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Second harmonic generation responses of KH,POy:
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The second harmonic generation (SHG) responses of the paraelectric and ferroelectric phases of KH,PO4
(KDP) were calculated by first-principles density functional theory (DFT) calculations, and the individual
atom contributions to the SHG responses were analyzed by the atom response theory (ART). We show
that the occurrence of static polarization does not enhance the SHG responses of the ferroelectric KDP,
and that the Kleinman symmetry is reasonably well obeyed for the paraelectric phase, but not for the
ferroelectric phase despite that the latter has a larger bandgap. This is caused most likely by the fact that
the ferroelectric phase has lower-symmetry local structures than does the paraelectric phase. The
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1 Introduction

NLO crystals play a crucial role in modern laser technology as
electro-optical materials for optical modulators, Q-switches,
deflectors, and frequency converters because of their
nonlinear interactions with incident light.* Single crystals of
potassium dihydrogen phosphate (KH,PO,, KDP) are one of the
first NLO materials known. Although KDP is hygroscopic and
exhibits relatively low NLO responses, it possesses extraordinary
properties such as transparency in a broad range of light
frequencies, adequate birefringence for phase matching, and
good crystal growth habit.>* These properties enable one to
produce meter-sized crystals used in laser-driven nuclear fusion
reaction.” KDP crystalizes in a paraelectric phase (P-KDP) with
space group I42d, which transforms into a ferroelectric phase
(F-KDP) with space group Fdd2 below the Curie temperature 7,
=123 K. This phase transition has been examined in a number
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conduction bands of the K-3d states.

of studies®” since the discovery of its unusually large isotope
effect; the T, of the deuterated KDP, ~220 K, is about 100 K
higher than that of the undeuterated KDP, which strongly
indicates the involvement of a proton movement in the phase
transition.>*® The space groups /42d and Fdd2 are both non-
centrosymmetric, so both phases of KDP exhibit nonzero SHG
responses. So far, there have not been many theoretical studies
on the origin of its NLO properties. Levine calculated the SHG
coefficient of P-KDP using the bond charge model, omitting the
structural details and neglecting the contributions from the K*
and H' cations.” The SHG coefficients of P-KDP calculated
using the CRYSTAL code were reported by Lacivita et al.'* and by
Rérat et al.,” but their work did not probe the atomic origin of
the SHG responses. Lin et al. calculated the optical properties of
the P-KDP using the CASTEP code, to report that the anionic
groups (PO,)*” contribute ~99% to the SHG coefficients using
their “real-space atom cutting” analysis, in which the contri-
butions of the K" and H" cations were excluded.!* According to
the neutron diffraction measurements®** and recent theoretical
studies,'®'” the paraelectric to ferroelectric phase transition of
KDP involves the zero-point vibration of the H' ions leading to
the anti-phase shift of the K" and P*>" ions along the c-axis. On F-
KDP, there is one theoretical study reported.® Lacivita et al
calculated the SHG responses of F-KDP using the CRYSTAL
code,” but did not explore the origin of its SHG responses.
Over the years, several guidelines were influential in
explaining the SHG responses of known NLO materials as well
as searching for new ones. One was the assumption that the
metal cations of an NLO compound can be neglected in
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describing the SHG response.'®° However, this assumption has
been found to be inappropriate by the atomic response theory
(ART)** based on the first-principles methods. The ART analysis
enables one to determine the individual atom contributions to
the total SHG of a given NLO compound by employing the
partial response functionals. The ART analyses have been
carried out for numerous NLO compounds, which include
LiCs,PO,4,>* Ga,Ses,** ABC, chalcopyrites (A = Zn, Cd; Si, Ge, Sn;
C = P, As),” borates KBe,BO;F,, B-BaB,0,, LiB;05, CsB;05 and
CsLiB¢O1,,** as well as Na,M"™M",Qs (M" = Zn, Cd; M"Y = Ge,
Sn; Q =S, Se).*® Thus, in the case of P-KDP and F-KDP, the metal
cations K' cations are expected to contribute strongly to the
SHG responses, as found for those in KBe,BO;F, (KBBF).>

Another influential guideline was the belief that the SHG
response of an NLO compound becomes stronger when its
static (i.e., spontaneous) polarization is larger, which was first
noted by Jerphagnon® and has been invoked in explaining
a number of NLO materials.>”>* However, the SHG responses of
certain NLO compounds do not depend explicitly on the static
polarization.>»*® For example, KBBF has a large SHG response
although it has no static polarization. Thus, it is doubtful that
Jerphagnon's observation is a reliable guideline. As inversion
symmetry nullifies the second order NLO effect,
centrosymmetry of a structure becomes necessary to have
a SHG response. However, this condition is not a sufficient one,
because it does not guarantee a significant SHG response. The
role of acentricity has been well studied by Poeppelmeier et al.
by means of the SAMD model.*** The paraelectric and ferro-
electric phases of KDP differ in their static polarization; P-KDP
has no static polarization because it has D,q point group
symmetry, whereas F-KDP has a nonzero static polarization.
Thus, Jerphagnon's observation suggests that F-KDP should
have a greater SHG response than does P-KDP. Experimentally,
the SHG coefficients of P-KDP are known (Table 1(a)), but those
of F-KDP are not. The SHG coefficients of both P-KDP and F-
KDP have been examined in one computational study,*” but it
is unclear whether P-KDP or F-KDP has a stronger SHG response
(Table 1).
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To answer the above question, it is necessary to evaluate the
effective SHG coefficients d.g for P-KDP and F-KDP without
using the Kleinman symmetry,*” which was yet another influ-
ential guideline. This symmetry is valid only when the applied
field frequency (of the input laser) is very much smaller than the
resonance frequency of the NLO compound (i.e., the bandgap).
If the latter condition is satisfied, the SHG response becomes
independent of the applied field frequency and the number of
SHG coefficients to evaluate becomes reduced, thereby simpli-
fying both experimental and computational studies of SHG
responses. However, it has been reported that the Kleinman
symmetry is not rigorously correct in several cases.?””** Thus,
it is of interest to probe the validity of the Kleinman symmetry,
as well as the factors influencing it, by studying the SHG
responses of P-KDP and F-KDP.

In the present work we probe the three issues raised above by
examining the electronic structures and the SHG responses of P-
KDP and F-KDP based on first principles DFT calculations.

2 Calculations of SHG responses and
ART analyses

The crystal structure of KDP at room temperature was studied
by Hassel,* Hendricks*® and West.** Hassel determined the unit
cell parameters and the space group, I42d, in the modern
terminology, and Hendricks obtained the positions of the P and
K atoms as well as the approximate position of the O atom in
this body-centered tetragonal unit cell. West further determined
the position of O and suggested the location of H in midway
between the two O atoms of two adjacent PO, groups. The
structural model of West has proven to be correct for P-KDP
above the Curie temperature. In our work, the structure opti-
mization of P-KDP was performed by using the Vienna Ab initio
Simulation Package (VASP)*»* to find that the optimized
structure agrees quite well with the experimental one. The
details of the optimized structure are given in Table S1 as well as
Fig. S1 and S2 of the ESIL.{ Throughout this work the optimized
structure was used for the structure description, electronic
structure and optical calculations at various levels by using the

Table 1 The SHG coefficients dj in pm V1 reported for P-KDP (/42d) and F-KDP (Fdd?) in the literature

(a) Experimental and computational results on the SHG responses of P-KDP

Experimental Computational

Input beam dse Code used Method dyy = dze

1.08 eV 0.62 (ref. 2) CASTEP LDA 0.420 (ref. 14)

1.17 eV 0.41,>* 0.39,%° 0.38,%° 0.39 (ref. 2) CRYSTAL LDA 0.487 (ref. 13)

2.33 eV 0.57 (ref. 2) GGA-PBE 0.467 (ref. 13)

(b) Computational results on the SHG responses of F-KDP'?

Code used Method dys = dzq dyy = d3, ds;

CRYSTAL LDA 0.516 —0.510 0.001
GGA-PBE 0.507 —0.284 0.012
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VASP and ABINIT.* The structure of F-KDP (SG: Fdd2) below the
Curie temperature® was treated similarly (Table S1 as well as
Fig. S3 and S47).

3 Results and discussion
3.1 Crystal structure

In P-KDP, there is only one unique position for each of P, K, O
and H in the unit cell, so each element has a unique coordi-
nation polyhedron with its nearest-neighbour elements. For
example, each P has a tetrahedral coordination, PO, of S,
symmetry. Each K forms a KOg polyhedron with six surrounding
PO, tetrahedra (Fig. 1a), four of which each contributes one O
atom to form a flattened KO, tetrahedron, and the rest two each
contributes two O atoms to form an elongated KO, such that the
resulting KOg polyhedron has a 4 axis (the dashed line in
Fig. 1a). The K-O distances of the flattened KO, tetrahedron are
2.895 A, ~0.04 A shorter than the remaining four K-O distances
of KOg. Adjacent PO, groups are interconnected by a symmetric
O-H-O bond with H-O distance of ~1.21 A (Fig. 1b). These
O-H-O bonds are almost parallel to the ag- or b-axis. The
symmetric O-H-O bridge is not stable** against the formation
of an asymmetric O-H---O bridge made up of a short H-O bond
and a long H---O hydrogen bond. Slater'® proposed a two-
potential-well model to describe the position of the proton,
which can hop or tunnel between the two wells thus appearing
to be at the midpoint between the two O atoms (Fig. 1c) at high
temperature. A trapped proton in either of the two wells can
break the tetragonal symmetry hence leading to the paraelectric
to ferroelectric phase transition. This proposal has been
corroborated by several experimental studies.'*® A recent
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Fig.1 (a) Six POg4 tetrahedra surrounding a K atom in P-KDP, leading to
a KOg polyhedron. The latter consists of two concentric KO, tetra-
hedra, and only the compressed tetrahedron is shown for clarity. The
vertical dashed line represents the 4 axis. (b) Projection view along the
c-axis of the PO, tetrahedra in P-KDP, which are interconnected via
symmetric O—-H-0O bridges. (c) Double-well potential model for the
movement of H in between two O atoms. (d) Projection view along the
c-axis of the PO, tetrahedra in F-KDP, which are interconnected via
asymmetric O—H---O bridges.
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neutron diffraction study® revealed that, below T, the proton in
each O-H-O bridge becomes trapped in one of the two wells
forming an asymmetrical O-H---O bridge (Fig. 1d) and induces
an anti-phase movement of the P>" and K" ions such that a static
electric polarization along the c-axis is created. Its influence on
the electronic band gap is discussed below.

3.2 Electronic structure

The calculated electronic structures of P-KDP and F-KDP are
presented in Fig. S5-S87 in terms of band dispersion relations
and projected density of states (PDOS). The calculated band gap
of P-KDP, ~5.61 eV, is smaller than the experimental value of
~7.12 eV,* which is a well-known deficiency of the DFT
method.”” For F-KDP, the calculated band gap of ~5.45 eV is
again smaller than the experimental value of ~8.0 eV.' The
measured expansion of the electronic band gap from P-KDP to
F-KDP is another consequence of the symmetry breaking of the
O-H-O bond, which, however, can only be an indirect effect,**>°
because the electronic states of H atoms contribute negligibly to
both the bottom of the conduction band (CBM) and the top of
the valence band (VBM) (see Fig. 2a, b and S5-S87). The analyses
on the VBM and CBM states (see Table S2t) indicate that the
VBM states of both P-KDP and F-KDP consist predominantly of
O-2p orbitals, while the CBM states consist mainly of O-2p, K-
3d, P-3p orbitals. These results indicate that the ferroelectric
phase transition changes only a small amount of band gap
(~0.9 eV). The mainly ionic nature remains unchanged. The
discrepancies between the calculated and measured band gaps
can mainly be attributed to the intrinsic deficiency of the DFT
method.*” To calculate the optical properties correctly, we
employ the scissor operation,®>** which raises the energies of
the unoccupied states from those of the occupied ones to have
the experimental band gap without modifying the nature of
these states.

(a) (b)
8 T T T 8 T T T
% k3p| ||— p-as| 3 K-3d
L 6F |— Kas - L6 0-2p. -
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Fig.2 The calculated electronic structure and optical properties of P-
KDP. (a) The PDOS plots calculated for the valence bands, and (b) those
for the conduction bands. (c) The derivative functions 6¢\/(Eg)-vs-Eg for
the valence bands, and (d) 6¢\(Eg)-vs-Eg for the conduction bands.
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As shown in Fig. 2a for P-KDP, the valence bands are divided
into three regions I-III, and the conduction bands into two
regions IV and V. The region I (—3.75 to 0 eV) is composed
mainly of the O-2p nonbonding states. The region II (—3.75 to
—10 eV) consists of mainly O-2p, P-3p and H-1s orbitals, rep-
resenting the P-O bonding and O-H bonding states. The region
III (—10 to —30 eV), far below the Fermi level, consists of more
strongly bound states (i.e., O-2s, K-3s, 3p and P-3s, 3p and H-1s
states). The region IV (7.12 to 20 eV) is composed of largely the
K-3d states with substantial amount of the O-2p states, where
the two states make antibonding interactions. In the region V
(20 to 25 eV), there are not many states. The K-3d states describe
the high-energy excited states of KDP, and contribute strongly to
the SHG response of F-KDP because they are polarizable. As can
be seen from the PDOS plots (Fig. S7 and S87t), the electronic
structure of F-KDP is very similar to that of P-KDP in basic
features. The electronic polarization of F-KDP from our VASP
calculations is ~2.3 uC em™2, a value smaller than to the
experimental one (i.e., ~4.5 pC cm ?).>*® With the Bader
charges calculated®*** for each element of F-KDP (+0.891,
+3.610, ~—1.455 and 0.659 for K, P, O and H, respectively), we
used the point charge model to find that all ions contribute only
through their z components, with their contributions
decreasing in the order K > P> O > H. The static polarization
of P-KDP is exactly zero due to the symmetry forbiddance. In
fact, among the 21 non-centrosymmetric point groups, only 10
of them allow the occurrence of static polarization.>® Thus,
a ferroelectric material satisfies the necessary condition of SHG,
but the vice versa need not be true. Except for the creation of the
necessary condition for SHG, the static polarization does not
influence the SHG phenomenon as shown in the following.

In a strong electric field E of a light, the total polarization P
can be written as a functional form of E,*”

PIE| = P + PUIE] + PPIEE]+..., 1)

where P™[E] is the n-th order term of E, denoting the n-th order
induced polarization. By definition, the second order NLO
coefficient tensor can be written as the functional derivative as
follows,
2
o _ OPYIE E]

X©= g (2)

Obviously, the static polarization P makes no explicit contri-
bution to x?, which is also argued for by Jiang et al. from
a different angle.*

3.3 SHG coefficients

In our study on the NLO responses of P-KDP and F-KDP, all
optical transition matrix elements were calculated using the
ABINIT code as well as the VASP code to cross-check. Based on
these results, our own code based on the sum of states (SOS)
method®®*® was used to calculate the SHG coefficients for P-KDP
and F-KDP. The contributions of the individual atomic orbitals
and the individual atoms to the SHG responses were calculated
by performing the ART analyses.** The details of the computa-
tional methods and chosen parameters are given in ESIL.{ For P-
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KDP, only two independent nonzero components of the SHG
tensor (ie., di, and ds¢) occur due to the constraints of the
crystal symmetry. The Kleinman symmetry was not assumed
throughout this work, because it is not rigorously correct in
some cases.””**® The calculated results are given in Table 2.
Our results agree quite well with those obtained from the latest
calculations using the CRYSTAL code,*® and are slightly larger
than those from the CASTEP calculations (Table 1(b)).** The
experimental values varying in the range of 0.38-0.62 pm V™" for
the ds;¢ component were measured with lasers of w = 1.08, 1.17
and 2.33 eV, respectively>***¢ (Table 1a). The variation of the
laser frequency does not significantly affect the measured SHG
response. For this reason, the values calculated at w = 0 are
quite often used to compare with the experimental values. To
quantify how well the Kleinman symmetry is obeyed, we define
the % error, 4, for the Kleinman pair of (d;;, di;) of SHG coeffi-
cients as

i

A = 100)d; — dill[(dy + di)/2] 3)

where d;; and dy; are two SHG coefficients that are identical if the
Kleinman symmetry is obeyed. For the (d14, d36) pair of P-KDP,
the Kleinman symmetry is correct within error lower than 3.6%
(Table 2a), which agrees very well with the early experimental
results.”> The symmetry reduction from P-KDP to the F-KDP
introduces more independent nonzero SHG components, ie.,
(d1s,y d31), (daa, d3z) and ds3 (Table 2b). The values for the two
Kleinman pairs of F-KDP are significantly greater than that for
the Kleinman pair of P-KDP. This is rather striking because one
would have expected the opposite because F-KDP has a greater
bandgap than does P-KDP (8.0 vs. 7.12 eV) so that the condition
required for the Kleinman symmetry is better satisfied in F-
KDP. The calculated bandgaps of F-KDP and P-KDP are much
larger than the energies of the pump light, but are smaller than
the energy gaps involved in the SOS method of calculating the
SHG coefficients. The breaking down of the Kleinman symmetry
means that the polarization directions of the mixed pump light
and that of the exit light cannot be permuted, indicating the
occurrence of dynamic anisotropy in the SHG response of the
lower-symmetry structure. For example, d3; (i.e., d,,,) represents
the z-polarized SHG response to the x-polarized light fields E, x
E,, while d;;5 (i.e., d,,) represents the x-polarized SHG response
to the mixed light fields E, x E,. In P-KDP, (ds, d3,) is forced to
be (0, 0) due to its D,4 symmetry, thus the Kleinman symmetry is
satisfied trivially. The reduction of the symmetry from D,4 of P-
KDP to C,, of F-KDP releases the crystal symmetry constraint
between d;s and d;;, and the breaking down of Kleinman
symmetry manifests (Table 2). In the current case, it is tempting
to attribute this phenomenon to the static anisotropy of the F-
KDP structure, because the occurrence of the static electric
polarization in the z-direction makes it inequivalent to those in
the x, y-directions. However, the vanishing value of ds; (i.e. d,.,)
indicates that the z-polarized SHG response to the pump light
fields E, x E. is not favored. The breaking down of the Kleinman
symmetry may be attributed to the anisotropic lossy nature of F-
KDP related to the flexibility of the hydrogen bond network
mainly in the xy-plane (ie., perpendicular to the z axis). In

This journal is © The Royal Society of Chemistry 2020
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Table 2 The SHG coefficients d; and det (in pm V™Y calculated for P-KDP (/42d) and F-KDP (Fdd?2) in the present work

(a) P-KDP
Methods GGA-PBE GGA-ONCV GGA-ONCV
Codes used® VASP ABINIT ABINIT
Local? Local® ABINIT

(d1a, ds6) 4 (%) (0.505, 0.490) 3.02 (0.469, 0.486) 3.56 (0.470, 0.486) 3.35
e 0.423 0.401 0.402
(b) F-KDP
Methods GGA-PBE GGA-ONCV GGA-ONCV
Codes used” VASP ABINIT ABINIT

Local® Local? ABINIT

(dis, ds1) 4 (%) (—0.435, —0.275) 45.07
(d2a, d32) 4 (%) (0.221, 0.390) 55.32
dss —0.044

dest 0.266

(—0.366, —0.345) 5.91
(0.250, 0.281) 11.68
—0.059

0.245

(—0.375, —0.337) 10.67
(0.243, 0.301) 21.32
—0.06

0.246

“ The first row indicates the code used for electronic structure calculations, and the second the code used for optical property calculations. * Here

the “local code” refers to the one developed in our laboratory.

general, the breaking down of the Kleinman symmetry shows
up with the lowering of structural symmetry.

To see the overall effect of the static polarization, we calcu-
late the effective SHG coefficient, d.s,*>** which is a quantity
comparable to the measured SHG coefficient on a powder
sample. The calculated d.¢ values for P-KDP are all greater than
the corresponding ones of F-KDP for all computational methods
we tested. These results provide a clear evidence that the pres-
ence of a static polarization is not essential for the SHG
response. The result that d.¢ of P-KDP is greater than that of F-
KDP can be simply understood by means of the quasi-linear
relation®?* between d,, and V/E,, where d,, is the calculated
average SHG coefficient or the effective SHG response deg, V is
the volume of the primitive unit cell, and E is the experimental
band gap. The calculated values of V/E, are 28.09, 25.4 A* eV ™"
for P-KDP and F-KDP, which show the same order as their SHG
responses (Table 2).

3.4 Atom contributions to SHG responses

To determine the contributions of the atomic orbital states to
the SHG coefficients, we carry out the ART analyses by using the
derivative functions of the partial response functions for the
valence bands and conduction bands as a function of the energy
Eg,”"** as shown in Fig. 2c and d for ds¢ and dy, of P-KDP. In
region I of Fig. 2c where the nonbonding O-2p states dominate,
the derivative functions 6{y(Eg) changes drastically. In region II
where the P-O bonding and O-H bonding states occur, 6{y(Eg)
shows much less pronounced peaks indicating smaller contri-
butions from the P-O bonding and O-H bonding states to the
SHG responses than the O-2p states in region I. As can be seen
from Fig. 2d, the derivative functions 6{¢(Eg) of both d;, and d;
exhibit a sawtooth-like shape in a wide range of energy. This
property results from the very dispersive character of the K-3d
orbitals. Our analyses reveal that the O-2p nonbonding states
contribute dominantly in the valence bands, and so do the K-3d

This journal is © The Royal Society of Chemistry 2020

states in the conduction bands where the K-3d and O-2p orbitals
make antibonding. Results very similar to those discussed
above for P-KDP are found for F-KDP, as summarized in
Fig. S9.7

To determine quantitatively the contribution, A;, of an
individual atom 7 to each independent nonzero component of
a SHG response tensor, we carry out the ART analyses.*** The
calculated results for the dy4 and d3s components of P-KDP are
listed in Table 3. The individual atom contributions in d;, are
not the same as those in dj, but in both cases the individual
contributions of K and O are comparable and are much greater
than those of P and H. The total contribution of an element is
equal to the individual atom contribution multiplied by a factor
counting the number of its equivalent atoms in the unit cell (see
W, in Table 3). The ratio of such factors is equal to the stoi-
chiometry of a compound. These factors make the relative
contributions of individual atoms differ from those of elements.
The resulting changes are not the same for every element in
a compound, we call this phenomenon an uneven stoichiom-
etry effect as suggested in our previous work on borates.** In
KDP (KH,PO,), the stoichiometryis1:2: 1 : 4 forK, H, Pand O,
which quadruples the contribution of O element compared to

Table 3 The calculated atomic contributions (in %) to the SHG
coefficients di4 and dze of P-KDP. W, denotes the number of crys-
tallographically equivalent atoms in a unit cell, A, the contribution of
a single atom 7, and C, the total contribution of equivalent atoms

dia dz6
Atom Wa A, Ca A, Ca
K 2 8.94 17.88 5.77 11.54
H 4 1.15 4.62 1.75 7.02
P 2 2.92 5.84 2.05 4.10
(@] 8 8.96 71.67 9.67 77.34
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that of K element, though the individual atom contributions of
K and O are almost the same. The uneven stoichiometry effect is
determined by the valences of the constituent elements of
a compound, thus it is a chemical effect. As already pointed out,
the contribution of the O atoms arises mainly from the region I
of the valence bands, and that of the K atoms from the region IV
of the conduction bands. The detailed quantitative information
is provided in Table S3 and S4.1 The analogous analyses were
also carried out for F-KDP, which results in the individual atom
contributions presented in Table S5 and S6. The main features
found for P-KDP hold also true for F-KDP.

4 Conclusions

Our study of P-KDP and F-KDP demonstrates that the presence
of static polarization does not influence the SHG response
although it guarantees a necessary condition for the occurrence
of the SHG phenomenon. The Kleinman symmetry is reason-
ably well obeyed for P-KDP, but this is not the case for F-KDP
although it has a larger bandgap than does P-KDP. Our anal-
ysis suggests that the Kleinman symmetry is poorly obeyed for
an NLO compound of lower-symmetry. The individual atom
contributions of the K and O atoms to the SHG responses are
comparable in magnitude. The oxygen atom contributes mainly
through the O-2p nonbonding states of the valence bands, and
the potassium atom mainly through the K-3d states of the
conduction bands. The total contribution of a chemical element
depends not only on its individual atom contribution but also
on the stoichiometry of the compound. This and our previous
works*?* and the others®* suggest a simple approach to
enhance the SHG efficiency that is to substitute the cations and
anions with larger (i.e., more polarizable) ones by exploiting the
valence differences in the constituent elements. NLO
compounds of various types are needed to test this approach.
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