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Flux growth and liquid-phase epitaxy of Mn6+-doped barium sulfate
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We investigated the conditions for the growth of Mn6+-doped from the ternary eutectic NaCl-KCl-CsCl solvent at temperatures
of 480-600oC. The doping complex ion MnO4

2− can easily substitute the SO4
2− complex ion in BaSO4 with its orthorhombic

space group Pnma. The growth of Mn6+-doped BaSO4 was performed using liquid-phase epitaxy by applying an advanced
growth strategy. High-quality layers were grown according to the step-flow mode with step heights of maximum 1.5 unit cells
and step widths of 200 nm. The defect density was reduced to 1×103 and 7×104 etch pits cm−2 for (011) and (001), respectively.
The growth velocity was one and two unit cells s−1 for 〈001〉 and 〈011〉, respectively.
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Introduction

The transition-metal ion Mn6+ is a promising activator
ion for potential applications as tunable and short-pulse
lasers because of its broadband luminescence in the
spectral region 850-1600 nm. Its simple 3d1 electron
configuration excludes undesirable exited-state absorp-
tion into higher excited 3d levels. However, hexavalent
manganese can be stabilized only in the tetrahedral
oxo-coordination and easily reduces to Mn5+/Mn4+ at
temperatures above 600oC. Unseeded flux growth [1]
and liquid-phase epitaxy (LPE) [2] of Mn6+-doped have
been reported. The incorporation of Mn6+ into different
host materials with tetrahedral oxo-coordination has
been investigated in detail [3]. Not only the ion radii
and coordination within the XO4

2− complex but also the
coordination sphere of the XO4

2− complex plays a
significant role for the incorporation of Mn6+ [3].
Moreover, reduction of the Mn6+ ion cannot be avoided
even at low temperatures and in the presence of
stabilizing additives such as K2CO3 and NaOH. As a
consequence, the concentration of Mn6+ incorporated
into the grown layers decreases with growth time [3].

LPE is a powerful method allowing the growth of
high-quality layers of materials, which possess either a
phase transition or lack a congruent melting point, as is
both the case for BaSO4. We employed LPE to grow
Mn6+-doped BaSO4 layers with high crystalline quality
by applying an improved growth strategy [2, 4]. The

results from LPE as well as from the unseeded flux
growth are discussed here in greater detail.

Experimental

Alkaline and earth-alkaline chlorides were used to
dissolve the solute BaSO4. The experiments for the
unseeded flux growth, named flux growth in the further
discussion, and the LPE were prepared in the way
described in [3, 5]. While different solvents were
employed for the flux growth of BaSO4, the eutectic
NaCl-KCl-CsCl was the sole solvent used for the LPE
of BaSO4. The experiments were carried out under
ambient atmosphere and pressure in a resistance heated
furnace at growth temperatures TG between 480-600°C
and 490-570°C, at cooling rates of 1-2 and 0.67 K h−1,
for the flux growth and LPE, respectively. For the
latter, a seed crystal was situated in the center of the
upper half in the solution volume and a rotation rate of
20 rpm was applied.

The grown crystalline BaSO4 is water-insoluble and
can be liberated easily from adherent solvent after the
experiment by rinsing with distilled water. The crystals
were checked for phase purity by X-ray powder diffr-
action (XRD) using a diffractometer (X'PERT MPD,
PANalytical) in Bragg-Brentano geometry. Cu Kα
radiation and silicon as the internal standard were used.
The raw data from the measurements were refined by
applying the Rietveld-refinement method [6]. The full-
width-at-half-maximum (FWHM) was determined. Optical
characterization was carried out by means of both
transmission and Nomarski differential interference
microscopy (N-DIM), Leica AG. Atomic-force microscopy
(AFM), Explorer model from Topometrix, in contact
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mode served to investigate the surface morphology of
our layers. The etch-pit density (epd) was estimated by
counting the etch pits obtained through slightly
dissolving the specimen. The manganese concentration
was estimated with electron probe microanalysis (EPMA)
using a Cameca SX50 model with an acceleration
voltage of 20 kV.

Crystal Growth of BaSO4

Flux Growth of undoped BaSO4
Well-facetted crystals up to 2 cm in 〈100〉 could be

grown. The habit consisted of {011}, {101}, and {210}

faces whereas well-developed {001} faces appeared
rather rarely. The surface morphology of the faces was
characterized by dendrites of up to several 100 µm in
length, see Fig. 1a. Dendritic crystal growth, which is a
form of instable growth in the fastest growing direc-
tions, can appear at highly supersaturated regions in the
flux. The supersaturation which occurs owing to the
large cooling rate in flux-growth experiments decreases
by the fast growth of dendrites. In addition, dendrites at
the surface occur during the phase transition of the
solution from liquid to solid. This process does not
occur simultaneously in all regions of the flux. Conse-
quently, nucleation is produced in the still liquid parts
of the solution and dendrites start to grow. The entire
process is stopped after complete solidification of the
flux.

Another common feature of flux-grown crystals is
the inclusion of mother solution, see Fig. 1b. It appears
immediately after the homogeneous nucleation, which
requires much higher supersaturation than the sub-
sequent growth [7]. The growth is dendritic until the
initial high supersaturation is consumed. Afterwards,
the growth is driven by the programmed temperature-
ramp-controlled supersaturation. The trapped mother
solution is a source for dislocations [8]. The layer
which seals the inclusion may be deformed due to
pressure decrease inside the inclusion volume as a
result of solute crystallization in the wrapped solution.
The sealing layer bends and, thus, a misfit arises at the
interface and dislocations are induced. The growth of
crystals with low content of visible inclusions is
possible by the unseeded flux method using the
eutectic NaCl-KCl-CsCl. Figure 1c shows such a
BaSO4 crystal with a length of about 3 mm in the c-
direction.

The following growth strategy [2, 4] was applied in
order to obtain high-quality layers. Firstly, we grew
undoped bulk samples of by the flux method. Secondly,
an undoped layer was grown by LPE, and finally, the
Mn6+-doped layer was grown on top of the undoped
layer.

Liquid-Phase Epitaxy of BaS1-xMnxO4
The addition of K2MnO4 into the solution leads to

MnO2 precipitation. These precipitates cause the
heterogeneous nucleation and growth of BaS1−xMnxO4

solute crystals at the bottom of the growth container
due to the lowered Gibbs energy of nucleation. This
process occurred already before dipping the substrate
into the liquid solution and continued during the
epitaxial growth process on the substrate. As a result,
each BaSO4 crystal from the bottom of the crucible
contains dark inclusions of sizes typically between 1
and 50 µm, which are localized mainly at the center of
each crystal. The number of incorporated MnO2

precipitates as well as their sizes decrease with increas-
ing distance from the crystal nucleus and the outer

Fig. 1. (a) Details of the (011) surface of a LiCl flux-grown . The
surface is dominated by its dendritic morphology. (b) Focussing
inside the same crystal shows a large inclusion of mother solution.
The trapped inclusion body develops the typical baryte habit when
the supersaturation of the solution drops to a level small enough to
allow for stabilized growth. (c) Microphotograph of flux-grown
BaSO4 crystals without inclusion of mother solution.



258 D. Ehrentraut, Y.E. Romanyuk and M. Pollnau

regions are typically free of MnO2 precipitates. Further-
more, the temperature at the bottom of the container
was 1°C lower than in the region where the substrate
was placed. This may support the growth of crystals at
the container bottom. Generally, the competing growth
of additional BaS1−xMnxO4 crystals causes reduced
supersaturation of the BaSO4 solute in a shorter time
span. The best LPE layers have been grown from
saturated solutions achieved by the above-mentioned
process. In contrast, nucleation of BaSO4 at the bottom
of the growth container was found to be negligible for
the LPE growth of undoped BaSO4 on flux-grown
BaSO4. 

Surface flatness is closely connected with super-
saturation of the solution. Reduced supersaturation
results in a change of the growth mechanism as
demonstrated by the AFM measurements in Figs. 2a-b.
The growth range was between 550 and 510°C and the

cooling rate remained constant at 0.67 K h−1. Growth of
BaS0.997Mn0.003O4 under conditions rather far away
from the thermodynamic equilibrium is imaged in Fig.
2a. The concentrations of BaSO4 and K2MnO4 were

= 4 wt% and = 1.2 × 10−2 wt% with
respect to the total weight of the solution. The growth
process of the (001) surface followed the step-bunching
mechanism. The step width measured from one top to
the next is up to 2 µm. The height between consecutive
steps ranges from 50 to 100 Å, or 7 to 14 unit cells in
〈001〉, respectively. The front of the bunched steps
consists of convex parts, which suggests an effect due
to impurities [8]. Adsorbed impurities on the surface
stop the layer growth at the contact site. The layer
continues to grow around the impurity and finally, the
impurity is trapped into the layer. The impurity may
consist of precipitated MnO2 that appears in the volume
of the solution. Numberless sub-micrometre sized
solution precipitates are visible at the surface. Again,
this is a suggestion that the problem of reduced crystal
quality is due to MnO2 precipitates trapped in the
growing BaS1−xMnxO4  layer.

By contrast, Fig. 2b shows a high-quality (001)
surface of a BaS0.997Mn0.003O4 layer. The concentrations
of BaSO4 and K2SO4 were = 3.75 wt% and

= 1.2×10−2 wt% with respect to the total weight
of the solution. The growth followed the step-flow
mechanism. The step height is between 7 and 10 Å,
which corresponds to 1-1.5 unit cells. The average step
width is 200 nm. In contrast to Fig. 2a, no hint for
possible impurity trapping can be found.

Growth Velocity
Layers grown according to the step-flow mechanism

were cut perpendicular to (001) and (010) faces and the
thicknesses were measured under a microscope. The
results give the average growth velocities, , which
take into account a possible dissolution process at the
early stage of the growth experiment. The results
obtained for BaS1−xMnxO4 with 0 ≤ x ≤ 0.003 are

= 7.8 Å s−1 and = 10.3 Å s−1, which
correponds to one and two unit cells per second,
respectively. The growth time was longer than 100 h.

X-ray Powder Diffraction
Figures 3a-b show the XRD patterns of BaSO4 and

BaS1−xMnxO4, respectively, in terms of intensity versus
2-Θ. The baryte-II phase was confirmed in both cases.
Other phases were not found in the solid-solution
BaS1−xMnxO4 layers. A precise estimation of the lattice
parameters of BaSO4 (Fig. 3a) was made, resulting in
a0 = 8.8854 Å, b0 = 5.4558 Å, and c0 = 7.1585 Å. These
values are in good agreement with those reported in the
literature [9]. Figure 3b shows the XRD measurement
of the BaS0.999Mn0.001O4 powder. The lattice parameters
are a0 = 8.8852 Å, b0 = 5.4547 Å, and c0 = 7.1591 Å.
The FWHM value estimated using the (002) reflex of a

cBaSO4
cK2MnO4

cBaSO4

cK2MnO4

V

V 001〈 〉 V 010〈 〉

Fig. 2. AFM images (contact mode in air) of (001) surfaces: (a)
Growth according to the step-bunching mechanism with step
heights between 7 and 14 unit cells. (b) Growth according to the
step-flow mechanisn with step heights of maximum 1.5 unit
cells.
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single crystal of BaS0.999Mn0.001O4 of 3 mm in size was
measured to be Θ = 0.25°.

Defect density
The epd was analyzed for BaS0.999Mn0.001O4 films

grown on LPE-grown BaSO4 substrates. The etchant
was the eutectic composition of NaCl-KCl-CsCl. For
(011) faces, we found an epd of 1×103 to 4×104 cm−2,
thus the average spacing is between 300 and 50 µm.
For (001) faces, an epd of 7×104 to 4×105 cm−2 was
found, thus the average spacing is between 40 and 16
µm. I.e., less crystal defects pass through the (011)
surface than through the (001) surface. In flux-grown
samples, we counted between 3×104 and 2×105 etch
pits (ep) cm−2 for (011) surfaces and about 2×106 ep
cm−2 for (001) faces. Thus, by following our concept
for the growth of high-quality BaS1−xMnxO4 layers, the
epd for (011) and (001) faces could be reduced in
average by about one order of magnitude.

Stability and Incorporation of Mn6+

The liquid solution appears in an emerald color when
containing Mn6+ ions. The color of Mn6+-doped BaSO4

crystals ranges from pink for small Mn6+ concentrations
to violet for Mn6+ concentrations > 200 ppm wt. Two
parameters, the stability of Mn6+ in the solution and the
incorporation of Mn6+ into the BaSO4 crystal, govern
the Mn6+ concentration  in the crystal, resulting in
striking differences between the initial  in the
solution and the  detected in the grown layers.
The reduction of Mn6+ in the solution MnO2 and the
formation of solid and its precipitation as dark brown
clusters at the bottom of the crucible decreases 
during the growth process. This makes the calculation
of the segregation coefficient k0 impossible. The
reduction process starts immediately after the solid-to-
liquid phase transition of the solution during heating up
and continues with progressing growth duration until
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Fig. 3. XRD measurements of (a) BaSO4 and (b) BaS0.999Mn0.001O4.
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the liquid solution becomes colorless. The time
dependence of  in the solution was studied in [3].
The findings indicate that short-term experiments
would be preferable but will result in thin layers only.

Results obtained by luminescence emission spectro-
scopy [1, 2, 10] suggest that the Mn ions are incorpo-
rated into the crystal predominantly as Mn6+. Figure 4
shows the EPMA study of the Mn concentration in a
cross-section of a BaSO4 crystal. The growth proceed-
ed in the direction from A to B. The  measured in
different regions of the crystal is shown in the graph.
The first measured point is in the undoped region of the
crystal. As can be seen,  decreases by more than a
factor of two from 2100 ppm to 800 ppm during the
growth process. When investigating several samples,
differences between the initial  in the solution and
the  detected in the sample were up to one order
of magnitude. As a consequence, the incorporation of
Mn6+ into the host crystal BaSO4 cannot be controlled
precisely.

Summary

In this paper, we have discussed our work on the
Mn6+-doping of BaSO4. Applying an advanced growth
strategy, high-quality layers of BaS1−xMnxO4 have

been grown by LPE. The problem of reproducible
Mn6+ doping due to the reduction of Mn6+ is
recognized. Mn6+ can be incorporated into BaSO4 in
quantities smaller than the initial manganese concent-
ration.
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Fig. 4. Cross-section of a Mn6+-doped crystal (top) and the Mn6+

concentration measured by EPMA.


