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Atomic scale study of stress-
induced misaligned subsurface 
layers in KDp crystals
Yue Hu1, Zhen Zhu1, Jiamin Xiao1, Hezhu shao  3, Li Zhao2, Min Xu1 & Jun Zhuang1

We carried out ab initio calculations to study the atomic configuration, band structure and optical 
absorption of the lattice misalignment structure (LMS) in a subsurface layer of a machined KH2po4 
(KDP) crystal. By varying the different degrees of misalignment, the changes in the corresponding 
atomic position and bond and energy are obtained, and their correlations are analysed in detail. 
The results indicate that in the LMS evolution, the variation in the proton distribution around the 
oxygen atoms plays an important role, and many local stable LMSs appear. Interestingly, at a certain 
misalignment value, the total system energy of the local stable LMS is near that of a perfect KDP 
crystal. For some local stable LMSs, the electronic and optical properties related to the laser damage 
threshold (LDT) of KDP are further studied. The results show that in comparison with a perfect KDP 
crystal, the band gaps of local stable LMSs at some certain misalignment values become narrow, 
and their optical absorption curves produce an obvious redshift. These facts demonstrate that the 
emergence of the LMS could have a significant impact on the optical absorption of the KDP material and 
thus affect the LDT of KDP under certain working conditions.

Owing to the fact that KH2PO4 (KDP) crystals not only rapidly grow to large-scale optics but also have remark-
able nonlinear optical and electro-optical properties1–4, these crystals have been widely used for light frequency 
converters and Pockels photoelectric switches in high-power large-aperture laser systems, such as inertial con-
finement fusion (ICF) reactors5. To date, a KDP-type crystal is still the most suitable nonlinear material that 
meets the requirements of various high-power large-aperture laser systems6. However, the laser damage threshold 
(LDT) of a machined KDP crystal is far below its intrinsic damage threshold7–9, which has become one of the 
key technical bottlenecks that severely hinders the development of ICF reactors. Hence, extensive studies on 
machining-induced damage and its effect on the properties of the KDP material have been carried out10–14. For 
example, on a micron or larger scale, various surface and subsurface defects, such as pits, cracks, and nicks, caused 
during KDP lens surfacing by different methods have been reported. These defects may have an impact on the 
distribution of the light field and thus affect the LDT of the KDP crystals. Certainly, by optimizing the machining 
techniques and/or parameters, relative large-scale damage can be reduced or even eliminated15. However, damage 
at a more micro-level is almost impossible to avoid, even with a very advanced surface machining technique. For 
example, various atomic-level defects could be produced or enhanced after machining. Recently, using graz-
ing incidence X-ray diffraction, Hou et al. more precisely evaluated the subsurface structure of a KDP crystal 
after ultra-precision surface machining. Atomic-level damage referred to as the lattice misalignment structure 
(LMS) induced by mechanical stresses is observed in the shallow subsurface layer, which can be along various 
planes16. Considering the inescapability of this micro-damage and the possibility of a lower LDT, clarifying the 
material properties of KDP crystals becomes more important. Compared to other atomic-level damage char-
acteristics, such as point defects17–19 and dislocations, which also usually appear during crystal growth, unique 
machining-induced defects, such as LMSs, and their effects on the optical properties and the LDT of the KDP 
crystals have rarely been studied.

For the first time to our knowledge, aiming at the damage of the LMS, in the present work, we carry out ab ini-
tio calculations to investigate the atomic configuration, band structure and optical absorption of KDP. By varying 
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with different degrees of misalignment, the changes in the atomic position and bond and energy are obtained, and 
their correlations are analysed in detail. For some local stable LMSs, the structural characteristics are discussed, 
and the electronic band structures and optical absorption are further studied. The optical absorption is closely 
related to the LDT of the KDP crystals, and its magnitude is helpful for evaluating the influence of LMS damage 
on the LDT.

Model and Method
According to a recent grazing incidence X-ray diffraction experiment16, there are multiple LMSs in the shallow 
subsurface layer of a machined KDP crystal due to shear or hydrostatic stresses. The misalignments are along the 
(112), (312), (200), (101), (301), (303) and (220) planes, among which the intensity of the (200) diffraction peak is 
strongest. Therefore, as a first step in the research, the LMS along the (200) plane is considered.

At room temperature, KDP forms a paraelectric phase with the tetragonal I d42  space group with lattice con-
stants a = b = 7.4 Å and c = 7.0 Å. There are 32 atoms in the unit cell of KDP, as shown in Fig. 1(a). By applying the 
periodic boundary conditions a = (ax, 0, 0), b = (0, by, 0) and c = (0, 0, cz), one can simulate a perfect bulk system. 
As shown in Fig. 2(a), the solid-line box containing the colored atoms is the unit cell, and the dashed box contain-
ing the grey atoms is only obtained by the periodic boundary condition in the X direction. According to the liter-
atures13,16, the (200) LMS is thought to be a result of the stress generated by the cutting tip, which is along the Z 
direction, and the corresponding force schematic diagram is given in Fig. 1(b). There are two possible ways to 
apply the initial stress to the system, corresponding to two kinds of (200) boundaries: one crosscuts the H-bonds 
and the other crosscuts the P-O bonds. For the former, the initial stress is applied to the system by artificially 

Figure 1. Primitive cell of KDP. (a) The white, red, pink and purple balls denote H, O, P and K atoms, 
respectively, which are all the same in the following figures. A schematic diagram of the experimental settings 
(b).

Figure 2. The solid-line box containing the colored atoms is the unit cell we simulated, and the grey atoms are 
only obtained by the periodic boundary conditions. The initial structure (a), by adjusting the z-component of 
vector a, we move the grey atoms in the dashed box a displacement dz (dz = az) in the Z direction, before (b) and 
after (c) relaxation. The displacement (dis) relation between the middle layer and the sliding layer (d).
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stretching the H-bonds on the boundary; and for the latter, the initial stress is applied to the system by artificially 
stretching the P-O bonds on the boundary. Then, through the structural optimization, we expect that the stress in 
the deformed bond can be transferred to every layer in the system, during which the (200) LMS appears. Under 
this expectation, we performed a compared test for these two cases. The results show that after the structural 
optimization, the slightly deformed H-bond is still in the stretched state, and there is one layer that hardly moves, 
which means that the initial stress concentrated in the deformed H-bonds is hardly transferred; however, the 
slightly deformed P-O bonds completely recover to the initial bond length, and meanwhile the (200) LMS appears 
naturally. Therefore, we only consider the case where the (200) boundary crosscuts the P-O bonds, as shown in 
Fig. 2(a). To simulate the formation/evolution process of the (200) LMS under the stress, the molecular statics 
method is used20–23. Specifically, first of all, by changing the periodic boundary conditions like a = (ax, 0, az), 
b = (0, by, 0) and c = (0, 0, cz), as shown in Fig. 2(b), we move the grey atoms in the dashed box along the Z direc-
tion a small displacement dz (dz = az) relative to the colored atoms in the unit cell to model the strain induced by 
the force from the cutting tip. The P-O bonds at the (200) boundary of the unit cell are now slightly stretched or 
compressed, as seen in Fig. 2(b). In the simulation, the displacement dz is small enough to keep the P-O bonds 
from breaking. Then, the system is fully relaxed. After relaxation, we move the grey atoms in the dashed box in the 
Z direction again, and repeating the above process. By this way, we try to simulate the atomic evolution of the 
material under the increasing z-component of the stress from the cutting tip. After relaxation at each step, we have 
two expectations. On one hand, in view of the strong attraction between the oxygen atoms and the phosphorous 
atoms, we expect that the stretched or compressed P-O bonds can recover to the original bond length through 
relaxation, and thus make the atoms near the top boundary of the unit cell move with a displacement dz as a 
whole, which we call it as the sliding layer marked in Fig. 2(a). On the other hand, we expect the middle layer 
indicated in Fig. 2(a) also slides in the Z direction with the sliding layer in view of the attraction of H-bonds. Thus 
the (200) LMS observed in the experiment could appear in the simulation, in which the details of the LMS evolu-
tion and the corresponding structural characteristics can be obtained that are hard to be obtained directly from 
the experiment.

The ab initio calculations we performed are based on density function theory (DFT) utilizing the Vienna 
Ab initio simulation program pack (VASP)24 package. The exchange correlation function is described by the 
Perdew-Becke-Ernzerhof (PBE) generalized gradient approximation (GGA)25. Ultrasoft pseudopotentials26 are 
used for the electron-ion interactions with a 680 eV cutoff energy. A 3 × 3 × 3 Monkhorst-Pack k-point mesh is 
used for the case of a 32-atom unit cell. With these parameters, the perfect bulk KDP crystal is first optimized 
until the forces on each atom are smaller than 0.01 eV/Å, and the obtained lattice constants are a = b = 7.6 Å and 
c = 7.2 Å. The O-O and O-H bond lengths are 2.499 Å and 1.068 Å, which are in good agreement with the exper-
imental values of 2.495 Å and 1.066 Å, respectively27. The optimized initial structure is shown in Fig. 2(a). Then, 
we move the grey atoms in the dashed box along the Z direction one step 0.2 Å by changing the z-component of 
vector a, as shown in Fig. 2(b). It is obvious that the change in az also leads to a change in the distance in the X 
direction and the interaction among each layers. Therefore, ax is adjusted accordingly to create the lowest energy. 
That is, with the fixed az, by and cz, all atoms in the system are fully relaxed and ax is adjusted simultaneously until 
the forces on each atom are smaller than 0.05 eV/Å. As expected, after relaxation, the stretched or compressed 
P-O bonds resulting from the displacement basically recover to the original length, which makes the sliding layer 
move one step 0.2 Å as a whole in the Z direction, as shown in Fig. 2(c). Furthermore, the middle layer, which is 
attracted by the sliding layer through the H-bonds, also slides in the Z direction. The displacement of the middle 
layer is approximately half of one step because it is affected by symmetric H-bonds in the X direction. That is, the 
(200) LMS with a small misalignment of 0.1 Å is formed. Repeating the above process, the displacement dz then 
gradually increases in steps of 0.2 Å. After relaxation at each step, the displacement of the middle layer remains 
nearly half of that of the sliding layer, as shown in Fig. 2(d). That is, by the molecular statics method described 
above, the (200) LMS indeed appears in the simulation, and different displacement dz means different degree of 
misalignment structure, which is capable of studying the details of the LMS evolution.

Results and Discussion
With an increasing degree of misalignment, we first focus on the atomic position, bond and energy changes. It is 
known that for a KDP crystal, its structure can be viewed as a three-dimensional skeleton hydrogen bond system, 
in which PO4 tetrahedrons are interconnected by H-bonds. Initially, the H-bonds are in the X or Y direction, as 
shown in Fig. 2(a). At room temperature, KDP forms a paraelectric phase28,29, and the proton in the H-bond is 
off-centred in the two oxygen atoms30,31, as shown in Fig. 3(a). That is, there are two bond distances (short and 
long) between the related proton and oxygen atom32. For convenience, as shown in Fig. 3(a), the oxygen atom 
and the proton connecting through the short distance are expressed as “Os” and “s”, respectively; otherwise, they 
are indicated as “Ol” and “l”, respectively. When misalignment occurs, the distances certainly change, and the 
proton may escape from one oxygen to another, which makes a certain oxygen atom have two protons, as shown 
in Fig. 3(b,c). Even if these processes occur, our simulation results show that the distances between the related 
proton and oxygen atom can still be classified into two types: short (0.998~1.218 Å) and long (1.277~1.848 Å). 
Therefore, with respect to the oxygen atom that has two protons resulting from the LMS, e.g., those in Fig. 3(b,c), 
we can still use symbols such as Osl and Oll to roughly describe the type of oxygen state, respectively. Furthermore, 
before a proton escapes from one oxygen to another, there might be a transitional structure at a certain misalign-
ment, in which two bond distances (short and long) converge to a single distance (medium, 1.218~1.277 Å). In 
this case, as shown in Fig. 3(d), the oxygen atom and the proton connecting through the medium distance are 
therefore described by symbols such as “Om” and “m”, respectively.

Based on our simulation results at different degrees of misalignment, we find that the structural evolution 
and subsequent energy changes can be mainly described and explained through the variation in oxygen states. 
From the start, the distribution of protons around oxygen atoms varying with different displacement dz values 
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is presented in Table 1. As clearly seen in Table 1, each PO4 tetrahedron in the initial structure contains two and 
only two types of oxygen states that are Os and Ol, respectively, which remain unchanged until the displacement 
dz reaches 2.2 Å. Although, for a small misalignment, the oxygen states of the LMS remain the same as that of a 
perfect KDP crystal, the LMS produces an obvious deformation relative to the perfect KDP structure, as shown in 
Fig. 4(a,c), in which the H-bonds are no longer exactly in the X or Y direction. Specifically, H-bonds tilt and elon-
gate gradually with a sliding of the (200) planes. As shown in Fig. 4(f,g), before dz = 2.4 Å, the average tilt angle 
of the H-bond relative to its original direction gradually increases, and its average bond length also increases. In 
addition, the tilt and elongation of the H-bonds make the PO4 tetrahedrons produce a certain rotation. In short, 
the LMS relative to the perfect KDP structure gradually deforms with increasing displacement dz. This effect leads 
to an increase in the total system energy, as seen in the first segment (0–2.2 Å) of the energy curve in Fig. 5, which 
indicates that the stress in LMS is being accumulated in this displacement range. Next, if we continue to move the 
(200) planes along the Z direction with a displacement dz of 2.4 Å, as shown in Fig. 4(d), then the change in the 
distribution of protons occurs; that is, two new oxygen states (Osl) appear in the LMS. The newly formed H-bond 
in the X direction, marked by black ellipse in Fig. 4(d), is significantly elongated. The relative average H-bond 
length in Fig. 4(g) therefore increases accordingly. At this step, the distribution of protons is no longer homoge-
neous, and the corresponding total system energy increases (see Fig. 5). If the (200) planes move one step in the 
Z direction (i.e., dz = 2.6 Å), as shown in Fig. 4(e), then one of two oxygen states Osl transforms into Oll. The elon-
gated H-bonds in the previous step obviously become shorter. Therefore, the average H-bond length at this step 
decreases, as shown in Fig. 4(g). In addition, the average tilt angle of the H-bond relative to its original direction 
also slightly decreases, as shown in Fig. 4(f). The corresponding total system energy decreases (see Fig. 5), which 
suggests that the oxygen state Oll is more stable than Osl, as expected. We then continue to move the (200) planes 
forward, and the distribution of protons around oxygen atoms remains unchanged until 4.4 Å, as seen in Table 1. 
This behaviour means that the variation in the LMS in this segment is just deformation, which is similar to that in 
the first segment of the energy curve range from 0 Å to 2.2 Å. After 4.4 Å, as shown in Table 1, the distribution of 
protons changes again until 5.2 Å, as in the range of 2.4 Å to 2.6 Å. In the following sliding process, the structural 
evolution basically repeats in the above way. The corresponding total system energy curve is given in Fig. 5. The 
figure shows that, as mentioned above, the total system energy initially increases with increasing displacement dz 
from 0 Å to 2.2 Å, but an abrupt decrease occurs at a certain displacement of 2.6 Å, and this variation also repeats 
with sliding. For a clear presentation, as shown in Fig. 5, we use red solid rectangles to mark the energy curve 
when the distribution of protons or the type of oxygen states changes. It can be clearly seen that whenever the 
distribution of protons or the type of oxygen states changes, near or after this structure, the total system energy is 
usually accompanied by a sudden change; otherwise, it only gradually increases as a result of structural deforma-
tions. The above facts give us a clear LMS evolution picture; specifically, when misalignment occurs, the system 

Figure 3. Schematic of various oxygen states that appear in the sliding process. The labelled numbers and black 
circles indicate five types of oxygen states: Os and Ol (a), Osl (b), Oll (c) and Om (d), meanings of which are given 
in the text.

dz (Å) 1a 1b 1c 1d 2a 2b 2c 2d 3a 3b 3c 3d 4a 4b 4c 4d

0–2.2 s s l l l s l s s s l l l s l s

2.4 s s l l l s sl s s l l l s sl

2.6–4.4 s l s l s s ll s s l l l s sl

4.6 s l s l s s ll s s l l s l sl

4.8 s l s s s s ll s l s s l l ll

5 s l s m s s ll s l s s m l ll

5.2–6 s l s l s s ll s l s s s l ll

8.4–10 s s ll ll s s s s s l s l ll

20.6–22 l s s s ll s s s ll l ll s s

24.8–27.6 l s l s l s l s s l l s l l s s

35.4–37.2 s ll s sl l s s l s ll l s s

Table 1. Variation in the proton distribution around oxygen atoms with displacement dz. In the first row, the 
Arabic numerals (1, 2, 3, 4) are the series numbers of four PO4 tetrahedrons in the primitive cell of KDP, and the 
subscripts a, b, c and d denote four oxygen atoms in each PO4 tetrahedron, respectively.
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first releases part of the stress through structural deformations, such as PO4 tetrahedron rotation and H-bond tilt-
ing and elongation. However, due to the limited effect of such a deformation, the stress and energy will still accu-
mulate and increase as the degree of misalignment increases. When these deformations accumulate and increase 
to a certain extent, a qualitative change occurs; that is, the distribution of protons around the oxygen atoms or the 
type of oxygen states changes. Thereafter, the total system energy usually significantly decreases and eventually 
forms a local stable LMS. Afterwards, if the degree of misalignment continues to increase, then, starting with this 
local stable LMS, the above process is repeated.

Many energy wells in Fig. 5 indicate that various local stable LMSs appear in the sliding process, among which 
the LMS at 26 Å is very interesting because its total system energy is approximately 0.3 eV higher than that of 
a perfect KDP crystal. Here, we select four typical local stable LMSs at 8.40 Å, 20.8 Å, 26.0 Å and 35.8 Å, corre-
sponding to four energy wells that are marked by red stars in Fig. 5. As clearly seen in Table 1, in comparison with 
the initial structure, the proton distribution around oxygen atoms in the LMSs at 8.40 Å, 20.8 Å and 35.8 Å are no 
longer homogeneous. Specifically, for LMSs at 8.40 Å and 20.8 Å, the same types of new oxygen states that are 3Oll 
appear in the primitive cell, but for the LMS at 35.8 Å, different types of new oxygen states occur in the primitive 

Figure 4. Misalignment structures at 0.2 Å (a), 1.2 Å (b), 2.2 Å (c), 2.4 Å (d) and 2.6 Å (e). The labelled black 
ellipses (d) and green ellipses (e) denote the different types of oxygen states: Osl and Oll, respectively. For clarity, 
the atoms in the dashed box obtained by the periodic boundary condition in the X direction are restored to 
colour, which is all the same in the following figures. The variation in average H-bond deviation angle (f) and 
H-bond length (g) with displacement dz.

Figure 5. Variation in the total system energy with displacement dz. Many energy wells or local stable LMSs 
appear.
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cell: one is Osl and the other two are 2Oll. In contrast to these three local stable LMSs, the distribution of protons 
around oxygen atoms in the LMS at 26 Å is still homogenous; that is, each PO4 tetrahedron only contains two 
types of oxygen states, namely, Os and Ol, which are fully identical to those in a perfect KDP crystal. Furthermore, 
in addition to the change in the type of oxygen states, as shown in Fig. 6(a,d), the local stable LMSs produce a 
considerable deformation relative to the perfect KDP structure in Fig. 2(a). The H-bond deviates significantly 
from its original direction, and the PO4 tetrahedron produces an obvious rotation relative to its initial position. 
Nevertheless, the structural deformation of the LMS at 26 Å, as shown in Fig. 6(c), still has an obvious difference 
compared to that of the LMSs at 8.40 Å, 20.8 Å and 35.8 Å in Fig. 6(a,b,d), respectively. For the former, its struc-
ture can be approximately viewed as having an overall tilt relative to the initial structure, in which the H-bonds 
are parallel to each other, but for the latter ones, the structures are apparently configurationally disordered, in 
which the H-bonds are in different directions. These results imply that the LMS at 26 Å would be relatively stable; 
as expected, its total system energy is significantly lower than that of other local stable LMSs (see Fig. 5). In sum-
mary, with a sliding of the (200) planes, many local stable LMSs can appear, and their structures change consid-
erably relative to the perfect KDP structure. However, it is interesting to see that among these structures, there is 
still a special LMS, in which the oxygen states remain unchanged and its total system energy can be compared to 
a perfect KDP crystal. Furthermore, in view of the existence of various stresses in the actual machining process, 
all these local stable LMSs have the possibility of appearing in the material; thus, their electronic and optical 
properties deserve further study.

As shown in Fig. 7, we give the comparative band structures of a perfect KDP crystal and the local stable LMS 
to evaluate the influence of LMS damage on the LDT of the KDP crystals. Their band structures have been found 
to be very different, among which the band structure of the LMS at 26 Å is closer to that of a perfect KDP crystal. 
As shown in Fig. 7(c), the band structure in the energy range from −2.4 eV to −3 eV and from −3.8 eV to −4 eV 
are energy separated, which is similar to that of a perfect KDP crystal. However, for the other local stable LMSs, 
as shown in Fig. 7(a,b,d), three groups of bands in the energy range of −5~0 eV are almost energy connected. This 
energy connection suggests that great delocalization occurs in the corresponding electronic states, which can be 
mainly attributed to a variation in the distribution of protons around the oxygen atoms. Furthermore, from Fig. 7, 
the band gaps of local stable LMSs become narrow relative to that of a perfect KDP crystal, especially for the LMSs 
at 20.8 Å and 35.8 Å. Specifically, the obtained band gap of a perfect KDP crystal is 5.3 eV, which is in good agree-
ment with the previous theoretical value of 5.06 eV33. However, for the LMSs at 8.40 Å, 20.8 Å, 26.0 Å and 35.8 Å, 
the band gaps are 5.1 eV, 4.7 eV, 5.1 eV and 4.7 eV, respectively. It is well known that the intrinsic deficiency of the 
DFT underestimates the band gap. In view of the experiment value of 7.3 eV34 and applying a scissor operator for 
a correction, we obtain the corrected band gaps of the LMSs at 8.40 Å, 20.8 Å, 26.0 Å and 35.8 Å, which are 7.1 eV, 
6.7 eV, 7.1 eV and 6.7 eV, respectively. Furthermore, we also provide the comparative optical absorption curves of 
a perfect KDP crystal and the local stable LMS, which are obtained from the function of 

ω ε ω ε ω ε ωω = + −( )I( ) 2 ( ) ( ) ( ) ( ) ,1
2

2
2

1

1/2
 where ε1 and ε2 are the real part and imaginary part of the dielec-

tric function, respectively. The imaginary part of the dielectric function is obtained by summing over independ-
ent transitions between Kohn-Sham states neglecting local field effects35, and the real part is calculated from the 
imaginary part by using the Kramers-Kroning relations. As a benchmark, the ε1 and ε2 for the perfect KDP crystal 
(dz = 0 Å) are given in Fig. 8, which are in agreement with the literature36. As expected, the optical absorption 
curve of the LMSs at 20.8 Å and 35.8 Å produced an obvious redshift relative to that of a perfect KDP crystal (see 
Fig. 9). These results demonstrate that the electronic and optical properties of the KDP material have been con-
spicuously altered by the LMSs, such as those structures at 20.8 Å and 35.8 Å. These structures may be one part of 
the initially absorbing sites in the surface/subsurface of a machined KDP crystal and may thus affect the output 
power of a high-energy laser system under certain working conditions34,37. Furthermore, the LMSs at 20.8 Å and 
35.8 Å are just two examples, and more similar local stable LMSs may appear in view of the existence of various 
stresses during the actual machining process.

Figure 6. Four local stable LMSs at 8.40 Å (a), 20.8 Å (b), 26.0 Å (c) and 35.8 Å (d).
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Figure 7. Band structures of a perfect KDP crystal (blue lines) versus the local stable LMSs (red lines) at 8.40 Å 
(a), 20.8 Å (b), 26.0 Å (c) and 35.8 Å (c).

Figure 8. Complex dielectric functions of a perfect KDP crystal (incidence plane xy).

Figure 9. Optical absorption of a perfect KDP crystal (blue line) versus the local stable LMSs (red line) at 
8.40 Å (a), 20.8 Å (b), 26.0 Å(c) and 35.8 Å (c) (incidence plane xy).
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Conclusions
We carried out ab initio calculations to study the atomic configuration, band structure and optical absorption of 
the LMS in a subsurface layer of a machined KDP crystal. With a sliding of the (200) planes, the atomic position 
and bond and energy changes for different LMSs are obtained, which gives us a clear LMS evolution picture; 
that is, the system releases part of the stress initially through structural deformations with an increasing degree 
of misalignment, such as PO4 tetrahedron rotation, H-bond tilting and elongation. However, due to the limited 
effect of such deformations, the stress and energy will still accumulate and increase as the degree of misalignment 
increases. When the misalignment accumulates and increases to a certain extent, a qualitative change occurs; 
that is, the distribution of protons changes; thereafter, the total system energy usually significantly decreases and 
eventually forms a local stable LMS. As expected, with an increase in the degree of misalignment, various local 
stable LMSs can appear. For most of them, both the structural details and the distribution of protons or oxygen 
states produce significant changes in comparison with a perfect KDP crystal. Interestingly, there is still a special 
LMS in which the distribution of protons or oxygen states remains unchanged and its total system energy can 
be compared to a perfect KDP crystal. Moreover, for four typical LMSs, we further studied their electronic and 
optical properties related to the LDT of the KDP crystals. The results show that in comparison with a perfect KDP 
crystal, the band gaps of the local stable LMSs at 20.8 Å and 35.8 Å become narrow, and their optical absorption 
curves produce an obvious redshift. The facts demonstrate that the emergence of the LMS does have a significant 
impact on the optical absorption of the KDP material, which suggests that under certain working conditions, the 
LDT of the KDP crystals will be very much affected by such machining-induced damage.

References
 1. Zaitseva, N. P. et al. Rapid growth of large-scale (40–55 cm) KH2PO4 crystals. J. Cryst. Growth 180, 255–262 (1997).
 2. Zaitseva, N. & Carman, L. Rapid growth of KDP-type crystals. Prog. Cryst. Growth Charact. Mater. 43, 1–118 (2001).
 3. Maunier, C. et al. Growth and characterization of large KDP crystals for high power lasers. Opt. Mater. (Amst). 30, 88–90 (2007).
 4. Eimerl, D. Electro-optic, linear, and nonlinear optical properties of KDP and its isomorphs. Ferroelectrics 72, 95–139 (1987).
 5. Hawley-Fedder, R. et al. NIF Pockels cell and frequency conversion crystals. Proc. of SPIE. 5341, 121–126 (2004).
 6. De Yoreo, J. J., Burnham, A. K. & Whitman, P. K. Developing KH2PO4 and KD2PO4 crystals for the world’s most power laser. 

International Materials Reviews 47, 113–152 (2002).
 7. Chen, M. J. et al. Influence of Light Intensification by Subsurface Cracks on KH2PO4 Crystal’s Laser Induced Damage Threshold. Jpn. 

J. Appl. Phys. 52, 032701 (2013).
 8. Li, M. Q., Chen, M. J., Cheng, J., Xiao, Y. & Jiang, W. Two important mechanisms damaging KH2PO4 crystal processed by 

ultraprecision fly cutting and their relationships with cutting parameters. Appl. Opt. 52, 3451–3460 (2013).
 9. Cheng, J. et al. Influence of surface cracks on laser-induced damage resistance of brittle KH2PO4 crystal. Opt. Express 22, 

28740–28755 (2014).
 10. Wang, Q. G., Gao, H., Pei, Z. J., Guo, D. M. & Teng, X. J. An experimental investigation on slicing of potassium dihydrogen phosphate 

crystal. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 227, 890–897 (2013).
 11. Wu, D. J., Wang, B., Gao, H., Kang, R. K. & Cao, X. S. Influence of Grinding to the Surface and Subsurface Quality of KDP Crystal. 

Adv. Mater. Res. 53-54, 203–208 (2008).
 12. Zhang, Y. et al. Revealing the mechanical properties of potassium dihydrogen phosphate crystals by nanoindentation. J. Mater. Res. 

31, 1056–1064 (2016).
 13. Hou, N. et al. An investigation on the surface/subsurface defects in potassium dihydrogen phosphate crystals after fly-cutting. Proc. 

of SPIE. 9683, 968309 (2016).
 14. Wang, S. F. et al. Influences of surface defects on the laser-induced damage performances of KDP crystal. Appl. Opt. 57, 2638–2646 

(2018).
 15. Montesanti, R. C. & Thompson, S. L. A Procedure for Diamond Turning KDP Crystals. (1995).
 16. Hou, N., Zhang, Y., Zhang, L. & Zhang, F. Assessing microstructure changes in potassium dihydrogen phosphate crystals induced 

by mechanical stresses. Scr. Mater. 113, 48–50 (2016).
 17. Liu, C. S., Kioussis, N., Demos, S. G. & Radousky, H. B. Electron- or Hole-Assisted Reactions of H Defects in Hydrogen-Bonded 

KDP. Phys. Rev. Lett. 91 (2003).
 18. Liu, C. S., Zhang, Q., Kioussis, N., Demos, S. G. & Radousky, H. B. Electronic structure calculations of intrinsic and extrinsic 

hydrogen point defects in KH2PO4. Phys. Rev. B 68, 224107 (2003).
 19. Liu, C. S., Hou, C. J., Kioussis, N., Demos, S. G. & Radousky, H. B. Electronic structure calculations of an oxygen vacancy in KH2PO4. 

Phys. Rev. B 72, 134110 (2005).
 20. Maździarz, M. et al. A Molecular Dynamics Study of Self-Diffusion in Stoichiometric B2-NiAl crystals. Philosophical Magazine 98, 

1–19 (2018).
 21. Suzuki, A. & Mishin, Y. Atomistic Modeling of Point Defects and Diffusion in Copper Grain Boundaries. Interface Science 11, 

131–148 (2003).
 22. Mendeleva, M. I., Sordelet, D. J. & Kramer, M. J. Using atomistic computer simulations to analyze x-ray diffraction data from 

metallic glasses. Journal of Applied Physics 102, 043501 (2007).
 23. Xie, Y. et al. Reliable lateral and vertical manipulations of a single Cu adatom on a Cu (111) surface with multi-atom apex tip: 

semiempirical and first-principles simulations. Nanotechonology 19, 335710 (2008).
 24. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev. 

B 54, 11169–11186 (1996).
 25. Perdew, J. P. et al. Atoms, molecules, solids, and surfaces: Applications of the generalized gradient approximation for exchange and 

correlation. Phys. Rev. B 46, 6671–6687 (1992).
 26. Vanderbilt, D. Soft self-consistent pseudopotentials in a generalized eigenvalue formalism. Phys. Rev. B 41, 7892–7895 (1990).
 27. Nelmes, R. J. Structural studies of KDP and the KDP-type transition by neutron and x-ray diffraction: 1970–1985. Ferroelectrics 71, 

87–123 (1987).
 28. Rapoport, E. Phase Transformations and Melting in KH2PO4 to 40 kbar. J. Chem. Phys. 53, 2–6 (1970).
 29. Nelmes, R. J., Tun, Z. & Kuhs, W. F. A compilation of accurate structural parameters for KDP and DKDP, and a users’ guide to their 

crystal structures. Ferroelectrics 71, 125–141 (1987).
 30. Nelmes, R. J. Recent structural studies of the KDP-type transition: A review. Ferroelectrics 53, 207–214 (1984).
 31. Carter, D. J. & Rohl, A. L. Ab Initio Molecular Dynamics Simulations of (101) Surfaces of Potassium Dihydrogenphosphate. J. Chem. 

Theory Comput. 7, 1604–1609 (2011).
 32. Levin, A. A. & Dolin, S. P. Molecular Models and Calculations in Microscopic Theory of Order - Disorder Structural Phase 

Transitions: Application to KH2PO4 and Related Compounds. J. Phys. Chem. 100, 6258–6261 (1996).

https://doi.org/10.1038/s41598-019-46672-0


9Scientific RepoRts |         (2019) 9:10399  | https://doi.org/10.1038/s41598-019-46672-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

 33. Chen, X., Zhao, Q. Q., Wang, X. C., Chen, J. & Ju, X. Linear optical properties of defective KDP with oxygen vacancy: First-principles 
calculations. Chin. Phys. B 24, 077802 (2015).

 34. Smith, W. L. KDP and ADP transmission in the vacuum ultraviolet. Appl. Opt. 16, 1798 (1977).
 35. Gajdoš, M., Hummer, K., Kresse, G., Furthmüller, J. & Bechstedt, F. Linear optical properties in the projector-augmented wave 

methodology. Phys. Rev. B. 73, 1–9 (2006).
 36. Andriyevsky, B. et al. Electronic properties of KDP and DKDP crystals: Ab-Initio Calculations and Spectral Ellipsometry 

Experiment. Ferroelectrics 417, 20–24 (2011).
 37. Marshall, C. D., Payne, S. A., Henesian, M. A., Speth, J. A. & Powell, H. T. Ultraviolet-induced transient absorption in potassium 

dihydrogen phosphate and its influence on frequency conversion. Josa B 11, 774–785 (1994).

Acknowledgements
This work is supported by the Open Research Fund of Key Laboratory of Neutron Physics, CAEP (No. 2014BB07).

Author Contributions
Yue Hu carried out the theoretical calculations. Yue Hu prepared all figures. Yue Hu, Zhen Zhu, Jiamin Xiao, 
Hezhu Shao, Li Zhao, Min Xu, and Jun Zhuang analysed and interpreted the results. Yue Hu and Jun Zhuang co-
wrote the main manuscript text. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-46672-0
http://creativecommons.org/licenses/by/4.0/

	Atomic scale study of stress-induced misaligned subsurface layers in KDP crystals
	Model and Method
	Results and Discussion
	Conclusions
	Acknowledgements
	Figure 1 Primitive cell of KDP.
	Figure 2 The solid-line box containing the colored atoms is the unit cell we simulated, and the grey atoms are only obtained by the periodic boundary conditions.
	Figure 3 Schematic of various oxygen states that appear in the sliding process.
	Figure 4 Misalignment structures at 0.
	Figure 5 Variation in the total system energy with displacement dz.
	Figure 6 Four local stable LMSs at 8.
	Figure 7 Band structures of a perfect KDP crystal (blue lines) versus the local stable LMSs (red lines) at 8.
	Figure 8 Complex dielectric functions of a perfect KDP crystal (incidence plane xy).
	Figure 9 Optical absorption of a perfect KDP crystal (blue line) versus the local stable LMSs (red line) at 8.
	Table 1 Variation in the proton distribution around oxygen atoms with displacement dz.




