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Flux Growth of >’Fe-enriched Very High Quality Iron Borate Single Crystal and
Observation of Magnetic Domain Structure using X-ray Double Crystal
Topography
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- A high quality iron borate, *’FeBOs, single crystal for Mossbauer single-line filtering optical element of
synchrotron radiation has been successfully grown by the flux method. The crystal perfection and its
magnetic domain structure were investigated by X-ray double crystal topography of synchrotron radiation.
The measured rocking curve of >’FeBO4(444) reflection without external magnetic field proved that the
value of full width at half maximum (FWHM) was 4.48arcs for A=1.24A. Precise topographs displayed, for
the first time, the real image of a favorable magnetic multi-domain structure, which could support the high
crystallinity of *’FeBOs. As for influences of external magnetic field on *'FeBO; crystal perfection,
the application of weak magnetic field (500¢) hardly affected FWHM of rocking curve. However, the
application of strong magnetic field (13000¢) deformed the rocking curve profile drastically.
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1. INTRODUCTION

The antiferromagnet iron borate FeBO; single crystal
is one of a few magnets combing transparency in the
visible spectral range with spontaneous magunetization at
room temperature. It is a weak ferromagnet with nearly
antiparallel spin sublattices of Fe’* ions in the (111) base
plane at temperatures below the Néel point of 348.5K.
The FeBO; crystal has a calcite structure belonging to
the space group R3«(Zf,)"- In spite of many years and a

large number of researches, there has been permanent
interesting in studying the properties of FeBO, crystal,
For examples, recent investigations have revealed a
structural phase transition in FeBO; %, a collapse of the
magnetic moment of Fe*™ iron under pressure ¥, and
various dynamical phenomena, which include nonlinear
effects “®), magneto acoustic effects ™, photo-induced
magnetic effects ¥, From the practical point of view, it
has been pointed -out that FeBO; single crystal can be
applied to novel crystal monochromators of synchrotron
radiation (SR) '%'". Especially, *’Fe-enriched *’FeBO,
single crystal is the most advantageous optical element
of nuclear resonant scattering of SR. Because, this
optical element can emit a narrow band single-line
radiation of 10%V order by using the pure nuclear
Bragg scattering (NBS) of *’FeBO; single crystal at the
Néel temperature ', Then, it allows one to perform the
energy domain Méssbauer measurement using excellent
SR X-ray beam properties (linear polarization, small

beam size etc.) even in the multi bunch mode. However,
as is described in ref 12 and 13, the natures of high
refractivity and small divergence of NBS are achieved
only when the nuclear monochrometor crystal has a few
arcsec order crystallinity. So that, available *’FeBO;
single crystal is strongly required to have high crystal
perfection. Besides, the influences of magnetic domain
structures induced with external magnetic field on the
crystallinity of “'FeBO; is important probiem to develop
the high performance Mdssbaver single-line filtering
element. Because, in order to control the polarization
states of nuclear diffraction beam, the external field
should be applied parallel to the crystal surface and
perpendicular (or parallel) to the scattering plane fo
arrange the magnetic moment in one direction '%,

The present paper describes the flux growth of a high
quality “’FeBOj; single crystal and double crystal X-ray
topography experiments in order to elucidate the natures
of crystal perfection and their relation to the magnetic
domain structures.

2. *"FeBO; CRYSTAL GROWTH
Single crystals of *FeBO; were grown by a
PbO-PbF,-B,0;, flux method™*'". As for raw materials,

0~ Fe,0; (P'Fe enrichment 95%), PbO (Spec Pure

Grade 99.99%) supplied by Mitsui Mining & Mfg. Co.
and PbF, (Spec Pure Grade 99.995%), B,O; (Spec Pure
Grade 99.99) by Johnson Matthey Co. The optimized
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flux growth conditions (starting flux compositions and
temperature procedure) were determined with several
preliminary *'Fe non-enrich growth experiments. As the
results, the composition of starting materials for *FeBO,
crystal growth was:5.30g 0-"Fe,0s, 27.11g PbO, 12.70g
PbF,, and 47.39g B,0;. They were packed in a 150cc
platinum crucible. The crystal growth was performed in
an electric furnace in air using the following program:
heating from room temperature to 950°C at a rate of
50°C/hr, keeping a soak temperature of 950°C for 24hr.
After a rapid cooling to 905°C in order to avoid the
crystallization of a-Fe,0; and Fe;BOq, it is cooled at a
rate of 0.1°C/hr to 800°C. Then, in this temperature
range, FeBOj; is a thermodynamically stable phase. At
the end of the growth period, the furnace was cooled
naturally below 800°C by cutting the power current. The
crystals were carefully separated from the solidified flux
by treatment in hot dilute nitric acid for several hours,
Most flux grown single crystals were little pieces, but it
could get a few large size crystals too. Fig. 1 shows the
best crystal selected as a conspicuous centimeter-sized
plate like crystal without macroscopic defects (scratches
or cracks). It has been used for the following described
X-ray diffraction experiments.
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Fig. 1. Flux-grown “"FeBO; single crystal
whose thickness is about 84pm.

3. X-RAY DOUBLE CRYSTAL TOPOGRAPHY
3.1 Experimental setting

The experiments of X-ray double crystal topography
with synchrotron radiation' were performed at BL-15C
of Photon Factory (KEK). The experimental setting is
represented in Fig. 2. In our studies, all measurements
were performed on *"FeBQ;(444) reflection in Bragg
case geometry.
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Fig. 2. Experimental setting of X-ray topography.

The synchrotron beam is tuned to A=1.24A by Si(111)
double crystal monochromator and the intensity is
monitored by an ionization chamber, X-ray is collimated
by Si(331) with an asymmetry factor 1/6=5.78. Then,
the divergence of the delivered X-ray becomes very
small (wy=0.75arcs) in comparison with the diffraction
width of *'FeBO; (444) reflection (@,=3.56arcs). By
using: slit-3, X-ray beam is restricted with the size of
25mmx10mm, which is sufficient for illuminating the
whole surface of the crystal. The optical arrangement of
Si(331) and *"FeBO,(444) fulfills a condition of (+ -)
parallel setting. The rocking curve profiles and X-ray
topographs are obtained at three different conditions of

the external magnetic field: He,=0, 50 and 13000e¢. As is
shown in Fig. 2, external fields are applied along the
crystal surface to magnetize it parallel to the scattering
plane. The topographs were recorded on nuclear plates
Iiford L4 placed perpendicular to the diffracted beam.

3.2 Crystal perfection and magnetic domain structure
The crystal perfection was evaluated with the rocking
curve of *"FeB05(444) reflection in He=00e. In such a
case, antiferromagnet *"FeBO; single crystal has multi
magnetic domain structure. The result is shown in Fig. 3.
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Fig. 3. Rocking curve with X-ray illuminating
the whole sample in H,=00e¢. a)A6=0.0arcs,
b)A8=-2.24arcs, ¢) AG=+2.24 arcs. The dashed
line is a gaussian fitting curve,

The profile of rocking curve shows a very sharp single
peak form without any broad tails, and its FWHM is just
only 4.48 arcsec. Since the theoretical FWHM of
STFeBO;(444) reflection at A=1.24A is 3.65 arcsec in this
experimental setting, the measured FWHM coincides
with the calculated value within 1.0 arcsec precisely. It
implies that there are not any curvatures and growth
boundaries in the crystal surface beyond a few arcsec.
Therefore, it is concluded that this *"FeBO; crystal has
the ideal crystal perfection suited for an optical element
using nuclear Bragg scattering of SR.

The magnetic domain structure was observed by
X-ray topographs recorded at three different angle
positions of rocking curve; the peak position (a), low
and high angle positions (b), (¢) corresponding to the
half maximum of rocking curve {See, Fig. 3(a),(b) and
(c)}. Since rocking curve has a steep gradient at angle
positions of half maximum, X-ray diffraction images
show the high strain sensitivity for the latter two cases.
The recorded topographs are shown in Fig.4 (a), (b) and
{c) respectively.

In the topograph recorded at the peak position, X-ray
diffraction contrast is obtained in a homogeneous
illumination from almost whole of the crystal (See Fig.4
(2)). It indicates that the crystal surface is free from
serious lattice defects such as dislocations and inclusions.
However, in staring into the topography, it can be also
observed that several faint straight-line contrasts cross
over the crystal surface. The line contrasts are caused by
the change of magnetostrictive deformation across the
90° magnetic domain walls. Here, 180° domain walls
are invisible in topographs ?%. As is shown in Fig. 4(b)
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and (c), the clear images of domain wall contrast and
domain configuration have been observed by strain
sensitive topographs. The domain contrasts separated
with 90° domain walls have been composed of a lot of
black-and-white diamond-shaped strain sectors, and they
are regularly arranged with typical sector size of a few
millimeters. In addition, since the black and white
contrasts of each sector have been reversed in Fig. 4(b)
and (c) respectively, it is found that adjacent domains
have a slight inclination to the opposite direction each
other and this structure spreads over the whole crystal
surface with angular misorientaion below a few arcsec.
The schematic representation is shown in Fig. 5.

(b)
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Fig. 4. X-ray double crystal topography of ’FeBO,
(444) plane without external magnetic field. Topography
(a), (b) and (c) are recorded at following angles; (a)
A8=0.0arcsec, (b) AG=-2.24arcsec, (¢) AG=+2.24arcsec.
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Fig. 5. Regularly arranged magnetic domain structure of
a high quality *’FeBO, single crystal in Ho=00e. It is
divided into many diamond-shaped strain sectors by 90°
multi magnetic domain walls.

These results are the first observation of a unique case
that the regularly arranged multi magnetic domain
structure realizes the high crystal perfection of *"FeBO;.
Usually, the multi magnetic domain structure of FeBO,
single crystal is irregular and the direction of
magnetization in domains distributes on the basal plane
randomly. Consequently, the induced magnetostrictive
strain gives rise to crystal imperfection! 2%,

3.3 Effect of magnetic field

The influences of external magnetic field on *"FeBO;,
crystal perfection were studied by rocking curve and
topography of *"FeBO; (444) reflection placed in two
different magnetic fields of 500e and 13000¢. These
values are enough large in comparison with saturation
field of basal plane; Hs~50e. So that, in both cases, the
crystal has become single domain state magnetically,
The measured rocking curves are shown in Fig. 6(a) and
(b) respectively. The vertical axis has been normalized

by incident X-ray intensity of {onization chamber.
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Fig. 6. Rocking curves of *'FeBO,(444) reflection
placed in external magnetic fields; (a) He= 500e, (b)

.~ 13000e. The dashed lines are component curves of
gaussian distribution fitting.

In Fig. 6(a), the rocking curve of weak magnetic filed
shows a single peak profile with a narrow FWHM of
4.85arcsec. It indicates that the transition of ’FeBO,
crystal to single domain state hardly affects on the
crystal perfection. In contrast, the application of strong
magnetic field alters rocking curve profile dramatically.
As is shown in Fig. 6(b), single peak of Fig. 6(a) splits
into four low intensity peaks with the broad tails clearly
(See component curves of gaussian fitting in Fig. 6(b)).
From several repetitions of this measurement, it is found
that the deformation of rocking curve is reversible
process between H,=500¢ and 13000e, and the switch
on and off of strong magnetic field at angular position of
Fig. 6(b), B makes realize the noiseless X-ray shutter on
and off functions. On the other hand, topographs of
H.=13000¢ have been recorded at three different peak
positions of rocking curve; Fig. 6(b) A, B and C. They
are shown in Fig. 7(a), (b) and (c) respectively.

(2) Hex = 13000¢, 8 =-35 arcsec

(b) Hey = 13000¢, 0 = -30 arcsec

(c) Hex = 13000e, 0 = -18 arcsec

Fig. 7. X-ray double crystal topography of *'FeBO;
(444) plane in H,=13000e, Topographs (a), (b) and (c)
are recorded at different Bragg angles corresponding to
angular positions of Fig. 6(b) A, B and C respectively.
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In all topographs of Fig. 7, domain wall contrasts have
been disappeared completely and X-ray diffraction
contrasts are obtained in homogeneous illuminations
from different parts of the crystal surface. The physical
origins of these results are understood as follows. The
application of magnetic field makes change *'FeBO;
single crystal from multi magnetic domain structure to
single magnetic domain structure. At the same time, the
magnetic domain walls are vanished and it leads to the
disappearance of domain wall contrast of topographs.
So far as an external filed is weak, crystal perfection is
maintained yet. But, the application of strong magnetic
filed gives rise to the strong magnetostrictive strains in
the crystal unevenly and it causes the local mechanical
distortion on crystal surface. As the results, the observed
white contrast of topographs changes the position from
the right hand side to the left hand side with the increase
of X-ray incident angle (See Fig.7 (a), (b) and (¢)).

4. CONCLUSIONS

In the present work, a very high quality S"Fe-enriched
'FeBO; crystal suitable for Mossbauer single-line
filtering element of SR has been successfully grown by
the flux method. The crystal perfection and magnetic
domain structure have been investigated by X-ray
double crystal topography of SR. As the results, the
following conclusions can be obtained about the
influence of magnetic domain structure on the crystal
perfection.

(a) In the multi-domain state, X-ray topographs have
revealed that a unique strain structure is associated with
regularly arranged multi-magnetic domains and it plays
a vital role in the high crystal perfection of *’FeBO;.

(b) In the single-domain state, it has been proved that the
application of weak magnetic field (H,=500¢) has
hardly affected for the crystal perfection of *'FeBOs.

(¢) The - application of strong magnetic field
(Hex=13000¢) has induced the strong magnetostrictive
strain in the crystal and it deformed the shape of rocking
curve dramatically. This phenomenon makes it possible
to control the intensity of X-ray diffraction by the
magnitude of external filed.

In the view point of futures application, X-ray double
crystal topography of a high quality FeBO; crystal may
be useful for the studies of magnetic domain properties
in the nonequilibrium systems such as photo induced
magnetization® and magnetic super structure due to
the ultra sound wave®. Since it allows us to observe the
magnetic domain structure with high strain sensitivity of
arcsec order.
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