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Supplementary Note 1. Analysis of static absorption spectra 

To understand broadening of excitons, we use Voigt functions to fit the static absorption of 

the excitons3. Because the Voigt function is the convolution of the Lorentzian and Gaussian 

function, this analysis enables us to estimate how much the homogeneous linewidth () and 

the inhomogeneous linewidth () contribute to the total broadening of exciton resonances, 

respectively. Figure 2c in the main text shows such examples, where black lines are 

background-subtracted absorption, blue and red lines are Voigt fit lines to the X1 and X2, 

respectively, and green lines are their sums. Here, each exciton peak is fit by a built-in Voigt 

function in OriginPro 9.0 (function name: nlf_voigt). Through this process, we obtain the -

resolved Voigt spectral weights of X1 and X2, as shown by dots in Fig. 2d in the main text. 

They match very well with a function )(cos2
iii ba    (solid lines in Fig. 2d in the main 

text), where the subscript i = 1, 2 means X1 and X2, respectively, ai and bi are constants, and 

i  is the polarization angle at with the spectral weight for Xi is maximized. 1 and 2 

obtained from fits are 15 and 85, respectively, in good agreement with previous reports5,64,5. 

For the inhomogeneous broadening, 1 (2) is ~ 28 (25) meV, irrespective of the optical 

polarization54. In contrast, homogeneous linewidths (1 and 2) reported by the fitting 

software are at least one order less than the inhomogeneous linewidths, and show extremely 

large error ranges due to their relatively small magnitudes. It means that the exciton 

linewidths is governed by the inhomogeneous broadenings, in good agreement with the 

previous study on atomically-thin TMDs7. Therefore, we attributed the fast dephasing of 100-

200 fs in the ReS2 (Fig. 3f in the main text) to the inhomogeneous broadening-induced phase-

breaking. However, further time-resolved experiments, such as ultrafast photon echo 

spectroscopy, is required to understand the dephasing mechanism more accurately in the 



dynamic regime. 

 

Supplementary Note 2. Theoretical comparison of quantum beats and polarization 

interference in the pump-probe signal 

Quantum beats-type oscillating signals can arise from i) coherent superposition of 

wavefunctions in the three-level system with a common state (Fig. 1d in the main text) and ii) 

the so-called polarization interference (PI) of two independent two-level transitions (Fig. 1e 

in the main text)8. While the former is the true quantum mechanical phenomenon, the latter is 

a kind of artifact that occurs at the detector. In four-wave-mixing experiments of quantum 

beats, special methods such as time-resolved or spectrally-resolved analyses are required to 

distinguish the true quantum beats from PI8–10. However, to the best of our knowledge, there 

has been no theoretical analysis of the PI issue in pump-probe measurements. 

In the following, we theoretically investigate pump-probe signals in a three-level system 

and two independent two-level systems, respectively. We show that while pump-probe signals 

can arise from quantum beats in the former, does not allow PI in the latter. This result 

confirms that our observation originates from quantum beats in the three-level configuration 

of ReS2 excitons. 

First, let us describe the beat signals in pump-probe experiments for the case of a 3-level 

system. The basis of the model is the Liouville-von-Neumann equation, which in the 

interaction picture for a density matrix,  , reads8:  

 ].,[= 
V

dt

d
i                            (1) 



Perturbation operator V  describes the interaction of excitons with the electromagnetic 

wave of a laser pulse:  
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The matrix of this operator is written in the basis of wave functions i|  with 0=i , 1, 2. 

Here 0|  denotes the ground (vacuum) state of the quantum system, 1|  and 2|  denote 

the dipole active excitonic states. Operators 1d  and 2d  in Eq. (2) are the dipole moments 

of the interband optical transitions to excitonic states 1|  and 2| , )(tE  is the envelope of 

the electric field in the pulse, and the rotating wave approximation is used. The pulse is 

considered to be short, correspondingly, its spectral width is wide enough to cover the both 

optical transitions in the 3-level exciton system. No intraband optical transitions are 

considered that is 0== 2112 VV . 

A detailed analysis of density matrix evolution after the pump and probe pulses action is 

described in Suppl. Materials of Ref. 11. In the second order of perturbation theory, before 

arriving of the second (probe) pulse at time   after the first (pump) pulse, the density matrix 

elements relax to the values (see Eq. (6) in Suppl. Materials of Ref. 11):  
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Here pupupu ES =  is the area of the pump pulse, which is considered to have a 

rectangular shape; j  are the frequencies of optical transitions to exciton states 1=j  and 

2; ijT  are the phenomenological times, describing the relaxation of different density matrix 

elements. 

After the action of the second (probe) pulse, in the first order of smallness, the density 

matrix elements required to describe the optical polarization read:  

   ,(02)
00

(02)
11

1*
1

(02)
21

2*
2

(02)
11

1*
101 


 prprprpr ededed

S iiii


            (4) 

   .(02)
00

(02)
22

1*
2

(02)
22

2*
2

(02)
12

1*
102 


 prprprpr ededed

S iiii


 

Here prS  is the area of the probe pulse of duration pr , jj  = , where   is the 

optical frequency of the electromagnetic field. 

The radiation of a sample with the 3-level system propagating in the direction of the 

transmitted probe beam in the pump-probe experiment is determined by polarization  
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Here for simplicity we have used the approximation: 11 pre
i

 and 11 pre
i

, which is 

valid if the duration of probe pulse is much smaller than the beating period. 

As one can see from Eqs. (3, 5), the dependence on delay   between the pump and probe 



pulses is present in the density matrix elements: )((02)
00  , )((02)

11  , )((02)
22  , )((02)

12  , and 

)((02)
21  . However, only the matrix elements )((02)

12   and )((02)
21   are the oscillating 

functions of delay   when 21   , see the third line in Eq. (3). 

The experimentally measured signal is integrated over real time t  by a photodetector, 

dttPI lv
2

3 |),(|=)(   . The integration washes out the interference beating in the real time 

(not in the delay time). However, the beating component in the delay dependence of the 

signal is conserved because (02)
12  and (02)

21  depend on  . This fact explains the quantum 

beats observed experimentally in the pump-probe experiments for three-level systems. 

Next, let us describe the case of the two independent 2-level systems. We consider four 

basic states, namely, 0|  and 1|  are the ground state and the dipole active exciton state, 

respectively, for the first 2-level system; 2|  and 3|  are the dipole active excitonic state 

and the ground state, respective, for the second 2-level system. So, the dipole active excitonic 

states are denoted by indexes 1 and 2, as in the case of the 3-level system discussed above. 

The perturbation operator V  describing the interaction of the quantum systems with an 

optical pulse reads in this case:  
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The expressions describing the time evolution of elements of the density matrix are 

easily obtained by a similar way considered above for the 3-level system. Before 

arriving of the probe pulse at time   after the pump pulse, the density matrix elements 



relax to the values: 
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After the action of the probe pulse, in the first order of smallness, the required density 

matrix elements are:  
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Respective polarization created by the two pulses in the two 2-level systems is described 

by expression:  
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Here we have again used the approximation: 11 pre
i

 and 11 pre
i

. One can easily see 

that the dependence on delay   is only present in the diagonal matrix elements, )(02
11   

and )(02
11  , exponentially decaying without oscillations, see Eqs. (7). The experimentally 



detected signal, dtPI lvl
2

2 |)(|=)(   , is characterized by a smoothly decaying function on 

delay   without any oscillations. 

The diagonal matrix elements of density matrix are proportional to the occupations the 

corresponding states. Occupation have no any phase properties and signal proportional only 

to the diagonal density matrix elements (as in the case of 2 independent 2-level systems) have 

no any oscillations, but only exponential decay. For the three level system, as one can see 

from the last line of Eq. (5), the optical response includes also non diagonal elements in 

contrast to the two independent 2-level systems (see Eq. (9)). So the oscillations in pump-

probe-signal in the limit of perturbative pulses powers is a forward confirmation of a 

quantum beats. 

 

Supplementary Note 3. Laser-polarization-dependence of quantum beats 

When the pump pulse simultaneously excited two closely located states (e.g., X1 and X2 in 

ReS2) in the two-pulse pump-probe geometry, the surviving coherent processes under the 

rotating wave approximation and the phase matching condition are the stimulated emission, 

the bleach and the quantum beats3,4. Among them, we focus on the quantum beats, whose 

Feynman diagrams are shown in Supplementary Fig. 8. 

The time-ordered response function corresponding to the first diagram in Supplementary 

Fig. 8 is given by12,13 
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where  is the pump-probe time delay, nmmn  ˆ
  is the transition dipole moment element 



(which are assumed to be real), )ˆ(ˆ prpu  is the unit electric polarization vector of the pump 

(probe),    is the Heaviside step function and 0ˆ000    is the density matrix element. 

The second Feynman diagram in Supplementary Fig. 8 can be represented in a similar way. 

The Eq. (10) is usually considered the product of the geometrical part 

(     pupuprpr     ˆˆˆˆ 01020201 
 ) and the dynamical part (       21expexp i ) (ref. 12). 

Here the geometrical part is of particular importance to anisotropic materials such as ReS2 

because it reflects the relative angles between the anisotropic transition dipole moment (
mn ) 

and the light polarization ( ̂ ). We now can obtain the light-polarization dependence of the 

beating amplitude by considering the geometrical part as follows. 

If excitonic transitions from ground state were perfectly anisotropic, one can assume that 

  |cos||| 101   prpu,01pr pu,  
 ,                        (11) 

  |cos||| 202   prpu,02pr pu,  
 .                       (12) 

In this formalism, the optical transitions reach their maximum when the light polarization 

coincides with the orientation of each exciton (i.e.,
2,1// prpu,
), and disappears completely for 

the perpendicular configurations (i.e., 
2,1 prpu,
 ). However, this is inconsistent with the 

observed results, as the excitonic transition probability does not vanish even though the 

optical polarization is perpendicular to the axis of each exciton5 (Fig. 2d in the main text). To 

reflect more realistic trend, by considering the relation:2 ∝ (oscillator strength) ∝ (SW), 

we make following phenomenological assumption, 
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 ,                 (14) 

where the spectral weigh parameters (a1, b1, 1, a2, b2, 2) are obtained from fitting the static 

absorption (see Supplementary Section 1). Thus, the magnitude of the geometrical part is 

proportional to the square root of product of four spectral weight functions, 

     ][SW ][SW ]][SW[SW      pu2pu1pr2pr1pupuprpr )()()()(|ˆˆˆˆ| 02010201  
 .     (15) 

This result is also true for other quantum beats pathways (i.e., the second pathway in 

Supplementary Fig. 8 and conjugate pathways). The pump-probe signal is proportional to the 

sum of response functions of these pathways (i.e.,  )0,,0( RT ). Therefore, considering 

only the geometrical part, the relationship between the beating amplitude and pump/probe 

polarizations is given by 

][SW ][SW ]][SW[SW  pu2pu1pr2pr1 )()()()( B .                  (16) 

This result changes its form depending on the pump-probe polarization configuration. In 

the co-polarized pump-probe configuration (i.e.,  =  pr =  pu), Eq. (16) becomes B

]][SW[SW 21 )()(  , which is shown by the black solid line in Fig. 3e in the main text. 

However, when probe (pump) polarization is kept at a fixed value, B in Eq. (16) should be 

proportional to  ]][SW[SW pu2pu1 )()(   (  ]][SW[SW pr2pr1 )()(  ), as shown in Fig. 4c (Fig. 5b) 

in the main text. 
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