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’ INTRODUCTION

The garnets1 constitute one of the largest mineral families and
remain an important topic in material sciences and geosciences.
A major part of the upper mantle and the high-pressure meta-
morphic rocks in the crust of our earth incorporates garnets.2

These gem stones are not only used as jewelry, e.g., Y3Al5O12

(YAG)1,3 but also in synthetic form, used as relatively cheap
permanent magnets (Y3Fe5O12, YIG)

4,5 and host matrix for rare-
earth ions in laser materials (Nd3+:YAG).6

Although the chemical flexibility of the garnet structure has
been thoroughly investigated, there remains one composition
that is less investigated. In an early report on new crystals in
titaniferrous slags, the existence of Ca3Ti2Si3O12 was mentioned
but without further investigations on its properties.7 This com-
pound was named imanite, a name that was adapted in later
works.8 During investigations of the CaO�Ti2O3�SiO2 phase
diagram, the imanite was found to be the only a quaternary
compound9 and its garnet type structure was confirmed from an
indexed powder pattern. Imanite has not been mentioned since
then although Ti3+ is a quantum spin ion (d1, S = 1/2), which is an
interesting species for spectroscopic andmagnetic investigations.

Depending on where the magnetic ions are situated in the
garnet structure, a variety of magnetic properties can be ob-
served. With the general formula A3B2C3O12, it is possible to
tentatively divide the garnets into magnetic groups. To limit the
discussion in this paper, only a narrow compositional freedom
will be considered: 3d transition metals in combination with the
nonmagnetic ions Y3+, Ca2+, Al3+, Si4+, and Ge4+. The A site
alone can be described as a three-dimensional net of corner-
sharing triangles, as in, spessartine Mn3Al2Si3O12 and almandine

Fe3Al2Si3O12.
10 As a result, strong geometric frustration is

expected for magnetic systems with antiferromagnetically
coupled spins at the A-site, as observed for spessartine.11 More
complex are the magnetic properties for the cases where two of
the sites are occupied by magnetic ions. The most well-known
example is YIG, having Y at the A site and Fe at the B and C sites.
The oxygen coordination of Fe3+ is six at B and four at C. The
magnetic moments at the B and C sites are aligned antiparallel,
resulting in a ferrimagnetic ground state.12 All the known
compositions where only B sites contain magnetic ions are
antiferromagnets with relatively low transition temperatures.
The long superexchange path between the B ions is the reason
for the weak spin�spin coupling. For example, andradite,
Ca3Fe2Si3O12, exhibits a N�eel state below 11.5(1) K,13 and
uvarovite, Ca3Cr2Si3O12, becomes an antiferromagnet below
TN = 9 K.14

In this paper a detailed crystal structure analysis of imanite is
presented together with macroscopic measurements concerning
its magnetic, thermodynamic, and optic properties.

’EXPERIMENTAL SECTION

Synthesis.The precursor CaSiO3 was synthesized through a normal
solid state reaction: CaCO3 (99.9%, Merck) was mixed in an agate
mortar with SiO2 (99.5%, Alfa-Aesar) in molar ratio 1:1 before the mixture
was placed in a corundum crucible and subsequently heated at 1100 �C
overnight in air. After the sintered powder was reground, the same heating
procedure was repeated. The resulting CaSiO3 was homogenized with
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ABSTRACT: Large single crystals of the garnet imanite, Ca3Ti2Si3O12, were
synthesized by a floating zone technique. Near-infrared to visible spectroscopy
presents an optical gap of 1.65 eV at 4 K, proving the insulating character of this
garnet compound. Electron paramagnetic resonance data indicate that the d1

electron of Ti3+ exhibits an orbital contribution to the spin moment (g =
1.859(1)). An antiferromagnetic state is observed below TN = 7 K, confirmed
by magnetic susceptibility and specific heat data. X-ray diffraction investigations
on powders and single crystals of imanite reveal that the crystal structure agrees
well with expectations: the cubic symmetry Ia3d describes all obtained single
crystal and powder diffraction data.
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Ti2O3 (99.8%, Alfa-Aesar) andTimetal (99.99%, Alfa-Aesar) in the relative
composition 3.0:0.99:0.02, and the mixture was pressed into a feeding rod
(7 cm) and a seed (2 cm). These were subsequently used without
prereaction. The single crystal growth was accomplished inside a floating
zone mirror image furnace (FZ-T-10000-H-VI-VP). Ar (99.996%) was
chosen as reaction gas, and a slight overpressure (0.5 bar) was applied before
sealing the reaction chamber; i.e., the crystal growth was performed without
continuous gas flow. The turning rates of the feeding rod (L≈ 10mm) and
seed (L≈ 10mm) were the same, about 10�15 rounds per minute, but in
opposite directions. About 90% of full light effect from four 300 W lamps
were focused to create the heating zone.High crystallinitywas obtainedwith
growth rates in the range 2.5�3 mm/h.
X-ray Diffraction. Powder diffraction data were obtained with a

standard STOE D5000 diffractometer in reflection (Bragg�Brentano)
mode with a Cr X-ray tube (Kα1,2 λ = 2.289 685 and 2.293 586 Å) as
photon source. The X-rays were detected with a position sensitive
detector (PSD). The diffraction data were evaluated through a Rietveld
refinement, using the Fullprof2k software.15 The Laue images were taken
with a standard camera using the whole spectrum of a tungsten X-ray
source with 20 keV maximum energy. The detector was an image plate
that was read with a BAS-Reader from Fuji. As for the single crystal X-ray
experiment, a Bruker Apex2 instrumentwas used. An empirical absorption
correction was applied on the diffraction data using STOE software
(X-RED and X-SHAPE).16,17 The model-to-data comparison including
Fourier map calculations was completed with the JANA2000 program.18

Electron Microscopy. Elemental analyses were performed in a
scanning electron microscope SEM515 (Philips) equipped with an
EDAX unit at 20 kV acceleration voltage.
Spectroscopic Measurements. A single crystal of the title

compound was installed on a Bruker ER218G1 goniometer, and
angle-dependent electron paramagnetic resonance (EPR) spectra were
recorded on a Bruker ELEXSYS 500 equipped with a Bruker ER4141VT
temperature controller in the X-band at 9.4 GHz and 100 K using liquid
nitrogen as a coolant. Crystalline 2,2-diphenyl-1-picrylhydrazyl (dpph
with a g-value of 2.0036)19,20 was used as reference material.

Infrared spectra were obtained with a Bruker FTIR-IFS66v. A halogen
light source for the near-infrared and visible range was used together
with a CaF2 beam splitter, and the optical windows were made of KBr.
The photons were detected with a HgCdTe (MCT) detector and a Si
diode. The sample was a single crystal plate that was polished on both
sides down to a thickness of about 130μm.The cooling was achieved in a
continuous flow cryostat with liquid He as cooling agent. In the region of
high transmittance, the data exhibited strong Fabry�P�erot fringes. In
the data presented here, these fringes were smoothened out for clarity.
Macroscopic Measurements. Specific heat data were extracted

with a physical properties measurement system (Quantum Design,
PPMS) using the nonadiabatic thermal relaxation method in the
temperature range from1.8 to 300K. The heat pulse for eachmeasurement
was 2% of the absolute temperature. Apiezon N grease was used to attach
the sample to the previously cleaned sample holder. Before performing the
sample measurements, the heat capacity of the grease alone was measured
at 200K,which gives thewhole temperature-dependent addenda by scaling
its heat capacity on top of that of the cleaned sample holder. This addenda
was subtracted from the measured total heat capacity obtained with the
single crystalline sample slice (22.75 mg). Magnetic investigations were
done in a SQUID MPMS XL7 (Quantum Design) for fields up to 7 T in
the temperature range 2�300 K. The single crystal sample was held in
place with a thin tape strip. Diamagnetic corrections were not applied on
the data because of a relatively strong signal from the sample.

’RESULTS AND DISCUSSIONS

Basic Properties. The single crystalline rod appeared dark,
almost black (upper inset in Figure 1), but thinner slices revealed

that the crystal was transparent and dark red. According to 10
elemental analyses on a crystal slice surface, the metal to metal
ratio was Ca2.8(1)/Ti2.2(1)/Si3.0(1). The minor deviations in
the Ca and Ti contents are most probably due to the fact that
Ti-metal is used for calibrating the analyzing system and its
absorption coefficient is higher than for Ti in oxides.
In the synthesis, Ti metal prevented the appearance of titanate

(CaTiSiO5)
21 that formed already at very low oxygen pressure.

Colorless, transparent titanate crystal impurities, found in rods
without Timetal in the startingmixture, were identified bymeans
of single crystal diffraction.
Structural Investigation. The X-ray powder diffraction data

from a ground single crystal reveal that the crystal is free from
impurities within the limits of detection; i.e., all observed
intensities could be indexed and well modeled with a cubic
garnet structure (Figure 1). The subsequent Rietveld refinement
of the powder data gave the unit cell parameter a = 12.1875(2) Å,
which was adapted for the single crystalline sample. The frac-
tional coordinates and the thermal displacements of the atoms
are not presented here as more accurate values were obtained
from the single crystal refinement. As expected, the unit cell
parameter a is proportional to the B-ion size in the series
Ca3B2Si3O12, and the title compound can be placed in-between
B = Sc3+ (a = 12.22 Å) and B = V3+ (a = 12.011(1) Å).10

Laue images of the melt grown rod reveal that the sample
has high crystallinity and is, as suggested from all photos made,
a single-domain single crystal. A typical Laue image from
Ca3Ti2Si3O12 is shown in the upper right inset in Figure 1.
During the single crystal diffraction measurement, a total of

27 919 reflections were measured, of which 1631 were unique
with an internalR-value of 0.0211. By applying the centered cubic
symmetry and the empirical absorption correction, the Rint
increased to 0.0396, which is a relatively low value considering
the large number of symmetry equivalent intensities. After
merging the symmetry equivalent reflections, including Friedel

Figure 1. Powder X-ray diffraction data of Ca3Ti2Si3O12. The observed
intensities are marked with open circles, and the Rietveld model is
presented with a superposed full black line. The expected Bragg
positions are indicated with vertical lines, below which the difference
between observed and calculated data is shown. The upper inset is a
photo of the single crystalline rods on a millimeter scale paper. Upper
right inset displays a Laue image approximately along the a-axis.
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pairs, 759 reflections remained, of which 424 had an intensity
larger than 3σ (99.87% significance). The refinement was com-
pleted on squared structure factors (intensities), and the initial
atomic coordinates were taken from a previously known garnet
compound.3 All parameters not restricted by symmetry were
refined: x, y, z for O, harmonic displacements for all four atom
positions, and a scaling parameter, giving a total of mere 17
parameters, as all sites were assumed to be fully occupied. The
data/parameters ratio (≈25) is thus acceptable, and the results
from the refinement are presented in Supporting Information. In
the difference Fourier map, after the final refinement, the largest
peak (0.48 e�/Å3) and hole (�0.51 e�/Å3) are both close to the
resolution limit and, hence, considered insignificant.
Structure Description. The garnet crystal structure is shown

in Figure 2a, and a detailed structure description can be found
elsewhere.1 The features most important for the discussion on
the properties presented in this paper are the following: the
oxygen coordinations for the metal ions Ca2+, Si4+, and Ti3+ are
8, 4, and 6, respectively. The coordination environment of the
magnetic Ti3+ (Figure 2b) can be described as trigonally
distorted octahedron, where all Ti�O distances are identical
(2.0496(6) Å), but there are two different O�Ti�O angles. All
distorted TiO6 octahedra are separated by nonmagnetic Ca2+ or
Si4+, and the shortest Ti�Ti distance is 5.28 Å, i.e., the Ti ions do
not share oxygen ions.
From the Ti�O bond length, the bond valence sum can be

calculated according to Brown and Altermatt22 and the formal
oxidation state is +3.18. Hence, the mean metal-to-oxygen
distance is smaller than the value expected for a Ti3+ ion in this
coordination. Accordingly, the ligand field splitting of the orbital
energy levels is larger than in the case where the formal oxidation
state is +3.
Spectroscopy on Ti3+. The EPR spectrum of a Ca3Ti2Si3O12

single crystal at 100 K exhibits a broad isotropic signal, which is
indicative of the existence of Ti3+ centers (Figure 3). The single
crystal was investigated with the applied field along the cubic a
axis [100]; on rotating the crystal, setting theH-field along [110],
the signal did not change (data not shown). The single unpaired
electron of the d1 configuration gives rise to the signal gen-
erally, whereas the isotropic shape and independence on the
angle is due to the high symmetry of the crystalline compound.

The Land�e factor of the sample giso = 1.859(1) is smaller than
the theoretical spin-only value of 2. For a less than half filled
d-shell S is expected to be antiparallel to L and a g-factor lower
than 2 indicates a contribution of an orbital angular momentum
(L). Its value can be calculated by combining the relations J =
S� L and g = 1 + ((S(S + 1) + J(J + 1)� L(L + 1))/(2J(J + 1))).
Assuming that S = 1/2 and inserting the measured g-factor, an
|L| ≈ 0.0844 is obtained, which is a reasonable average for the
quantum spins. In our experiment, no hyperfine-splitting be-
tween the unpaired electrons and the Ti nuclei, namely the two
EPR active isotopes I(47Ti) = 5/2, I(

49Ti) = 7/2, is observed.
Instead there is a broad signal with a width of 930 G, which is
common for transition metals and therefore expected for Ti as
well. Two reasons account for the line broadening: the dipole�
dipole interactions between paramagnetic centers and the elec-
tronic exchange interaction via orbital overlap.
The optical data of single crystalline imanite, shown in

Figure 4, is typical for an insulating sample. At low energies the
transmittance is limited by the onset of the phonon absorptions.
The weak absorptions, shown in the inset in Figure 4, are
assigned to multiphonon excitations; the peaks between 0.20
and 0.23 eV represent the two phonon continuum containing

Figure 2. (a) Perspective view of the Ca3Ti2Si3O12 garnet crystal
structure close to the space diagonal of the cubic unit cell (indicated
with full lines). The TiO6-polyhedra are marked to highlight how isolated
these octahedra are. (b) The trigonally distorted octahedral environment
of Ti3+. Relevant interatomic distances and angles are presented in
angstroms and degrees, respectively. The bonds represented with equal
design have the same length. The rotation inversion axis is marked with a
thick arrow and the Sch€onflies as well as the Hermann�Mauguin point
group symmetries for Ti3+ are added as notations.

Figure 3. EPR spectrum of Ca3Ti2Si3O12 and dpph at 100 K as function
of magnetic field.

Figure 4. Absorbance coefficients of single crystalline Ca3Ti2Si3O12 at
two different temperatures as functions of photon energy. The dashed
line represents the extrapolation of the 4 K curve. The inset is a
magnification of the low energy range with two marked phonon ranges
discussed in the text.
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two prominent maxima. Note that the difference of these
excitations between room- and base-temperature is unusually
small. The observed anomalies in the range 0.27�0.33 eV get
more pronounced at low temperatures: this is a typical scenario
for phonon excitations, but their energies indicate that the
excitations involve more that two phonons. Within the gap, none
of the d�d transitions of the Ti3+ ions were observed, implying
that these excitations have higher energies, i.e., are found above
the gap, with a high transmittance below the band gap and above
the phonon range. A rough estimation of the band gap at 4 K is
1.65 eV, by linear extrapolation from the onset of the electronic
excitation (Figure 4). As expected, the band gap decreases with
increasing temperature. The d�d transitions are forbidden by
parity selection rules, but can occur in the form of weak
absorptions, due to a two particle process involving an addition-
ally excited phonon.23

Thus, the dark red color, as observed by the naked eye, can be
understood in the following way: only the red part of the visible
spectrum can pass through the sample, whereas for higher
frequencies, the sample is opaque. This property is desired in
color filtering applications.
Magnetism. The magnetic susceptibility (χ), shown in

Figure 5a, exhibits a typical paramagnetic behavior at high
temperatures. Using a Curie�Weiss fit to the data in the range
250�300 K, according to χ�1 = (2.83/(MTi))

2 � (T + θCW), a
paramagnetic moment for Ti3+ ion was estimated to be 1.73 μB
(Figure 5b). This would perfectly fit the theoretical magnetic
moment for a fully quenched orbital moment (g = 2). However,
the measured g-factor from the EPR spectroscopy indicates that a
part of the orbital moment is active, suppressing the spin
moment. Using the calculated orbital moment, the relation
μL+S = ((4S(S + 1)) + (L(L + 1)))2, and the fact that the orbital
moment is antiparallel to the spin moment, the expected para-
magnetic moment should be 1.705 μB, agreeing with the
observation.
The negative Weiss constant (θCW = �21 K) suggests a

preference for an antiparallel spin state in the fluctuating para-
magnetic state. χ decreases below a magnetic anomaly at 7 K,
indicating an antiferromagnetic (N�eel) ordering of the spin
system. By increasing the measuring field, this decrease can be
partly canceled, so that χ levels out below TN at 7 T, but the
anomaly remains at the same temperature (inset Figure 5a).
Obviously, the higher fields cant the spins in the ordered state.
This is expected, because the magnetic field energy is about a

third of the spin�spin coupling, as estimated from the Weiss
constant. This also explains the relatively high magnetization
reached in field up to 7 T at 2 K (Figure 5b): 0.15 of the possible
1 μB, i.e., almost 1/6 of full spin polarization.
It is surprising to observe such relatively strong spin�spin

coupling in a spin quantum system (S = 1/2) with magnetic
entities spatially so far apart. The large number of magnetic
nearest neighbors (8 at 5.28 Å) and next nearest (6 at 6.09 Å)
neighbors probably play an important role.
Normally, the magnetic coupling strength scales with the size

of the spin, if no other parameters are relevant. This also applies
for the garnets in the compositional series Ca3B2Si3O12: B = Fe

3+

(d5, S= 5/2)TN = 11.2 K;
13 B =Cr3+ (d3, S = 3/2)TN = 9K;

14 and
in the title compound B = Ti3+ (d1, S = 1/2) TN = 7 K. Unless
further parameters are important, it is possible to estimate N�eel
temperatures for B = V3+ (d2, S = 1) and B =Mn3+ (d4, S = 2) to
be TN = 8 and 10 K, respectively. Unfortunately, no data are
available for the last two garnets to confirm this simple trend.
The N�eel order formed at approximately 7 K is at a third of the

expected value (TN(exp)≈ θCW). Hence, TN is for some reason
suppressed. In antiferromagnets, geometrical effects can cause
spin frustration, especially in connection with triangular units. A
closer examination of the Ti sublattice (Figure 6) reveals a
possible explanation for the relatively low TN. The shortest
Ti�Ti distances (5.28 Å) constitute a 3D lattice of distorted
squares (thick lines in Figure 6b, J1), which alone cannot induce
frustration in an antiferromagnet. However, possible coupling
between next nearest Ti�Ti neighbors, on distances of 6.09 Å, is
found on the diagonal of each square (J2, dashed line in
Figure 6b). This would cause a geometrical frustration if this
spin�spin coupling (J2) is antiferromagnetic and comparable to J1
in strength. A competition between J1 and J2 is themost reasonable
explanation for the low TN, but it has to be confirmed either
through an inelastic neutron scattering experiment or similar.
The magnetic superexchange path has to include either SiO4,

CaO8, or both. In Figure 6, the incorporation of these two units
in the garnet structure is displayed. It is fair to assume that the
relatively covalent SiO4 tetrahedron is more likely to serve as
magnetic mediator, due to its strongly correlated electrons in the
molecular orbitals. Through ab initio all electron calculations,
Meyer et al. confirmed that the SiO4 unit is the mediating entity
for the magnetic coupling in the cases Ca3Cr2Si3O12 and
Ca3Fe2Si3O12.

24 However, the suggested superexchange paths
are via Cr�O�Si�O�Cr in the former and via Fe�O�O�Fe

Figure 5. (a) Magnetic susceptibilities (χ) of Ca3Ti2Si3O12 as functions of temperature in four different applied fields, as indicated in the inset.
(b) Inverse χ in a 1 T field, where a Curie�Weiss fit is marked with a dashed line. The inset displays the field dependent magnetization at 2 K.
In all measurements, the B-field was applied along the crystallographic a-axis.
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in the latter. Note that Si is supposed to be inactive in the most
significant superexchange mechanism in Ca3Fe2Si3O12. Those
interpretations from the calculations were used to explain the two
different antiferromagnetic ground states found experimentally
in the closely related germanate garnets. For Ca3Ti2Si3O12, a
neutron scattering experiment below TN will reveal the preferred
magnetic structure of the quantum spins and perhaps hint at the
corresponding superexchange path.
The observed spin frustration from the magnetic susceptibility

could perhaps be a consequence of the chosen superexchange
path, i.e., via the SiO4 unit. Without further investigations it is
difficult to explain the frustration, but it will only be active if J2 is
of the order as J1.
Specific Heat. To establish the order of the phase transition

close to 7 K seen in the magnetic susceptibility, the specific heat
was measured in the range of the transition and up to room

temperature. The obtained data are shown in Figure 7. Two
observations suggest a second order phase transition: (i) the
broadness of the anomaly close to 7 K and its asymmetry and (ii)
the absence of a detectable hysteresis of the anomaly during
heating and cooling cycles (upper left inset in Figure 7). In a
simple approximation, the phononic contribution to cp is pro-
portional to T3 at low temperatures (upper left inset in Figure 7)
and can thus be subtracted from the total specific heat, to obtain
the magnetic contribution. Unfortunately, the Debye tempera-
ture cannot be well estimated due to the significant magnetic
contribution at low temperatures, where the Debye T3 approx-
imation is fully valid. To estimate the magnetic entropy, cp(magn)/T
is plotted as function of T (lower inset in Figure 7). Here, it is
assumed that cp/T(T) is linear with T in the range 0�2 K and
that cp/T f 0 as T f 0; i.e., the ground state has no residual
entropy. The integration

R
((Cp(magn))/T) dT, i.e., the entropy S,

saturates close to 10.3 J mol�1 K�1, which is about 90% of the
theoretical value for a S = 1/2 system (lower right inset in
Figure 7). Considering the approximations made, the calculation
suggests a fully ordered spin ground state.
Moreover, the lack of first order phase transitions in the

temperature range proves that the room-temperature crystal
symmetry is preserved down to 2 K.
The high temperature end of the specific heat data does not

apprach the Dulong�Petit limit (3RN = 3 � 8.3145 � 20 =
498.9 J mol�1 K�1). However, the room-temperature specific
heat of imanite (346 J mol�1 K�1) agrees well with those of
similar garnets: andradite Ca3Fe2Si3O12 (352 J mol�1 K�1),25

uvarovite Ca3Cr2Si3O12 (321 J mol�1 K�1),14 and the nonmag-
netic grossular Ca3Al2Si3O12 (333 J mol�1 K�1).26 Thus, there is
a systematic discrepancy that depends on the limited measured
temperature range; high temperature specific heat measure-
ments on pyrope (Mg3Al2Si3O12), grossular,

27 and almandine
(Fe3Al2Si3O12)

28 reveal that the expected Dulong�Petit limit
is reached at temperatures close to 1000 K.

’CONCLUSIONS

By replacing a small part of Ti2O3 by Ti metal in the starting
mixture with CaSiO3, it is possible to synthesize large single
crystals of pure imanite by the optical floating zone technique.
Minor orbital moments are observed for the quantum spins on
Ti3+, and a N�eel state is observed below a second order phase
transition at 7 K. Imanite has an optical gap of 1.65 eV, which
points at a typical insulating character. The crystallographic,
thermodynamic, and magnetic data are in line with expectations,
in comparison with previously reported garnets.
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Figure 7. Specific heat (cp) of Ca3Ti2Si3O12 at zero magnetic field. A
line has been drawn between the data points to guide the eye. The upper
left inset shows the low temperature region and contains data from a
heating (up) and a cooling (down) measurement; the dashed line
represents the lattice contribution to cp, i.e., Debye estimation of
phonons. The inset (low right) contains the magnetic cp/T vs T and
its integral, entropy S, for the lowest temperatures. The theoretical
magnetic entropy of a S = 1/2 system is drawn with a dashed horizontal
line in the lower right inset.

Figure 6. Selected part of the Ca3Ti2Si3O12 crystal structure. Solid thin
lines between ions display possible nearest neighbor superexchange
interactions (J1). Dashed lines indicate the next nearest neighbor Ti�Ti
interactions (J2). The 3-fold rotational symmetry is marked with an
arrow, which is representing the space diagonal of unit cell.
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