jn

(
β + αky

)2 ]
. (16)

Again, the spin-probe effect does not appear because of the vanishing of the Sy component along ky. We have included
a small but finite LAPE parameter αky ∝ ky. Different from the p-polarization situation, αky changes sign between
+ky and −ky here. Thus, the Floquet sideband weights remain symmetric between +ky and −ky. Based on this
result, the slight asymmetry at ±ky observed in Figure 3d in the main text are not caused by the LAPE effect.

We note that in the absence of the spin-probe effect and when ~k ‖ ~A(t), our results [Eq. (14, 16)] agree with
Park’s expression [Eq. (2)]. In general, an analytical solution is not available and we have to compute the Tr-ARPES
intensity numerically from Eq. (9).

II. EXPERIMENTAL PARAMETERS

In this section we provide estimates of various experimental parameters. As discussed in the main text, the two
dimensionless parameters relevant to this work are α and β. α = ev0A0/ω characterizes the interaction strength
between light and the final states of photoemission while β = evfAi/ω characterizes the strength of the Floquet
interaction. Here A0,i = E0,i/ω where E0,i is the electric field amplitude along a particular electron velocity direction.
For Floquet states, the relevant velocity is the Fermi velocity for the surface state electrons. Since this velocity is
purely in-plane, the relevant electric field (Ei) is the one parallel to the sample surface. Taking Ei = 3.3× 107 V/m
corresponding to a measured pump power of 11.5 mW (see detailed explanation of estimate in supplementary section
of Ref.[6]) and vf = 5× 105 m/s, we obtain β = 0.42.

For the LAPE effect we need to determine the electron velocity in the final state of photoemission. As the in-plane
momentum is conserved in the photoemission process and given that the final state is free electron-like, we determine
the in-plane velocity, v‖ = 5.79 × 104 m/s for momentum, k = 0.05 A−1. By conserving energy, this gives the out-

of-plane electron velocity, vz = 4.55× 105 m/s . Note that vz � v‖. Thus, the relevant velocity for the LAPE effect
is v0 = vz and the relevant electric field (E0) is the out-of-plane component of the electric field outside the sample
surface. Using Fresnel equations, we obtain E0 = 11.6× 107 V/m and thus α ∼ 1.36− 1.4.

Note the values of α = 1.38 and β = 0.5 used in the main text are determined by fitting the observed angular
dependence of the sideband intensities in the Tr-ARPES spectrum to the theoretically calculated intensities in section
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I. We also used cSP = 0.96 and 0.7 for the p- and s-polarized pumps, respectively, to account for the spin-probe effect.
Given the large uncertainty in determining the exact electric field at the sample surface, these values are consistent
with the values calculated in this section. The full widths at half maximum for the pump and the probe are 250 fs
and 100 fs, respectively.

III. DETERMINATION OF HYBRIDIZATION GAP

The avoided crossing gaps in Fig. 2c of the main text are determined by taking an Energy Distribution Curve
(EDC) at ky = 0.035 A−1 through the Tr-ARPES spectra obtained at t = 0 for each pump power. This value of ky
corresponds to where the avoided crossing gap is observed. The EDC for the Tr-ARPES spectra in Fig. 2b of the main
text is shown in Fig. S1. Each EDC is fitted with multi-peak Lorentz functions. The choice of the peak functions
does not affect the obtained gap size in any significant way since we are only interested in the distance between the
peaks. The avoided crossing gap is then given by the separation of the two peaks around energy, E − Ef = −0.2 eV
(green peaks in Fig. S1). The resulting gap size for a pump power of 11.5 mW is then 2∆ = 68 meV which is in good
agreement with the experimental parameters stated in section II as 2∆ = βω with ω = 160 meV and the β = 0.42.

This procedure is also repeated for the case of S-polarized pump and the resulting gap (2∆) as a function of pump
power (P ) is plotted in Fig. S2 on a log-log plot. Similar to the case of P-polarized pump, 2∆ scales as the square

root of the pump power i.e. 2∆ ∝
√
P in agreement with Floquet-Bloch theory on Dirac systems [7].

Fig. S 1: Energy Distribution Curve (EDC) at ky = 0.035 A−1 through the Tr-ARPES spectra in Fig. 2b of the main text.
Blue dots indicate the raw data. The red line is a multi-peak Lorentz function best fit to the data. Green peaks correspond to
the peaks from which the avoided crossing gap is determined
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Fig. S 2: Avoided crossing gap (2∆) as a function of incident pump power (P ) on a log-log plot for S-polarized pump. Error
bars represent the 95% confidence interval (2 s.d.) in extracting the gap from the fitting parameters. Power laws (2∆ ∝ P η)
with η = 0.5 (orange trace) and η = 1 (blue trace) are plotted as well to determine the analytical behavior of 2∆ with P .


	I Theoretical details
	A Tr-ARPES dynamics
	B Spin-probe effect
	C LAPE
	D Exactly solvable case: parity of Floquet-LAPE states
	1 Without LAPE
	2 With LAPE


	II Experimental Parameters
	III Determination of hybridization gap
	 References

