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Abstract
We report an experimental measurement of nonlinear absorption by using the near-infrared 
femtosecond laser and a crystalline MgO sample. We show that the nonlinear absorption 
inside MgO presents a four-fold modulation as a function of the crystal alignment to the 
laser polarization. In different intensities and wavelengths, we observe that the modulation 
amplitude is changed. We introduce a model based on the calculation of the carrier density 
to explain the phenomenon. It shows that the varied modulation is due to the variation of 
effective electron mass, which is related to the crystal structure. Our work makes a step for-
ward in the application of nonlinear absorption in exploring solid structure.

Keywords Nonlinear absorption · Modulation · The changing effective electron mass · 
Crystal structure

1 Introduction

Nonlinear absorption is a typical optical phenomenon between the intense laser field and 
the material (Kim et al. 2017; He et al. 2020; Kruchinin et al. 2018; Schiffrin et al. 2013; 
Wang et al. 2020; Stuart et al. 1996; Tien et al. 1999; Huang et al. 2017). It excites many 
nonlinear effects, such as the dynamic Franz–Keldysh effect (DFKE) (Chin et  al. 2000; 
Jauho and Johnsen 1996), interband excitations (Schultze et al. 2014; Ernst et al. 1998), 
and the high-harmonic generation (HHG) in bulk solids (Ghimire et al. 2011; Vampa et al. 
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2015; You et al. 2017; Li et al. 2019). And it also has a widely application in laser pro-
cessing technology (Weber and Nakazawa 2007; Gattass and Mazur 2008), such as laser 
plating and etching (Von Gutfeld et al. 1982; Simeon and Vadim 1998; Li et al. 2005). So 
the nonlinear absorption has become an important and active research subject in the last 
decades.

Since Hopfield et al. Hopfield and Worlock (1965) observed the nonlinear absorption in 
KI and CsI, many studies of nonlinear absorption in solids had been reported both experi-
mentally and theoretically (Rayner et al. 2005; Gertsvolf et al. 2008; Rajeev et al. 2009; 
Li et  al. 2020; Hollinger et  al. 2019; Grojo et  al. 2013; Dachraoui et  al. 2011; Temnov 
et al. 2006; Ghimire et al. 2011; Kirkwood et al. 2011). Rayner et al. reported the nonlin-
ear absorption in the Pyrex sample and introduced a self-limiting absorption model to fit 
the experiment (Rayner et al. 2005). According to their work, nonlinear absorption hap-
pens once the intensity exceeds a threshold. By using the self-limiting absorption model, 
Gertsvolf et al. explained the modulation of nonlinear absorption in several wide-bandgap 
crystals (Gertsvolf et al. 2008). They found that the modulation could be attributed to the 
orientation dependence of the effective electron mass. Another study observed a similar 
modulation in a LiF crystal (Dachraoui et al. 2011). They found that the nonlinear absorp-
tion is at its maximum when the laser polarization is parallel to � −M and at its minimum 
when the laser field is along � − K . It implies that the nonlinear absorption can be a struc-
tural probe in solids. To get the solids structure from the nonlinear absorption, one needs to 
reveal the quantitative relation of them. In recent years, Kirkwood et al. discussed a way to 
model the modulation of the nonlinear absorption (Kirkwood et al. 2011). It is based on the 
effective electron mass estimated from band gap calculations using density functional the-
ory (DFT). However, the method has not been tested to reproduce the experimental modu-
lation. Furthermore, inspired by the anisotropic investigation of MgO, which reported the 
relation between HHG and the solid structure (You et  al. 2017), we report the effect of 
structures on the nonlinear absorption. By studying the nonlinear absorption of MgO, we 
present another perspective of the study on crystal structures.

In this paper, we report the nonlinear absorption inside a MgO crystal by using a near-
infrared femtosecond laser. We observe that the nonlinear absorption presents a modula-
tion as a function of the crystal alignment to the laser polarization direction. By controlling 
the strength and the wavelengths of laser fields, we find that the modulation is varied. To 
explain the variation of the nonlinear absorption, we improve the model based on the cal-
culation of the carrier generation (Rajeev et al. 2009; Li et al. 2020). Using the modified 
model, we calculate the nonlinear absorption. The result is in good agreement with the 
experiment.

2  Experimental methods

Figure 1 shows the schematic diagram of the experiment setup. In our experiment, a fem-
tosecond laser pulse (55 fs, 1300 nm) is focused onto a 001-cut MgO crystal, which is 
synthesized by electric arc process. The crystal is 200-μm-thick, and its size is 1 × 1 cm2 . 
To explore the effect of wavelengths, we make a similar measurement using a 45-fs, 800-
nm laser pulse. The 800-nm laser pulse is obtained from an amplified Ti:sapphire laser 
system, which produces 7 mJ per pulse at a repetition rate of 1 kHz (Zhai et al. 2020; Shao 
et al. 2020). The 1300-nm laser is generated from a two-stage optical parametric amplifica-
tion (OPA) pumped by the 800-nm pulse. The pulse duration is measured by a home-built 
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autocorrelator. The polarization is linear, and the intensity is varied from 4 TW/cm2 to 36 
TW/cm2 (below the threshold of self-focusing) by rotating a half-wave plate (HWP) before 
a polarizer. We use a f = 10 cm CaF2 lens to focus the pulse. The spot size is about 20 μ m 
in vacuum. The MgO sample is fixed on a motor-driven translation stage to keep every 
pulse focusing on a new spot by moving it (Rajeev et al. 2006). For controlling the lattice 
alignment relative to the laser polarization, MgO is mounted in a rotating mount. The sam-
ple is rotated around the axis given by laser propagation (the crystallographic axis, ⟨001⟩ ). 
We obtain the nonlinear absorption in MgO by measuring the laser pulse transmission 
passing through the crystal. The transmission signal is collimated by a CaF2 lens (f = 10 
cm) and collected by a photodiode connected with a computer. All the transmission signal 
is normalized by the transmission ( T0 ) measured when the crystal is moved away from the 
focus to eliminate the influence of air/material interface reflections (Bahae et al. 1990; Ley-
der et al. 2013). The raw data are five-points average.

3  Theoretical methods

Nonlinear absorption in solid is related to the generation of carriers. In our work, the pro-
duction of carriers is given by the contribution of multiphoton ionization and avalanche 
ionization. So the carrier generation rate is expressed by Rayner et al. (2005), Rajeev et al. 
(2009), Dachraoui et al. (2011)

where n is the carrier density, � is the avalanche coefficient. The first term on the right-
hand side of Eq. (1) is the multiphoton ionization rate, which is given by

where k is the multiphoton ionization order. �k is the multiphoton ionization cross section 
described by Dachraoui et al. (2011), Keldysh (1958, 1965)

(1)
dn

dt
= W(I) + �In,

(2)W(I) = �kI
k

Fig. 1  Schematic diagram of the optical setup of the transmission measurement. An intense linear femto-
second laser pulse is focused into the 200-μm-thick, 001-cut MgO crystal. The crystal is rotated to various 
angles alignment ( � ) to the fixed laser polarization. The laser propagates along the crystallographic axis, ⟨
001⟩ . The dashed blue line is shown as the laser polarization. The Mg–Mg ( ⟨110⟩ ) and Mg–O direction ( ⟨
100⟩ ) are indicated as dashed black lines. The transmission signal is collected by a photodiode. (Color fig-
ure online)
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where the function � denotes Dawson’s integral, defined by �(z) = ∫ z

0
et

2−z2dt , Eg is the 
bandgap of solids ( Eg=7.8 eV), EL and � is the amplitude and the frequency of the laser, 
and � is the Keldysh parameter (Keldysh 1965), which is given by

The second term on the right is the rate of avalanche ionization. Under the flux-doubling 
approximation, the avalanche coefficient is given by Ridley (2013)

where p is constant, whose value is between 0.5 and 1, c is the velocity of light, Up is the 
electron energy threshold for collisional ionization (about 1.42 Eg in MgO Ridley 2013), 
and � is the conductivity per electron at electron energy � , given by

Here 1/�c(�) is the electron-phonon momentum collision rate. For �c(�) independent of � , 
and with p = 1 , the coefficient is simplified by Rajeev et al. (2009)

In Eqs.(3–4) and (6), m∗ is the effective electron mass. According to the band theory, we 
get the expression of m∗ :

where E is the energy band dispersion equation, which can be obtained from the first prin-
ciples based on DFT (Kresse and Furthmuller 1996a, b; Perdew et  al. 1996; Zhao et  al. 
2019).

4  Results and discussions

In this paper, we measure the transmitted laser energy to obtain the experimental data of 
the nonlinear absorption, which is given by subtracting the transmission from the total 
energy. In Fig. 2a, the transmission is measured in MgO as a function of the crystal align-
ment to the 1300-nm laser polarization. The intensity is 17 TW/cm2 , 27 TW/cm2 and 33 
TW/cm2 . The transmission is at its minimum when the laser polarization is along �=0◦ , 

(3)
�k =

2�

9�

�
m∗�

ℏ

�3∕2

�

⎛
⎜
⎜
⎝

�
�
�
�2k −

�
2

ℏ�

�

Eg +
e2E2

L

em∗�

��
⎞
⎟
⎟
⎠

× exp

�

2k

�

1 −
1

4�2

���
1

16�2

�k

,

(4)� =
�
√
m∗Eg

eEL

,

(5)� =
2p

�0c ∫
Up

0
1∕�(�)d�

,

(6)� =
e2

m∗

�c(�)

[1 + �c(�)
2�2]

,

(7)� =
2�

�0cUp

,

(8)
(

1

m∗

)

ij
=

1

ℏ2
⋅

�2E

�ki�kj
i, j = x, y



Intensity and wavelength dependence of anisotropic nonlinear…

1 3

Page 5 of 12   158 

90◦ , 180◦ , and 270◦ , which correspond to the Mg–O directions ( ⟨100⟩ , shown in Fig. 1). 
The transmission is at its maximum with �=45◦ , 135◦ , 225◦ , and 315◦ corresponding to 
the Mg–Mg (or O–O) directions ( ⟨110⟩ , shown in Fig. 1). It shows a modulation with a � /2 
rotational period in different intensities. With the laser field increasing, the modulation is 
more distinct. To show the modulation clearly, we apply a discrete Fourier transform. The 
signal modulation frequency spectra are shown in Fig. 2b. The abscissa is the recurrence 
frequency of the alignment angle. The ordinate is the amplitude of modulation, which is 
normalized by the zero-frequency component. For excluding the noise, we make an inverse 
Fourier transform, considering only components of zero and four-fold frequency. The 
results are shown as solid lines in Fig. 2a. They are in good agreement with the experiment 
data. So the other frequency components (not shown in the figure) caused by noise have 
little contribution to the modulation. In the comparison of the modulation amplitude, we 
observe that the amplitude increases with the intensity increasing.

We also make a similar measurement of nonlinear absorption in different wavelengths. 
Setting the intensity at 27 TW/cm2 , the transmission in 800 nm and 1300 nm is shown in 
Fig. 3. We apply the same method, discrete Fourier transform, to examine the modulation. 
A four-fold symmetry is seen on the transmission in both wavelengths. The modulation 
amplitude in 800 nm is higher than that in 1300 nm. It indicates that the wavelength of the 
laser also influences the nonlinear absorption.

From these observations in Figs. 2 and 3, we find that nonlinear absorption is orienta-
tion dependent. The modulation depth is related to the strength and wavelength of the laser 
field. To explain the varied modulation depth, we discuss the nonlinear absorption using 
the model described in Sect. 3.

To explore the relation of the laser field and the modulation, we measure the transmis-
sion rate of the 1300-nm laser pulse as a function of the intensity along �=0◦ , 45◦ . As 
shown in Fig. 5, the blue dots are the transmission data along 0 ◦ , and the red dots are the 
transmission data along 45◦ . We observe that the difference of transmission between the 
two alignments enlarges when the laser field strengthens. It corresponds to a deeper modu-
lation at a stronger laser field as shown in Fig. 2.

Fig. 2  a Transmission measured in a 001-cut MgO as a function of the alignment of the laser polarization 
to the crystal lattice in different intensities. The wavelength of laser is 1300 nm. The points are the experi-
mental measurements and the solid lines are the modulation profiles. The Mg–O ( ⟨100⟩ ) and Mg–Mg direc-
tions ( ⟨110⟩ ) are indicated as dashed black lines. b Transmission modulation spectra for the experiments in 
(a). The amplitude is normalized by the component of zero-fold frequency
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Then we fit the experimental transmission by numerical analysis. According to Eq. (1), we 
get the carrier generation rate from two parts, multiphoton ionization and avalanche ioniza-
tion. As shown in Eqs.(3) and (7), these two parts are influenced by the effective electron mass 
related to the solid structure. According to the band theory, we obtain the two-dimensional 
band structure (Huang et al. 2017; Wu et al. 2015). Based on Eq. (8), we get the effective elec-
tron mass along different alignments shown with a color bar in reciprocal space in Fig. 6. The 
value is defined as m∗/me , where me is the rest mass of electron.

In Rajeev et al. (2009), Rajeev et al. approximated the multiphoton ionization rate with 
a fixed cross section in different intensities. According to Eq. (3), we obtain the cross sec-
tion by using a fixed value of the effective electron mass. Then we use the cross section 
to calculate the multiphoton ionization term of the nonlinear absorption based on Eq. (2). 
By inserting Eq. (2) into Eq. (1), the calculations of the transmission are shown as dashed 
lines in Fig. 5. The transmission is defined by T = (Epulse − nEg)∕Epulse , where Epulse is the 
total energy of the laser pulse. The dashed bule line is the result along 0 ◦ , and the dashed 
red line is that along 45◦ . At the low field strength (below 23 TW/cm2 ), the calculations 
agree with the experiments well. But at the relative high field strength, there is a devi-
ation between the experiments and the calculations. In our experimental conditions, the 
multiphoton ionization dominants the nonlinear absorption (Stuart et al. 1996; Tien et al. 
1999). So we need to modify the multiphoton ionization term in the model of the carrier 
generation rate.

Considering the effect of the laser field, we apply a changing value of the effective elec-
tron mass to calculate the carrier density. In Fig. 6, we obtain the distribution of the effec-
tive electron mass in reciprocal space according to Eq. (8). In the laser field, the electrons 
oscillate in the valence band and transform into the conduction band with different initial 
momenta. With the initial momenta of electrons increasing, the effective electron mass is 
larger, and the gap is wider between the valence band and the conduction band. The mul-
tiphoton ionization is contributed by several channels (Li et al. 2019). So that Eq. (2) can 
be modified by

(9)W(I) = c1�kI
k + c2�k+1I

k+1 + c3�k+2I
k+2 +⋯

Fig. 3  a Transmission measured in a 001-cut MgO crystal in different wavelengths. The intensity is fixed 
at 27 TW/cm2 . The Mg–O ( ⟨100⟩ ) and Mg–Mg directions ( ⟨110⟩ ) are indicated as dashed black lines. b 
Transmission modulation spectra for the experiment data in (a)



Intensity and wavelength dependence of anisotropic nonlinear…

1 3

Page 7 of 12   158 

where k is the multiphoton ionization order. c1, c2, c3 are the coefficients, which are change-
able in different intensities. Eq. (9) can be simplified to

where �(I) is the cross-section and �(I) is the multiphoton ionization order. They are 
dependent on the field strength because of the changing effective electron mass. The 
dependences of � and � on the laser field are shown in Fig. 4. The blue dots are values 
along 0 ◦ , and the red are values along 45◦.

(10)W(I) ≈ �(I)I�(I)

Fig. 4  The dependences of � and � on laser field. a The cross-section of the multiphoton ionization as 
a function of the intensity. The blue dots are values along the Mg–O directions (0◦ , ⟨100⟩ ) and the red 
dots are values along the Mg–Mg direction (45◦ , ⟨110⟩ ). The unit of � is not fixed, described as (TW 
cm−2)−�  cm−3ps−1 . b The dependence of multiphoton ionization order on the intensity. The blue dots are 
values along the Mg–O directions (0◦ , ⟨100⟩ ) and the red dots are values along the Mg–Mg direction  
(45◦ , ⟨110⟩ ). (Color figure online)

Fig. 5  Numerical fits to the transmission as a function of the 1300-nm laser field strength along 0 ◦ and 
45◦ . The points are the experimental measurements. The dashed blue lines and dashed red lines are the 
result of the model using the Eq. (1), where k is set at 8 in the multiphoton ionization term. The solid lines 
are obtained by using Eq. (10) to calculate the multiphoton ionization term. The blue are the results along 
0 ◦ ( �  -X direction), and the red are the results along 45◦ ( �  -K direction). The dashed black lines show the 
domination of multiphoton ionization on the nonlinear absorption. (Color figure online)
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We obtain the calculated transmission curves (the solid lines as shown in Fig.  5) by 
using Eq. (10) to calculate the multiphoton ionization term. We can see that the calcula-
tions fit the experimental data well. It shows that the effective electron mass is changed 
when the intensity increases. In the moderate intense laser field, more electrons are ionized 
to conduction band by higher order channels. So that the nonlinear absorption is not as big 
as the calculation shown as the dashed lines. In addition, the dashed black lines in Fig. 5 
present the contribution of multiphoton ionization on nonlinear absorption. They show the 
domination of the multiphoton process, which is consistent with the previous work (Stuart 
et al. 1996; Tien et al. 1999).

Setting the intensity at 17 TW/cm2 , 27 TW/cm2 , and 33 TW/cm2 , we show the distri-
bution of the effective electron mass in reciprocal space as solid lines in Fig. 6a. We can 
observe that the effective electron mass changes along different alignments at a fixed field 
strength. The mass is at its maximum along the �  -K direction (45◦ , 135◦ , 225◦ , 315◦ ), 
and at its minimum along the �  -X direction (0◦ , 90◦ , 180◦ , 270◦ ). When the laser field 
strengthens, the initial momenta of electrons increase, and the effective electron mass rises. 
The variation of the mass depends on the alignment. In Fig. 7, we show the effective elec-
tron mass as a function of intensity in reciprocal space along two specific directions, the 
�  -X direction (the solid blue line) and the �  -K direction (the solid red line). Along the 
�  -K direction, the effective electron mass are larger than that along the �  -X direction. 
With the intensity increasing, the difference of the effective electron mass is enlarged along 
the two directions. It causes a larger modulation amplitude in a higher laser field, as shown 
in Fig. 2.

Besides, we reproduce the modulation based on the calculation of the nonlinear absorp-
tion. By considering the calculated effective electron mass, we obtain the transmission 
along different alignments in the 1300-nm laser field at a strength of 27 TW/cm2 . The 
result is shown in Fig. 8. The red dots are the experimental data, and the solid blue line is 
the calculation. They are in good agreement. It indicates that the four-fold modulation of 
nonlinear absorption is due to the orientation dependence of the effective electron mass.

The wavelength also affects the effective electron mass, as shown in Fig. 6b. The effective 
electron mass in the 1300-nm laser field is larger than that in the 800-nm laser field. Along 

Fig. 6  The distribution of the effective electron mass along the polarization of laser field in reciprocal 
space. The value is defined as m∗/m

e
 , where m

e
 is the rest mass of electron. The dashed black lines indicate 

�  -X (0◦ , 90◦ , 180◦ and 270◦ , ⟨100⟩ ) and �  -K direction (45◦ , 135◦ , 225◦ and 315◦ , ⟨110⟩ ). a The solid lines 
are the distribution of the effective electron mass used in our model in three different intensities. b The 
solid lines are the distribution of the effective electron mass used in our model at two wavelengths
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the �  -K directions, the effective electron mass is similar. But along the �  -X directions, the 
effective electron mass is smaller in the 800-nm field. Therefore the difference of the effective 
electron mass along the two directions is larger in the 800-nm laser field. It results in a larger 
modulation amplitude than in 1300 nm, as shown in Fig. 3. To show the solid structure clearly, 
it is necessary to choose an appropriate wavelength to obtain a distinct modulation of the non-
linear absorption.

Fig. 7  Comparison of the effective electron mass used in the Eq. (10) in reciprocal space as a function of 
the intensity. The ordinate is defined as m ∗/m

e
 . The blue line is the effective electron mass along the �  -X 

direction (0◦ ), and the red line is the effective electron mass along the �  -K direction (45◦ ). (Color figure 
online)

Fig. 8  The fitting result of the anisotropic transmission between experiments and calculations in 1300 nm 
at a strength of 27 TW/cm2 . The red dots are the transmission data measured as a function of the angle of 
MgO crystal alignment to the laser polarization. The blue solid line is the calculation using the model based 
on the generation rate of carrier density. (Color figure online)
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5  Conclusion

In summary, we report measurements of the nonlinear absorption on the alignment of MgO 
crystal to the laser polarization in different intensities and wavelengths. We observe that 
the nonlinear absorption has a four-fold modulation, and the depth of the modulation is 
varied by changing the intensity and the wavelength. Using a model based on the calcula-
tion of the generation rate of carrier density, we reproduce the modulation of the nonlinear 
absorption. We find that the varied modulation is due to the changing of the effective elec-
tron mass in different intensities and wavelengths. By this work, we further reveal the rela-
tion of the nonlinear absorption and the effective electron mass. Considering that the mass 
is related to the energy band structure, we show the potential application of the nonlinear 
absorption on exploring the crystal structures.
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