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The electron spectrum of the KDP-type crystals has been investigated as a
function of the external hydrostatic pressure using the tight-binding approx-
imation. The joint density of electron states, real and imaginary parts of the
dielectric permeability, refraction indices, the gyration coefficient, absorp-
tion and reflection coefficients for different polarizations of light are deter-
mined. Their pressure and frequency dependencies are investigated. The
results are discussed by comparing them with the experimental data on
piezooptic coefficients. The anomalous behaviour of the optical constants
at the pressure p ~ 17 kbar is due to the transformation of the hydrogen
bond potential from a double minimum one to a single minimum one, where
the proton is localised at the midpoint of the hydrogen bond.
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1. Introduction

The physical properties of ferroelectric systems with hydrogen bonds are mainly
functions of the bond length and the character of proton motions. Above T¢, the
protons move in a symmetric double well potential along the O — H — O bonds.
Below the ferroelectric transition temperature 7, an ordering of protons in one
of these two minima takes place. The most important effect, connected with the
decreasing of the bond length, is the decreasing and ultimate vanishing of the
transition temperature T, [1]. So, it is interesting to investigate the physical pro-
perties of such systems with a change of the structural parameters of hydrogen
bonds, which gives us a possibility to examine the mechanism of the ferroelectric
phase transition. One can change the structure of hydrogen bonds by external
pressure, deuteration or other isomorphic changes, for example, substitution of
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KH>PO, by RbH>PO,4, KHyAsO,, etc. Application of pressure is the simplest of
them, because the system itself does not change. It is known (see [2,3]) that both
KDP and DKDP show a large negative pressure dependence of T¢, and T, of KDP
falls to 0K at 17 kbar. According to Nelmes and co-authors [4-9], above 17 kbar,
at OK, the along-bond (zero-point) thermal motion of the H atom about each site
(i. e. the two minima of the potential well with the distance § between them),
U?*(H) is larger than (§/2)?. Strictly, U?*(H) is a mean-square amplitude along
the y-axis; but this axis is very close to the line joining the two H sites. There
then seems to be a simple structural explanation for the loss of the ordered phase
that does not necessarily entail tunnelling effects: above 17 kbar, the thermal am-
plitude of the H atom is always greater than 0/2, the distance from each of the
sites to their midpoint, and it seems reasonable to expect that the H atom cannot
be localised on one site only. The experimental data of [4-9] describe the changes
of the KDP structure with pressure in the pressure region 1 bar < p < 17 kbar.
In paper [12], similar investigations for the pressures 1 bar < p < 54 kbar were
carried out, but the proton positions were not determined. Thus, the behaviour
of the protons in the KDP structure at pressure p > 17 kbar is not experimen-
tally studied. According to [10,11], at further decrease of the bond length (for
example, with the increase of pressure, for p > 17 kbar), the ¢ value falls to zero.
This change may be either abrupt [11] or smooth but in the latter case ¢ rapidly
nonlinearly falls to zero [10]. According to [10,12], this change is expected in the
pressure region 17 kbar < p < 27 kbar. The value of pressure at which 6§ — 0
can be determined only experimentally. It is interesting to calculate the changes of
optical functions which are induced by an abrupt change of 6 — 0. We have taken
0 — 0 at p = 17 kbar in our calculations of optical constants. The results will
not change qualitatively if we put 6 — 0 at other pressure values of the described
region up to 27 kbar, only the corresponding anomaly of optical functions will be
shifted to higher values of pressure.

It was shown [4-9,12] that the structural parameters such as the hydrogen bond
length (2R), the distance between two proton-sites on a hydrogen bond (§) and
the rotation angle of PO4-groups around the c-axis (f) vary linearly with pressure
in a pressure region from 1 bar to 17 kbar: A§/Ap = 5.8 - 1072 degree/kbar,
A(2R)/Ap = —1.8-103 A/kbar, A(§)/Ap = —3.2- 1073 A/kbar. For the lattice
parameters a and ¢ we have: Ac/Ap = —7.152- 1072 A /kbar, (Aa/Ap) ~ —7.46 -
10~3 A/kbar. Some of these parameters (2R, 6, a,c) continue to vary linearly at
pressures up to 27 kbar [12].

There are anomalous changes of some structural parameters at p = 27 kbar.
The bond length decreases almost linearly with the increase of pressure, but at
pressure values larger than 27 kbar it becomes much longer. The rotation angle
0 increases abruptly at 27 kbar, too. These changes are probably connected with
the softening of PO, groups, which was observed experimentally at pressure values
p > 27 kbar [12].

In this work we have investigated an electron band structure of the KDP-
type crystals as a function of the external hydrostatic pressure. We have used the
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experimental data on the structural changes induced by pressure. The joint density
of electron states, real and imaginary parts of the dielectric permeability, refraction
indices, absorption and reflection coefficients for different polarizations of light are
determined. Their pressure and frequency dependencies are investigated.

There are no other band structure calculations in the literature to compare
with, and the dielectric response has not been studied by other authors at fre-
quencies which correspond to the energies of electron transitions. Up till now,
calculations of separated groups H,PO, (n=0,1,...,4) electronic spectra have been
presented [13,14,15]. The obtained [14,15] spectra were used to calculate the con-
tribution of H,POy4 groups to the refractive index and the gyration effect.

Band
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Figure 1. Electron band spectrum for a KHyPOy4 crystal.
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Table 1. The values of the electron energies (in eV) at I', M and X points of the
Brillouin zone for the upper occupied band (number 24) and a set of the low-lying
empty bands (numbers 25-31) at various values of pressure.
band number
p (kbar) 31 30 29 28 27 26 25 24
T'—point

0.001 -3.6716 —3.8348 -5.6901 -8.0494 -8.1058 -8.7409 -9.1949 -15.3636
17.0-0.0 | -3.6716 —-3.8169 -5.7026 -8.0140 -8.0651 -8.6080 -9.0769 —-15.3636
17.04+0.0 | -3.6716 -3.7744 -5.7351 -8.0439 -8.0439 -8.5816 -9.0695 —15.3636
M-—point

0.001 -3.6716 —4.8128 -4.8128 -8.0777 -8.0777 -9.0109 -9.0109 -15.3636
17.0-0.0 | -3.6716 —4.8062 -4.8062 -8.0396 —8.0396 -8.8892 —8.8892 -15.3636
17.04+0.0 | -3.6716 —-4.8078 —4.8078 -8.0439 -8.0439 -8.8759 -8.8759 —15.3636
X—point

0.001 -3.7167 —4.7119 -4.7120 -8.3453 -8.3453 8.7931 -8.7932 -15.3732
17.0-0.0 | -3.7193 —4.7240 -4.7243 -8.2817 -8.2817 -8.6884 —8.6885 —15.3732
17.040.0 | =3.7223 -4.7267 -4.7270 -8.3057 -8.3058 -8.6543 -8.6545 —15.3732

2. Band electron spectrum of the KHyPO4 crystal

The electron energy spectrum of the KDP-type crystals is calculated using the
tight-binding approximation. The electron wave functions are presented as linear
combinations of the Bloch functions which were constructed from the 3s and 3p
orbitals of phosphorus, 2p oxygen and 1s hydrogen orbitals:

7 1 iqR I 5]
V() = N Ze Crs(@) * Ons (7" — Rk (2.1)

nks

Here n is a unit cell number, k£ denotes an ion type and
s is an index of electron states. The atomic orbitals @,
were chosen in the form of Slater functions. A set of linear
equations for the expansion coefficients Cj,(¢) is obtained
from the solution of the Schrodinger equation with wave
functions (2.1) using an extended Huckel method (see [16]):

S Hivw s (@) — B(@) - S s (@] - Cus(@) = 0. (2.2)

ks

Secular equations (2.3) provide a band energy spectrum

|Hy g 1s(@) — E(Q) - Swsr ks(Q)] = 0, (2.3) Figure 2. The first
Brillouin zone for a
where KHyPOy crystal. The
line ZM' is equivalent
S'k/s/,k8<q_j — Z Sn/k/s/,nks . eiq(R"k_Rn/k/)’ (24) to the 7'M line.
n

176



Band electron spectrum and optical properties

Hroo@ = 3 Hurtosr s - 1= Foss), (2.5)
Sn/k/s/,nks - /Son/k/s/ (F_ én/k/) : @nks(F_ ﬁnk)dv7 (26)
Hn/k/s/,nks - /Son/k/s/ (F_ én/k/) : Flgpnks(F_ énk)dv7 (27)

The summation in equations (2.4) and (2.5) was done over the nearest neigh-
bours only. Secular equation (2.3) of the 36th order with complex matrix elements
was solved for the arbitrary wave vector ¢. Here we take into account the structure
changes induced by the external hydrostatic pressure. The dependence of the Ro_y
distance as well as the rotation angle of POy-groups around the c-axis on pressure
results in a pressure dependence of overlap integrals (2.6) and matrix elements of
the Hamiltonian (2.7) and, thus, the band electron spectrum becomes a function
of the external hydrostatic pressure. The calculations of the overlap integrals (2.6)
and the matrix elements (2.7) are described in detail in our previous paper (see
[16]). The results of the band structure calculation at the atmospheric pressure
(p ~ 1 bar) for ¢ directed along the principal directions of the first Brillouin zone
(BZ) are shown in figure 1. The dependence of the electron spectrum on pressure
at I', M and X-points in BZ is presented in table 1. The first BZ for a KH,POy4
crystal is shown in figure 2. The state numbers are classified according to energy
values. The bands from (1) up to (24) are filled in the ground state. The obtained
energy gap is 6.17 eV, which is somewhat less than the experimental results: 7.0 eV
[17], 7.62 eV [18].

The most essential changes under the influence of hydrostatic pressure are
observed for the electron energy bands which are formed mostly by 1s-orbitals
of hydrogen atoms (their numbers are 25-28). There are groups of bands which
do not change with pressure (numbers 1,2; 7,8; 13,14; 31,32). We can include in
these groups the upper occupied bands (numbers 17-24) the changes of which are
smaller than 2 - 1072 eV, with the pressure change from 1 bar to 18 kbar. The
dependence on the wave vector ¢ for these bands is very weak. The widths of these
bands are less than 21072 eV, except for numbers 13, 14, 31, 32 which are of the
order 4-1072 +1-107! eV. It should be noted that at q=0 the energy values for
the majority of these bands coincide with the energies of the corresponding levels
(2B, 4A, 4B, 8B) of a separate group HyPO, with the point symmetry Cs, up to
1-1073 eV [14].

3. Optical properties

The imaginary part of dielectric susceptibility was calculated from the following
relation [19]:

472e?

£a(w) = m2w?

> / %w}wa (Ei(@) — E5() — hw) (3.1)
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Table 2. The calculated values of the piezooptic coefficients for a KHyPOy4 crystal
for various lengths of a light wave (in 107*% ¢cm?/dyn).

X (nm) | 400 | 500 | 600 | 800 | 1000 | 1200
dno/dp | 14.4 | 14.3 | 14.0 | 14.0 | 14.0 | 14.0
dne/dp | 15.0 | 15.0 | 15.0 | 15.0 | 15.0 | 15.0
de21/do | 7.39 | 7.69 | 7.71 | 7.90 | 7.97 | 8.02
de_1/do | 7.50 | 7.89 | 8.10 | 8.32 | 8.40 | 8.45

z

where
& () = Wadle - Plibsa) = - / GHEP(RY) (@ AR (3.2)

The indices j and ¢ denote the occupied and empty bands, respectively, and €'is a
unit vector of the polarization of light. Integration in equation (3.1) is performed
over the first BZ. The real part of the dielectric susceptibility e; for all frequencies
is determined by the Kramers-Kronig dispersion relation:

2 1
81(&]) =1 + ;P/w'ag(w')mdw'. (33)
0

Besides that, ¢; within the transparency region was also calculated from the fol-
lowing relation [19]:

8m2e2h? 2d¢  |edi;(q)|? 1
81(&]) = 1+72 / 9 3 . E j_ E . B} 5" (34)
m? =] (2m)* [E(q) — E; (@] [Ei(q) — Ej(D)) — (hw)
o ] e ]
1.65; 1-55é
ik i
1.55;54 1.55254
132 a
1 ZE(eV)B 4 5 ' 1 ZE(eV)B 4 5

Figure 3. Spectral dependencies of the refraction indices n, and n, for KHy POy
for various values of hydrostatic pressure: 1 — 1 bar, 2 — 4 kbar, 3 — 8 kbar, 4 —
12 kbar, 5 — (17.0 - 0.0) kbar, 6 — (17.04-0.0) kbar, 7 — 22 kbar, 8 — (27.0 - 0.0)
kbar, 9 — (27.0 4+ 0.0) kbar.
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Figure 4. The pressure dependence of the refraction indices m, and n. for
KHsPOy4 for various lengths of a light wave: 1 — 1200 nm, 2 — 1000 nm, 3 —
800 nm, 4 — 600 nm, 5 — 500 nm, 6 — 400 nm.

The optical activity of crystals (i.e. gyrotropy) is a particular manifestation
of spatial dispersion and is described by the linear term in the expansion of the
dielectric permeability tensor e,4 in powers of wave vector ¢ [20]:

Eap(w, @) = eSh(@) +1D_ AL (@) ay+ .. (3.5)

o

We have calculated g;; = %Ag(,lz)x — a component of the gyration tensor, using the
relation

" . qu Imd“((j)m (@) +mS(@)d ()]
W) ==X [ o G @G 09
where
my = Walilt) = [G@OEY - ) e @0 60

The joint density of electron states is given by [19]:

2dq
To(w) = [ Gl = By (@) — e 35)
It provides the density of the pairs of states; one of them is occupied and the other
is vacant, their energies differ by hw.

The integrals in equations (3.1), (3.4), (3.6), (3.8) were replaced by the sums
over points ¢ in the first BZ. We included 1836 points in the BZ, then the accuracy
of the results is within 10%. At each ¢ point, the band spectrum F(g) and matrix

2mec
by equations (3.2) and (3.7), respectively, were calculated. The values of &;(w)
obtained from equation (3.4) and from the Kramers-Kronig relation (3.3) differ by
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less than 1%. For the calculation of €5 from equation (3.1) and in equation (3.8)
we approximated the J-function in the following way:

1/A, |Ez —Ej —hw0| g A/Q

O1Ei(q) — E5(q) — hwo] = 7 (3.9)
O, |E,—Ej—hw0|>A/2

where parameter A is taken equal to 0.05 eV. We calculated the values for refractive
indices n, extinction coefficients K, absorption coefficients « and reflection R. The
formulas presented below were used:

1 1
n:\/ﬁ(\/af—l—a%—i—al), K:\/E(\/af—i—a%—al),

2w (n—1)*+ K?
a(w) = —- K(w), R= Y (3.10)
We have found that the refractive in-
dices ny and n. change almost linearly
with pressure in the pressure region 1 bar
< p < 17 kbar. The calculated pressure
and frequency dependencies of the optical
constants are shown in figures 3-8. Their 1.6
anomalous behaviour at the pressure val-
ues p = 17 kbar and p = 27 kbar are due

-~
-~
|

[TEEETHINI FENEENE NN NIRRT

3/
24

to the changes of an electron spectrum 1.5 /

and wave functions (see table 1) which !

are induced by the structure changes de- i —
scribed above. The obtained changes of 0 1 2 3 4 5
the optical constants at p = 27 kbar are E (eV)

less essential than at p = 17 kbar. It
was taken into account that for pressure
values above p ~ 17 kbar the hydrogen
bond is transformed from two-minimum .

.. the atmospheric pressure (p = 1 bar).
FO one-fninimum bond., Wben the proton 1,2 — experimental data [22], 3,4 — cal-
is localised at the midpoint of the hy- culated, 1,3 — n,, 2.4 — .
drogen bond. The correlation between the
character of a proton distribution and the
changes of ng, n. and ¢1; is essential, so it is interesting to study experimentally
the behaviour of optical constants with the pressure change in order to investigate
their possible anomalies at high pressures (p > 17 kbar). Such investigations will
give us a possibility to learn the behaviour of protons at high pressure and, thus, to
examine the nature of the ferroelectric phase transition from a new point of view.
The obtained dispersion of the refractive indices is stronger than the one observed
experimentally (see figure 5). One can predict such results because we have ob-
tained from the calculations the energy gap somewhat less than the experimental

Figure 5. Spectral dependencies of
the refraction indices for KH,PO,4 at
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data (see above). It may be caused by the single-electron approximation used for
band structure calculations. Besides, we did not use any fitting parameters in the
calculation of the electron spectrum and optical constants.

The main features of the ob-
20 tained absorption and reflection
I (10—5) spectra at the atmospheric pres-
sure (p &~ 1 bar) are in agreement
with the experimental data [13,
17] (see figure 8). A wide absorp-
tion band at energies 8.5—10.0 eV
corresponds to the A band in the
experiment, while the absorption
bands at 10.5—11.2eV and 11.8—
12.7 €V correspond to the B and
C bands, respectively. A huge ab-
sorption band at 14.0 — 15.8 eV
coincides with the D band ob-
tained experimentally. It should

o
I T T T T T Y I |

o be noted that we have obtained
0.5 1.5 EESV) 3.5 4.5 the absorption bands in the en-
ergy region 6 — 8 eV, which are

Figure 6. Spectral dependence of the g1 com- not observed experimentally.

ponent of the gyration tensor for KHoPOy for
various values of hydrostatic pressure: 1 — 1
bar, 2 — (17.0 - 0.0) kbar, 3 — (17.0 + 0.0)
kbar, 4 — 1 bar, 5 — 1 bar; 1,2,3 — calculated,
4,5 — experimental data [24], [25].

Let us consider in more detail
the dependence of the absorption
spectra on hydrostatic pressure.
An increase of the main maxima
of the absorption and reflection
spectra with pressure takes place.
It is characteristic especially of the A maximum which lies in the frequency region
hw ~ 9 — 10 eV. That effect is more essential for the light polarized perpendic-
ularly to the c-axis. The dependence of the optical functions which describe the
absorption and reflection of the light polarized parallelly to the c-axis (functions
K3, 5 etc) on pressure is less essential. The anomalous increase of functions
Ki,e5" at pressure passing the value p ~ 17 kbar is larger than the increase of
these functions when the pressure is changed from 1 bar to 17 kbar (see figure 7).

It is possible to determine piezooptic coefficients using the obtained pressure
dependencies of the coefficients ny and n.. In order to describe the change of the
dielectric susceptibility €, g with the pressure change we shall utilize the following
relation:

- 0)-1
gaé<w0) = 5&5) (w) + Zﬂjkeake, (3.11)
ke

where ;5. are piezooptic coefficients, oy, is a tensor of mechanical strain.
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Figure 7. Spectral dependence of the extinction coefficient K; for the light polar-
ized perpendicularly to the c-axis, for KHoPO,4 at various values of hydrostatic
pressure: (a) — 1 bar, (b) — (17.0 - 0.0) kbar — solid line, (17.0 + 0.0) kbar —

dashed line.

In the case of a hydrostatic pressure we have:

-1 -1
d(§;$) = M1 + T2 + T3 d(jj) = m31 + 32 + 733 (3.12)

We have found that the
piezooptic coefficients d(e})/do 100 _
and d(¢;!)/do do not depend on ] !
pressure. Their changes with the ] A
change of pressure from 1 bar to 9% - H
17 kbar at fixed frequency are less R, 1 i ;g
than 2.5%. The calculated val-  4¢q i i
ues of the piezooptic coefficients ] H i
are presented in table 2. On the ] i m“‘ H
other hand, using the experimen- 040 hoole "
tal data for m; (for A = 632.8) 1 R "
i [21,22] we have: d(=)/fdo = 1 My 0
9.35-107% em?/dyn; d(e;})/do = "1 UM A M LT T M
7.64 - 107! cm?/dyn. So, the ob- 3,// RV AN A ! 7 N\ A
tained piezooptic coefficients are 0.00 Y - \';""" - il
in agreement with the experi- >00 9:00 E(eV) 1300 1700

mental data. The g;; component
of the gyration tensor practically
does not change with pressure, ex-
cept for the anomalies at p=17
kbar, when ¢;; abruptly increases

Figure 8. Spectral dependence of the reflec-
tion coefficient Ry for KHoPO, at the at-
mospheric pressure, solid line — experimental
data [13], dashed line — calculated.

approximately by 10%. In the case of ionic contributions to the optical properties
of a KHyPO, crystal we also obtained earlier a weak increase of the g;; component
of the gyration tensor with the pressure change from 1 bar to 17 kbar [23].
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SOHHUI eNeKTPOHHUIA CNEKTP i ONTUYHI BNAaCTUBOCTI
kKpuctanie Tuny KDP npu HassBHOCTi 30BHiLLHLOIO
riapoCTaTU4YHOro TUCKY

CreuiB P.4.

IHCTUTYT @i3nkn koHaeHcoBaHnx cuctem HAH Ykpainn,
290011 JlbBiB, ByNn. CBEHUjLUBKOrO, 1

OTpumaHo 6 6epesHa 1998 p.

B HabnuxeHHi CMNbHO 3B’A3aHUX E/IeKTPOHIB AOCHIAXEHO 3aNeXHiCTb
30HHOrO €NEKTPOHHOro cnekTpy kpuctanie Tuny KDP Big, 30BHiLLIHbOro
riapocTaTM4HOro TUCKy. Po3paxoBaHi KOMOIHOBaHa rycTUHA eNeKTPOH-
HUX CTaHIB, AiNCHA Ta YSBHA YaCTUHU AIeNeKTPUYHOI NPOHUKHOCTI Ans
pi3HOI nongpm3aaLii CBiTNa, NOKA3HMKK 3aIOMAEHHS, KOedILIEHT ripauii,
koedilieHTV NornnMHaHHA Ta BinOMBaHHSA cBiTna. JocnioxeHa ix 3anex-
HICTb Big, eHeprii CBITN0OBOI XBMAI Ta Bif 30BHILIHLOrO riApPOCTATUYHOIO
TUCKy. Pe3ynbrati NOPIBHIOKOTLCS 3 EKCNEPUMEHTANIbHUMUW AaHUMU AN
n’e300NTUYHUX KoediuieHTiB. OTpMMaHi aHoManii ONTUYHUX KOHCTaHT
npu TUCKy p ~ 17 kBap 3yMOBJEHi TpaHchOpMaLLiEo NOTEeHUjany Npo-
TOHa Ha 3B’A3KYy 3 ABOMIHIMYMHOIr0 B OAHOMIHIMYMHUA.

Knio4oBi cnoBa: e/1eKTPOHHWI CREKTP, riapOoCTaTtuYHWM TUCK, ONMTUYHI
B/aCTUBOCTI

PACS: 78.20.-y

184



