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The GdVOy single crystals, both undoped and doped with erbium or thulium, were studied by means of X-ray

diffraction topographic methods exploring laboratory and synchrotron radiation sources.

Variously developed

block structure, caused probably by thermal stresses, was revealed. The highest crystallographic perfection
was observed in the crystal doped with 4 at.% of thulium, which was free of the grain boundaries in the end
part. Contrary to that, the differences in structural perfection between samples cut out from various regions of

the crystal and for different kinds of doping, were less distinct in other crystals.

The diffraction topographic

methods enabled the statement that the misorientation between various blocks is in the range of several arc minutes.

PACS: 61.72.Ff

1. Introduction

Gadolinium orthovanadate (GdVOQ4) belongs to the
group of rare earth orthovanadates (REVQOy,), which are
promising optical materials for applications in lasers and
polarisers. These crystals may be host for some ions re-
sponsible for the laser phenomena [1-21]. In particular,
the gadolinium orthovanadate is a perspective material
for diode-pumped solid-state lasers [1-14].

GdVOy crystallises in the tetragonal structure of zircon
type with space group I4;/amd and lattice parameters
a =0b= 17218 A and ¢ = 6.356 A [14]. The crystal
structure enables efficient introduction of the required
ions by doping.

There are many difficulties associated with growing of
high quality REVOy single crystals. These difficulties
are connected mainly with low thermal conductivity of
these materials. Such growth defects as cracking, low an-
gle boundaries, dislocations, glide bands, inclusions, and
substructure were observed [9-11, 13, 15-20, 22-23]. Also
in the case of GAVQy, a tendency for spiral growth man-
ifesting itself through formation of characteristic “tail” is
observed [9-11, 13, 15]. Frequently, the unwanted defects
significantly limit the possibilities of applications of the
given material. Their presence indicates a need of stud-
ies of the real crystal structure and lattice defects as a
function of the growth conditions, leading to determina-
tion of the growth conditions favourable for attaining the
desired quality.

The aim of the paper is the investigation of the real
crystal lattice structure of GAVOy single crystals, both
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undoped and doped with erbium or thulium. The studies
were realised by means of X-ray diffraction topographic
methods, which are very sensitive to crystal lattice de-
formation. Our former investigation of YVQOy4 crystal,
which belongs to the same group of materials, has been
published elsewhere [22-23].

2. Experiment

Single crystals of GAVO4 were grown by the Czochral-
ski method using Cyberstar Oxypuller 20-04 equipment.
The thermal system consisted of a 50 mm diameter and
50 mm high iridium crucible, and a passive iridium after-
heater of 60 mm diameter placed on the ceramics around
the top part of the crucible. Inductive heating with Hut-
tinger generator was applied. The following conditions
of the growth process have been applied: growth rate
1-2 mm/h; rotation rate 10-20 rpm and cooling after
growth — at least 24 h. The growth atmosphere con-
sisted of nitrogen with 0.5 vol.% admixture of oxygen.
To suppress the “tail” formation and to keep tempera-
ture gradient over the melt as stableas possible, the cru-
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Fig. 1.

Examples of as grown GdVOy4 crystals.
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cible was lifted up during growth runs to compensate
melt level lowering. Finally, good quality, (100)-oriented
GdVOQy, single crystals both undoped and doped with Er
(0.5 at.%) or Tm (4 at.%) were obtained (Fig. 1). Their
diameters and lengths were up to 25 mm and 50 mm, re-
spectively. The dopant concentrations were determined
with the use of inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES) method. According to the
obtained data, the distribution coeflicients have been es-
timated as: kg, =~ 0.7; krm ~ 0.8 [24]. Therefore, it
should be pointed out that erbium and thulium could be
relatively easily introduced into GdV Oy, lattice.

The samples for X-ray topographic studies were cut out
perpendicularly to the [100] growth axis. The samples
were taken from different regions of the crystal (near the
seed and near the end part), in order to reveal possible
changes of the defect structure along the given crystal.
All samples were mechanically and chemically polished
and thinned down to the thickness of about 300 pm.

The characterisation of defect structure was performed
by X-ray diffraction topographic methods. The conven-
tional Lang projection X-ray topographs were taken in
transmission and back-reflection geometry using MoKay
radiation for different sample azimuths. The topographs
were recorded on 50 pm Ilford L4 nuclear plates. The
Lang projection topographs, due to the translation mech-
anism, show an image of the whole sample: the thin near-
surface layer in the back-reflection case or whole sample
thickness in the transmission case.

The white beam synchrotron radiation (WBSR) back-
reflection projection and section topographs were taken
at low glancing angle of 5° at the Station F1 at HA-
SYLAB (DESY, Hamburg). The synchrotron projection
topographs could reproduce only a limited region of the
samples with the diameter close to about 7-8 mm, how-
ever, the high collimation of the beam allowed to gain
a better image resolution than that obtainable for the
Lang topographs. The section topographs were recorded
using a narrow beam with the wave front limited by a
5 pm slit. The superimposed projection and section to-
pographs were also taken. All synchrotron topographs
were recorded on KODAK SR 45 films.

All presented topographs are negative prints, i.e. a
higher blackening corresponds to higher X-ray intensity.

3. Results

Figures 2-5 display some representative topographs of
the investigated GAVO, crystals. As one can notice, no
segregation fringes, and no strong contrasts are observed,
indicating a good homogeneity of chemical composition
(the contrasts mentioned would indicate the presence of
conglomerations of precipitates or dislocations). The
Lang topographs reveal several regions with different
blackening corresponding to the blocks with different in-
clination to the sample surface and not exactly set in re-
flecting position. The effect is shown in Fig. 2a—c, where
back-reflection topographs 2b and 2c¢ were taken for the
same reflection but slightly different angular crystal set-
ting, whereas the topograph 2a was taken in transmis-

Fig. 2. Lang projection diffraction topographs of the
samples cut out from the near seed part (a)—(c) and near
end part (d) of the undoped GdVOys crystal, MoKaa
radiation: (a) transmission topograph, 020 reflection;
(b)—(c) 10,~4,0 back-reflection topographs taken for dif-
ferent angular crystal setting; the distinct two lines in
the middle of the image is caused by the damage of
the nuclear plate; (d) back-reflection topograph, 020 re-
flection. g — diffraction vector; X denotes projection
of the incident beam direction on the film; C — grain
boundaries; D — crystal blocks.
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Fig. 3. Lang projection diffraction topographs of the

samples cut out from the GAVO4:Er (0.5 at.%) (a)—(b)
and GdVO4:Tm (4 at.%) (¢)—(d), MoK« radiation: (a)
(c) — samples from the near seed part; (b) (d) — sam-
ples from the near end part; (a) transmission topograph
(b)-(d) back-reflection topographs. g — diffraction vec-
tor; X denotes projection of the incident beam direction
on the film; C — grain boundaries; D — crystal blocks.

sion geometry. The image of the block marked by A in
Fig. 2a and 2c practically disappears in Fig. 2b. Sim-
ilarly, the image of the blocks marked by B in Fig. 2b
practically disappears in Fig. 2a and 2c. The back reflec-
tion topograph of the sample cut out from the end part
of the crystal shows much more complex block structure
(Fig. 2d).
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Fig. 4. Synchrotron white beam back-reflection
diffraction topographs of the GAVOy4 crystals: (a)—(b)
— sample cut out from the near end part of the
undoped crystal; (c)—(d) sample cut out from the near
end part of the crystal doped with Er (0.5 at.%); (a)
(c) — projection topographs with superimposed section
topographs (images of the slit); (b), (d) — section
topographs. X denotes projection of the synchrotron
radiation beam direction on the film; C — grain bound-
aries; E — displaced images of disoriented blocks; G —
image of the linear slit; F — displaced fragments of the
slit image corresponding to the various crystal blocks.

In the white beam synchrotron radiation back-
reflection projection topographs, the disoriented blocks
give mutually displaced images with almost the same
blackness. They correspond to a diffracted beam of sim-
ilar intensity but reflected along slightly different direc-
tions — each block choosing the appropriate wavelength
meeting the Bragg condition (see scheme shown in Fig. 6
and topographs in Figs. 4-5) [25]. The grain boundaries
appear as white or black stripes depending on the mu-
tual misorientation between blocks (marked in Figs. 4-5).
The black stripes correspond to overlapping of the im-
ages from two neighbouring crystal blocks, whereas the
white lines correspond to a gap between the images of
two blocks (see Fig. 6).

The results indicate that the dominating imperfection
in the studied GAVOy single crystals is a variously devel-
oped block structure, which is generally caused by ther-
mal stress. The block structure seems to be much more
complex in samples cut out from the end part of the
crystal than in those cut out from the near-seed part
(Figs. 2, 3a, 3b, 4). The GdVO, crystal doped with
thulium is an exception. In this case, the mosaic struc-
ture and other defects are practically absent in the sam-
ple cut out from the end part (Figs. 3c—d and 5). The
crystal doped with thulium is the most perfect among all
GdVO, crystals studied in this work (Figs. 2-5). This
observation was also confirmed by topographs of samples
cut out from a crystal grown in another process (Fig. 5e—
h). The results suggest that the development of the block
structure can be moderated by doping, but precise de-
termination of this dependence requires further investi-

Fig. 5. Synchrotron white beam back-reflection
diffraction topographs of two different GdVO4: Tm
(4 at.%) crystals: (a)-(b) and (e)-(f) — samples cut
out from the near seed part of the crystal; (c)—(d) and
(g)-(h) — samples cut out from the near end part of
the crystal; (a) (¢) (e) and (g) — projection topographs
with superimposed section topographs (images of the
slit); (b) (d) (f) and (h) — section topographs. X
denotes projection of the synchrotron radiation beam
direction on the film; C — grain boundaries; E —
displaced image of the disoriented block; G — image
of the linear slit; F1 — straight segments of the slit
image corresponding to slightly disoriented blocks; F2
— practically undeformed image of the slit indicating
good quality of the crystal lattice.
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Fig. 6. Model of the orientation contrast formation in
the white beam back-reflection synchrotron topographs
of the crystals with the block structure. Based on [24].

gations. It is well known that the high concentration of
dopant can significantly disturb the glide and multipli-
cation of dislocations, leading to a reduction of the con-
centration of dislocations in the growing crystals. In par-
ticular, a high isoelectronic doping is sometimes used to
reduce the concentration of dislocations in A™BY crys-
tals and GaN layers [26, 27].

The white beam synchrotron radiation back-reflection
projection topographs enable a rough evaluation of lat-
tice misorientation between neighbouring blocks. This
may be significantly improved by additional exposing of
section topographs using a beam limited by a slit. The
image of the slit is divided (due to the misorientation of
grains present in the illuminated region of the crystal)
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into a few mutually displaced segments, in some cases
being also slightly bent (Figs. 4, 5a,b). The evaluated
misorientation between various blocks was in the range
of several arc minutes.

4. Conclusions

The dominating imperfection of the investigated
GdVOy4 crystals is a variously developed block struc-
ture. The block structure is generally caused by thermal
stresses, but the development of this structure can also
be moderated by some kinds of doping. The evaluated
misorientation between various blocks is in the range of
several arc minutes.

The results reveal some changes between the samples
cut out from different regions of the GdVOy crystals con-
trary to our former results in variously doped YVOy crys-
tals. It was observed that the block structure is much
more developed in samples cut out from the end part of
the GAVOy4 crystals.

The presently observed defects appear to be analogous
to those found in Czochralski grown crystals reported
in the literature. However, some of them evidently con-
tain dislocations and inclusions at a higher concentration
level. On the other hand, in some earlier described or-
thovanadate crystals obtained by slow cooling method,
the concentration of dislocations has been very low.

Some differences between variously doped crystals is
indicated. In particular, the best perfection has been
observed in the crystal containing thulium at a high con-
centration level (4 at.%), where the mosaic structure is
practically absent. The results suggest that the develop-
ment of the block structure can be moderated by doping,
but precise determination of this dependence requires fur-
ther investigations.
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