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Origin of giant anisotropy in synthesized Ba pentaborates
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The electronic structure, charge density distribution, and linear-optical properties of the highly anisotropic
crystal B@Bs;Og(OH);] (BaBOH) are calculated using a self-consistent norm-conserving pseudopotential
method within a framework of local-density approximation theory. Large anisotropies of the band energy gap
(5.22 eV for theEllb, 5.67 eV for theEllc) and giant birefringencéup to 0.17 are obtained. Comparison of the
theoretically calculated and experimentally measured polarized spectra of the imaginary part of dielectric
susceptibilitye, shows good agreement. It is shown that the anisotropy of the charge density distribution and
the optical spectra is caused prevailingly by the huge anisotropy betwged-=2p, O and 2, , B-2p, , O
bonding orbitals. The observed anisotropy in BaBOH is principally different frongtBaB,0, (BBO) single
crystals. In the BaBOH single crystals the anisotropic optical and charge density distribution is caused by a
different projection of the orbitals originating from particular borate clusters on the particular crystallographic
axes, contrary to the BBO, where the anisotropy is originated mainly due to different local site symmetry of the
oxygen within the borate planes. The observed anisotropy is analyzed within the band energy approach and
space charge density distribution.
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[. INTRODUCTION ionic borate complexes and Ba polyhedra, different forms of
Ba coordination and distortions d@ tetrahedra, triangles,

Recently one can observe an increasing interest in borattc. Typical crystalline units of the BABOH crystal are pre-
crystalst~’ They are used in various quantum electronic andsented in Fig. 1. Comparing with other anisotropic borates
nonlinear optical devices. Particularly they are widely ap-(such as BBO, LBO, GdCOB, CLBR®® (where anisotropy
plied as materials for laser modulators, deflectors, frequencip originated from the different oxygen localization within
generators, and optical parametric oscillators. They possedge borate ring and different interlayer stackirig the case
excellent second-order nonlinear optical susceptibilities, #f the BaBOH the anisotropy is caused by the above men-
wide window of transparencyup to the VUV spectral tioned complicated structural configuration of particular

range, and a high laser power damage threshold.

Another interesting application of the mentioned crystals g g,
is connected with the search for dielectrics possessing large 5 g
anisotropy of the optical properties. The latter is particularly @ o
important for the creation of polarized optical filters and pas-
sive laselQ switchers. In order to produce materials possess-
ing simultaneously good nonlinear optical properties and
large anisotropy, it is necessary to understand the relation-
ship between the electronic structure, spectroscopic proper-
ties, charge density distribution, and principal chemical
bonds. Among the borates possessing anisotropy studied ar
B-BaB,0, (BBO) and LiB;Os (LBO) single crystals. Ana-
lyzing the previous works devoted to their band structtites
one can see that the variation by the cationic subsystem as
well as by the coordination positions of oxygen within borate
rings allow one to operate by the degree of anisotropy in the
charge density distribution and the corresponding optical and
dielectric constants.

During the search for highly anisotropic borates and ana-
lyzing the crystallochemistry of different borates we have
focused on pentaborat@possessing large structural anisot-
ropy in different crystallographic directions. Of particular in-
terest are BBs50g(OH)3] (BABOH) single crystalgspace

B(OH), groups and subsequent refinement of these struc->
tures has localized positions of the H atoftd! The

BABOH single crystals have a relatively complicated crys- FIG. 1. General crystallochemistry of the BABOH crystalline

tallographic structure, with different configurations of an- unit.
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clusters with respect to the crystallographic axes. B. Measurement technique

Thus the charge density anisotropy of the BABOH is ex-  gjlipsometric measurements were made using a Seya-
pected to be substantially higher than in the case of the BBRumioka monochromator within the 3—25 eV spectral range.
or LBO and it would be interesting to consider the influenceTpe specimen surfaces ¥3 mm) were cleaved along the
of this extremely anisotropic crystallochemistry structure onmjrrorlike (bc) planes and did not require an additional treat-
the band structuréBS), charge density distribution, and cor- ment.
responding optical properties. In addition, the BaBOH's have  The precision of the,(E) evaluation was equal to about
only two molecules in crystal units that allows one to avoid3 gos The specimens were cleaved in a vacuum of about
many overlapping bands. 10 * Torr. The grating monochromator enabled us to make

For the reasons presented above we have chosen thgeasurements of,(E) with a spectral resolution up to 2
BaBOH single crystals as a model of highly anisotropic crys—ym/mm. MgF polarizers were used for as VUV-light polar-
tals for the investigation of the influence of the mentionedi;ers The incident UV beam angle was changed within the
crystallographlc anisotropy on the BS, chargg density dIStrI-range 2°—47° with respect to the normal of the cleaved
bution, and p_olan;ed_ op.tlcal spectra. The optical spectra a”ﬂlane. The computing prograrc-13opwas used for evalua-
charge density d|str|put|on of the BBO and LBO crystalStions of e,(E) tensor components at different incident
have been well St“d'éa and we will compare their band 4ngles. A photomultiplier operating in the single quantum
structure features with the ones for the BABOH. _calculation regime was used for detection of reflection light

Further investigations, materials engineering mod|f|ca-signa|_
tions, and applications of these materials are, however, “The fundamental absorption measurements were done us-
strongly hampered by the lack pf systematic ;tudles of the'fng a polarized spectrophtometer within the 200—350 nm
BS and, particularly, the density of electronic band state§spectral resolution about 4 A/mmThe refractive indices
directly connected with the chemical bonds. The latter payere measured using the spectroscopic method of Obreimow

rameters are necessary for the evaluation of microscopic feggiin 5 precision better than 16 for two wavelengthsh
tures such as dipole moments, effective carrier masses, andss7 nm and\ =633 nm.

optical dispersion determining nonlinear optical parameters.

Among the different calculation techniques, the norm-

conserving pseudopotentiacheme seems to be more use- I1l. CALCULATION PROCEDURE
ful for describing optical properties of boratés.

The observed anisotropy is discussed both within the ban
structure approach, as well as within the particular bonding
antibonding orbitals. To verify the calculated BS, we com-Parameters were taken from Refs. 10, 11 .
pared the spectral dispersion of the imaginary part of dielec- qulng the psegdopotennql calcu|§t|on the fqll;{)gwmg
tric susceptibilitye,(E) calculated on the basis of the BS atolmlc w2ave4 functl|ons V\(/Sere '”Cl'gded- tzhe occupiest, 2
calculations and the one measured by ellipsometric measuréfp B, 25°2p O.’ 1s™H, 5p B".’" 4d"Ba, €s°Ba valence or-
ments for different light polarizations. itals anc_j excited unoccupieds3 3pB, 3s, 3p0, 2sH,

In Sec. Il, parameters of BaBOH crystal's and their prepa-6pBa orbitals. . .
ration for ellipsometric measurements are presented. The BS The basic matrix elements of the secular equation were

calculation is given in Sec. Ill. Results of the charge densitycalculated analytically similarly to those described in Refs.

distribution, together with the BS diagrams and optical speci3: 14- Calculations were done for k8paints of the Bril-

tra are presented in Sec. IV. The origin of the anisotropy jrfouin zone(_BZ). Electror_1 screening eﬁeﬁts were taken into
the e,(E) spectra within a framework of BS is discussed in account usmg_pargmetrlzed P.erdew-Zu and Ceperley-
Sec. V. Alder expression$? The Chadi-Cohen methbtiwas used

for calculations of the pseudoelectron charge density distri-
bution of valence electrons. This method was used to con-
struct the pseudowave charge density function of electrons
Il. EXPERIMENTAL METHODS that is necessary for numerical evaluations of electron-
A. Specimen’s preparation electron and electron-exchange interactions.
Acceleration of the iteration convergence was achieved by
transferring 70% of theri— 1)-th iteration result to thenth

The norm-conserving pseudopotential calculations were
done using the plane wau@®W) basis set. Initial structural

The investigated BaBOH crystals were grown by a
method described in Refs. 10, 11. They had sizes 83 . . : - L
X 5 mnt. Monitoring of the BaBOH single crystal structure gglrfggrr:.s;?eenl;(;llowmg condition was taken as a criterion of
was done using a DRON 5.0 x-ray diffractometer. The pow-
der diffractometry showed that the space group of the
BABOH crystals is triclinicP— 1 with lattice parametera | Poutm™ Pinp.ml <& (1)
=6.785A,b=6.831 A, c=10.6296 A £=2). Specimen’s
homogeneity was monitored using an optical polarizatiorafter themth iteration step. We have assumed that1%.
method. We found that deviation from homogeneity is lessThe energy eigenvalues were stable up to 0.0012 eV and the
than 3.6% throughout the specimen’s surface. Due to théotal energy up to 0.0010 eV. This one corresponded to the
layered structure, the preparation of mirrorlike specimens imumber of plane waves varying within 400-568 depending
the (011) crystallographic plane presents no difficulties. on the BZ points. The numerical evaluations of the charge
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density function terms were carried out using a numerical
tetrahedral method with an increment equal to about 0.000¢
eVv.

The calculation of the imaginary part of dielectric suscep-
tibility e,(E) was done using the expression

2me?

mE

822,y(E) =

[ @S kDI ko

X[1=nn(k) ][ En(k) —E (k) —E],

wherey, (k,r), ¢ (k,r) are basic plane-wave wave functions 2
for the valence band and conduction bands, respectively=
n(k) andn,(k) are the occupations of tHen band states,
respectively.z,y are the chosen light polarizations with re-
spect to thec,b-crystallographic direction.

The dipole optical transition momenta were calculated
within 60 k points in part of thejth Brillouin zone. All the
summations were performed using tetrahedral methods.

IV. RESULTS FIG. 2. Main symmetry points in the first BZ of BABOH single

. . . Cr Is an n r r Icul ithin the BHS model.
Our calculations showed that for achievement of suffi-° ystals and band structure calculated withi

cient total energy and eigenstate convergence, it is necessary

to have a cutoff energy level equal to about 46 Ry. Duringtwo principal refractive indicesis higher for BaBOH com-
the calculations we also varied the starting structural paranared to BBO(0.17 and 0.12, respectivelyThis is an addi-
etersa, b, andc (up to =5%) comparing with the initial ~tional confirmation of the higher anisotropy of BaBOH com-
experimentally measured structtté! in order to find the pared to the BBO that are the more well-known highly
total energy minimum. Our calculations showed that the opanisotropic borates today.

timized crystalline structure corresponds to the lattice param- We carried out simulations of the imaginary part of di-
etersa=6.7337 A,b=6.7769 A, andc=10.5779 A. So the electric susceptibilitys,(E) for the two light polarizations
error obtained for the theoretical volume is typical for LDA (Ellc andE[b) and compared the performed calculations with
methods within the DFT. These parameters were used durin@ose obtained experimentally from the ellipsometric mea-
the structural factor’s calculations. We have found that thesurements. The corresponding results are presented in Fig. 3.
bulk modulus is equal to about 12.49 Bavhich is in good From Fig. 3 one can clearly see that values of #p&)(E)
agreement with experimental dats2.89 Pa .18 are substantially higher tha,®(E) (hereb andc corre-

A general view of the BABOH BS calculated within the spond to the polarization of light aloriyg and ¢ crystallo-
method described above is presented in Fig. 2. One can sgeaphic directions, respectively Our calculations have
that the band dispersioBi(k) is rather flat and band level shown that the main contribution te,(")(E) is in the
crossing is very low. Moreover, the obsendedlispersion is M-T'-X direction of the BZ. Fore,(®(E) the more promi-
similar both for the valence band staisge v.b.1 and v.b)2 nent contribution seems to be in tiM direction.I'R and
as well as for the unoccupied conduction band statdsl, RX BZ directions give contributions to both polarizations
c.b.2, ¢.b.3, c.b}¥ Another important factor is an indirect simultaneously. Our calculations have shown that the
type of the band energy gdg, (the top of the VB is situated M-F-X BZ direction gives the number of optical interband
at theR BZ point and the bottom of the conduction band attransitions contributing te,(E) at least 40% higher than the
theI” BZ point). This is in accordance with the experimental RM. This one reflects the different number of interband tran-
measurements of the band energy type presented in Ref. 1§ifions due to the different number of basic plane wave func-
where steplike phonon repetitions were obserfehlich in-  tions contributing to interband transitions in thandb crys-
dicates an indirect absorption edg¥®ery close to the first tallographic directions. As a consequence we have the
maximum (about 0.1 eV below )i there is a second local anisotropy in the values of,(?)(E) ande,(°)(E).
valence BS maximuninear theX point of the BZ and the For convenience, in the major interband transitions are
bottom of the valence bar(@t thel” point) corresponding to indicated in Fig. 3. One can see that the major anisotropy is
the local minimum of the valence band top. The calculatecbriginated due to thé transitions(spectral range 6.2—7.4
Eq is equal to about 5.22 eV and is only a little less from theeV). The B maxima are formed both due to the inter band
experimentally measured 5.26 eV for tBgb light polariza-  transitions in the™-X-R BZ direction as well in theVIR BZ
tion. It is crucial that forEllc light polarization, the experi- direction (compare Figs. 2 and)3The maximaA demon-
mentally measureé, is equal to about 5.67 eV. strate similar behaviors for two polarizations and are slightly

In Table | our measured refractive indices of BaBOH arespectrally shifted. Depending on the relative contribution of
presented and a comparison with the BBO single crystals ithe particular structural borate fragments to the BZ directions
done. One can see that birefringeritiee difference between we have revealed that coordination’s disturbance of oxygens
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TABLE I. Principal refractive indices for the BaBOH and BBO single crystals.

Crystal ne Ne n, ny
BaBOH 1.474=0.633nm)  1.62(=0.633 nm)
BaBOH 1.524=0.337nm)  1.69¢=0.337 nm)

BBO (Ref. 19  1.68(\=0.633nm)  1.55(=0.633 nm)
BBO (Ref. 19  1.710=0.337nm)  1.58=0.337 nm)

within the borate rings is not so crucial for the splitting of the differences in the band’s dispersion behavior compared to
BS levels for the BaBOH crystals as in the case of the BBCother borate&>° The BaBOH crystals have larger BS dis-
and LBO®° This is in agreement with the BZ splitting of the persion, particularly for th€-R-X directions of the BZ. The
v.b.1 in theM-X-T'-R and X-M BZ directions. performed calculations show that the latter is caused by sub-
The main origin of the observed,(E) anisotropy is stantial admixture of the covalence bonding-antibonding
caused by different values of the projection of the bonding2pO-2pB chemical orbitals originating from the borate
2py,yB-2p, ,O states(forming prevailingly v.b.1 and v.b)2  structural fragments giving different contributions in differ-
on particular directions of the BZ due to the specific crystal-ent BZ directions.
lochemistry of BaBOH(Fig. 1). The second group of levels ~ Comparing with other borate cryst&f’it is also neces-
(indicated byD, E, andF) are originated from the 5 Ba  Sary to note that the general similarities between them are the
atoms(the lower part of v.b.2 and v.b.3that analogously to relatively flat features of the _valence band dlsper5|on hence
the case of other borafés? may be considered as corelike the total number of bands in the case of BaBOH is less
states that do not substantially disturb the crystalline anisof2€cause we have only two molecules per unit. In addition,
ropy. As a consequence, we observe only changes of tHg€ values ofE, are close(within 6.8-5.2 eV. This is a

; ; - _ consequence of the common origin of all the band gaps in
;glr:J:ds ggizétfgll Tez)?:)T]a without a spectral shift for the men the borategcaused by pO-2pB bonding-antibonding split-

One can also see that spectral positions of the energet'—ng)' The relatively highk dispersion of the BABOH com-

v hiah £ ) h bstantially bett iral ared to other borates for the deeper corelike states originat-
cally highere,(E) maxima show substantially better spectra ing from the Z0 and 5s,p Ba states is also interesting.

00|_nC|dence between experiment and theory. The good simi- The appearance of the anisotropy is enhanced additionally
larity pf the calculated and r_neasureg(E) spectra may be by weak 2,0-2p,0 antibonding bondgsimilar to week
seen in the adopted theoretical model. van der Waals bondi®riginating from oxygens belonging to
For evaluations of the origin of the particular bands wetne neighboring layeréee Fig. 1 The strong charge density
have used the band-projection procedure from the plangnisotropy reflects an influence of the ions from up to the
wave basis set to the localized orbitals described in Ref. 14ourth coordination sphere on the intralayered barium-borate
In Fig. 4, the pseudocharge density distributions for differenionic-covalent bond components, contrary to the BBO where
crystalline sequences are shown. One can see substantial &nch anisotropy is caused prevailingly by different oxygen
isotropy of the charge density distribution for the crystallinecoordination within the covalent borate ring.
(110 cut [Fig. 4@)] and (011 cut [Fig. 4(b)]. For conve- The space electron charge density gradient shows a huge
nience the cuts are done at th® anda/2 planes and even level of anisotropy. For example, for the intramolecular band
without a charge density gradient calculation one can see fr the (1100 BZ direction, this derivative is equal to 36

large charge density anisotropy. [e/(2A)] and for the directior101) it is equal to 280
e/(Q) A). For comparison, the best known anisotropic crys-
V. DISCUSSION tals InBr have corresponding parameters equal to 45 and 217

Comparing the calculated band energy structure 0§(Q A), respectively’°® This fact indicates that in order to

BaBOH with the BS of other borates one can see substantiand NeW highly anisotropic borates it is necessary to modify
e packing of the particular borate complexes in such a way

20 as to achieve a large degree of anisotropy in orbital distribu-
E tions. Only manipulation by oxygen within the borate rings
15 B ] _ or due to interlayer van der Waals forces is not sufficient

enough for substantial enhancement of anisotropy. To obtain
a space separation of particular borate planes it is necessary
to have additional molecular groups favoring a separation of
the mentioned borates. BaBOH plays such a role in OH
groups, however, one can expect that materials engineering
will search for other complexes useful for the achievement of

4.5 7.0 9.5 12.0 145 E the desired effects.
(V)

. . . . . VI. CONCLUSIONS
FIG. 3. Spectral dependencies of the imaginary part of dielectric

susceptibilitye,(E). ,?: (1) experimental(2) theoretically cal- Using self-consistent nonlocal norm-conserving pseudo-
culated;e,(®: (3) experimental{4) theoretically calculated. potential calculations we have found a correlation between
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FIG. 4. Charge-density distribution in the BaBQ#} on the(110 atc=0.5; (b) on the(011) ata=0.5. The contour lines are from 0.02
to 0.25 by 0.005 all in unitéa.u) >,

the giant anisotropy of charge density, optical spectra, andispersion behavior. The BaBOH crystals have larger BS

corresponding chemical bonds. dispersion, particularly for th€-R-X directions of the BZ.
Comparing the calculated BS of BaBOH with those of The performed calculations show that this is caused by a

other borates, one can see substantial changes in the bandisbstantial admixture of the covalence bonding-antibonding
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2p0O-2pB chemical orbitals originating from the structural caused by the interband optical transitions within spectral
clusters possessing different planes of borate rings in theange 6.2—7.4 eV because the corresponding maxima are
BaBOH. As a consequence, the values:9f” (E) are sub- formed both due to the transitions in theX-R BZ direction
stantially higher than the values ef (°(E). as well as in theMR BZ direction. Other spectral maxima
Comparing with other borate cryst&f&’it is necessary to demonstrate similar features for two light polarizations and
note that the general similarities in them are the relativelyare only spectrally shifted.
flat features of the valence bands and close values of the We have evaluated that different local positions of oxy-
energy gaps. Our calculations have shown that main contrigens within the borate rings is not so crucial for the splitting
bution toe, (°)(E) is in theM-I"-X direction of the BZ. For  of the band levelsorigin of the observed anisotropfor the
&, (9(E) the more prominent contribution seems to be in theBaBOH as in the case of the BBO. The higher energy
RM direction. Thel'R and RX BZ directions give contribu- maxima(within the 10.5-15 eYare originated from the 5
tions to bothe,(E) polarizations. Our calculations have Ba states are similar to other bordt&3and may be consid-
shown that theM-F-X BZ direction gives a number of op- ered as corelike states that do not disturb the crystalline an-
tical interband transitions that is at least 40% higher than foisotropy. A good similarity of the calculated and measured
the RM ones. In the optical spectra, major anisotropy ise»(E) spectra may show in the adopted theoretical model.
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