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Abstract: Mn3Al,Ge3Oq; is a member of the garnet family of compounds, A3B;(COy)3, whose
magnetic properties are affected by a high degree of geometrical frustration. The magnetic frustration
is at the origin of the intriguing magnetic properties that these materials exhibit, such as a long
range hidden order derived from multipoles formed from 10-spin loops in the gadolinium gallium
garnet, Gd3GasO12. Mn3Al,Ge3O1; garnet is isostructural to the thoroughly investigated Gd garnets,
Gd3Gas501; and Gd3Als0q;. Moreover, in MnzAl,Ge3Oq;, the Heisenberg-like Mn2+t magnetic
ions (L = 0) are also arranged in corner sharing triangles that form a hyperkagomé structure. The
identical crystallographic structures and similar Heisenberg-like behaviour of the magnetic ions
make manganese aluminium germanium garnet the closest compound to the gadolinium garnets
in its magnetic properties. Here, we report, for the first time, the growth of a large, high quality
single crystal of the Mn3zAl,Ge3 O, garnet by the floating zone method. X-ray diffraction techniques
were used to characterise and confirm the high crystalline quality of the Mn3Al,Ge3zO1, crystal
boule. Temperature-dependent magnetic susceptibility measurements reveal an antiferromagnetic
ordering of the Mn?* ions below Ty = 6.5 K. The high quality of the single crystal obtained makes it
ideal for detailed investigations of the magnetic properties of the system, especially using neutron
scattering techniques.

Keywords: crystal growth; floating-zone technique; garnets; frustrated magnet

1. Introduction

The garnet family of compounds is characterised by the general formula
Ag+ Bg*(C4+O4)3 [1-3] where A, B and C sites are occupied by divalent, trivalent and
tetravalent cations. The manganese-containing garnets have a cubic crystal structure,
belonging to the [a3d space group. The magnetic Mn ions are positioned on the A site,
forming two interpenetrating hyperkagomé lattices in which the magnetic ions are arranged
in corner sharing triangles. These adjacent triangles lie with an angle of 73.2° between
them, creating a three dimensional structure [4]. The antiferromagnetically coupled ions on
the triangular lattice facilitate geometric magnetic frustration, prompting interest in the
garnet structure.

Geometric frustration arises when a system is unable to minimise the competing
interactions due to its crystallographic structure, preventing a single ground state to be
favoured [5-7]. Magnetic frustration is usually a consequence of neighbouring moments
interacting so that a large ground state degeneracy is achieved, suppressing long range
order, giving rise to rich and exotic magnetic behaviour, such as glassy, spin liquid [8], spin-
orbital-entangled liquid [9] and spin ice [10] phases. As a result, systems containing edge
and corner-sharing triangular arrangement of antiferromagnetically interacting spins are of
great interest in the field of frustrated magnetism. The most established systems exhibiting
this kind of magnetic structure are pyrochlores [11], garnets [12] and kagomé [13,14] lattices.
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The gadolinium gallium garnet (GGG), Gd3GasOq3, has been extensively studied as
the archetypal frustrated magnet [4,15-17]. GGG displays no long-range magnetic order
in zero-field despite its relatively strong antiferromagnetic correlations. Diffuse neutron
scattering patterns with a distinct Q-dependence displayed by both polycrystalline and
single crystal samples of GGG have been interpreted as evidence for a long-range hidden
magnetic order.

This new director state is derived from the three dimensional triangular arrange-
ment of localised spins and the corresponding perturbative magnetic anisotropy, with
the directors localised to the centre of 10-spin loops of the Gd ions [16]. Recent results
on gadolinium auminium garnet (GAG) have also piqued interest as a candidate for the
10-spin loop director state [4]. Despite the high theoretical interest in GGG and GAG, the
prohibitively high neutron absorption cross section of the Gd isotopes makes it extremely
hard to experimentally probe the magnetic structure of Gd compounds using neutron
scattering techniques.

The crystal structure of Mnz Al,GezO1 (MAGG) is identical to that of GGG, while the
magnetic structure is comprised of Heisenberg-like magnetic ions Mn?>* (L = 0). These
characteristics make Mn3AlyGe3O1; the closest compound to GGG in its magnetic proper-
ties, being a strong candidate for exhibiting the hidden magnetic order, previously observed
in GGG. The significantly lower neutron absorption of the constituent magnetic Mn?* ions,
relative to the Gd ions, is advantageous for neutron scattering techniques.

Figure 1 illustrates the crystal structure of MnzAl,Ge3Oq;. The Mn?T cations on the
triangular lattice form a hyperkagomé structure while the A13* cations occupy the B sites
and the Ge** cations occupy the C sites.

@ Al
@ Ge
@ Mn
® o

Figure 1. Crystal structure of Mn3AlpGe3O1,. The Mn-Mn “bonds” highlighted in red emphasize the
formation of a hyperkagomé structure. The cubic unit cell is viewed along the [111] direction and
outlined using black dashed lines.

A rhombohedral magnetic structure, of magnetic space group (R3/c), was first pro-
posed for MnzAl,Ge3zO1, by Plumier [18] and Prandl [1] based on neutron diffraction
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experiments in 1973. The magnetic moments of the manganese ions are oriented parallel to
the [111] plane, and are directed either opposite or along the [211], [121], and [112] axes,
creating a non-collinear magnetic structure with 12-sublattice antiferromagnetic ordering,
slightly differing from the triangular 120° structure. This was in agreement with further
studies of the magnetic properties and specific heat measurements by Valyanska et al. [19].
Mn;3Al,Ge301; has also recently been shown to display the first order magnetoelectric
effect, which is rare for a garnet and is promising for future applications [20].

For a detailed understanding of the magnetic neutron diffuse scattering signal, a
sufficiently sized single crystal is required. Synthesis of Mn3Al,Ge3O1, polycrystalline
material has been previously reported [21,22], as well as the growth, by the Czochralski
method, of single crystals. MnzAl,Ge3Oq; single crystals of 1.5 x 1.5 x 1.5 mm? were
grown, in air, using a platinum crucible [23]. Nevertheless, to the best of our knowledge,
no detailed report on the growth of large single crystals of Mn3zAl,Ge3z O is available to
date, despite previous studies of the magnetic properties of this compound using single
crystal samples [19,24-26].

An ideal method for the production of a relatively large and high quality crystal is the
optical floating zone (FZ) technique. The lack of crucible or flux prevents contamination,
making a high-purity sample, well-suited for neutron scattering and magnetic characterisa-
tion. The FZ method has been previously employed by us to successfully grow a range of
single crystal frustrated magnets for detailed investigation via neutron scattering [27-30].

We have successfully prepared, for the first time, using the optical floating zone
method, crystals of Mn3 Al,Ge3O1, garnet. The growth of large high quality single crystals
of this garnet opens up the route for detailed studies of the magnetic behavior of this
frustrated magnet. This will allow the opportunity to determine the magnetic ground state
of Mn3Al,Ge30Oq; and to shed light on the possibility of the existence of a hidden magnetic
order in this compound.

2. Materials and Methods

The starting materials for the synthesis of Mn3 Al,Ge3O1; polycrystalline samples were
MnO (99.999% purity), GeO, (99.998%) and Al,O3 (99.99%). The starting GeO, powder
was sintered in air at 800 °C overnight to remove the moisture prior to the synthesis of
the polycrystalline material. Crystals of the manganese aluminium germanium garnet,
Mn;3Al,Ge3O1,, were then grown using a four-mirror halogen arc lamp (0.5 kW) optical
image furnace (CSI FZ-T-10000-H-IV-VPS, Crystal Systems Incorporated, Hokuto, Japan).

The crystal quality of the boules was investigated using a backscattering X-ray Photonic-
Science Laue camera system. A 3 cm long single crystal was isolated from the crystal boule
showing the best crystalline quality. Phase purity analysis was carried out using powder
X-ray diffraction (PXRD) measurements of ground fragments of the crystal. Room temper-
ature diffractograms were collected on Pananalytical X-ray diffractometers using CuKa4
and CuKua, radiation (Agey = 1.5406 A and Ag,, = 1.5444 A), over an angular range of
10-100° in 26, with a step size of 0.013132°. Profile refinement was performed using the
FullProf software suite [31].

Chemical composition analysis was carried out by energy dispersive X-ray spec-
troscopy (EDAX) using a scanning electron microscope on small fragments isolated from
the crystal boules.

Magnetic susceptibility measurements as a function of temperature were taken on
ground fragments of the crystal, as well as on a small crystal fragment, down to 1.8 Kin
an applied field of 500 Oe, using a Quantum Design Magnetic Property Measurements
System MPMS-55 Superconducting Quantum Interference Device (SQUID) magnetometer,
SD, USA.
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3. Results and Discussion
3.1. Polycrystalline Synthesis

Samples were first prepared in polycrystalline form by solid state reaction. Previous
studies on other mixed oxides containing germanium [32,33] noted that Ge can be lost
during the synthesis process, due to the evaporation of GeO, at high temperature. To
overcome this drawback, one can prepare Ge-based oxide compounds using starting
powder mixtures enriched in germanium. Therefore, in a first attempt, we prepared three
samples (labeled MAGG_1, MAGG_2, and MAGG_3) starting with stoichiometric amounts
of MnO and Al,O3 and different amounts of excess GeO, (5, 10, and 15% respectively). The
oxide powders were mixed together, pressed into pellets to facilitate the chemical reaction
(2 g of end material was prepared), and then heat treated in nitrogen gas atmosphere for
24 h, at 900 °C, 1100 °C and subsequently at 1150 °C. Between each synthesis step, the
mixtures were thoroughly ground to ensure good homogeneity and re-pressed into pellets.
Analysis of the X-ray diffraction patterns (see Figure 2a—c) collected at room temperature on
the samples prepared starting with a powder mixture enriched in Ge, MAGG_1, MAGG_2,
and MAGG_3, indicates that the main phase is Mn3Al,Ge3O1,. Nevertheless, there are
several Bragg peaks that could not be indexed with the cubic (Ia3d) space group and
arise due to the presence of orthorhombic (Pbca) MnGeOj3 [34] and trigonal GeO, (P3,21)
impurities [35]. A larger amount of polycrystalline material was prepared using the same
synthesis conditions as sample MAGG_3 and the resulting powder mixture was isostatically
pressed into a cylindrical rod (5 mm diameter and 63 mm long) and sintered at 1150 °C for
a further 24 h. The annealed rod was used for the crystal growth attempts.

The three samples prepared using starting powder enriched in germanium, MAGG_1,
MAGG_2, and MAGG_3, contain the same impurities, despite using different amounts of
excess GeO;. Furthermore, the presence of unreacted trigonal GeO, (P3,21) hints at the pos-
sibility of preparing polycrystalline Mn3AlyGe30;, samples using a starting stoichiometric
powder mixture. To investigate this hypothesis, a fourth sample was prepared (sample
labeled MAGG_4), for which powders of the starting oxides were weighed in stoichiometric
amounts and mixed together thoroughly. The resulting powder mixture was then heated
in nitrogen gas atmosphere for 48 h, at 900 °C, and subsequently at 1050 °C for 48 h and
1150 °C for 72 h. The annealed mixture was reground between each step of the synthesis to
ensure good homogeneity and to facilitate the reaction of the precursors. The PXRD pattern
(see Figure 2d) collected at room temperature on the resulting Mn3 Al,Ge301, powder mix-
ture indicates that the main phase is the desired Mn3 Al,Ge3 O, garnet phase. Nevertheless,
there are several Bragg peaks that could not be indexed with the cubic Ia3d space group.
These Bragg peaks are attributed to the presence of orthorhombic (Pbca) MnGeO3 and
rhombohedral (R3c) Al,O3 [36] impurities. In a subsequent synthesis attempt, the duration
of each synthesis step was reduced to 24 h to prevent the formation of the orthorhombic
MnGeOs impurity, which forms at high temperature in atmospheric pressure when using
an extended synthesis duration [33].

In a third attempt (sample labeled MAGG_5), stoichiometric amounts of MnO, GeOy,
and Al,O3 powders were mixed together thoroughly. The powder mixture was heat treated
in nitrogen gas atmosphere for 24 h, at 900 °C, 1100 °C and subsequently at 1150 °C. The
PXRD pattern obtained for the MAGG_5 sample is shown in Figure 3. An analysis of the
pattern reveals the presence of mainly Mn3Al,Ge3zOq;, garnet phase. Nevertheless, there
are a few impurity peaks that belong to the cubic (Fd3m) Mn,AlO4 [37] and orthorhombic
(Pnma) MnQO, [38] phases. The sintered material was isostatically pressed into cylindrical
rods and sintered at 1150 °C for a further 24 h. The impurities persisted in the rod despite
the additional heat treatment step. The resulting rods were used as feed rods for the crystal
growth attempts.
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Figure 2. PXRD profiles of four of the polycrystalline Mn3Al,Ge3O1; samples (labeled
MAGG_1, MAGG_2, MAGG_3, and MAGG_4), prepared using different amounts of excess GeO5.
(a—c) MAGG_1, MAGG_2 and MAGG_3, prepared using 5, 10 and 15% of GeO; excess, respectively,
in three steps, at 900 °C, 1100 °C, and 1150 °C for 24 h. (d) MAGG_4, prepared using 0% GeO,
excess in three steps, at 900 °C, 1100 °C, and 1150 °C for 48-72 h. The red open circles represent
the experimental profiles and the black lines are the calculated profiles, with the difference given by
the blue lines. The reflections of the cubic Mn3Al,Ge3O1; garnet structure are indicated by green
“I” while orthorhombic (Pbca) MnGeO3, trigonal (P3,21) GeO; and rthombohedral (R3¢) Al,O3 are

represented using orange, pink and light blue “I” respectively.
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Figure 3. PXRD profile of a Mn3Al,Ge3zOq; polycrystalline sample (sample labeled MAGG_5),
prepared in three steps, at 900 °C, 1100 °C, and 1150 °C for 24 h. The red open circles represent
the experimental profile and the black line is the calculated profile, with the difference given by the
blue line. The reflections of the MnzAl,Ge301, garnet structure are indicated by green “I”
orthorhombic (Pbca) MnO, and cubic (Fd3m) Mn,AlOy are represented by the pale pink and purple
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The conditions used for the synthesis of the Mn3z Al,Ge3O;; polycrystalline materials,
as well as the results of the phase composition analysis of each sample, are summarized
in Table 1.

Table 1. Summary of the conditions used for the preparation of the Mn3 Al,Ge3O1; polycrystalline
samples. All the samples were sintered in nitrogen gas atmosphere. The results of the phase
composition analysis by powder X-ray diffraction are given for each sample.

Sample Synthesis Conditions GeO,
Labell) Temperature Duration Excess Phase Composition Analysis

°Q) (h) (%)

900 24 mixture of cubic MnzAl,Ge3O1,
MAGG_1 1100 24 5 orthorhombic MnGeOj3;

1150 24 and trigonal GeO,

900 24 mixture of cubic MnzAl,Ge3O15,
MAGG_2 1100 24 10 orthorhombic MnGeOj3;

1150 24 and trigonal GeO,

900 24 mixture of cubic MnzAl,Ge3O1,
MAGG_3 1100 24 15 orthorhombic MnGeOj3;

1150 24 and trigonal GeO,

900 48 mixture of cubic Mn3zAl,Ge3O15,
MAGG_4 1050 48 0 orthorhombic MnGeO3

1150 72 and rhombohedral Al,O3

900 24 mainly cubic Mn3Al,Ge3O1y, a few
MAGG_5 1100 24 0 peaks of cubic Mny AlO4 and

1150 24 orthorhombic MnO,

3.2. Crystal Growth

All the Mn3Al,Ge30;; garnet crystal boules were grown using the floating zone
technique in a static nitrogen gas atmosphere, at a pressure of 1-3.5 bars and at a growth rate
of 2-20 mm h~!. The two rods (feed and seed) were counter-rotated at a rate of 5-16 rpm.
The crystal boules do not appear to melt congruently, and typically, it was observed that
higher growth rates help to stabilise the molten zone. Furthermore, a white residue was
observed on the quartz tube surrounding the feed and the seed rods. A powder X-ray
diffraction analysis of the white residue showed that this residue is GeO, [23], suggesting
that a small amount of GeO is lost during the crystal growth process due to evaporation.

We have first attempted to grow crystal boules of MnzAl,Ge3zO1; using a feed rod
prepared with polycrystalline material from a starting powder mixture enriched in germa-
nium (synthesised in the same conditions as the MAGG_3 sample, using 15% excess GeO,).
To suppress the evaporation of GeO; during the crystal growth process, the growth was
carried out in a nitrogen gas atmosphere, at a pressure of 3-3.5 bars, and using a growth
rate of 20 mm h~!. A high growth rate was employed as the molten zone was not stable
when lower growth rates were used. The Mn3Al,Ge3zO1, garnet boule obtained (crystal
boule labeled MAGG_C1) was ~4-5 mm in diameter and ~55 mm long. The MAGG_C1
boule, pictured in Figure 4, was an orange-red colour and it was opaque. In the first few
millimeters (region neighbouring the seed), the boule developed strong facets, however, as
the growth progressed, the facets disappeared and multiple tiny facets started developing
along the entire length of the crystal boule. X-ray Laue photographs taken of the MAGG_C1
boule revealed a poor crystalline quality. In addition, the PXRD pattern collected on a
ground fragment showed the presence of a mixture of phases, the Mn3Al,Ge30;, garnet
and an orthorhombic (Pbca) MnGeO3 impurity, as can be observed in Figure 4.
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Figure 4. (top) As-grown crystal boule of Mnz Al,Ge3O1;, (sample labeled MAGG_C1) obtained in
nitrogen gas atmosphere at a pressure of 3-3.5 bars and using a growth rate of 20 mm h~L. The

feed rod was prepared using the starting polycrystalline Mnz Al,GezO1, with a 15% excess of GeOy
(same conditions used to synthesize the MAGG_3 sample). (bottom) PXRD profile of a ground
crystal fragment isolated from the MAGG_C1 boule. The red open circles represent the experimental
profile and the black line is the calculated profile, with the difference given by the blue line. The

IIIII

reflections of the Mnz Al,Ge3Oq; garnet structure are indicated by green “I” while the reflections of

the orthorhombic (Pbca) MnGeOs impurity are represented by orange “I”.

In a second attempt, crystal boules of Mn3Al,Ge30;, were grown using feed rods
prepared using polycrystalline material from a stoichiometric starting mixture (synthesised
using the same conditions as the MAGG_5 sample). Initially, a polycrystalline rod was
used as a seed, and once a good quality crystal boule was obtained, a crystal seed was used
for subsequent growths. The crystal growths were carried out in nitrogen gas atmosphere,
at a pressure of ~1 bar, using a growth rate of 20 mm h~!. A Mn3zAl,Ge301; crystal boule
(labeled MAGG_C2) obtained using these growth conditions is shown in Figure 5. The
MAGG_C2 boule was ~4-5 mm in diameter and ~58 mm long, and appeared to be a
black, opaque colour. However, later inspection of thin slices of the crystal of less than
0.7 mm in thickness reveal the crystal to be dark orange in colour. Post-growth annealing
on small crystal fragments at 900° for 24 h made no difference to the appearance of either
the MAGG_C1 or MAGG_C2 boules. It is worth noting that a minute amount of white
residue was observed on the quartz tube surrounding the feed and the seed rod, suggesting
that a very small amount of GeO; is lost during the crystal growth process,significantly
less compared to the other crystal growth attempts. Long, reflective facets were formed
along almost the entire length of the crystal boule. X-ray Laue photographs taken of the
boule confirm the good crystalline quality of the MAGG_C2 crystal boule. A large single
crystal region with good crystalline quality of length 3 cm, as labeled in Figure 5, could be
isolated from the crystal boule for subsequent characterization measurements.

Phase purity analysis was carried out on a ground crystal piece of the MAGG_C2
boule, and the powder X-ray diffraction pattern is shown in Figure 6. Profile matching
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confirms that the main phase is the Mn3Al,Ge3 O, cubic garnet phase, with no significant
impurity phases present. The lattice parameter was determined to be a = 11.90479(5) A, in
agreement with previous studies [20].

Composition analysis by EDAX was performed on a cleaved piece from the MAGG_C2
crystal boule. The average atomic percentages of Mn, Al, Ge, and O were 15.1(2)%, 10.5(8)%,
13.8(7)%, and 60.4(3)% respectively. Given the limitations of this technique, the results are
in reasonable agreement with the expected theoretical values of 15%, 10%, 15%, and 60%
for Mn, Al, Ge, and O respectively. Taking into consideration the results, the chemical
composition of the MAGG_C2 crystal boule is Mn3 Al 12Gep 77012, 0s. This could be a
result of a small deviation in the congruent melting composition from the stoichiometric
composition and it has been previously reported in other garnets, such as the gadolinium
scandium aluminium garnet (GSAG) garnet [39,40].
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Figure 5. As-grown crystal boule of Mn3 Al,Ge301;, (sample labeled MAGG_C2), prepared by the
floating zone technique, in nitrogen gas atmosphere, at a pressure of 1 bar, using a growth rate of
20 mm h~! (top). A single crystal of ~3 cm length was isolated from the Mn3Al,Ge3O1; crystal boule,
labeled as region A. Also shown are the X-ray Laue back reflection photographs showing the [100]
and [110] orientations of an aligned sample used for magnetic properties measurements (bottom).
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Figure 6. PXRD profile of a ground crystal fragment isolated from the Mn3 Al,Ge304; boule (labelled
MAGG_C2). The red open circles represent the experimental profile and the black line shows the
calculated profile, with the difference given by the blue line. The reflections of the Mn3Al,Ge3zO1,
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garnet structure are indicated by green
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The difficulties encountered in stabilising the molten zone prompted us to attempt to
a third growth attempt, with the feed rod consisting of a crystal boule prepared using the
same parameters as for the growth of MAGG_C2 boule. Typically, premelting of the feed
rods is used for the growth of incongruently melting materials, when there are no signs
of evaporation [41]. The reduced evaporation observed using the parameters employed
to prepare the MAGG_C2 boule suggested that premelting the rods could be a possible
solution that could help to stabilise the molten zone at lower growth rates. A crystal boule
previously premelted using the same parameters as for the growth of the the MAGG_C2
boule was used as seed rod. The crystal growth was then carried out in nitrogen gas
atmosphere, at a pressure of ~1 bar, using a growth rate of 2-6 mm h~!. Figure 7 shows
the resulting crystal boule (labeled MAGG_C3). The MAGG_C3 boule appeared to be a
black colour, of a variable diameter due to difficulties encountered in stabilising the molten
zone. In addition, a rather large amount of white residue was observed on the quartz
tube surrounding the feed and the seed rod. Therefore, the crystal boule obtained was
not of good crystalline quality, and a large size single crystal region was not produced,
as confirmed by the X-ray Laue backscattering analysis. X-ray Laue photographs are
consistent along the length of the 7 mm, labelled B, however, the single crystal region did
not extend to the entire width of the boule. Phase composition analysis by powder X-ray
diffraction of a ground crystal fragment of the MAGG_C3 boule (see Figure 8) reveals that,
although the main phase is the cubic Mn3Al,Ge3Oq; garnet, there is a small amount of
a cubic (Fd3m) MnAlL O, impurity present in the crystal [42]. These results indicate that
the crystal growth attempt using a premelted rod was not successful in producing a good
quality, pure phase crystal boule due to the loss of GeO; during the initial premelting phase
and during the crystal growth process.

1
1

11
1

P
-
il
-
-
1

mm=aas: =: mas: H =

Figure 7. (left) As-grown crystal boule of Mn3Al,Ge301;, (sample labeled MAGG_C3) obtained, in
nitrogen gas atmosphere at a pressure of 1 bar, by melting the feed rod twice using a growth rate of
2-6 mm h~!. The initial polycrystalline feed rod (prepared in the same conditions as the MAGG_5
sample) was processed at a growth rate of 20 mm h~!. The boule thus obtained was used as feed
rod for the final crystal growth, when a growth rate of rate of 2-6 mm h~! was employed. (right)
The Laue backscattering photograph corresponds to the consistent pattern obtained from the region
labeled B, 7 mm in length.

To summarize our attempts to grow MnzAl,Ge3O1; crystal boules by the floating
zone method, the best crystals were obtained starting from feed rods obtained using the
same synthesis conditions as for the preparation of the MAGG_5 sample. In addition, the
growth parameters that allowed us to obtain better quality boules and to isolate a good
size single crystal for characterization measurements are the ones used to prepare the
MAGG_C2 crystal boule. Furthermore, it is worth noting that the use of a high growth rate
helped us to achieve a stable molten zone, and was crucial in obtaining large, good quality
single crystals.
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Figure 8. PXRD profile of a ground crystal fragment isolated from the MAGG_C3 boule. The red
open circles represent the experimental profile and the black line is the calculated profile, with the
difference given by the blue line. The reflections of the Mn3Al,Ge3 O, garnet structure are indicated
by dark green “I” while the reflections of the cubic (Fd3m) MnAl,O, impurity are represented by
light green “I”.

A summary of the conditions used for each crystal growth of Mn3Al,Ge3O1; garnet is
given in Table 2.

a

Table 2. Summary of the conditions used for the growth of the Mn3 Al,Gez O, garnet crystal boules “.

Growth Gas Atmosphere/ Feed & Seed
Crystal Label Rate Pressure Rotation Rate Remarks

(mm/h) (rpm)

g ) mainly cubic Mn3Al,Ge301, phase and a
MAGG_CL 20 N2, 3-3.5 bars 6-6 few peaks of orthorhombic MnGeO3
MAGG_C2 20 Ny, 1 bar 10-16 cubic Mn3Al,Ge3O1;, phase x
grain ~ 4-5 x 4-5 x 30 mm3
MAGG C3 26 N> 1bar 10-5 mainly cubic Mn3zAl,Ge301, phase and a
— - 2, -

few peaks of cubic MnAl,O4

* The optimal growth conditions that allowed us to obtain the best quality boule and to isolate a good
size single crystal fragment for characterisation measurements are marked using *.

3.3. Magnetic Characterisation

Magnetisation measurements were performed on a small MnzAl,Ge3O;; single crystal
fragment (5 x 3 x 2 mm?) of mass 60.8610(5) mg, isolated from the MAGG_C2 boule. The
temperature dependence of the dc magnetic susceptibility, x(T), and the reciprocal, x ~(T),
in an applied magnetic field of 500 Oe with H || [100] and H || [110] are shown in Figure 9.
Consideration of the demagnetisation factor made no significant difference to the results of
these measurements and was therefore disregarded and the raw data used.

For both crystallographic directions, the magnetic susceptibility exhibits a monotonic
increase when cooling from 300 to 1.8 K, and an anomaly is observed at low temperature.
This feature centered around 6.5(1) K suggests the antiferromagnetic ordering of the Mn?*
ions, agreeing with previous reports in which the ordering temperature varies between
6.3 K [23] and 6.8 K [19,24-26] for both polycrystalline and single crystal samples. A fit
of the x~1(T) to a Curie-Weiss law over the temperature range 50-300 K shows that the
Mn3Al,Ge3;Oq; garnet has an effective moment of ue = 5.7(1) up for H || [100] and
tef = 5.9(1) up for H || [110]. The effective moment of Mn?* in manganese aluminium
germanium garnet is in agreement with the magnetic moment of a free Mn?* ion. The Weiss
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temperature of Mn3zAl,Ge3O1, was also calculated for the two crystallographic directions,
and was found to be equal to 6y = —18.5(1) K for H || [100] and 6w = —20.7(1) K for H ||
[110]. The negative value of the Weiss temperature indicates an antiferromagnetic coupling
of the Mn?" ions, however the values obtained differ slightly from the previously reported
results of 25 K, for a single crystal sample [23], and 28 K [19], for a polycrystalline sample.

The anisotropy in the magnetic susceptibility, x, evident in Figure 9 has been observed
previously in different crystallographic orientations [23] and has been linked to the relative
orientation of the applied magnetic field to the vector normal to the plane of triangular
spins in the crystal structure. This has also previously been used to explain the differences
in pegr and Oy for each crystallographic direction [23].
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Figure 9. (top) Temperature dependent magnetic susceptibility, x(T), for a Mn3Al,Ge3O1, crystal
fragment isolated from the MAGG_C2 boule, for H || [100] (shown in red) and H || [110] (blue),
in the temperature range 2—300 K and an applied magnetic field of 500 Oe. The inset shows an
ordering temperature of Tyy = 6.5 K. (bottom) The temperature dependence of x~'(T) and the fit in
the temperature range 50—300 K using the Curie-Weiss law.

4. Conclusions

Samples of Mn3Al,Ge301;, garnet were first prepared in polycrystalline form by the
conventional solid state synthesis method. The chemical composition analysis using X-ray
diffraction techniques revealed the presence of impurities. We have described various
synthesis conditions attempted to improve the quality of the powder samples, including
the use of excess GeO; to improve the phase purity of the resulting polycrystalline material.
Studies to further improve the synthesis conditions are now being carried out to obtain
phase pure manganese aluminium germanium garnet in powder form. The polycrystalline
material that contained the highest percentage of the required Mn3Al,Ge3O1;, phase was
used as the starting material for the synthesis of single crystals of Mn3Al,Ge3O1,. The
different attempts at the crystal growth of Mnz Al,Ge3zO1; by the floating zone technique are
described where the growth parameters were adjusted to overcome difficulties encountered
due to the evaporation of GeOy, and also the in the stabilisation of the liquid molten
zone during growth. We have been successful in growing, for the first time, crystal
boules of the manganese aluminium germanium garnet using the FZ method. The quality
and composition of the as-grown Mn3Al,Ge3zO1, boules were investigated using X-ray
diffraction techniques. It is worth noting that a high speed growth rate of 20 mm h~! helped
to stabilise the molten zone and to reduce the amount of GeO; lost through evaporation
during the crystal growth process. A large, phase-pure single crystal of 3 cm length was
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isolated from the Mn3Al,Ge3Oq; crystal boule, displaying the best crystalline quality. This
crystal fragment is now being used for detailed magnetic properties measurements of this
system. The large size and high quality of the crystal suggests that it is a good candidate
for further physical characterisation, such as magnetisation measurements and neutron
scattering measurements.
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