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(REY,_)AL(BO,), (RE=Nd, Gd, Ho, Yb, and Lu) single
crystals were grown from fluxed melts based on the potassium
trimolybdate. The compounds, morphology, and structure of
these crystals were studied. The average RE distribution coeffi-
cients were found to be 0.35 to 1.02 for different rare-earth
elements. The (Gd,Y,_)AL(BO;), and Nd.Y,_.Al;(BO;), unit
cell parameters depend on the crystal compositions according to
the Vegal'd rule. © 2000 Academic Press
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INTRODUCTION

Borate crystals with the general formula REAI;(BO;),
(RAB) (RE =Y, La-Lu) can be considered polyfunctional
materials with device potential due to their good thermal
and chemical stability and a possibility of wide isomor-
phous substitutions. Most of them belong to the huntite
type of structure with R32 space group (low RAB) (1), but
Nd-, Gd-, Sm-, Eu-, and Pr-borates also have high-temper-
ature monoclinic modifications (high RAB) with phase
transition temperatures of 880-900°C, 1040-1050°C,
1130-1150°C, 1130-1150°C, and 1080°C, respectively (2-4).
Of this Dborate family, the noncentrosymmetric
RE.Y,_,Al;(BO;), (REYAB) crystals with RE = Nd**
and Er*" are of most interest as promising materials for
lasing and nonlinear optical applications (5-8). Optical
characteristics of this borate system with RE = Gd** and
Eu®"* have been reported in Refs. (9-11). These properties
strongly depend on the quality and structural character-
istics of grown crystals. Among a number of publications on
crystal growth and characterization of these borate com-
pounds (for example, see Refs. (12-16)), there have practic-
ally never been systematic investigations of composition,
homogeneity, morphology, or structural characteristics of
the above solid solutions depending on the flux growth
conditions. In the present work from this point of view we
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consider the system (RE, Y)Al;(BO3),, where RE = Nd, Gd,
Ho, Yb, and Lu.

EXPERIMENTAL DETAILS

The crystals of Nd. Y; - ,Al3(BO3)4, x = 0.05,0.1, 0.6, 0.65,
0.7, and 0.75 (NYAB); Gd.Y; - Al3(BO3)4, x = 0.1, 0.2, 0.3,
0.4, 0.6, 0.65, 0.7, and 0.75 (GYAB); Nd,Gd; — ,Al3(BO3).,
x = 0.2 (NGAB), Ho.,Y; - ,Al5(BO3),, x =0.01, 0.03, and
0.05 (HYAB); Yb.,Y; - ,Al5(BO3)4, x = 0.005, 0.025, and 0.05
(YbYAB), and (Lu,Y;_,)Al;(BO3),, x = 0.005, 0.025, and
0.05 (LYAB) were prepared by the TSSG (top seeded solu-
tion growth) method as well as spontaneous nucleation
using a K,Mo030,-based flux. The starting composition
of the melts was 20 wt% REYAB-80 wt% (K,Mo030,-
(RE, Y),05-B,03) (RE =Nd, Ho) or 20 wt% REYAB-
80 wt% (K,Mo030,(,-B,03) (RE = Gd, Yb, and Lu). In the
run of spontancous crystallization, platinum crucibles with
the starting mixture were kept at 1050-1120°C for 1-4 h and
cooled down to 900°C at a rate of 0.2-0.5°C/h (4.8-12°C/
day). Then the temperature was lowered to 350°C at the rate
of 10°C/h. In the case of TSSG, the crystallization process
was carried out in the temperature range of 1070-1010°C at
the rate of 0.2-5°C/day following the experimental data on
the solubility and the crystallization kinetics (4).

Starting chemicals for the growth of REYAB crystals
were as follows Y,03 (99.994 wt%), Nd,O3 (99.935 wt%),
Gd,03 (9993 wt%), Yb,O; (9993 wt%), Ho,0;
(99.94 wt%), Al,03 (99.99 wt%), B,O5; (99.99 wt%), but
K,Mo03;0;, was previously synthesized at 650°C using
K,;Mo00, (99.99 wt%) and H,MoO, (99.99 wt%).

The composition of grown crystals has generally been
studied by the analytical scanning electron microscope
(ASEM) JSM-5300 m + Link ISIS with the accuracy of
0.2-0.3 wt%. In the case of crystals with small dopant
concentrations, however, a Cameca analyzer has been used.
The accuracy of these special measurements was up to
0.02-0.03 wt%.
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TABLE 1
Microprobe Analysis of REYAB Crystals
REYAB composition in Average REYAB crystal Average RE
fluxed melt composition distribution

coefficient (K)

(Ndo.05Y0.05)Al3(BO3)," (Ndo.02Y0.08)Al3(BO3)4 0.42
Ndo.06Y0.04A13(BO3)," (Ndo.02Y0.08)Al3(BO3)4 0.35
(Ndo.1 Yo.0)Al3(BO3)," (Ndo.08Y0.02)Al3(BO3)4 0.82
(Ndo.6Y0.4)Al3(BO;)," (Ndo.41Y0.50)A13(BO3)4 0.68
(Ndo.65Y0.35)Al3(BO3)," (Ndo.50Y0.41)Al3(BO3)4 0.92
(Ndo.7Y0.3)Al3(BO3)," (Ndo.66Y0.34)A13(BO3)s 0.94
(Ndo.75Y0.25)Al3(BO;),” (Ndo.71Y0.20)Al3(BO3)4 0.94
(Gdo 1Y 0.5)Al3(BO;)," (Gdo.19Y0.51)A13(BO3)4 093
(Gdo.3Y0.7)Al3(BO3)4" (Gdo.29Y0.60)Al3(BO3)4 0.96
(Gdo.4Y0.6)Al3(BO;)," (Gdo.35Y0.52)A13(BO3)4 0.95
(Gdo.6Y0.4)Al3(BO3)," (Gdo.50Y0.41)Al3(BO3), 0.98
(Gdo.7Y0.3)Al3(BO3)," (Gdo.68Y0.32)A13(BO3)4 0.97
(Gdo.75Y0.25)Al3(BO3)," (Gdyo.72Y0.28)Al3(BO3), 0.96
(H00.01Y0.99)A13(B03)4b (Ho0.01Y0.00)Al3(BO3)4 L0

(H00.03Y0497)A13(B03)4b (H00.03Y0.07)Al3(BO3)4 1.00
(Hog.05Y0.05)Al3(BO3)," (H00.051Y0.049)Al3(BO3)4 1.01
(YDo.005Y0.095)A13(BO3)s"  (Ybg.0047Y0.953)A13(BO;), 0.94
(Ybo.025Y0.075)A13(BO3)s"  (Ybo.026Y0.074)Al3(BO3), 1.02
(Ybo.05Y0.05)A15(BO;),” (Ybo.046Y0.054)Al3(BO3), 0.98
(Luo.osYo.95)A13(B03)4b (Lug.05Y0.95)A13(BO3), L0

(Lu04025Y0.975)A13(B03)4b (Luo.024Y0.976)A13(BO3), 0.98

“TSSG.
b Spontaneous crystallization.

The RE distribution coefficients of Y, Nd, Gd, Ho, and
Lu were calculated using the following equation
K = C yst/Caiss* REAB, where C. and Cgis- REAB are
RE concentrations in REYAB-grown crystals and in the
borate crystalline substances of the fluxed melt, respectively.
Structural investigations of solid solutions have been per-
formed using a Philips PW 1100 single-crystal diffrac-
tometer (MoKo radiation).

RESULTS AND DISCUSSION

It was found that the average RE distribution coefficients
varies from 0.35 to 0.94in NYAB to 1.02 in YbYAB crystals
(Table 1). A main reason for distribution coefficient vari-
ations is a difference in Y>* and RE*" cation sizes. In the
case of NYAB, when the Nd** cation radius is considerably
longer than that of Y**, it can be concluded that yttrium
sites in YAl3(BO3), (YAB) huntite structures are not ideally
suitable for neodymium. In contrast to those, the distribu-
tion coefficients of Gd, Lu, Yb, and Ho are close to one as
a consequence of minor difference in the sizes of Y** and
dopant RE cations.

The SEM photographs showed the growth striations,
which are strongly developed on the trigonal prism faces of
some NYAB and GYAB crystals obtained by spontaneous

FIG. 1.
(x = 0.75).

Growth striation on the prism faces of (Gd,Y, -,)Al3(BO3),

nucleation (Fig. 1). These striations are parallel to the edges
of {10 11} rhombohedron, and these edges also are in the
plane of trigonal prism faces. In the same direction, follow-
ing to the ASEM measurements, there is a sharp alteration
of the layers enriched in Gd (or Nd) and the layers depleted
of these RE elements (Fig. 2; Table 2). Since the experiments
were carried out at 1120-900°C, i.e., in the range of
NdAI;(BO;3), (NAB) and GdAl;(BOj), (GAB) phase
transition temperatures, it is therefore not excluded, the
layers enriched in Gd and Nd belong to the high-temper-
ature monoclinic (C2 or C2/c space groups) type of GAB
and NAB structures (2,3). On the other hand, the layers
enriched in Y have rombohedral YAB structure (R32 space
group) (1). This assumption is also based on specific features
of the YAB, NAB, and GAB polytypes (17). For example,
it was established that the layers of rare-earth prisms
[REAIB,O;] . and aluminum octahedra [Al,B,O;0 ]
alternate along the [10 11] direction in REAl-borates, form-
ing a pseudolayered type of structure. From this point of
view, therefore, striations on the trigonal prism faces corres-
pond to boundaries between two phases with different RE
concentrations. First of those phases, the polytype enriched
in Y*7, belongs to huntite R32 structure and the other,
monoclinic (C2 or C2/c) modification, has high Gd(Nd)
concentration.
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TABLE 3

Cell Parameters of GYAB and NYAB Crystals
Compound al o°
Gdo.6Y0.4AL(BO3)y 5.891(1) 104.33(2)
Gdo.7Y0.3Al3(BO3), 5.895(2) 104.34(2)
Gdo.75Y0.25A13(BO3), 5.896(1) 104.32(2)
Ndo.05Y0.05A15(BO3), 5.871(4) 104.32(3)
Ndo.,Y0.5Al3(BO3), 5.898(4) 104.26(3)
Ndo.6Y0.4Al3(BO3), 5.873(3) 104.33(1)
Ndo.7Y0.3Al3(BO3), 5.900(1) 104.28(1)
Ndo.75Y0.25A15(BO3)4 5.904(1) 104.29(5)

Some of LYAB crystals are inhomogeneous and they
have strongly developed growth sectors (Fig. 3a) as well as
growth bands (Fig. 3b). The light and dark areas on Fig. 3a
correspond to the rombohedron and prism growth sectors,
respectively. As it follows from the Table 4, the rombohed-
ron growth sectors are reached by Lu in contrast to prism
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FIG. 2. Composition image of (Gd,Y, -,)Al;(BO;)4 (x = 0.75).

The lattice constant for the NYAB and GYAB crystals
with high neodymium and gadolinium concentration grad-
ually changes with the crystal growth composition vari-
ations. All of these compounds belong to the R32 space
group (Table 3).

TABLE 2
Microprobe Analysis of GYAB Crystals

Point GYAB composition in GYAB crystal

number® fluxed melt composition K
1 Gdo.75Y0.25A13(BO3)s  Gdo.72Y0.25A13(BO3)s  0.96
2 Gdo.73Y0.27A1(BO3), 097
3 Gdo.79Y0.21A13(BO3)4 1.05
4 Gdo.76Y0.24A13(BO3)s 101
5 Gdo.71Y0.29A15(BO3)s 095
6 Gdo.72Y0.28A13(BO3)s 0.96
7 Gdo.79Y0.21A13(BO3)4 1.05
8 Gdo.79Y0.21A13(BO3)s 105

9 Gdo.70Y0.30A13(BO3)4 0.93
10 Gdg.72Y0.28A13(BO3), 0.96
1 Gdg.75Y0.21Al3(BO3), 1.04
12 Gdo.79Y0.21Al3(BO3), 1.05
13 Gdg.77Y0.23A13(BO3),4 1.03
14 Gdo.75Y0.22A15(BO3)4 1.04
15 Gdo.71Y0.20A13(BO3),4 0.95

“Point numbers correspond to those in Fig. 2.

(a)

(b)

FIG. 3. Composition

x = 0.025.

BBk IS

images of LYAB crystals: (a) x =0.05, (b)
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TABLE 4
Microprobe Analysis of LYAB Crystals

Point LYAB composition in LYAB crystal

number fluxed melts composition K
1 (Lu0.05Y0.05)Al3(BO3)s  Lug.049Y0.051AI3(BO3), 0.98
2 Luo.046Yo.054Al3(BO3)s 0.87
3 Luo.053Y0.047Al3(BO3)s L0
4 Luo.038Y0.062A13(BO3)s 0.72
5 Lug.053Y0.047A13(BO3),4 L0
6 Luo.037Y0.053Al3(BO3)4 0.70
1 Luo.025Y0.075A13(BO3)s  Lug.020Y0.080A13(BO3)4 0.8
2 Luo.023Y0.077Al3(BO3), 092
3 Luo.024Y0.076Al3(BO3)s 097
4 Luo.016Y0.084Al3(BO3)s 0.65
5 Lug.018Y0.070Al3(BO3)4 0.70
6 Lu0.024Y0.976Al3(BO3)4 094
7 Luo.017Y0.083Al3(BO3), 0.68

“Point numbers correspond to those in Figs. 3a and 3b.

growth sectors. It is not excluded that these structural
features depend on selective impurity trapping by different
crystal growth sectors, but the growth bands correlate with
fluctuations of crystal growth conditions.

CONCLUSION

Single crystals of REYAB (RE = Nd, Gd, Ho, Yb, and Lu)
were obtained from potassium trimolybdate based flux by
spontaneous crystallization under various conditions. NGAB
crystals have been grown using the TSSG method. Chemical
composition of the grown crystals was determined, and the
average RE effective segregation coefficients were calculated
to be 0.35 and 1.02 depending on the RE type cations. The
GYAB and NYAB unit cell parameters depend on the
crystal compositions according to the Vegard rule.
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