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Electrical and optical properties of LINbO 5 single crystals at room temperature
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The electrical and optical properties of lithium niobate (LiNDGt room temperature are theoretically
calculated by using a microscopic model based on the orbital approximation in correlation with the dipole-
dipole interaction. It is found that both the electronic polarizabilities and the electronic hyperpolarizabilities
have to be considered in this calculation in order to match both the spontaneous polarization and refractive
indices with experimental data.
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I. INTRODUCTION In a previous theoretical work, Kinase al® studied the
ferroelectricity in LINbG; by considering the local electric
Lithium niobate (LiNbQ) falls among the most known field of all ions to be aligned parallel to the direction of the
technologically relevant ferroelectric oxide materials becausspontaneous polarization, which actually is not the case in
of its remarkable optical anisotropy® large spontaneous this compound as experimentally concluded by Reznik, Ani-
polarization?®” electro-optical and nonlinear optical kiev, and co-workers in their work devoted to the optical
activity®1° as well as the outstanding nonlinear optical damage in LiNb@.%?° By studying the vibrational spectra
properties for instance in periodically poled optical superlatthey showed that the component of the local electric field in
tices (PPLN's).1*~13 Its ferroelectricity was discovered as the direction perpendicular to the direction of the spontane-
early as 1949. In contrast to many oth#eB O; ferroelectric  ous polarization is not negligible. The same result was theo-
oxides, LiINbQ has only two phases both being rhombohe-retically proven by Yatsenkd when studying the anisotropy
dral: the high temperature phase is centrosymmetriof the electronic polarizability of & ions in stoichiometric
paraelectric, while the other one is noncentrosymmetridciiNbO3;. However, in Yatsenko’s work this anisotropy re-
ferroelectric stable below the Curie temperatufigs  sults from considering only five instead of ten structurally
=1210°C. nonequivalent ions forming the primitive rhombohedral unit
Here we present a somewhat different theoretical apeell. In the calculation presented here, we will consider all 30
proach for studying the spontaneous polarization and refragens of the conventional hexagonal unit cell and show that
tive indices of LiINbQ at room temperature. Our micro- only ten ions are nonequivalent.
scopic model takes into account the anisotropy in the The paper is structured as follows: Section Il discusses
electronic polarizability and hyperpolarizability of all con- the electronic polarizabilities and hyperpolarizabilities of the
stituent ions, their ionic shifts, as well as the crystalline de-constituent ions of LiNb@ by using a quantum method
formations. The model was previously tested for the calculabased upon the orbital approximation. We discuss the dipole-
tion of bulk properties of monodomain tetragonal perovskiteglipole interaction due to the local electric field acting on the
like BaTiO; and KNbQ,, i.e., their ferroelectricity and opti- constituent ions taking into account the crystalline deforma-
cal anisotropy as well as their linear electroopticaltions and individual ionic shifts which are important in
coefficientst* =18 Furthermore, the same model was successtiNbO3. Section Ill then presents the results for the sponta-
fully applied for modeling electrical and optical properties neous local electric field, the electronic polarizability and the
within ferroelectric domain walls in BaTiQ" Based on  second-rankr tensor (representing the electronic hyperpo-
those experiences which agree excellently well with the cortarizability multiplied by the local electric field the sponta-
responding experimental data, we initiate here the applicaneous polarization, as well as refractive indices calculated
tion of this model to LiNbQ which shows a much more for LiNbO; at room temperature. This section also contains

complicated structure than the tetragonal perovskites. the discussion of the above-mentioned findings.
In this model, we account for the following points:
(i) expanding the local electric field by considering its Il. DESCRIPTION OF THE MODEL

components in all directions at once;

(i) representing the local electric field in a tensorial equa-
tion which allows the description of all its components for all  |In order to compute the electronic polarizabilities and
ions simultaneously; electronic hyperpolarizabilities of LiNbQ we use a

(iii ) developing the orbital approximation by taking into quantum-mechanical approach based upon the orbital ap-
account the anisotropy in the electronic polarizability andproximation. In this approach, each ion is considered as a
electronic hyperpolarizability; combination of a cordinner electrons and nucleuand a

(iv) considering the correlation between the electronic poshell carrying the outer electron. The Hamiltonian of the
larizability and the electronic hyperpolarizability on one core-shell system is written as
hand, and their dependence on the local electric field on the
other handsince these magnitudes are mutually dependent H=Ho+H; 1)

A. Orbital approximation
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whereH, represents the Hamiltonian in the absence of the age’ E? age® E?
local field andH 4 can be considered as a perturbation. In Eq. ><<x2>E ®)
| |-

(2), Z represents the effective charge of the core for the outer

electron considered, while in EB) E represents the local | a coordinate system in which the component of the local

electric field acting on a given ion, arid is the distance ejectric field in the three-direction is dominating all other
from the core to any point of the wave function describingcomponents, we have

the shell of this ion. We denote the wave function Eo+ 0
as ¢y, and assume that the wave function of the core-shell

. . . 2/,2
system forE#0 may be expanded into a linear series of ; Eid(Xi)
small perturbations iny,. For this case, we introduce the —25<x§>_ 9)
variational parametex as E

Then, the electronic dipole momepf along thel direction

Y =(1+XE-R) . @ pocomes

By using the variational principlél/dx=0, wherel is the

2 2 2\3 2\6
energy of the system, we can expressy the following pe= A0 () | 8(x3) £ 9&(x3) g4
equation(see Appendix A ! ag age? age’
3 576x5)°
2> ER(xQ) 4(2 Eﬁ<xﬁ>) - E°|E. (10
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Mo ageF? - a3e’E*
B B The (k,I) element of the electronic polarizability tensor
5 6 . 9 and the k,I,1") element of the electronic hyperpolarizability
32 ; Ei(Xio) 32 EK Ei(Xio) tensor, respectively, are determined as follGtvs:
- ()
a‘ée4E8 ageGElZ &pk 072pk

11

Ay =

= Baw=_—__—
whereag=%2/me? denotes the Bohr radius. JE, JE,0E,,

Thg electronic dipole momemf of the core-shell system Following Eq.(10), aq and 8- may be expressed for any
described by the wave functiap is expressed as orbital r as

= ag [ 8= OF (E25+ 2E(E)) + &F (E* 5+ 4E’ELE))

pe= (6) — {7 (E®8+6EELE))], (12)
[ va
B = i, (—26F +4& E>— 67 E*)(Eydyr + E b1
The component op® along thel direction (=1,2,3) is +E ), (13
written as
where
2 2
Lo BRI e o »
pPr= = - (D ! ag
f prOVPNdy 1N ER(K)
]
809 "
Inserting\ from Eq. (5) into the last equation, and expand- " aZe?’
ing into terms of §E2(x2))% (a3e?E*) which are much
smaller than unitythis assumption can be justified by using 96<x2>6
the values of the local electric field reported in Tablg, lWe = 34r , (16)
obtain ag€
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576(X2>9 TABLE I. The fit.ted vglues of the effective charges of the outer
F=—s Z r (17 layers of the constituent ions of LINGO
age
j ion Effective Charges
In Egs.(12) and(13), &, represents the Kronecker sym- — 020 o
bol. We assume the electronic polarizability and electronic- Zis =215 =2.5286 Z1$=2.5286
hyperpolarizability of a considergdon to result from sum-  Nb°” Z(sxd),z:sg: 28] 15p=20.3144 7§} ,,=24.3472
ming over all contributions of respective orbitals namely, 0>~ 289,=7%),=3.4990 7{),=4.1535

which means

_ _ In order to calculate the coefficien®(j), &(j), and
an(i)=2 aw (i), (18 £(j) of a givenj ion, we have used an anisotropic effective
' charge for the outer electronic layer of each ion. We then fit
its components in such a way that the calculated values of

B (=2 Biarr 1 (J). (19)  the free electronic polarizabilities (j), «5(j), andaj (j)
' coincide with the measured value of the free electronic po-
Equations(18) and (19) can be rearranged into larizability «®*¥(j) of the same ion. The free electronic po-
larizabilities are calculated fdE=0. The effective charges
()= af () {6u— 0()IE(}) 8+ 2E()E(j)] of the other layers are determined by the Slater rtidhe
4 5. ) ] fitted values are reported in Table I, while the values of the
+&E(DIE () S+ 4E()E(DE())] measuredk®®(j) and the calculated,(j), &(j), andZ(j)

— 2 (OTES(i) S+ BEA(i OE. (i are reported in Table II.
SDIEY 1) St BEXDEDEML - (20 Finally, the elements of the electronic polarizability and

electronic hyperpolarizability tensor of theon, which will

. _ * . _ . . 2 . _ . 4 .
Brarr(1) = i (DE=26(1) T 4&(1NEX)) =64 DEY()] be used in the next section, are deduced from Table Il and the

X[Ex(J) oy +Ei(J) Skir +Ejr(j) Sl (21)  following two relations:
where ()= a® ) {8~ O)IE?()) S+ 2E()Ei()) 1+ &)
. . X[E*(j) 8+ 4E*()Ex(DEI(1D]= LdDIE®(j) b
ap ()= e, (i), (22) P
r +6E"())Ex())E((])]}, 27
gk(j):;, (23) XLEk(1) oy +E((]) dr +Ejr(J) 6] (28)
> ay . ()) By analyzing the results in Table Il it appears that the oxygen

which has the highest value of the free electronic polarizabil-
ity «®*P has also the highest values of the coefficiehtsé, ,

Z al (HE () and ¢, particularly those in the three-direction which are

. ' almost twice as large as those obtained along the one- and
Gl)=——""—"——"", (24 two-direction. This means that, compared to all other ions,
> af () the electronic polarizability and electronic hyperpolarizabil-

' ity of the oxygen ions are affected much more, particularly in

the three-direction.
2 af (N3 Note that in the following section, the local electric field
. T E will be rewritten asE'c.
j)=—""". (25

x
Z i (1) B. Dipole-dipole interaction
For the calculation of the electronic polarizabilities and elec- As mentioned above, our model is based on the dipole-

. A ; _ dipole interaction in correlation with the quantum-
tronic hyperpolarizabilities of the [, Nb>*, and G~ ions, . . S i
we have used the Slater-type orbitééee Ref. 16 for more mechanical orbital approximation. The model therefore ac

detai) counts f_qr the possible_ anisotropy_ in_ _the electronic
' polarizability and electronic hyperpolarizability, the crystal-
_ : line deformations, as well as the ionic shifts in the bulk.
Yoim=Re&(R)Yin(O, ), 26 The latter are of uttermost importance when modeling the
wheren, |, andm represent the principal, azimutal, and mag-ferroelectric system. To describe the geometry of LiNbO
netic quantum number®, ®, and® are the spherical coor- one can either use the primitive rhombohedral unit cell with
dinates, and Rg(R) andY,,(®,®) represent the radial part ten ions or the conventional hexagonal unit cell containing
of the wave function and the spherical harmonics. 30 iong® (which was used in this work. The ionic positions
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TABLE 1. The measured free electronic polarizabilitie§*® (in A%) and the calculated values of the
coefficientsé,, &, and{, (in esu CGS unitsof the constituent ions of LiINb9

j ion Li* Nb>* o?
a®(j) 0.0292 0.1859° 1.976°
01(j) 1.0418< 1016 1.5818< 1016 1.1462< 10 14
02(j) 1.0418<10°16 1.5818< 1016 1.1462<10™ 14
05(j) 1.0418<10° 16 2.8812x 10716 2.1434x 10714
&03) 1.6279<10 %2 1.0967 1073 4.5290< 10" %8
&()) 1.6279<10 %2 1.0967< 103 4.5290< 10 %
&) 1.6279< 10 %2 2.2456< 103! 9.4581x 1028
&) 1.2719< 10 48 4.4682<10° 4 1.0257x 104
() 1.2719< 10 48 4.4682<10° 4 1.0257x 10~ 4
0 1.2719x 10 48 9.3020< 10™ 47 2.1768< 10”4

*Reference 24.

bReference 16.

The value ofa®® of the &~ ion used here is the same as adopted in Refs. 18 and 21. This value is different
from that used in the case of BaTj@nd KNbQ, (which was 2.394 A) (Refs. 16 and 15because the
electronic polarizability of the oxygen ion is very sensitive to the surrounding environment as stated by
Kirsch (Ref. 25.

in the hexagonal unit cell are reported in Table).I\We
therefore write the strains parallel to the hexagdrdl0],
[010], and[001] directions asA;, A,, andAj, while the
shearing concerning thel00), (010), and (001) planes are Wherea, andc, denote the lattice constants in the paraelec-
zero. The distance(i,j) between thd andj ions in the tric phase.

ferroelectric R3c) phase follows as The distances(i,j) andr(i,j)° are expressed in the crys-
tallographic coordinate systeni) having base vectors par-

allel to the crystallographic axes of the hexagonal system

v=adosing (1+A)(1+4,)(1+4), (30

1+A, 0 0 considered, which obviously are not orthogonal to each

oy 0 1+ A 0 N N other. Knowing that the calculations rather should be per-

r(i,j) 2 rL)™HIS =801 ¢imed in an orthonormal coordinate system, we then take
0 0 1+A; the crystallophysic coordinate systeiii,f as the coordinate

(29 system for this aim being built up by the following three
with r(i,j)° representing the interionic distance betwden Orthogonal base vectors,=[cos(r/12),sin/12),0]5, Yp
andj ion in the paraelectricR3c) phase, and(i) ands(j) ~ =[sin(#/12),cos@/12),0];, andz,=(0,0,1); .
denoting the shifts of theandj ions, respectively. The local field acting on theion along thek direction is

The unit-cell volumey then becomes expressed &5

30 3

, 3 (L) = duer®(ij) - 4w
ER()=EX'+ 2 > —— P (1) + 5 -plid) |- (3D
F1ie=m Ir Gl v
|
In the last equationE® represents an external electric field P (i,))=pg (j) + pL,(i i), (32

which generally isE®= EPas+ EOP! with EP®the bias elec-
tric field, and E°" the optical electric field acting on the _
system.m(m,,m,,m,) represents the coordinates of a unit With the two contributiongy, (j) andp,,(i,j) specifying the
cell in the whole lattice s, denotes the Kronecker symbol, electronic dipole moment and the relative ionic dipole mo-
andpy(i,j) the dipole moment along tHe direction, which  ment in thek’-direction of thej-ion as seen by théion,
can be expressed as respectively. These dipole moments are calculated as

174109-4



ELECTRICAL AND OPTICAL PROPERTIES OF LiNb@. . .
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3
E_ Ben (DEPES(), (33

an

and

P (L) =25 (el s () =S ()] (34

In Eq. (33), ay,(j) and By/-(]) represent, respectively,
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By solving Eq.(35) we obtainE°(j), the (,j) compo-
nent of the local electric field. The total polarizatié, is
expressed as

30

2 [pS(i) +Pi() 1, (40)

with

P"() =2k ()esdi) (41

the (k’l) element of the electronic polarizability tensor and representing the absolute ionic dipole moment inklirec-
the (k’1l"") element of the electronic hyperpolarizability ten- tion of thej ion.

sor of thej ion, given by Eqgs(27) and (28). In Eq. (34),
Z’k‘,(j) denotes the effective ionic charge along kiedirec-
tion of thej ion. Thus the local field present along tke
direction acting on ion can be written as

30 3
2 2 Sa(LDEPH)= Q. (35
with
Sa(i )= 8ud;— 2 T (i) (e (D) + oy (),
k'=1
(36)
and
30 3
Qi) = Ee“+12 > Twelpe(,)), (37
=l k=1
where
3ro(i,)r(i,)) = Saer?(i,j) 4w
T (i + — Sk
ki (1,])= Z TINE 3y Okk
(39)
and
3
(D=2 Ben (HEG). (39)
I'=1

The second-rank tensar(j) is introduced in order to

represent the effect of the electronic hyperpolarizabjity)

tensor (third-rank tensor In fact, such a procedure is ad-
equate in order to avoid the difficulty encountered when

transposing the third-ranjg(j) tensor from the coordinate

systemBg(j) (in which it is calculated: see Sec. )liinto the
coordinate systents, (in which it should be used

The connection between the optical dielectric constant
eqh, polarizationP,, and the optical electric fiel& " is

expressed in the following way:

dPy
8k|’ = 5k|’ +47— opt* (42)
|/
Here we have
30 .
P 1 apk(]j) 43)
JESP v S gEP

By using Eq.(33), the termap,(j)/JE," can be written as

i) _ < JEL())
e~ 2 Lol + 20D}

(44)

Note thatdE°(j)/aE™ which represents the local electric
field induced along thé direction of thej ion by unit of the

I" component of optical electric field, can be obtained by
solving the following equation, deduced from Eg§1):

23 aEI°°<J)
1:121 I (?Ef,pt = O 49
where
SH(i,0)=8udi— E Tie (LD () +20101()]-

K'=1
(46)

In electromagnetic theory, the index ellipsoid (also
called optical indicatrix in a given coordinate system may
be written as

From Egs.(35) and(36) it appears that the components of
the local electric field depend on those of the electronic po-
larizability and electronic hyperpolarizability, while these, in
turn, depend on the electric field components through Egs.
(27) and (28). This mutual dependence, between electronidvhere 7°” represents the optical dielectric impermeability
polarizability and electronic hyperpolarizabilitprbital ap-  tensor of the mediumy®'= (") "1, andx,,X,,Xs are the
proximation) on one hand, and their dependence on the eleceoordinates of an arbitrary poitMl of the ellipsoid in the
tric field (dipole-dipole interactionon the other hand, makes coordinate system. In this case the refractive index of the
a self-consistent calculation necessary. light polarized in theOM direction (© is the center of the

3
2 wxix =1, (47)

IIMw
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TABLE Ill. Numerical data of LINb@Q at room temperature: A
Lattice constanta=ag(1+A;) andc=cy(1+A3) (in A), sponta- z,
neous ionic shiftgin A), and effective ionic charges)_, , (j) (in z
number of electrons ag and c, are the lattice constants in the .
paraelectric phase. 0
Parameter Value Parameter Value
ag 5.2898 Co 13.848% >
a 5.148% c 13.863% b4
sa(Li™) 0.51° ZE(Li) 0.64 ?
s3(NB°") 0.08 ZE (Nb°™) 2.9¢ Xp
53(0%7) -0.20° ZE(0%) -1.2¢°

FIG. 1. Orientation of thez, axis of theB, coordinate system
within the By, coordinate system.

8Reference 29.
bReference 2.

‘Reference 18. E'??C(j)
6(j)=arccos— ——
ellipsoid) is n= \/(x21+x22+x32). In the special case of light IESI (50)
being polarized along th& direction, the refractive index E'1°°(j)
thus becomes ¢(j)=arccos . —
VIEEPS(DIP+[EZ()T?
1 .
== 4 (i) If E5%(j)<0:
Mkk
L E5<(J)
IIl. RESULTS AND DISCUSSION 6(j)= arccom
The calculation of the spontaneous polarization and re- Eoc(j) (51
fractive indices is carried out for LiNbOat room tempera- ¢(j)=2m—arccos 14 .
ture by using the data of lattice parameters, spontaneous VIERS())1P+[ER%(j)1?
ionic shifts, and effective ionic charges reported in Table Ill.  From the above relations, it seems that the anglasd ¢

The calculation of the spontaneous local fi#@&°1j),  depend on the components of the local electric field which
which corresponds to the value of the local electric fieldmutually depend on the component of both electronic polar-
E%(j) of thej ion in the absence of any external electric izability and electronic hyperpolarizability. These last two
field (E%‘=0), shows that this spontaneous local electricmagnitudes are calculated in tig coordinate system, and
field of the O ions is not aligned along the three-direction inthen they depend on the values éfnd ¢. This implicitly
the crystallophysic coordinate systelfy. This means that means that there exists a mutual dependence between the
the approximation in Eq9) is violated inB,. To remedy the  angles# and¢ on one hand, and the components of the local
situation, we construct for each ion an own coordinate syselectric field on the other hand. Thus an imbricated doubly
temBy(j) for which thez, axis is parallel to the spontaneous self-consistent calculation has to be performed.
local electric field of this ion(see Appendix B The elec- The calculated values of the components of the spontane-
tronic polarizability and electronic hyperpolarizability are ous local electric field acting on the constituent ions of
then calculated in this coordinate system, and afterwardgiNbO, with those of the angle® and ¢ are reported in
transposed into the coordinate systBgin which the calcu-  Table IV. Note that the results shown here are expressed in
lation of all other magnitudes is performed. In fact, the localthe B, coordinate system.
field of aj ion is calculated inB, and then transposed to  The results in Table IV illustrate that all ions of the same
Bg(J) in order to use it in the calculation of the tensar§) type have the same amplitude of spontaneous local electric

and o(j) of this ion. Once these tensors are calculated, wdi€ld. However, the spontaneous local electric fields fof Li

transpose them back 18, where they will be used in the and N ions are parallel to the polar axige., z axis),

calculation of all other magnitudes. while the G~ ions have different orientations of their spon-
Note that the angles and ¢, characterizing the, vector taneous local electric fields. They are all inclined by an angle

of By(j) relative to the ion (see Fig. 1, can be evaluated as ¢=32.50° to the polar axis, while the angje's different for
follows: every ion. It is noteworthy that the ions numbered in Table

; loc( i || — 10C, 1\ 72 ¢ N2 (- IV from j=11 to 20 and fromj=21 to 30, have the same
() 1 IESDI=0 or VIES DI+ [EHDI=0: local electric field] E°Tj +10)=E¥°j +20)=E%°T); |
6(j)=0 changes from 1 to 10
(j)=0. (49 The elements of the electronic polarizability tens(j)
of thej ion in the spontaneous statE¥'=0) are evaluated
(i) If E'2°°(j)>0: by considering Eq(27) and Tables Il and IV. The calculated
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TABLE IV. Calculated values of the components of the spontaneous local electric field and thetaagtks (in degreescharacterizing
the orientation of the spontaneous local electric field of the constituent ions of Lildb@om temperature.

jion Type Position EFT) E>T0) EPT0) IESPTH)| 6(j) e(j)
1 Li* (000 0 0 0.8673 0.8673 0 0
2 (o2n 0o —0.2849 0.8630 1.4268 1.6917 32.50 108.27
3 (o2n (030 —0.6049 —0.6783 1.4268 1.6917 32.50 228.27
4 (o 220 0.8898 —0.1848 1.4268 1.6917 32.50 348.27
5 NE>* (2L 0 0 2.0175 2.0175 0 0
6 Li* 22 0 0 0.8673 0.8673 0 0
7 (o (20 32) 0.1848 —0.8898 1.4268 1.6917 32.50 281.73
8 o (A 12 —0.8630 0.2849 1.4268 1.6917 32.50 161.73
9 o 0% %) 0.6783 0.6049 1.4268 1.6917 32.50 41.73
10 NE>* (003%) 0 0 2.0175 2.0175 0 0
11 Li* (2124 0 0 0.8673 0.8673 0 0
12 o 033 —0.2849 0.8630 1.4268 1.6917 32.50 108.27
13 o (224 —0.6049 -0.6783 1.4268 1.6917 32.50 228.27
14 o Lo 0.8899 —0.1848 1.4268 1.6917 32.50 348.27
15 NE* (t23) 0 0 2.0175 2.0175 0 0
16 Li* 003) 0 0 0.8673 0.8673 0 0
17 o (118 0.1848 -0.8899 1.4268 1.6917 32.50 281.73
18 (o2n 0% 53) —0.8630 0.2849 1.4268 1.6917 32.50 161.73
19 (o2n (205 0.6783 0.6049 1.4268 1.6917 32.50 41.73
20 N (211 0 0 2.0175 2.0175 0 0
21 Li* 238 0 0 0.8673 0.8673 0 0
22 (o2n (222 —0.2849 0.8630 1.4268 1.6917 32.50 108.27
23 o tod) —0.6049 —0.6783 1.4268 1.6917 32.50 228.27
24 o 03 D) 0.8898 -0.1848 1.4268 1.6917 32.50 348.27
25 Np* (003%) 0 0 2.0175 2.0175 0 0
26 Lit (2 119 0 0 0.8673 0.8673 0 0
27 (o 0% D) 0.1848 —0.8898 1.4268 1.6917 32.50 281.73
28 o (2 0L —0.8630 0.2849 1.4268 1.6917 32.50 161.73
29 o~ (1 119 0.6783 0.6049 1.4268 1.6917 32.50 41.73
30 N+ (: 21 0 0 2.0175 2.0175 0 0

values reported in Table V show that for the"Land Ni&*  ements of this tensor, in the spontaneous 4@afe'=0), are
ions, the tensor(j) is diagonal(i.e., only the diagonal ele- €valuated by considering Eq&28) and (39), and Tables Il
ments are nonzeyoFor the G~ ions, howevera(j) is sym- and IV. The analysis of the calculated values reported in

metric nondiagonal although it appears to be diagonal in théable VI show that, as for(j), o(j) is symmetric nondi-
By(j) coordinate system. Note that in Table V, we only il- agonal for the & ions. Also for the diagonal elements, the
lustrate results for ions numbered frans 1 to 10, because Value of the elemenirz(j), which is the same for all oxy-
all other numbers are obtained from(j+10)=a(j+20)  9ens, is much smaller compareda,(j) andoz(j), which
) again change for all oxygens.

‘ The spontaneous polarizati®¥**"is defined as the total
Igipole moment by unit volume, with the componeRisbe-
ing deduced from Eq(40) in the absence of any external

The electronic polarizabilities of the 20 ions show a
remarkable anisotropy. However, comparing the diagonal e

ements j) is the same for all oxygens, but smaller com- _. .
aad]) Y9 field. The calculation shows that only the three-component of

pared toal},(J_) and _aZZ(J)’ which ch_ange for all OXYGENS. e spontaneous polarization is nonzero, having the value of
The tensoro(j), which can be considered as an additionalpspore j 7219 /. This value is in good accordance with

electronic polarizability besides the(j) tensor, represents the experimentally measured value of 0.70 &/according
the effect of the electronic hyperpolarizabilig(j). The el-  to Xu,? or 0.75 C/n? according to Kim'.
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TABLE V. Calculated values of the components of the electronic polarizability terg@)s(in A3) for
the constituent ions of LiNbQat room temperature.

j ion a11(j) a15(j) a15(j) ax(j) ax(]) ax(]) az(]) azy(]) ass(])

1 0.0290 0 0 0 0.0290 0 0 0 0.0290
2 1.9113 0.0203 0.0336 0.0203 1.8566-0.1016 0.0336 —0.1016 1.7500

3 1.8879 —0.0339 0.0712 —0.0339 1.8801 0.0799 0.0712 0.0799 1.7500
4 1.8527 0.0136 —0.1048 0.0136 1.9152 0.0218 —0.1048 0.0218 1.7500
5 0.1858 0 0 0 0.1858 0 0 0 0.1852
6 0.0290 0 0 0 0.0290 0 0 0 0.0290
7 1.9152 0.0136 —0.0218 0.0136 1.8527 0.1048 —0.0218 0.1048 1.7500
8 1.8566 0.0203 0.1016 0.0203 1.9113-0.0336 0.1016 —0.0336 1.7500

9 1.8801 —0.0339 —-0.0799 -0.0339 1.8878 —0.0712 -0.0799 -—-0.0712 1.7500

[Eny
o

0.1858 0 0 0 0.1858 0 0 0 0.1852

Finally, the numbers for the ordinary and extraordinaryAPPENDIX A: DETERMINATION OF THE VARIATIONAL
refractive indices are calculated tn,=2.2824 andn, PARAMETER A
=2.2282. These values agree well with experimentally ob-
tained values given in literature, which &fen,=2.286 and
ne=2.200.

The energyl of the system can be written as

f Y* Hydo
IV. CONCLUSIONS =2

By using a microscopic model taking into account a quan- f Y™ ydv
tum method based upon the orbital approximation and the
dipole-dipole interaction due to the local electric field acting 2, 2 2 2
on the constituent ions, we have studied the electrical and |0+2)‘62k Ei(Xi) + A ; Eic(xicHoxi)
optical properties of LINb@ at room temperature. The cal- = . (A1
culation shows that the experimental data of the spontaneous 1+N2D, E2(x3)
polarization and refractive indices is successfully explained K
by considering the nonlinearity and anisotropy of the elec- . .
tronic polarizability and electronic hyperpolarizability of the ;heezt:rr(r)n\?vr\:\g ;h tﬁgdwg(\)/\gizsngik ar?sorrgltltaegegebc a?r?: :sz
constituent ions, particularly that of the’?Qions. Further- o P y

more, we observe that, in contrast to tetragonal BaffO form of the wave funcﬂoq/xmm.used n th's. wor I{Eq.(26)]..
s . S . This assumption can be justified by considering the parity of

the local electric field of the © ions in LiNbO; is not the real form of the wave functions and that of the

i i i i i nims

aligned parallel to the direction of spontaneous polarlzatlonbdd powers ofx,.. In Eq. (A1), 1, represents the energy in

E=0. By assuming that the wave function is normalized to

unity, namely( | o) =1, |4 can be expressed as

This work was supported by the “Deutsche Forschungs-

emeinschaft” under Grant Nos. EN 434/7-1 and EN 434/
2-3. |o:f g Hotodv. (A2)
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TABLE VI. Calculated values of the components of the tense(i (in A%) for the constituent ions of
LiNbO3 at room temperature.

j ion o11(J) 1) o15(]) 21(]) o29(]) a2]) a3(]) o3]) o33(])
1 0 0 0 0 0 0 0 0 0
2 —0.1134 0.0310 0.0512 0.0310 —0.1969 —0.1550 0.0512 -0.1550 -—0.3595
3 —0.1492 —-0.0517 0.1087 —0.0517 —0.1611 0.1218 0.1087 0.1218 —0.3595
4 —0.2029 0.0207 —0.1598 0.0207 —0.1075 0.0332 —0.1598 0.0332 —0.3595
5 —0.0002 0 0 0 —0.0002 0 0 0 —0.0013
6 0 0 0 0 0 0 0 0 0
7 —0.1075 0.0207 —-0.0332 0.0207 —0.2029 0.1598 -—0.0332 0.1598 -—0.3595
8 —0.1969 0.0310 0.1550 0.0310 —0.1134 —0.0512 0.1550 -—0.0512 -0.3595
9 —0.1611 —-0.0517 —-0.1218 —0.0517 —0.1492 —-0.1087 —0.1218 —0.1087 —0.3595

[Eny
o

—0.0002 0 0 0 —0.0002 0 0 0 —0.0013
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In Eq. (A1), the indexk=1,2,3 represents the directions APPENDIX B: CONSTRUCTION OF THE B, COORDINATE

X, y, andz The terms(x2) and(xHox,) are written as SYSTEM
The components of the unit vectay of the coordinate
<xﬁ)=j W xEodv, (A3)  systemB,, formed by the triplet X4,Yq.2,), in the coordi-
nate systenB,, formed by the tripletX,,y,,z,), are shown
in Fig. 1:
(XkHOXk>=f o XHoXhodv . (A4)
sin@ cose
By using the variational principle, namedy/d\ =0, we can oo .
calculate the value ok and determine the wave function zg=| Sinésing ' (B1)
(\) under the electric field by the condition cosd B
al 2 . : . .
== 0= )\Ze( ; Eﬁ(xﬁ) ) |0; Eﬁ(xﬁ) }E; forms a direct orthonormal basis. This can be summarized
_EK EE<XkHOXk>) —e; ER(X0)- (AS5) Xq-2q=0
_ Xq-Xq=1 (B2
In quantum mechanics, one shows that Ya=2o/\Xq.
2
(xHoxi) = (X&) o+ 5—. (AB) There is an infinite number of doubletg(y,) which
2m qvYq

fulfil the above requirements, and all of them may be used in
By using Eqs(A5) and(A6), and replacing (EZ by E?, we  order to construct3,. Here we have chosen a doublet for

get which x4y, (i.e., X4-y,=0). By solving the above equali-
o ties we get
E2h2 E4ﬁ4 3
+ +4e? E2(x2
A= . A7 T
NG (A1) V1+tarfg cos'e
2e| > EX(xD)
z Xq= 0 : (83)
Under the condition of minimal energy, only the smaller so- tan6 cose
lution of \ is meaningful in Eq(A7). Expanding Eq(A7) - \/=
into terms includingEE, we directly obtain fomn: l+targcose B,
3
2>, EXx3) 4(2 Eﬁ(xﬁ)) sinf sine tanf cose
K K —
A=— 1- V1+tarfé cos
ageE? a3e’E* ¢
cosf+sinftand coSe
2,2 ¢ 2,2 ° Yo~ (B4)
32 > EXxZ)| 320 > EXx?) JVi+tarf6cofe
K K
+ - , (A8) i i
aéGAEB ageGElz _ sinédsing
_ _ 1-+tarfé cos
whereag=7%2/mé? is the Bohr radius. LA
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